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ABSTRACT

Context. Asymmetries in the observed rotational splittings of a multiplet contain information about the star’s rotation profile and
internal magnetic field. Moreover, the frequency regularities of multiplets can be used for mode identification. However, to exploit
this information, highly accurate theoretical predictions are needed.

Aims. We aim to quantify the difference in the predicted mode asymmetries between a 1D perturbative method and a 2D method that
includes a 2D stellar structure model, which takes rotation into account. We then place these differences between 1D and 2D methods
in the context of asteroseismic measurements of internal magnetic fields. We only focus on the asymmetries and not on possible
additional frequency peaks that can arise when the magnetic and rotation axis are misaligned.

Methods. We coupled the 1D pulsation codes GYRE and StORM to the 2D stellar structure code ESTER and compared the oscillation
predictions with the results from the 2D TOP pulsation code. We focused on zero-age main-sequence models representative of rotating
B Cephei pulsators spinning at up to 20 per cent of the critical Keplerian rotation rate. Specifically, we investigated low-radial-order
gravity and pressure modes.

Results. We find a generally good agreement between the oscillation frequencies resulting from the 1D and 2D pulsation codes.
We report differences in predicted mode multiplet asymmetries of mostly below 0.06 d~!. Since the magnetic asymmetries are small
compared to the differences in the rotational asymmetries resulting from the 1D and 2D predictions, accurate measurements of the
magnetic field are in most cases challenging.

Conclusions. Differences in the predicted mode asymmetries of a rotating star between 1D perturbative methods and 2D non-
perturbative methods can greatly hinder accurate measurements of internal magnetic fields in main-sequence pulsators with low-order
modes. Nevertheless, reasonably accurate measurements could be possible with n,, > 2 modes if the internal rotation is roughly below
10 per cent of the Keplerian critical rotation frequency for (aligned) magnetic fields of the order of a few hundred kilogauss. While
the differences between the 1D and 2D frequency predictions are mostly too large for internal magnetic field detections, the rotational
asymmetries predicted by StORM are in general accurate enough for asteroseismic modelling of the stellar rotation in main-sequence
stars with identified low-order modes.
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1. Introduction

In the absence of stellar rotation or magnetism, the frequen-
cies of stellar pulsation modes of equal spherical degree (£) and
radial order (n,,) are degenerate for different azimuthal orders
(m). This degeneracy in frequency is lifted by rotation, splitting
a single frequency into a multiplet of 2 + 1 components. Up
to the first order in the rotation frequency (Q), the splitting is
symmetric, namely w, = wo + m(l — C;,)Q, where w,, is the
frequency in the inertial frame and C, is the Ledoux constant

* Corresponding author: joey.mombarg@cea. fr

(Ledoux 1951). Higher-order effects also occur due to the Cori-
olis force and the centrifugal deformation of the mode cavities
(e.g. Saio 1981; Gough & Thompson 1990; Goode & Thompson
1992; Soufi et al. 1998; Karami 2008; Guo et al. 2024, second
and third order). The non-zonal (m # 0) modes are more sensi-
tive to the (rotational) equator and therefore experience a larger
frequency shift compared to the zonal mode. This introduces
asymmetries in the frequency splittings. Likewise, the presence
of a magnetic field introduces asymmetries in the splittings (Loi
2020; Gomes & Lopes 2020; Bugnet et al. 2021; Mathis et al.
2021; Bugnet 2022; Lietal. 2022; Mathis & Bugnet 2023;
Das et al. 2020, 2024). Such observed asymmetries have been
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exploited to estimate internal magnetic field strengths in red
giants where the contribution of rotation to the asymmetry can
be neglected, following the framework developed by Li et al.
(2022) and used in follow-up studies (Li et al. 2023; Hatt et al.
2024).

