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ABSTRACT

Aims. In this work, we derive upper limits on the strength of the near-core magnetic field in intermediate-mass stars, based on
the suppression of high-order g-modes by a critical magnetic field. We considered both purely poloidal magnetic fields and mixed
geometries with the inclusion of a toroidal component. We examined how the upper limits on magnetic field strengths are affected
by the degree and azimuthal order of the oscillations, as well as the magnetic field configuration. We compared our results with
observations of red giant stars, which are the evolved counterparts of intermediate-mass main sequence stars, to assess the consistency
of the field strengths across evolutionary stages.
Methods. We considered two γ Doradus stars hosting high-order g-modes and an evolved δ Scuti star with mixed modes. These
targets have prior mode identification from observations, enabling us to use these mode frequencies to probe the near-core region. We
determined the best structural model from their stellar parameters through grid-based modeling with MESA. Frequencies for the best
models were extracted using GYRE and matched to the observed modes. The critical magnetic fields for all calculated frequencies in
our models were obtained from the Dedalus code and used to infer an upper limit on the near-core field strength.
Results. We find an upper limit on the near-core radial field strength of Br ≈ 130 kG and Br ≈ 13 kG, assuming a dipole field
configuration, for the two γ Doradus stars KIC 3127996 and KIC 5876187, respectively. For 44 Tau, analysis of mixed modes yields
a field strength of Br ≈ 1771 kG. Different magnetic field configurations and mode degrees lead to different estimates. The results
for the radial component of the magnetic field in the main sequence γ Doradus stars are consistent with estimates of magnetic field
strengths in red giant stars that assume an internal field generated by a core dynamo, although the stronger of the two inferred magnetic
fields may require some enhancement by a fossil field. The toroidal component does not affect g-modes significantly and is required
to be more than 200 times stronger than the radial component to suppress g-modes. We find evidence of rotational modulation in the
light curves of the two γ Doradus stars, which we use to demonstrate that the rotation rate is consistent with rigid body rotation in the
envelope.
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1. Introduction

Asteroseismic observations of intermediate-mass (spanning late
F-type through A and B types) stars have revealed that a sig-
nificant fraction of these experience near-rigid body rotation
(Mosser et al. 2012; Saio et al. 2021), which is in contrast to the-
oretical expectations and suggests that angular momentum trans-
port might be more efficient than expected (Eggenberger et al.
2012; Marques et al. 2013; Ceillier et al. 2013). To explain this
scenario, magnetic fields and associated instabilities have been
proposed as a plausible mechanism for the efficient transport
of angular momentum (Maeder & Meynet 2005; Cantiello et al.
2014). For bright intermediate-mass stars, surface magnetic
fields have been detected through spectropolarimetry, with typ-
ical strengths of 100 G to 1 kG and a simple dipole field
configuration (Bagnulo et al. 2006; Aurière et al. 2007). For
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high-mass to intermediate-mass stars, the incidence of strong,
global surface fields was found to be roughly 10% (Moss
2001; Wade et al. 2014). However, very weak fields on the
order of between 1 and 10 G have been found (Petit et al. 2011;
Lignières et al. 2014; Neiner & Lampens 2015; Blazère et al.
2016; Neiner et al. 2017), and other proxies for magnetic fields
have helped in identifying intermediate-mass stars hosting them
without direct detections (Antoci et al. 2025), suggesting that
they may be more widespread in intermediate-mass stars.

Although magnetic fields are considered one of the dom-
inant mechanisms for increased angular momentum transport,
their nature, structure, and strength remain uncertain (see e.g.,
Braithwaite & Spruit 2017). To explain the observed surface
fields, several mechanisms can be considered. Firstly, observa-
tions could suggest that stars host strong global fields of a fos-
sil origin, which could be stable over the timescale of main
sequence (MS) evolution (Braithwaite & Spruit 2004). However,
fossil fields are only found in a minority of stars and cannot by
themselves explain the rotation profiles of the intermediate-mass
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population. Secondly, the Tayler-Spruit dynamo has been pro-
posed to explain the generation of a magnetic field in the radia-
tive zones of stars in the presence of differential rotation (Spruit
2002; Maeder & Meynet 2005; Fuller et al. 2019). Thirdly, sub-
surface convection is believed to be capable of generating a
surface magnetic field and produce the observational features
found in hump and spike stars, where the observed spike near
the rotation frequency in the amplitude spectra is associated
with the existence of stellar spots (Cantiello & Braithwaite 2019;
Henriksen et al. 2023; Antoci et al. 2025). These are locally gen-
erated fields and, therefore, they are not large-scale, as is the
case with stable fossil fields. Finally, three-dimensional mag-
netohydrodynamic (3D MHD) simulations have shown that
core dynamos can produce stable magnetic fields (Brun et al.
2005; Augustson et al. 2016). However, the timescales required
for these to reach the surface via magnetic diffusion are pre-
dicted to be longer than the MS (Schuessler & Paehler 1978;
Moss 1989) and core dynamos cannot explain the structured
global fields observed at the surface of some intermediate-
mass stars (e.g., Hidalgo et al. 2024). Overall, MHD simula-
tions have examined how a global dipolar fossil field in the
radiative envelope can couple with a core dynamo-generated
field, enhancing the latter and enforcing rigid-body rotation
(Featherstone et al. 2009; Hidalgo et al. 2025). Other calcu-
lations have explored how differential rotation between the
convective core and radiative envelope can lead to a strong
toroidal component of the magnetic field (Ratnasingam et al.
2024). It follows from this summary that the study of magnetic
fields is a highly active research area and that we need addi-
tional constraints from observations to assess our theories and
models.

Asteroseismology has emerged as a powerful tool for investi-
gating the internal structure of stars. It recently provided insights
into internal magnetic fields through the analysis of gravity (g)
and mixed modes. Such oscillations are sensitive to the near-core
region and allow us to probe conditions and processes occur-
ring deep inside stars. In particular, g-modes are sensitive to
the chemical composition gradient left behind by the receding
core in intermediate-mass stars, which translates into a peri-
odic dip in the period spacing pattern (Miglio et al. 2008). In
intermediate-mass stars, it has been shown that the period spac-
ing pattern is altered by rotation in an almost linear manner
(Bouabid et al. 2013; Van Reeth et al. 2015). Analyses of these
patterns have thus allowed us to estimate the rotation frequency
of the near-core region (e.g., Van Reeth et al. 2015, 2016, 2018;
Ouazzani et al. 2017; Li et al. 2020) and, in the case where g-
modes couple with inertial modes, the rotation frequency of the
core itself (Ouazzani et al. 2020; Saio et al. 2021). When com-
bined with surface rotation frequencies (e.g., determined from
spots) and envelope rotation frequencies (measured from pres-
sure modes), a comprehensive picture of stellar rotation pro-
files can be composed. A similar effect on the period spacings
has been found for magnetic fields, which introduce a curva-
ture in the pattern (Prat et al. 2019, 2020; Van Beeck et al. 2020;
Dhouib et al. 2022; Rui et al. 2024).

In red giants, it has been shown that magnetic fields above
100 kG can account for the amplitude suppression of mixed
modes, where part of the mode energy is lost to a mag-
netic greenhouse effect (Fuller et al. 2015; Stello et al. 2016;
Lecoanet et al. 2017; Loi 2020). If the magnetic field is strong
enough, above a critical value that depends on the internal
structure and the oscillation frequency, magnetic tension causes
the gravity waves to convert to magnetic waves, which com-
pletely dissipate as they propagate through the star. We define

this value as the critical magnetic field strength. Lecoanet et al.
(2022) utilized the interactions between g-modes and mag-
netic fields described by Fuller et al. (2015) and Lecoanet et al.
(2017) to estimate the radial component of the near-core mag-
netic field strength for HD 43317, a slowly pulsating B-star
(SPB) with a directly detected globally organized, strong sur-
face magnetic field of Bp = 1312 ± 332 G. They derived
an upper limit for a dipole field strength near the convective
core, Br ≈ 500 kG, based on comparisons with the observa-
tions from Buysschaert et al. (2018) and assuming that the high-
order g-modes are fully suppressed by a critical magnetic field.
Additional studies have revealed that weaker internal magnetic
fields in the cores of red giants can produce frequency shifts
(Bugnet et al. 2021). These shifts lead to asymmetries in the
rotationally split multiplets of a mode, which are only consistent
with magnetic fields with radial components Br = 25−150 kG
(Li et al. 2022). Core magnetic fields have also been detected
in red giant stars by analyzing the deviations in the grav-
ity mode period spacing patterns, with strengths up to 600 kG
(Deheuvels et al. 2023). Recent works have suggested that core
magnetic fields can also be detected from a perturbative analysis
of g-mode frequency shifts in γ Doradus stars (Lignières et al.
2024; Takata et al. 2026). This led to the first detection of an
internal magnetic field in a MS F-type star, with a radial compo-
nent of Br = 3.5 ± 0.1 kG and an even stronger toroidal compo-
nent (Takata et al. 2026), consistent with the 3D simulations of
Ratnasingam et al. (2024).