For main-sequence pulsators that show frequency asymme-
tries, such as the 8 Cephei and ¢ Scuti pulsators, rotation can-
not simply be neglected, but we note that these two classes of
stars are typically in different regimes in terms of the fraction
of critical rotation (see e.g. Huang et al. 2010) and in terms of
excited radial orders. It is therefore crucial to have a good under-
standing of the effects of rotation on the asymmetries. Here, we
focus on B Cephei pulsators. Mode identification of these stars
starts to become feasible on a large scale from the analyses of
combined photometry from the Gaia and Transiting Exoplanet
Survey Satellite (TESS) missions (e.g. Gaia Collaboration 2023;
Hey & Aerts 2024; Fritzewski et al. 2025). In the context of pre-
dicting mode asymmetries, all studies so far have relied on 1D
perturbative methods. The 1D perturbative theory has been com-
pared with 2D methods using polytropic models by Reese et al.
(2006) for pressure modes (p modes), and by Ballot et al. (2010)
for gravity modes (g modes). Furthermore, Burke et al. (2011)
used realistic stellar structure models of stars of 1 and 2 M,
computed with the 1D ASTEC code (Christensen-Dalsgaard
2008), to compare the 1D and 2D methods. The validity domains
of the perturbative method provided by these studies are based
on the typical frequency resolution of the Convection Rota-
tion and Planetary Transists (CoRoT) mission (Auvergne et al.
2009).

Asteroseismic modelling of real stars in 2D has been done
for rapidly-rotating pulsators using both 2D steady models
computed with the ESTER stellar structure and evolution code
(Espinosa Lara & Rieutord 2013; Rieutord et al. 2016) coupled
to the 2D stellar pulsation code (Reese et al. 2009). Such mod-
elling efforts typically rely on the mode visibility for the mode
identification, that is, the surface pressure perturbation integrated
over the visible disc (Rieutord et al. 2024). However, 2D pulsa-
tion codes have never (to our knowledge) been used to reproduce
pulsation spectra of slow rotators.

In this paper we quantify the difference in mode frequen-
cies and rotationally split multiplet asymmetries of low-radial-
order g and p modes predicted by the new 1D pulsation code
(StORM) and a 2D pulsation code (TOP) for models represen-
tative of 8 Cephei pulsators. We ignore additional frequencies
that can occur in multiplets if the magnetic and rotation axis
are sufficiently misaligned. This can give rise to (2€ + 1)? fre-
quencies in the inertial frame (Loi 2021), and additional fre-
quencies in multiplets have been observed in some S Cephei
pulsators (e.g. Shibahashi & Aerts 2000; Vanlaer et al. 2025a;
Vandersnickt et al. 2025).

For the 2D case, we also used a 2D stellar structure model
with a differential rotation profile resulting from the baroclinic
torque and compared this model with the 1D case when solid
body rotation is assumed (see also Houdayer & Reese 2023 for
a comparison between a differentially rotating ESTER model and
a deformed uniformly rotating one). Figure 1 shows an example
of the 2D rotation profile, both for the zero-age main-sequence
(ZAMS) model rotating at 10 per cent of the critical Keple-
rian rotation frequency (discussed in Sect. 2) and for the more
evolved model (discussed in Sect. 5). From an observational
point of view, we seek answers to two questions: (1) whether
StORMN is capable of predicting proper frequencies for low-order
modes from its perturbative treatment of the rotational deforma-
tion of the star, and (2) when 1D asteroseismic modelling is per-
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Fig. 1. Differential rotation profiles of a 12 M, star computed with
ESTER at ZAMS (top panel) and X, = 0.4 (bottom panel), normalized
by the critical rotation frequency at the equator.

formed and any residuals in the mode asymmetries are attributed
to the presence of a magnetic field, how accurate would a mag-
netic field measurement then be. In Sect. 2 we discuss the numer-
ical setup and work flow, in Sect. 3 we discuss the differences
between 1D and 2D methods for ZAMS models, and we discuss
the implications for measuring internal magnetic fields in Sect. 4.
Furthermore, in Sect. 5 we discuss the effects of the nuclear evo-
lution during the main sequence on our results, and we conclude
in Sect. 6.

2. Numerical setup

We computed steady state models using the 2D stellar
structure and evolution code ESTER!, r23.09.1-evol
(Espinosa Lara & Rieutord  2013;  Rieutordetal.  2016;
Mombarg et al. 2023). We limited ourselves to chemically
homogeneous ZAMS models, which we computed for a 12 M,
star and rotation rates of 0, 5, 10, 15, and 20 per cent of the

critical Keplerian rotation frequency, Q¢ kep = \JGM, /qu. Our

I https://ester-project.github.io/ester/
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Table 1. Ratio radius at the pole compared to the radius at the equator
for ESTER models with different rotation rates.

Q/Qc,Kep Re/Rp Q [d_l] Ueq [km S_l]
0.05 1.0009 0.18 37
0.10 1.0052 0.36 74
0.15 1.0111 0.53 111
0.20 1.0196 0.70 148

argument not to go beyond this rotation regime for the time
being is twofold. From an astrophysical standpoint, the popu-
lation study of more than a hundred S Cephei pulsators carried
out by Fritzewski et al. (2025) shows that their distribution of
v/vexep peaks around 0.2. The practical reason is that we can
no longer unambiguously identify the corresponding mode
frequencies between the 1D and 2D pulsation calculations for
rotation rates above v/v.kep = 0.2. Table 1 provides a summary
of the deformation and rotation velocities. The mass of 12 Mg
is chosen to be close to the asteroseismically inferred mass
of the S Cephei pulsator HD192575 (Burssens etal. 2023;
Vanlaer et al. 2025a). Mode multiplets have been identified
in the pulsation spectrum of this star for modes of spherical
degree £ = 1 and 2. The rich pulsation spectrum of HD192575
makes it a prime target for modelling the interior rotation profile
(Vanlaer et al. 2025a) and possibly measuring the internal
magnetic field strength.

2.1. 2D computations with TOP

The TOP code can directly take an ESTER model as input and
uses the same spatially meshed grid, as the solvers of both
codes are based on spectral methods. The ESTER grid is based
on a multi-domain approach to deal with strong variations and
possible discontinuities (in the radial direction) in the solution.
Within each domain, the stellar quantities are sampled over
the Gauss-Lobatto collocation points associated with Chebyshev
polynomials, with appropriate interface conditions between the
domains (Rieutord et al. 2016). The first domain is placed over
the convective core, and the boundaries of the other domains
are placed such that the pressure or temperature ratio between
the inner and outer boundary remains roughly constant across
domains.

We also coupled the 1D pulsation code GYRE
(Townsend & Teitler 2013) to the non-rotating ESTER model.
For the GYRE computations, we assumed a uniform rotation
profile, where the traditional approximation of rotation is used
for the g modes and the Coriolis force is neglected for the
p modes. It should be noted that GYRE (and StORM) assumes a
mass distribution that is only dependent on the radius, which
is not the case for rotating 2D models. In Fig. 2 we show the
resulting frequency differences when the number of radial points
of the ESTER grid (same as the TOP grid) is increased. Fixing
the number of domains — bounded by isobars — equal to 12, the
differences are less than 107> d~! when the radial resolution is
further increased from 60 points per domain to 90. For the 1D
finite differences codes, the relevant physical quantities from
ESTER are interpolated to 2000 points in the radial direction. We
only coupled non-rotating ESTER models to the 1D pulsation
codes by generating a GYRE Stellar Model (GSM)? from the

2 https://gyre.readthedocs.io/en/stable/ref-guide/
stellar-models.html
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Fig. 2. Frequency differences for different radial resolutions of the
ESTER and TOP grid. Frequency differences between 30 and 60 radial
points per domain are in black, and differences between 60 and 90
points per domain in red.

ESTER models using the interpolated quantities in an arbitrary
f-direction. StORM is also compatible with this GSM format.

file format. In Fig. 3 we compare the frequency spectra of
TOP and StORM (see Sect. 2.2) for £ € [0,1,2,3] computed
from a non-rotating ESTER model. We find excellent agreement
between the output of the two codes, with frequency differences
between 8 - 107 and 0.0023 d~!. Similar frequency differences
are found between TOP and GYRE (dotted red lines in the bottom
panel of Fig. 3).

Rotation couples modes of different £ and n,,, and therefore,
mode labelling in 2D is not trivial, making it challenging to iden-
tify modes belonging to the same multiplet as the mode spectrum
is a priori infinitely dense in the gravito-inertial range of fre-
quencies. Below, we describe our workflow to extract the mode
splittings and their asymmetries.

— Using GYRE, we scanned a frequency interval such that all
radial orders of interest are contained.

— Using TOP, we scanned this frequency interval using a low
angular resolution ny = 2, where the highest spherical degree
taken into account in the coupling is given by € = |m| +
2ny. TOP requires a frequency shift around which the code
should find ny, eigenmodes. We scanned the interval of 1—
6.5d7" in steps of 0.5d7! and 10-20d~! in steps of 2d~',
requesting three eigenmodes per frequency shift. The low-
resolution mode enabled us to identify the locations of the
large-scale modes that we were interested in, while saving
CPU time.