In this work, we applied the method presented by
Lecoanet et al. (2022) to a sample of intermediate-mass stars in
the range 1.4−2 M� that host g-mode oscillations. These are pro-
genitors of red giants stars, which have been studied in great
detail in recent years. Analyzing MS counterparts is essential
to assessing the consistency of our theories and to improving
our understanding stellar evolution (Skoutnev & Beloborodov
2025). This work focuses on inferring near-core magnetic field
strengths for different types of pulsating stars in the instability
strip. We considered targets with prior mode identification based
on observations. We used MESA and GYRE to generate stel-
lar models and extract model-specific oscillation frequencies.
We studied two γ Doradus stars, which are MS stars hosting
high-order g-modes, as well as one evolved δ Scuti star, where
mixed modes have been observed. We explored the critical mag-
netic field estimates in these stars for different mode degrees,
azimuthal orders, and magnetic field configurations. We present
the targets selected for this analysis in Section 2, before out-
lining the methodology for determining critical magnetic field
strengths in Section 3. Our results are shown in Section 4 and
discussed in Section 5, before presenting our conclusions in
Section 6.

2. Target selection

Here, we focus on targets with prior mode identification.
The two γ Doradus stars, KIC 3127996 and KIC 5876187,
were taken from the sample of 611 targets observed by
Kepler (Borucki et al. 2010; Koch et al. 2010) and presented
in Li et al. (2020). Data for the evolved δ Scuti star, 44 Tau,
is collected from Lenz et al. (2010). A parameter summary
for each target is provided in Table 1. No surface magnetic
field detections have been reported in the literature for any
of the considered stars. We discuss these targets separately
below.
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Table 1. Summary table of the targets studied in this work.

Target ID Variability Teff [K] L� frot [d−1] Π0 [s] M [M�] R [R�] Xc f0 [d−1] f1 [d−1]

KIC 3127996 γ Doradus 7307 7.47 0.0518 4007 – – – – –
±300 ±0.5 ±0.0007 ±2

Best Model 6727 6.30 – 4198 1.50 1.84 0.41 – –
KIC 5876187 γ Doradus 6783 7.99 0.596 4100 – – – – –

±110 ±0.5 ±0.005 ±100
Best Model 6612 8.30 – 4257 1.58 2.19 0.30 – –
44 Tau δ Scuti 6900 20.18 – – – 3.23 – 6.898 8.961

±100 ±1.16 ±0.13
Best Model 6858 21.64 – – 1.86 3.29 – 6.917 8.986

Notes. The stellar parameters, pulsation class and rotation frequency is shown for all stars. For the γ Doradus stars, we include the asymptotic
period spacing used for modeling. For 44 Tau, we instead use the radial fundamental and first overtone frequencies. The uncertainties for the
rotation frequencies are taken from Li et al. (2020). The values obtained from the best model are included, where we also give the derived mass,
radius and hydrogen content in the core.

2.1. KIC 3127996

KIC 3127996 is a γ Doradus star that exhibits rotational splitting
of dipole (`,m) = (1,−1), (1, 0), (1, 1) and quadrupole (`,m) =
(2,−2), (2,−1), (2, 1) g-modes (Li et al. 2020). We use the sign
convention that positive (negative) values of the azimuthal order
m correspond to prograde (retrograde) modes and that negative
values of n represent g-modes, as is done in GYRE. A sum-
mary of the observed frequencies can be found in Table C.1. The
observed orders from our frequency extraction (see Section 3.1)
npg span the ranges [−31;−20] and [−36;−28] for the ` = 1
and ` = 2 splittings, respectively. The asymptotic period spac-
ing was found to be Π0 = 4007 ± 2 s (Li et al. 2020). We note
that the uncertainty is unrealistically low for our modeling pur-
poses since we use this parameter to select our best models (see
Section 3), and instead choose to introduce σΠ0 = 200 s, which
corresponds to an uncertainty of 5%.

It appears that the effective temperature from the Kepler
DR25 shown in Li et al. (2020) is overestimated by roughly
700 K in the case of KIC 3127996 when compared to other val-
ues from literature (Frasca et al. 2016) and may be in a binary
system. We use Gaia DR3 (Gaia Collaboration 2022) instead,
since the effective temperature agrees better with other stud-
ies, and we can obtain an estimate of the luminosity. We there-
fore have Teff = 7307 K and L = 7.47 L�. The uncertainties
on the luminosity and temperature are set to σL� = 0.5 L�
(Fouesneau et al. 2023) and σTeff

= 300 K.

2.2. KIC 5876187

KIC 5876187 hosts (`,m) = (1, 1), (2, 2), (3, 3) sectoral pulsation
modes. The observed frequencies and mode identification are
provided in Table C.3, with observed orders spanning the range
[−111;−55] based on our frequency extraction. We choose this
target to test how the critical magnetic field strength estimations
deviate from one degree to another and whether it is possible to
infer consistent values for all modes. We use the Gaia DR3 val-
ues Teff = 6783 K and L = 7.99 L� and note that the effective
temperature is consistent with Li et al. (2020) within the recom-
mended uncertainties for Gaia DR3 (Fouesneau et al. 2023).

2.3. 44 Tau

44 Tau is a bright star hosting δ Scuti pulsations. The stellar
parameters are Teff = 6900 ± 100 K and L = 20.18 ± 1.16 L�

(Lenz et al. 2010). These values were obtained from ground-
based observations. Detailed mode identification and model-
ing reveal that 44 Tau is most likely an evolved star located
in the overall contraction phase in the HR diagram, though
several models with masses in the range 1.8 M� to 2 M� are
able to reproduce the observed frequencies (Lenz et al. 2010).
Antoci et al. (2007) and Zima et al. (2007) show that 44 Tau
has low values for v sin i. Although this only provides a lower
limit on the rotation frequency of the star when the inclination is
unknown, we consider that 44 Tau most likely is a slow rotator
and model it as such.

Mixed modes have been identified in the amplitude spec-
trum for this star, allowing us to probe the near-core region.
We provide in Table C.2 the list of identified frequencies from
Lenz et al. (2010) that are used in our modeling. Since these
behave as g-modes in the deep interior of the star, we test their
ability to inform us on the critical magnetic field strength. This
allows us to examine the requirements on the magnetic field
strengths to fully suppress pure g-modes in δ Scuti stars and
whether this could explain the differences between δ Scuti and
hybrid pulsators, which host both g-modes and p-modes.

3. Methods

In this section, we present the methods used to obtain the results
presented in this paper. We highlight that the aim was not to per-
form detailed forward modeling of the selected stars, but to find
a reliable representation of each target with a limited number of
free parameters and infer critical magnetic field strengths assum-
ing different field configurations. For this reason, we limited the
number of degrees of freedom in our models. Additional results
coming from the frequency analysis of observational data are
also provided here, as they offer deeper insight into our targets.