— Since the frequencies and eigenvectors of these large-scale
modes are not fully resolved with this resolution, we scanned
again around the found frequencies but with a higher resolu-
tion, ny = 10. With this higher resolution, however, small-
scale modes are also found close to the large-scale mode.

— In order to filter out these small-scale modes from the large-
scale ones, we assigned a ‘pseudo’ ¢ and flpg, by simply
counting the number of nodes in the radial and angular direc-
tions. It should be noted that this way of mode labelling is
more ad hoc compared to that used by Mirouh et al. (2019)
to label island modes, as the number of nodes may depend
on the radius where we do the counting. Nevertheless, we
find that in most cases ¢ = Nnodes.o + 2|m| allows us to identify
the multiplets, where npoqes ¢ is the number of nodes in the
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Fig. 3. Frequency spectra of a non-rotating ESTER model computed with TOP (top) and StORM (bottom). The GYRE frequency spectrum is indicated
with dotted red lines. The ordinate corresponds to the value of €. The radial modes are indicated with dashed black lines.

6-direction over both hemispheres®. We then filtered out all
modes £ > 2¢ and iy > 15.
— Lastly, we matched the remaining modes with the labelled

ones from GYRE by simply selecting the mode with the same
m that has a frequency difference below a certain threshold.
Once we identified the multiplets in the TOP spectrum, we
could compute the mode asymmetries.

The modes computed by TOP are classified as either ‘even’ (i.e.

symmetric around the equator) or ‘odd’ (anti-asymmetric around

the equator). In the case of £ = 1, the m = 0 modes are odd, and

the m = +1 modes are even. Likewise, for £ = 2, the m = 0 and

m = +2 modes are even, and the m = +1 modes are odd.

2.2. 1D computations with StORM

We also computed the frequencies with the newly developed
1D StORM code* (Vanlaer et al. 2025b). StORM solves the adi-
abatic oscillation equations, including the effects of rotation. It
includes the Coriolis acceleration and a perturbative approxima-
tion for the centrifugal deformation of the star. This is accom-
plished in two steps. First, the oscillation equations are solved
directly for a single spherical degree, only including the Corio-
lis acceleration terms. Second, the solutions from the simplified
oscillation equations are perturbed taking the stellar deformation
into account, as well as the coupling between different spherical
degrees due to the contribution of the Coriolis acceleration and
the toroidal components (e.g. Saio 1981; Lee & Baraffe 1995).
Since StORM uses a 1D stellar model as input, the stellar defor-
mation is approximated using the Chandrasekhar-Milne expan-
sion up to the P, term (Chandrasekhar 1933). It should be noted
that the 1D computations with StORM are much faster than the
2D computations with TOP (of the order of seconds compared
to the ~30min total computation time on four CPUs for our
case when scanning the entire frequency range for even or odd
modes).

3 Where possible, manual mode identification was done for a few cases
with unsuccessful frequency correspondence by visually inspecting the
eigenfunction of candidate modes.

4 https://stellar-oscillations.org/
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3. Mode asymmetries

In this section we compare the predicted mode asymmetries of
StORM and TOP. We computed mode asymmetries for £ € [1,2]
and npe € [-5,-4,-3,-2,-1,0, 1, 2], corresponding to typically
observed values in 8 Cephei pulsators (Stankov & Handler 2005;
Fritzewski et al. 2025). The computations of StORM were done
for a non-rotating ESTER model, where we considered the rota-
tional effect only in the pulsation computations. We did so by
taking a uniform rotation profile with equal fraction of the crit-
ical rotation frequency compared to the rotating ESTER model.
The computations with TOP use the differential rotation profile
that follows from the baroclinic torque as computed by ESTER
(Espinosa Lara & Rieutord 2013).
We defined the relative asymmetry parameter as follows,

2f0 _f—m - f+m
f+m_f—m ’

where f_,, < fo < fim (m > 0 for prograde modes). The results
are shown in Figs. 4 and 5. Overall the predictions between the
1D perturbative method and full 2D are in good agreement. The
largest differences are observed for the p modes and increase
with increasing rotation. We confirm that the asymmetries of the
low-order ¢ = 1 modes are strictly positive, while negative asym-
metries A; occur for the £ = 2 p modes for rotation rates above
10 per cent of the critical rotation. In Fig. 5, the additional A,
asymmetry parameters are shown, which are also strictly posi-
tive. In some cases, particularly for the model with the highest
rotation rate, some frequencies of a multiplet could not be clearly
identified in the TOP frequency spectrum as a result of additional
modes with similar frequency and a significant change in the
eigenfunction compared to the eigenfunction for zero rotation.
The differences in the asymmetries’ in units of d~! (numera-
tor in Eq. (1)) are shown in Fig. 6. We find that differences in the
asymmetry are mostly limited to 0.06d~', and below 0.04d~!
for rotation rates <15% of the critical rotation. This is within
the realm of theoretical uncertainties on predictions of mode fre-
quencies due to limited knowledge on the input physics of the

Ap| = ey

> We use a tilde to distinguish between the dimensionless asymmetry
(A) and the asymmetry in units of frequency (A).
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Fig. 4. Predicted asymmetry parameters (dimensionless) for £ = 1 com-
puted with TOP (in black) and StORM (in red) as a function of radial
order.

models (Aerts et al. 2018). However, these uncertainties will be
very similar for all the frequencies in Eq. (1) and thus will not
hamper interpretations of asymmetries in observed mode multi-
plets of real stars. In absolute terms, these differences in asym-
metries between TOP and StORM predictions are smaller than
the actual measured rotation frequency of 8 Cephei pulsators;
as such, identifications of m-values are also not an issue in prac-
tice except perhaps for the slowest rotators, such as HD 129929
(Aerts et al. 2003; Dupret et al. 2004). In most cases, the differ-
ence A is positive, meaning the 1D method in general tends to
underestimate the asymmetries.

We estimated the contribution of the radial differential rota-
tion (2D method) versus uniform rotation (1D setup) to the total
differences in frequencies by evaluating @ = [rd,Q|/Q, where
Q is the average rotation frequency. For our models used in this
work, @ < 0.1, meaning that we do not expect that the difference
in the rotation profile between the 1D and 2D method has a very
large effect.

4. Effect on measurements of magnetic fields

In this section we quantify what the differences in mode asym-
metries predicted from 1D or 2D methods could imply for the
detection and measurement of an internal magnetic field. If an
internal magnetic field is invoked to explain any residuals in
observed asymmetries after correcting for the rotation, what
would be the difference in the measured magnetic field charac-
teristics originating from the differences between the 1D and 2D
frequency predictions adopted for the rotational asymmetry part?

The computation of the magnetic asymmetries are com-
puted with the magsplitpy code, and we refer the reader to
Das et al. (2024) for the details of the code. The code uses the
same description for the magnetic field topology as outlined in
Prat et al. (2019) and Bugnet et al. (2021). The chosen field con-
figuration, initially derived in Duez & Mathis (2010), is com-
posed of poloidal and toroidal components and so the magnetic
field is stable over evolutionary timescales. However, unlike in
Bugnet et al. (2021), where the magnetic field beyond the radia-
tive core is zero for their application to red giant stars, we
extended the field all the way through the envelope (vanishing
at the stellar surface), as the modes studied here are sensitive to
larger portion of the star. The magnetic asymmetries are com-
puted for different inclinations of the field with respect to the
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Fig. 5. Predicted asymmetry parameters for £ = 2 computed with TOP
(in black) and StORM (in red) as a function of radial order.

star’s rotation axis, referred to as the obliquity angle, 8, which
is known to crucially modulate the magnetic asymmetries as
shown in Loi (2021), Li et al. (2022), Mathis & Bugnet (2023),
and Das et al. (2024).

The magnetic asymmetries scale with amplitude of the mag-
netic field squared, A o B% (for the assumed topology of the
magnetic field). Therefore, for a given multiplet and field oblig-
uity angle 8, the amplitude of the magnetic field can be over- or
underestimated if the calculated asymmetry resulting from rota-
tion is inaccurate. For example, a difference in the asymmetry
(6A4) between 1D and 2D methods will result in a difference of
the measured magnetic field,