We modeled our targets assuming rigid-body rotation. This
was motivated by observational evidence from g-modes, show-
ing that a significant number of γ Doradus stars have uniformly
rotating envelopes (Li et al. 2020), and inertial modes, which
highlight the same behavior in the core (Saio et al. 2021). For the
two γ Doradus stars considered in this work, we constrained the
surface rotation rate from evidence of rotational modulation in
the Kepler light curves, which further supports this decision (see
Section 4.5). We therefore used the near-core rotation frequency
derived by Li et al. (2020) from the slope of the period spacing
patterns as the global rotation frequency, frot, of the star in our
models. In the case of 44 Tau, the surface rotation is known, but
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Fig. 1. Top: Amplitude spectra for the γ Doradus stars KIC 3127996 (left) and KIC 5876187 (right). The frequencies extracted according to the
method described in Section 3.1 are highlighted with dashed lines and color-coded according to the mode identification. Bottom: Period spacing
patterns for both stars. Full circles represent the period spacings that were used to compute the asymptotic period spacing. Fainter points highlight
the missing frequencies to complete the observed pattern where the period and ∆ P values are taken as the average between the two adjacent
detected frequencies according to how many consecutive signals are missing.

we were unable to determine the near-core rotation rate and sim-
ply assumed it to be uniform.

3.1. Kepler frequency extraction

While the range of radial orders for a given combination of l
and m are provided in Li et al. (2020) for KIC 3127996 and
KIC 5876187, the observed frequencies and their associated S/N
ratios are not. The Kepler light curves were downloaded from the
Mikulski Archive for Space Telescopes (MAST1). After remov-
ing outliers, normalizing each segment, and stitching together
the light curves, the data were iteratively pre-whitened using
the Astropy (Astropy Collaboration 2013, 2018) LombScargle
package to select all frequencies down to a threshold of S/N = 4.
The noise level was calculated as the median value within the
frequency range of interest at each iteration. For KIC 5876187
this range was between 0.3 and 1.4 d and for KIC 3127996
between 0.5 and 1.2 d (i.e., the period range plotted in Fig. 1).
The specific choice of the S/N threshold has no appreciable
effect on the results. For KIC 3127996 all signals involved in
the period spacing patterns have S/N > 15 and there are no
marginal signals (S/N between ∼4–10) that seem to belong to
any of the identified period spacing patterns. For KIC 5876187
the first and last signals in a given group have S/N > 20 except
for the shortest period signal with S/N ≈ 5.5. Only seven peaks
(out of a total of 75) identified in the period spacing patterns for
KIC 5876187 have S/N between 4 and 5.

The extracted signals were then analyzed with the FLOSSY2

package to manually identify period spacing patterns with com-
mon l and m values following the approach of Garcia et al.
(2022) and guided by the results published in Li et al. (2020).
To further verify the frequencies that were extracted and their

1 https://archive.stsci.edu/
2 https://github.com/IvS-KULeuven/FLOSSY

mode identification, each set of frequencies with the same
mode geometry was analyzed using the morse3 Python pack-
age (Christophe et al. 2018), from which we determined Π0.
For both cases, our values of Π0 are within 5% of the val-
ues reported by Li et al. (2020). We show the amplitude spectra
obtained from the Kepler data along with the extracted frequen-
cies in the upper panels of Fig. 1. The period spacing patterns
are provided in the lower panels for guidance. When model-
ing our targets, we determined the closest matching frequency
from our models with the observed modes for each (`,m) pair.
We refer to Section 3.4 for further details. For KIC 3127996 we
do not detect the (`,m) = (2,−1) family since the frequencies
shown in Li et al. (2020) are not statistically significant for our
S/N criterion. All frequencies used in this work are provided in
Appendix C.

3.2. MESA grid

We used the stellar evolutionary code MESA (Paxton et al. 2011,
2013, 2015, 2018, 2019; Jermyn et al. 2023), release r24.08.01
(Paxton 2024), to compute models for a range of stellar masses,
creating a grid of models from which we need to select the most
suitable one for each star in our sample. Our MESA inlist tem-
plate is provided in Appendix A and can also be found on the
MESA marketplace4. The evolutionary tracks cover the mass
range 1.4–2.0 M� in steps of 0.01 M�. The MESA models con-
sidered do not include rotation; thus, we consider solely spheri-
cally symmetric stars. We used the pp_cno_extras_o18_ne22
reaction net to compute the nuclear reactions from the pp-chain
and CNO cycles at each time step. The OPAL opacity tables
(Iglesias & Rogers 1993) were used to compute the opacities in
our models. The chemical composition was set with the GS98

3 https://github.com/schristophe/morse
4 https://mesastar.org/marketplace/inlists
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solar metal mixture reference values (Grevesse & Sauval 1998),
where we considered only solar metallicity (Zinit = 0.02) for our
grid. We did not include the effect of element diffusion in our
models.

MESA performs smoothing of certain properties of the stel-
lar interior by default. However, since we want to take into
account the chemical gradient in the near-core region and the
discontinuities in the Brunt-Väisälä frequency, this behavior is
suppressed by setting the following flags:

– num_cells_for_smooth_brunt_B=0,
– num_cells_for_smooth_gradL_composition_term=0,
– remove_mixing_glitches=False.

3.2.1. Mixing

A crucial aspect of stellar modeling involves a sensible pre-
scription for internal mixing, as it plays an important role
in a star’s lifetime. The convective instability regions were
determined using the Ledoux criterion and predictive mixing
(Paxton et al. 2018). This method is directly implemented in
MESA and allows for a robust determination of the bound-
aries of the convective zones between each time step, resulting
in more reliable model convergence. A proper determina-
tion of the convective boundaries is important in the near-
core region because it affects the mixing as the core recedes
and, hence, the Brunt-Väisälä frequency Gabriel et al. (2014),
which is fundamental for the extraction of oscillation frequen-
cies in GYRE. No semi-convection or thermohaline convec-
tion is considered. We treat convection using mixing length
theory (Böhm-Vitense 1958), specifically the method described
by Cox & Giuli (1968), which is implemented in MESA.
The mixing length parameter is set to the typical value of
αMLT = 1.80.

MESA allows for different implementations of convective
core overshooting. The most commonly used are step overshoot
and exponential overshoot (see e.g., Pedersen et al. 2018). In
the former case, the size of the convective core is essentially
extended by a fraction of its size. In the latter case, the mix-
ing efficiency is assumed to decay exponentially from the core
boundary. Pedersen et al. (2018) provide an overview of the dif-
ferent prescriptions (see their Fig. 1) and found that g-modes can
help distinguish between the two on the MS, though this capa-
bility is lost at later stages of evolution. We focus only on the
exponential overshooting scheme and set the value for the over-
shooting parameter to fov = 0.0175, according to typical val-
ues that can be expected for intermediate-mass γ Doradus stars
(Mombarg et al. 2021). Although there is evidence for a mass-
dependence of the overshoot parameter (Claret & Torres 2019),
we find that our estimates of critical magnetic field strengths
do not depend strongly on the overshooting (see Section 4.4).
This mass-dependence would have the largest impact on the
lower stellar masses of our grid, since the overshooting param-
eter is observed to plateau for higher masses (Claret & Torres
2019). Therefore, we keep it constant throughout the grid for
simplicity. The exponential decay is active until the diffusion
coefficient associated with overshooting drops below the value
overshoot_D_min = 0.01.

Finally, we included additional diffusive mixing in the stellar
envelope, defined by the coefficient Dext = 10 cm2/s. This can be
used to mimic the mixing induced by, for example, rotation in a
highly simplified way, which prolongs the MS lifetime. More-
over, there is strong evidence in the literature for the need for
envelope mixing to reproduce observations of the period spac-
ing patterns in g-modes (Moravveji et al. 2015, 2016).

Fig. 2. Schematic of the three stages in our MESA models.

3.2.2. Resolution and convergence

Our evolutionary tracks were configured in three stages because
the timescales of evolution characterizing the stellar interior are
significantly different. We first evolved our stars through the pre-
MS stage with a maximum time step of 10 000 years, terminat-
ing the model right before the ignition of hydrogen fusion in the
core. The second stage corresponds to the MS lifetime of the star
until the hydrogen is depleted in the core. We set a lower limit
of 0.001 on the central hydrogen fraction as a stopping criterion.
The time resolution is lower with a step size of 1 million years.
At the terminal-age main sequence (TAMS), we initialize a third
evolutionary stage to evolve the star along the overall contraction
(OC) phase, which is much shorter than the MS. The time step
is, in this case, 100 000 years. A schematic of the different stages
can be found in Fig. 2. The final stage is terminated when the
evolutionary tracks cross a lower boundary of 5750 K in effec-
tive temperature. At this point, all models within the considered
mass range have completed the hook seen in the HR diagram.
For the MS and OC phases, the input physics remain the same,
with the only difference being the stopping criteria and temporal
resolution.