/A +6A
B() 1D~ £
Aip

where Bj) — By is the error® on the inferred field strength when
relying on 1D perturbative methods to treat the rotational effects.
From an observational point of view, A|p represents the resid-
ual asymmetry after accounting for the rotation, which is then
assumed to be the result of magnetic effects. Hence, when 6A >
0, measurements of the field strength will be overestimated.
As the obliquity angle increases, the magnetic asymmetries for
a dipolar field will decrease until a critical angle ~55° where
there is a change of sign (Li et al. 2022; Mathis & Bugnet 2023;
Das et al. 2024). Therefore, accurate measurement of By when 8

B, = @

® The terms ‘error’ and ‘uncertainty’ mentioned here refer to over-
or underestimation of the magnetic field strength between 1D and 2D
methods for the rotation. This should not be confused with an observa-
tional measurement precision.
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Fig. 7. Difference between the measured magnetic field strength (Bj)
and the actual one (By = 1 MG) as a function of the obliquity angle (5).
Here, A; asymmetries were used for n,, = 2, and 0A is based on a model
rotating at 5 per cent of the critical rotation frequency. The critical angle
where the magnetic asymmetry changes sign is indicated with a vertical
red line.

is close to this critical value is impossible, as is shown in Fig. 7.
In the example shown in this figure, By = 1 MG, which gives
large enough A p to prevent the contribution of 6A from flipping
the sign.

We next quantified the error on the inferred By when 8 = 0°
for each of the radial orders for which we could determine 5A.
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Fig. 8. Error of the measured magnetic field strength as a function of the
actual magnetic strength. The black curves correspond to A; asymme-
tries (£ = 1), the red curve to A, asymmetries. Field strength fractional
errors corresponding to 50% and 10% are indicated with dashed grey
lines.

The magnetic asymmetries were computed with magsplitpy
for Bo = 75kG. We used A]D(B()) = (30/75 kG)241D(75 kG) to
scale the asymmetries to any value of the magnetic field strength.
Figure 8 shows the error of the measured magnetic field strength
as a function of the actual one for the most optimistic case,
namely n,, = 2. In this case, field strengths above ~300kG
could be measured with an error better than 50 per cent, and
field strengths above ~700kG could be measured with an error
better than 10 per cent. For comparison, measured surface mag-
netic field strengths for O types are typically of the order of a
few kilogauss, and ~4—10 kG for early B-type stars (Shultz et al.
2019). We note that this minimum By scales inversely with the
fraction of critical rotation. The range of By covered in Fig. 8 is
simply chosen to cover a large range and the higher values may
be higher than what is typical for real stars. The lower end points
of the curves indicate where the square-root term in Eq. (1)
becomes negative. For the other radial orders ny, € [-5,...,1],
the predicted magnetic asymmetries of this ESTER ZAMS model
are so small that even at 0.05Q/Q.x¢p the uncertainty on the
rotational asymmetry prevents any magnetic field measurement
below 1 MG with reasonable uncertainty. Therefore, even though
the difference in the predicted rotational asymmetry between 1D
and 2D methods is larger in low-order p modes compared to
low-order g modes, the magnetic asymmetries are also larger
and scale in such a way that modes with np, > 2 provide the
best diagnostic for potential measurements of internal magnetic
fields in 8 Cephei stars.

5. Effect of nuclear evolution on the asymmetries

We then investigated how dependent the results presented in the
previous sections were on the effect of the nuclear evolution dur-
ing the main sequence. Achieving nuclear evolution with ESTER
with sufficient mesh resolution for the pulsation computations
is numerically challenging and time consuming’. We evolved a
12 Mg, star with ESTER up to a central hydrogen mass fraction
of X, = 0.4, once for a non-rotating star and once for an ini-
tial rotation rate 0.1 Q/Q xep (at the ZAMS). Such an evolution-
ary stage (X.) is representative for the sample of S Cephei pul-

7 To reduce the number of steps needed to reach convergence, we
relaxed the default tolerance by a factor of 5.
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Fig. 9. Same as Fig. 6 but for a model with X, ~ 0.4. The fraction
of critical rotation of this model is 0.0942 _ k.p. Black symbols corre-
sponds to £ = 1, red symbols to £ = 2. For comparison, the results from
the ZAMS model at 0.1 Q. k.p from Fig. 6 are also shown in blue.

sators of Fritzewski et al. (2025). The r23.09.1-evol release
of ESTER that we used for this treats chemical mixing in the
radiative envelope based on the work of Zahn (1992) with a pre-
scribed vertical eddy-viscosity associated with the vertical shear,
whereas for the non-rotating case a constant diffusion coefficient
is used that we here set equal to 10* cm? s~!, based on measure-
ments of Pedersen et al. (2021). Therefore, there are some small
differences in the stellar structure between the rotating and non-
rotating model, but this should have a minimal effect on the mode
asymmetries as the two models are still very similar in structure
(fractional convective core mass of 0.2532 and 0.2501, respec-
tively).

Figure 9 shows the differences in the predicted asymmetries
between 1D and 2D methods. While the model starts with a rota-
tion rate of 0.1 £ kep at the ZAMS, the fraction of critical rota-
tion decreases slightly, as is the case for ESTER models above
~8 My (Mombarg et al. 2024). The evolved model that we took
here rotates at 0.0942 Q. k.p. For comparison, the differences in
asymmetries for the ZAMS model rotating at 0.1 Q. k., are also
shown. As can be seen from Fig. 9, similar differences are found
for the more evolved model compared to the ZAMS model.

Again, we investigated the implications for measurements
of By. The magnetic splittings and asymmetries depend on the
product of the mode kernel and the Lorentz stress tensor BB.
We find that the effect of the evolution of the stellar struc-
ture plays a bigger role for the magnetic asymmetries compared
to the rotational ones. The magnetic asymmetries of the more
evolved model that we studied here are about 4 to 18 times larger
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Fig. 10. Same as Fig. 8 but for a model at X, = 0.4. For comparison,
the results for the ZAMS model with a rotation rate of 0.1 Q/Q k., are
shown again here.

than those of the ZAMS model. In Fig. 10 we show the error
of the measured By similar to Fig. 8. As can be seen, a mag-
netic field could be measured with a smaller error for the more
evolved model, since the magnetic asymmetries become larger
while the rotational ones remain similar. For the model rotat-
ing at 0.0942 Q. x.p, 50 per cent error could be achieved around
250kG instead of 600 kG for the ZAMS model. Furthermore, we
note that while for the ZAMS model the A, (¢ = 2) asymmetries
would be more accurate compared to the A; asymmetries, it is
the other way around for the more evolved model.

6. Conclusion

In this paper we have compared a 1D perturbative method
for computing eigenfrequencies of rotating stars with a non-
perturbative 2D method (including 2D stellar equilibrium mod-
els). We have presented predicted mode asymmetries of the rota-
tional splittings for 12 Mg ZAMS models, covering low-radial-
order modes that are typically observed in § Cephei pulsators
(e.g. Stankov & Handler 2005; Fritzewski et al. 2025). We com-
puted asymmetries for rotation rates up to 20 per cent of the
critical Keplerian rotation rate, above which it becomes diffi-
cult to identify multiplets in the predicted mode spectra of the
g modes. We show that the sign of the asymmetries is consistent
between the 1D and 2D methods and, therefore, that stars with
asymmetries of an opposite sign could indicate the presence of a
magnetic field.

We have shown that when residual observed asymmetries
— after accounting for rotational effects with 1D methods —
are assumed to come from magnetic effects, the resulting mea-
sured magnetic field strength can change by orders of magni-
tude between the 1D and 2D methods used for the rotation,
even when the centrifugal deformation is minimal. However, we
find that reasonably accurate measurements of the magnetic field
strength are in principle possible for n,, = 2 (and likely higher
radial orders, although higher radial orders are unlikely to be
excited) when the fraction of critical rotation is not more than 10
per cent and the magnetic field strength is high enough (at least
2300kG).

As shown in this work, accurate measurements of an inter-
nal magnetic field that rely on 1D perturbative methods to treat
the rotation are extremely limited. This of course does not imply
that such methods have no scientific use. The StORM code that
we used here is able to reproduce rotational asymmetries with an
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adequate precision in a fast manner. This makes it a valuable tool
for asteroseismic measurements of rotational properties, with the
capacity to treat large samples of stars. StORM’s 1D perturbative
approach for the centrifugal deformation provides appreciably
better accuracy over current state-of-the-art pulsation codes that
do not account for this deformation. We do note, however, that
the detection (which is not necessarily equal to an accurate mea-
surement) of an internal misaligned magnetic field in 8 Cephei
pulsators can be achieved by means of detecting additional peaks
in multiplets.

Data availability

The ESTER models and mode asymmetries are available on Zen-
odo: https://zenodo.org/records/17580179
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