The spatial resolution of our models is set by the
mesh_delta_coeff parameter, which controls the difference
between grid points along the stellar profile of the model and typ-
ically has a value in the range of 0.2–1.2 (Gatuam et al. 2026).
Low values enforce a fine grid, whereas larger values allow
for coarser resolution and faster computation times. Since we
model stars with a receding core that leaves behind a sharp
chemical gradient and g-modes are highly sensitive to this (e.g.,
Miglio et al. 2008), we require a fine resolution for our model
and use mesh_delta_coeff = 0.4. Smaller values were found
to introduce convergence issues in our current configuration. We
also enforce a maximum size for the cells with the parameter
max_dq = 0.001 (Pedersen et al. 2018), which is given in terms
of the total mass of the star.

3.3. Grid model selection

To determine the best model from our grid to model the stars in
our sample, we used the Mahalanobis distance, introduced for
modeling g-modes by Aerts et al. (2018). We defined a set of
observables θ that are used to compare the stars in our sample
with the same quantities derived from our model grid. The aim
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was to find the model with the smallest distance θ0 to our obser-
vations. This can be done via

θ0 = argmin
〈
(Yj − Y∗)ᵀ(V + Λ)−1(Yj − Y∗)

〉
, j = 1..q, (1)

where Yj corresponds to the observables of the grid point j and
Y∗ is the vector containing those of our target star. This cal-
culation is carried out for all models q in our grid. Here, V is
the covariance matrix of the observables θ and Λ is a diagonal
matrix containing the squared uncertainties σ2

θ . This method has
proven valuable in the analysis of g-modes due to the ability
to account for correlations between observables (see e.g., Aerts
2021; Michielsen et al. 2021; Pedersen et al. 2021). We consid-
ered three observables: the effective temperature and luminosity
of the star, as well as the asymptotic period spacing, defined as

Π0 = 2π2
(∫

R

N
r

dr
)−1

. (2)

The asymptotic period spacing carries information on stellar age,
as it decreases along the evolutionary track of a star. It is there-
fore useful in constraining the best model from a grid. Our vec-
tor thus becomes θ = (Teff , L�,Π0), which is similar to what
was done by Mombarg et al. (2019), where the luminosity was
substituted for surface gravity. The choice of observables allows
us to determine the best model from our grid simply from the
MESA profiles without extracting frequencies with GYRE, thus
saving a considerable amount of computation time. In the case of
44 Tau, there is no value for Π0. We therefore compute the radial
fundamental pressure mode (`, n) = (0, 1) and its first overtone,
and use this to constrain the age of the star, since pressure modes
are shifted towards lower frequencies as the star evolves. This
gives θ = (Teff , L�, f0, f1).

3.4. GYRE frequency extraction

We extracted the frequencies with GYRE v.7.2.1
(Townsend & Teitler 2013; Townsend et al. 2018), using as
input the computed MESA stellar profiles. A template inlist
can be found in Appendix B. Since we did not consider mode
excitation in this work, we focus on adiabatic oscillations.
We treated rotation through the traditional approximation of
rotation (TAR) (Eckart & Gillis 1960; Berthomieu et al. 1978;
Townsend & Teitler 2013), which incorporates the influence
of the Coriolis force associated with the horizontal component
of the angular velocity on the pulsations. The TAR is valid
under the assumption that ω � N, where ω is the wave
frequency and N is the Brunt-Väisälä frequency. This applies
for low-frequency g-modes even in fast-rotating stars, since
they are not very sensitive to the centrifugal deformation of the
star (Dziembowski et al. 2007; Saio et al. 2018; Henneco et al.
2021). We used vacuum boundary conditions for pressure per-
turbation and extract high radial order g-modes n ∈ [−150;−15]
for the best model in our grid for the γ Doradus stars. Other
common choices in boundary conditions do not alter our
extracted frequencies significantly In the considered range, the
g-modes are closely spaced in period, therefore requiring a fine
frequency grid for GYRE to extract all values. We limited the
scanned frequency range to 0.3−5 d−1 and found that a grid with
1000 points typically performs well for the stars considered
in this work. We then determined a correspondence between
the modeled and observed oscillations for each (`,m) pair by
matching the radial orders from GYRE that lie closest to the
observed pulsations in frequency. This allowed us to interpret

Fig. 3. Example Brunt-Väisälä frequency from one of our models as
a function of fractional radius, scaled with R3/(3GM) to be dimension-
less. The subplot focuses on the region near the spike of N that is delim-
ited by the gray dashed lines. The inner and outer limits of the spike
in the inset plot correspond to the blue dashed lines. The green line
highlights the radius of the maximum of the spike, where we solve the
eigenvalue problem, while the red line corresponds to the mean radius
of the spike.

our models later on and determine the critical magnetic field
strength required to suppress the high-order g-modes that were
not found in the observations of these stars.

For 44 Tau, the approach was slightly different, since we are
dealing with mixed modes for which modeling is not as straight-
forward. We scanned a range of frequencies defined by the low-
est and highest frequency listed in Table C.2 and extract all
modes in this range. From here, we determine the best-matching
GYRE frequencies in the same way as for the γ Doradus stars.
We also note that the TAR approximation is valid for the ` =
2 mixed modes, since their frequencies are below the Brunt-
Väisälä frequency and their radial wavenumber is larger than the
horizontal wavenumber.

3.5. Dedalus eigenvalue problem

The critical magnetic field strength was then calculated using
the Dedalus code (Vasil et al. 2019; Lecoanet et al. 2019;
Burns et al. 2020). As in Lecoanet et al. (2022), we solved
eigenvalue problems to determine if a propagating gravity waves
forms a standing wave (g-mode) or if its energy is converted to
magnetic waves and dissipated. We investigated a range of mag-
netic field strengths and gravity wave frequencies, allowing us to
determine the magnetic field strength required to suppress each
g-mode extracted from GYRE. Because higher radial orders are
suppressed at weaker magnetic fields than lower radial orders,
the critical field strength Bcrit associated with the observed mode
of the highest order gives an upper limit on the near-core mag-
netic field strength Br. Since mode suppression occurs in the
chemical composition gradient region of the star, where the
Brunt-Väisälä frequency spikes in the near-core region, we solve
the eigenvalue problem solely in the region of the spike, as
shown in Fig. 3. To isolate the spike, we set a minimal thresh-
old N ≥ 10−5 Hz for the Brunt-Väisälä frequency to determine
the inner and outer limits, shown in dashed blue lines. The green
line shows the radius where the spike peaks. We compute the
maximum frequency N and stellar density at this radius, which
are key quantities for evaluating mode suppression. The red line
shows the mean radius of the spike and corresponds to the radius
at which we solve the eigenvalue problem. This is done since the
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exact radius of the spike is not generally well constrained by the
MESA models, and fluctuations can affect this estimation.

The magnetic field configuration assumed in Lecoanet et al.
(2022) was that of a dipole field Br(r, θ) = Br(r) cos(θ). In our
work, we included two additional terms. First, we introduced a
quadrupole component to the poloidal field as the ` = 2, m = 0
spherical harmonic via

Br,Q(r, θ) = Br,Q(r)(3 cos2(θ) − 1), (3)

and the total radial field thus becomes

Br(r, θ) = Br,D(r, θ) + Br,Q(r, θ)

= Br(r) cos(θ) + Br,Q(r)(3 cos2(θ) − 1). (4)

Secondly, we implement a toroidal magnetic field of the form,

Bφ,T(θ) = Bφ,T sin(θ). (5)

This toroidal field is axisymmetric and satisfies the regularity
conditions at the poles.

In spherical coordinates, the near-core magnetic field is
therefore written as the sum of three components, such that:

B(r, θ) = Br(r, θ) er + Bφ(θ) eφ
=

(
Br,D(r, θ) + Br,Q(r, θ)

)
er + Bφ,T(θ) eφ

=
(
C1Br,D(r) cos(θ) + C2Br,Q(r)(3 cos2(θ) − 1)

)
er

+ C3Bφ,T sin(θ) eφ (6)

where Br,D(r), Br,Q(r), and Bφ,T represent the magnetic field
strengths of the dipole, quadrupole, and toroidal components of
the field, respectively. C1, C2, and C3 are normalization constants
that are defined such that:∫

B2 dΩ = 1. (7)

Solving Eq. (7) for each component leads to the following
normalization:

C1 =

√
3

4π
; C2 =

√
5

16π
; C3 =

√
3

8π
· (8)

The modifications to the implemented magnetic field lead to
a change in the linearized horizontal momentum and induction
equations, Eqs. (4) and (6) of Lecoanet et al. (2022). The oscil-
lation equations we solved for can thus be defined as

ikrur +
1
r
∇huh = 0, (9)

N2

ω
ur + kr p = 0, (10)

− iωuh + 2Ω × uh +
1
r
∇h p =

i Br,D(r)
4πρ0

cos(θ) kr bh

+
i Br,Q(r)

4πρ0
(3 cos2(θ) − 1) kr bh

+
Bφ,T

4πρ0r
sin(θ)eφ · ∇hbh, (11)

− iωbh − Bφ,T sin(θ)eφ · ∇huh

− i
(
Br,D(r) cos(θ) + Br,Q(r)(3 cos2(θ) − 1)

)
kruh = 0. (12)

Here, kr is the radial wavenumber that we solve for, ω is the
oscillation frequency, r is the radius of the spike in the Brunt-
Väisälä frequency, p is the pressure, ∇h denotes the angular gra-
dient, Ω is the rotation vector, ρ0 is the density, ur is the radial

velocity, and uh and bh are the horizontal velocity and magnetic
field vectors, respectively. In Eq. (12), we neglect the Ohmic
damping term present in Eq. (6) of Lecoanet et al. (2022) and
consider the ideal case where η = 0. The continuity equation,
Eq. (9), and the radial momentum equation, Eq. (10), remain
unchanged. These oscillation equations are valid in the WKBJ
approximation under the assumption that the toroidal component
of the magnetic field is much stronger than the poloidal magnetic
field, Bh/Br ∼ N/ω, which is expected (e.g., Ratnasingam et al.
2024; Takata et al. 2026).

To determine which eigenvalues are numerically converged,
we solve for the eigenvalues for two different spatial resolu-
tions. We consider, respectively, 128 and 192 spherical harmon-
ics in the low and high resolution grids. The relative difference
between the eigenvalues from both grids is

∆kr =
kr,lres − kr,hres

kr,lres
, (13)

where kr,lres and kr,hres represent the numerical value of kr, com-
puted from the low-resolution and high-resolution grids, respec-
tively. Our condition for convergence is that ∆kr is less than
10−7. We vary the value of the field B until there is no con-
verged eigenvalue with the specified frequency ω, implying that
the mode is suppressed. This corresponds to the critical magnetic
field strength Bcrit. We present in Appendix D the equations of
the eigenvalue problem that are written into Dedalus.

We note here that the mixed modes in 44 Tau are of signif-
icantly lower radial order than the g-modes observed in the γ
Doradus stars. Since the WKBJ approximation is only justified
for short wavelengths, care must be taken to ensure our method
can be applied to this star. From our MESA models, we find that
the pressure scale height, Hp = 0.062 cm, at the spike in the
Brunt-Väisälä frequency is larger than the longest wavelength of
the ` = 2 modes, λ`=2 = 0.015 cm. The WKBJ approximation is
thus valid, and we can compute the critical field strength using
Dedalus. We ignore the ` = 1 mixed modes in this work since
the condition is only marginally satisfied, and the TAR does not
apply for these pressure-dominated modes.

The modifications made to Eqs. (11) and (12) allow us to
determine the effect of different field configurations on the sup-
pression of gravity modes. Here, we consider a range of different
scenarios. Firstly, following Lecoanet et al. (2022), we look into
a purely poloidal field, namely, with Bφ,T = 0, and investigate
three field geometries:

– A purely dipolar (D) field, where Br,Q = 0,
– A purely quadrupole (Q) field, where Br,D = 0,
– A mixed (M) field, where we enforce that the dipole and

quadrupole components contribute equally to the total field
strength, Br,D/Br = Br,Q/Br = 0.5.

Next, we included the influence of the toroidal component and
examined how its presence affects the calculations above. In
summary, our methodology involved four stages. We first per-
formed mode identification based on observations, which in this
case was guided by prior work from Li et al. (2020). Second, we
determined the best stellar model for each target using MESA,
from which we computed the radius, stellar density, and the
value of the spike in the Brunt-Väisälä frequency near the stellar
core. Third, for the given structural model, we extracted oscilla-
tion frequencies with GYRE and matched these to the observed
modes to determine a set of model-specific frequencies. Finally,
the MESA and GYRE parameters were used to determine the
critical magnetic field strength using Dedalus, which used to
infer an upper limit on the near-core magnetic field strength by
considering the Bcrit value of the highest radial order g-mode.
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Fig. 4. Critical magnetic field strengths, Bcrit, for KIC 3127996 as a
function of oscillation frequency, assuming a purely dipolar magnetic
field. Dipole modes m = −1, 0, 1 are shown in blue, while quadrupole
modes m = −2,−1, 1 are shown in red. Both axes are in logarithmic
scale, revealing a linear trend. The order of the g-modes increases from
the top right corner to the bottom left corner. Bold crosses represent
observed frequencies for the star. Thin crosses correspond to higher or
lower radial g-modes extracted in GYRE. The dashed lines serve to
guide the eye on the critical magnetic field strength, Bcrit. Each mode
has an inferred magnetic field strength, required to suppress the highest
observed order. The exact values being provided in the legends.

4. Results

We report in this section the results obtained from our analysis
of the three targets presented in Section 2. One of our objec-
tives has been to assess the consistency of the method for dif-
ferent oscillation and magnetic field geometries. We first intro-
duce the outcome of our analyses for the three stars, assuming a
dipole magnetic field. Second, we look into the effect of adopt-
ing a dipole, quadrupole, or mixed magnetic field configuration.
We then investigate how our results change when introducing
a toroidal component to the magnetic field. Lastly, we consider
some toy scenarios where the initial composition and overshoot-
ing parameters are adjusted to investigate the influence of certain
MESA parameters.

4.1. Critical magnetic field strengths

Using the stellar parameters from each target, we find the best
matching model from our grid of models. These are listed in
Table 1. We find mostly consistent values for the stellar param-
eters within their respective uncertainties, although the effective
temperature for KIC 3127996 may be slightly underestimated in
our model. Regardless, we consider these best models as good
approximations of the stellar interiors, allowing us to determine
internal magnetic field strengths.

Fig. 4 shows the magnetic field strength required to sup-
press a mode as a function of frequency for our best model of
KIC 3127996. This serves as an upper limit for the near-core
magnetic field strength. We note that all values are within 40%
of each other, with estimates of Br increasing when using ` = 2
modes. We select the lowest value of Bcrit from Fig. 4 as an
upper limit for the magnetic field strength since the observed
(l,m) = (1,−1) modes would have to be suppressed for larger
values. Therefore, Br ≈ 130 ± 40 kG in KIC 3127996. More
information on the uncertainty is provided in Section 4.4. Esti-

Fig. 5. Critical magnetic field strengths, Bcrit, for KIC 5876187 as a
function of oscillation frequency, assuming a purely dipolar magnetic
field. The dipole mode (l,m) = (1, 1) is shown in blue, the quadrupole
mode (l,m) = (2, 2) is shown in red, and the octupole (l,m) = (3, 3)
mode in green. The data points and dashed lines contain the same infor-
mation as in Fig. 4.

Fig. 6. Critical magnetic field strengths, Bcrit, for 44 Tau as a function
of oscillation frequency, assuming a purely dipolar magnetic field. The
quadrupole mode (l,m) = (2, 0) is shown in red. The data points and
dashed lines contain the same information as in Fig. 4.

mations of Br using prograde or retrograde modes yield similar
results.

Fig. 5 shows the Bcrit-diagram for KIC 5876187. The princi-
ple is the same as in Fig. 4. We note that, contrary to what is seen
in Fig. 4, the relation between Br and the observed frequency is
no longer linear in log-space due to KIC 5876187 rotating faster.
There is a larger deviation in the values for Bcrit from higher
degree modes, with the estimate from ` = 3 differing from that
using ` = 1 by a factor of almost 5. We find that Br ≈ 13 ± 4 kG
for KIC 5876187.

In Fig. 6, we show the critical field strength for 44 Tau.
Fewer modes are observed for this star, and are of lower order
than those in the γ Doradus stars. Bcrit is considerably larger in
this case than for the other two targets, since we assume in this
scenario that all higher-order g-modes or mixed modes are sup-
pressed under the influence of the magnetic field. We conclude
that Br ≈ 1.8 ± 0.5 MG.
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Fig. 7. Critical magnetic field strength as a function of frequency
for KIC 3127996, for the three different field structures presented in
Section 3.5. Results using (`,m) = (1,−1) are shown in blue, whilst
those using (`,m) = (2,−1) are in red. The field structures are color-
coded in different shades of the same color for each mode degree.

4.2. Magnetic field configurations

We present in Figs. 7–9 the estimates of the critical magnetic
field strengths using the three different poloidal field configura-
tions mentioned in Section 3.5 for KIC 3127996, KIC 5876187,
and 44 Tau. We consider for each star the mode geometry for
which we find the upper limit for Br in the previous section. We
note that weaker magnetic fields are required to achieve sim-
ilar results when considering quadrupole or mixed fields. For
KIC 5876187, we provide the projections of Br on a sphere in
Fig. 10, for the three different field configurations.

For our three targets, we compute the fractional difference in
Br between the quadrupole field and the dipole and mixed fields,
respectively,

δBrQ = 1 −
Br,Q

Br,D/M
, (14)

which helps us determine if a mode is more sensitive to spe-
cific field configurations. The values are shown in Table 2. We
note that the ` = 2 modes do not appear to be more sensitive to
quadrupole or mixed field configurations than the ` = 1 modes.
This characteristic is consistent for all stars. No robust conclu-
sion can be drawn for ` = 3 modes, which are only observed in
KIC 5876187. For the three stars, we note that the critical field
strengths associated with the quadrupole field and the mixed
field are closer to each other compared to that of the dipole field.
All estimates remain within 70% and 90% of that of the dipole
field.

If we assume that the magnetic field can be of dipole nature
and that it scales with distance such that Br ∝ r−3, we can extrap-
olate the strength of the field at the surface of the star. All rel-
evant quantities can be found in Table 3. For KIC 3127996, a
dipole field of Br ≈ 130 kG would have a strength of Bsurf ≈ 76 G
at the surface. With a quadrupole field of strength Br ≈ 115 kG,
scaling as Br ∝ r−4, the surface field would be Bsurf ≈ 6 G. Sim-
ilar estimates for KIC 5876187 and 44 Tau are found in Table 3.
While the near-core magnetic field required in our modeling of
44 Tau is considerably stronger than the γ Doradus stars, the sur-
face field remains weak.

Fig. 8. Critical magnetic field strength as a function of frequency
for KIC 5876187, for the three different field structures presented in
Section 3.5; dipole (D), quadrupole (Q), and mixed (M). Results using
(`,m) = (1, 1) are shown in blue, (`,m) = (2, 2) in red, and (`,m) =
(3, 3) in green.

Fig. 9. Critical magnetic field strength as a function of frequency for the
` = 2 modes in 44 Tau, for the three different poloidal field structures
presented in Section 3.5.

4.3. Inclusion of a toroidal magnetic field

As previously mentioned, toroidal magnetic fields are expected
to be stronger than the poloidal components of the near-core
magnetic fields (Takata et al. 2026). We therefore include a for-
mulation for the toroidal field in the oscillation equations and
modify our computations to assess its role in relation to gravity
mode suppression. For each star, we freeze the poloidal compo-
nent to some fixed value below the estimated Bcrit and solve the
eigenvalue problem for the highest observed gravity mode for a
range of toroidal field strengths to determine at what BT,crit the
mode is suppressed. In the case of KIC 3127996, for a dipole
field Br = 100 kG, the suppression of the mode only occurs
for a toroidal field Bφ,T ≈ 20 MG. We recall that the critical
field strength in the purely poloidal case was Br ≈ 130 kG. The
strength of the toroidal field is 200 times stronger than the radial
component. This behavior is consistent for prograde and retro-
grade modes, different spherical degrees, and different poloidal
field configurations, as we find the same order of magnitude for
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Fig. 10. Radial component Br of the near-core magnetic field for KIC 5876187, computed from Eq. (6) as a function of latitude θ and longitude
φ. Top row from left to right: Dipole, quadrupole, and mixed field configuration. The symmetry of the field in the latter case is broken due to the
constructive and destructive interference of the dipole and quadrupole components. Bottom row from left to right: Purely toroidal field and mixed
field with contributions from all three terms Br,D, Br,Q, and Bφ,T.

Bφ,T in all cases. An even larger ratio is found for KIC 5876187,
where Bφ,T ≈ 6 MG is required to suppress the highest-order g-
mode with a poloidal field of Br = 10 kG compared to the critical
value of 13 kG.

4.4. Model dependencies

To evaluate the impact of model parameters on our results, we
consider two modified models of KIC 5876187. Firstly, we look
at how the initial composition affects the outcome of our anal-
ysis by decreasing the initial helium fraction while keeping the
metallicity constant. This allows us to examine how a change in
the hydrogen content affects the composition gradient near the
core, where we determine the critical field strength. The hydro-
gen fraction is set as X = 1 − Y − Z, where Z = 0.02 is the metal
fraction and Y = 0.28 is the default value for the helium frac-
tion. We decrease this value to 0.26 and thereby set the hydro-
gen fraction to X = 0.72. Secondly, we change the value for
the overshooting to assess the dependence of our results on the
choice of overshooting. We set fov = 0.001, effectively reducing
overshooting by an order of magnitude, from the default value
of 0.0175. In both cases, we proceed similarly to what was done
previously, by determining the best model for the stellar param-
eters of KIC 5876187 along the evolutionary track with a modi-
fied initial composition or overshooting parameter.

We show the obtained Br for (`,m) = (1, 1) for each scenario
in Table 3. These are obtained by investigating the Bcrit diagrams
for these cases, exactly as shown in Figs. 4–6. We retrieve sim-
ilar values for Br in both cases, with fractional differences typ-
ically around 15%. When reducing overshooting, the shape of
the spike in the Brunt-Väisälä frequency at the core boundary
has a larger amplitude. This leads to a smaller Br ≈ 11 kG. For a
large reduction in overshooting, the impact on Br remains small,
suggesting that the method does not depend on tight constraints
of the overshooting parameter. When varying the initial compo-
sition, we are able to retrieve a model that lies within the same
region of the HR diagram for which the Brunt-Väisälä frequency
does not vary significantly. Therefore, we obtain closer estimates
for the critical field strength, as seen in Table 3.

Since our range of observed orders for the γ Doradus stars
differs from those reported by Li et al. (2020), we also exam-
ined the influence of mode identification on the uncertainties in

Table 2. Fractional differences in Br.

KIC 3127996 KIC 5876187 44 Tau
` Q/D Q/M ` Q/D Q/M ` Q/D Q/M

1 0.85 0.86 1 0.69 0.86
2 0.83 0.90 2 0.69 0.91 2 0.71 0.91

3 0.72 0.88

Notes. We show values depending on the assumed field configuration,
for all mode degrees observed in our stars. The first column for each
target shows the degree `. The second and third columns contain the
fractional difference of the dipole critical field strength relative to that
of the quadrupole and mixed fields, respectively.

our Bcrit values by deriving the critical magnetic field strength
based on their values. As shown in Table 3 for (`,m) = (1,−1),
our estimates using slightly lower-order modes are larger than
those obtained from the data provided in Li et al. (2020), which
is consistent with the fact that stronger fields are required to sup-
press decreasing orders of g-modes (Lecoanet et al. 2022). For
KIC 3127996 and KIC 5876187, we generally observe a differ-
ence in the highest-order mode of ∆npg ≈ 5 with Li et al. (2020),
resulting in uncertainties in the critical magnetic field strength
of roughly ∆Bcrit ≈ 25%. The relative error drops to roughly
10% if the mode identification differs only by 2 radial orders.
We treat the uncertainties from mode identification and mod-
eling parameters as independent, and therefore apply an uncer-
tainty σBr ≈ 30% to our Br estimates in Section 4.1.

4.5. Rotational modulation

We searched for signs of rotational modulation in the light curves
of the γ Doradus stars in our sample, which would be consistent
with the existence of surface magnetic fields. For KIC 3127996,
we identified a peak in the amplitude spectrum with frequency
fobs = 0.0535 d−1, which is close to the near-core rotation fre-
quency derived from the analysis of g-modes (see Table 1). We
split the full Kepler time series into four segments and phase-
folded the light curves with fobs, as seen in Fig. 11 to exam-
ine possible temporal variations. The data were binned into 150
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Table 3. Summary of magnetic field strengths for all three targets in our
sample.

KIC 5876187 Br,D Br,Q Br,M
Br 13 kG 9 kG 8 kG
Xinit = 0.72 14 kG 9 kG 8 kG
fov = 0.001 cm2 s−1 11 kG 8 kG 7 kG
nmin ; nmax 12 kG 8 kG 7 kG
Br,surf 6 G 0.3 G –

KIC 3127996 Br,D Br,Q Br,M
Br 130 kG 115 kG 101 kG
frot = 0.518 d−1 138 kG 105 kG 89 kG
nmin ; nmax 95 kG 87 kG 76 kG
Br,surf 87 G 7 G –
44 Tau Br,D Br,Q Br,M
Br 1771 kG 1261 kG 1142 kG
Br,surf 182 G 7 G –

Notes. The second, third and fourth columns show the estimated critical
magnetic field assuming a dipole, quadrupole, or mixed field structure.
The rows Br and Br,surf contain to the near-core field strengths and the
corresponding extrapolated surface fields, respectively. The toy cases
described in Section 4.4 are listed in the remaining rows. The parameter
that is varied compared to the default scenario shown in Br is described
in the first column.

phase intervals to enhance the signal-to-noise ratio. No clear
temporal variability is observed from year to year.

The shape of the light curve, described by a larger amplitude
of the first harmonic compared to frot, are consistent with what
is seen for other stars showing rotational modulation due to stel-
lar spots (e.g., Lampens et al. 2013; Labadie-Bartz et al. 2023;
Antoci et al. 2025) Such variability can also be associated with
interactions in a close binary system. However, the binary period
of P = 1/ fobs ≈ 19 d would be too large for such a scenario
because tidal distortions would be too weak to cause ellipsoidal
variability in a MS star. To support this statement, we deter-
mine the expected amplitude variation due to ellipsoidal vari-
ability as done by Faigler & Mazeh (2011). We use their Eqs. (2)
and (4) and consider a combination of parameters that maxi-
mizes the theoretical amplitude for our observed frot and stellar
parameters. We assumed a companion star of 1.5 M�, such that
it is comparable in mass to our target. For KIC 3127996, this
results in Aellip ≈ 250 ppm, which is significantly lower than the
amplitude variability seen in Fig. 11. We investigated the Vil-
lanova Eclipsing Binary Catalog (Kirk et al. 2016) to look for
similar signatures in long period binaries, but find no evidence
of such ellipsoidal variability at Porb > 15 d. We found five
low-resolution spectra from the Large Sky Area Multi-Object
Fiber Spectroscopic Telescope (LAMOST) survey (Zhao et al.
2012) with good phase coverage of a potential orbital period,
from which we find no evidence for radial velocity shifts, fur-
ther excluding the possibility of KIC 3127996 being a binary
exhibiting ellipsoidal variability. Along with the strong agree-
ment between the observed frequency and the near-core rotation
frequency from Li et al. (2020), there is strong evidence for rota-
tional modulation in KIC 3127996. The small-scale structure in
the light curve (Fig. 11) can be associated with a beating effect
from one of the observed pulsation frequencies. Band-passing
the data while preserving the original sampling, so as to retain
only frequencies higher than the rotational frequency and its har-
monic, removes the signal from the light curve, confirming that

Fig. 11. Phase-folded light curves of KIC 3127996 using Kepler data
and using the supposed rotation frequency f = 0.0534 d−1. We subdi-
vided the time series into four separate sections and plot them in sepa-
rate panels. The MBJD limits for each time series is shown for above the
corresponding panel. The features are consistent with rotational modu-
lation.

Fig. 12. Same as Fig. 11, using the Kepler time series for KIC 5876187,
with the folding frequency f = 0.583 d−1. The features are consistent
with rotational modulation.

the additional variability originates from these higher frequen-
cies rather than from sampling or other instrumental effects.

Similarly, we can match a peak in the amplitude spectrum of
KIC 5876187 to the near-core rotation frequency from Table 1.
The phase-folded light curve originally contained contributions
from the second and third harmonics of the supposed rotation
frequency, resulting in a three-maxima structure. However, the
third harmonic corresponds to an (`,m) = (2, 2) g-mode that was
included in our period spacing pattern to perform mode identifi-
cation. For this reason, we removed this frequency from the data
and computed the phase-folded light curve shown in Fig. 12,
with fobs = 0.583 d−1. We see the typical structure for rotational
modulation and note the large variability between the four differ-
ent segments, once again supporting the fact that KIC 5876187
likely exhibits rotational modulation. Similarly to what was done
for KIC 3127996, the expected amplitude due to ellipsoidal vari-
ability is Aellip ≈ 31 000 ppm, which is several orders of magni-
tude larger than what we observe in Fig. 12.
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Table 4. Rotation frequencies for the γ Doradus stars in our sample.

Target frot,c [d−1] frot,obs [d−1] frot,c/ frot,obs drot

KIC 3127996 0.0518 0.0535 0.97 3%
KIC 5876187 0.596 0.583 1.02 2%

Notes. The first columns shows the near-core rotation derived from g-
modes (Li et al. 2020). The second columns contains the estimated sur-
face rotation frequency from rotational modulation. The ratio of the two
is listed in the third column and the percentage of differential rotation is
shown in the final column.

As stated above, we observed that a harmonic of the sup-
posed rotation frequency coincides with the frequency of a peak
that aligns well with the period spacing pattern for the ` = 2
modes. This raises an interesting question about the nature of this
peak in the amplitude spectrum. Since the pulsation frequencies
we observe are in the inertial reference frame, they are shifted
due to the effect of rotation, which suggests a coincidental match.
However, we cannot confirm that the peak at the harmonic fre-
quency is an actual g-mode, simple harmonic, or a superposition
of both.

To estimate the amount of differential rotation, we computed
the ratio frot,c/ frot,obs, where frot,c is the near-core rotation fre-
quency shown in Table 1 and frot,obs is the surface rotation fre-
quency derived in Section 4.5. All parameters are gathered in
Table 4. From the computed ratio, it can be seen that the near-
core region in KIC 3127996 rotates slower than the surface.
Although uncommon, this has already been observed for one
other γ Doradus, KIC 5985441 (Saio et al. 2021). The amount
of differential rotation is only on the order of a few percent
(see the last column in Table 4) which is consistent with other
measurements of the near-core rotation frequency in γ Doradus
stars (Li et al. 2020). Similar values are found when analyzing
core rotation rates with gravito-inertial modes (Saio et al. 2021).
From the observational data, both targets in our sample there-
fore seem to experience near-uniform rotation, supporting our
assumptions when modeling these stars (see Section 2).

We note that the two γ Doradus stars present in this work
were not reported as rotational variables by Li et al. (2020),
whereas we find clear signs of rotational modulation in their light
curves. In Li et al. (2020), the authors found roughly 10% of
their sample to exhibit rotational modulation. The identification
of two additional targets with such characteristics could suggest
that a larger fraction of γ Doradus stars show detectable rotation
than what was reported in Li et al. (2020).

5. Discussion

This work presents a modified version of the method from
Lecoanet et al. (2022) to estimate the critical magnetic field
strength, Bcrit, from observations of intermediate-mass stars,
for various magnetic field configurations. In this approach, we
assume that the damping of the higher radial-order modes is
caused by the magnetic fields. Damping of g-modes is, however,
also predicted due to radiative damping (Dupret et al. 2005).
Although a more refined MESA model could be obtained by
varying additional parameters in an attempt to improve the esti-
mates of Bcrit, this is left for future work. In this section, we dis-
cuss the implications of our findings, the potential limitations of
our estimates, and additional considerations that we will address
in future work.

5.1. Impact of mode frequencies

Fundamental to our analysis is the correct mode identification
of the observed pulsations, especially on the highest-order g-
mode. We showed in Section 4.4 that a difference of 5 orders
on nmax has an impact on Br on the order of 25%. Different
assumptions on the significance of peaks in the amplitude spec-
tra of a star from one observer to another may therefore lead to
small changes in Br, although this uncertainty remains accept-
able within our framework.

Additionally, since we do not carry out in-depth modeling
of our targets, the resulting GYRE frequencies extracted from
our best MESA model may deviate slightly from the observed
values. This is most significant for 44 Tau, where we observe
differences on the order of 0.1 d−1 between observed and simu-
lated values. This, nonetheless, remains acceptable for a crude
modeling of an evolved star. For the γ Doradus stars, which are
still on the MS, the frequencies match significantly better with
differences of ∆ f ≈ 0.005 d−1 only. These deviations will logi-
cally produce small changes in Br, since the critical field strength
is inherently dependent on the frequency in this method. The
impact is, however, small in comparison to the choice of mode
order npg or degree `.

5.2. Modeling uncertainties

The uncertainties regarding the oscillation frequencies discussed
above are only part of the total uncertainty budget in our model-
ing. These additional aspects will be considered in greater detail
in a future paper, although some general comments can be made.

Since the observed g-mode spectrum depends on the struc-
ture of N, the oscillations we extract from observations can be
considered a direct measurement of the Brunt-Väisälä frequency,
which is used for our calculations of Br. Our modeling aims
to determine a model with an internal profile from which we
can extract similar frequencies, placing constraints on the values
for N, ρ0, and r at the spike of the Brunt-Väisälä frequency in
Eqs. (11) and (12). In this context, it is important to note that we
do not perform any smoothing of the Brunt-Väisälä frequency
when computing our stellar models. The smoothing options in
MESA influence both the amplitude and width of the spike,
reducing the former and increasing the latter (see the red and
green lines in Fig. 3). The width of the spike influences its cal-
culated radius, and therefore also ρ0.

While investigating how changes to the assumptions in
MESA affect the determination of the critical field strengths,
we showed in Section 4.4 and Table 3 that the strength of the
field is of the same order in all toy models presented. This sug-
gests that the method remains robust to small changes in these
parameters. The Brunt-Väisälä frequency varies strongly with
evolution, implying that constraints on parameters that serve as
proxies for stellar age, such as Π0 or f0 (the radial fundamen-
tal mode, see Section 3.3), are more important for retrieving an
appropriate structure of N. However, the effect of overshooting
and chemical composition should be explored in more detail,
since these parameters can affect the spike of the Brunt-Väisälä
frequency, and consequently also the outcome of the computa-
tions in Dedalus. Variations in metallicity may result in evolu-
tionary tracks for stars of significantly different stellar masses
overlapping in the HR diagram (e.g., Pamyatnykh 2000). This,
in turn, implies that effective temperature and luminosity cannot
distinguish between two models if no other parameters are used
during model selection. Additionally, work by Mombarg et al.
(2019) suggests that the mixing length parameter αMLT has an
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influence on Π0 and the stellar parameters, which are in this work
the three input observables used to determine our best models.
Studying the influence of αMLT will be useful in the future. It is
therefore clear that considering more free parameters will be an
important step in future work to allow for thorough grid-based
modeling. Additionally, the smoothness of the Brunt-Väisälä fre-
quency profile acts as the buoyancy glitch and can be probed
by using the Fourier transform of g-mode period spacings (Guo
2026). This may be useful to constrain internal mixing and age
in future modeling attempts.

5.3. Interpretation of the results

Fundamental to this work is the assumption that all modes below
the critical frequency associated with the highest order g-mode
are converted to magnetic waves and are subsequently damped.
Dupret et al. (2005) showed that radiative damping increases
with radial order and is expected to produce a cutoff of g-modes
at high radial orders. As a result, the critical magnetic field
strengths inferred from the presence of observed modes should
be interpreted as upper limits on the near-core magnetic field. In
the case of KIC 5876187, the absence of high-radial-order ` = 3
g-modes cannot be explained solely by magnetic suppression,
since the near-core magnetic field strength of approximately
13 kG inferred from the ` = 1 modes would be insufficient
to suppress these oscillations. A possible way to distinguish
between radiative damping and magnetic suppression is to exam-
ine whether a consistent upper limit on the radial magnetic field
strength is obtained for different mode families, since magnetic
suppression would affect all modes in a similar manner, whereas
radiative damping depends sensitively on radial order. Although
magnetic fields also modify radiative energy transport and may
indirectly influence radiative damping, a detailed treatment of
this coupling is beyond the scope of this work. Nevertheless, our
estimates of Br provide upper limits on the near-core magnetic
field strength, as they represent the maximum field compatible
with the observed g-modes. Ultimately, modeling the excitation
and damping of the modes is required to assess whether radiative
damping alone can account for the absence of the observed ` = 3
modes.

We provide estimates of the magnetic field strengths at the
surface in Table 3, assuming that the field has relaxed into a
current-free configuration. In this case, a dipolar field scales
with radius as Br ≈ r−3, while a quadrupolar field scales as
Br ≈ r−4. Since there has been no detection of magnetic fields
in γ Doradus stars through observations for a detection thresh-
old on the order of 20–100 G (Bagnulo et al. (2006); Labadie-
Bartz et al. in review), these values remain consistent with weak
surface fields in such targets. Furthermore, our estimates of
Br for the (`,m) = (1, 1), (1,−1) pairs are in agreement with
the fact that the effect of the magnetic field on pulsations in
the co-rotating frame is the same for all modes of a multiplet
(Deheuvels 2024), such that Br,m=1 ≈ Br,m=−1. Spectropolarime-
try could possibly allow us to determine the surface magnetic
field of 44 Tau, since it is a bright star (V ≈ 5.4). However, no
observations have been carried out to date. KIC 3127996 and
KIC 5876187 are quite faint, with Gaia magnitudes G > 11, and
it is therefore challenging to detect and confirm the existence of
surface magnetic fields for these targets. Under our assumptions,
KIC 3127996 and KIC 5876187 appear to host internal mag-
netic fields of significantly different strengths. KIC 3127996 is
slightly less evolved and slowly rotating, with a magnetic field
roughly ten times stronger compared to KIC 5876187. This is
an interesting contrast in light of the core dynamo field sce-

nario, where faster rotation should increase the field strength
(Brun et al. 2005; Augustson et al. 2016). However, we assume
that all magnetic fields are aligned with the rotation and pulsa-
tion axes. The field obliquity may affect results significantly and
must be included in future work.

In more evolved stars, the radial component of near-core
magnetic fields has been estimated for red giants from asym-
metries in mixed mode splittings and the deviations caused in
period spacing patterns, with values typically ranging from 25
to 150 kG (Li et al. 2022, 2023) but also extending up to 600 kG
(Deheuvels et al. 2023). Supposing that these fields were formed
during the MS of the stars from a core dynamo, magnetic flux
conservation allowed the authors to predict the field strength
during the MS. They find initial strengths of dipole, axisymmet-
ric fields in the range of 1–3 kG (Li et al. 2022), extending up
to 40 kG for the strongest cases (Deheuvels et al. 2023). Based
on these results, our estimate for the magnetic field strength
in KIC 5876187 could be consistent with the magnetic fields
observed in red giant stars.

On the other hand, a significantly larger core field has also
been inferred for the red giant KIC 8561221, showing that
highly magnetized red giants can have radial field strengths
Br > 1 MG (Fuller et al. 2015). If these were to originate from a
core dynamo on the MS, this would require Br � 100 kG. Our
analysis of ` = 2 mixed modes in 44 Tau could be consistent
with such a scenario. However, as previously mentioned, mag-
netic field suppression is not the only explanation for the absence
of higher order mixed modes or g-modes. Further detailed mod-
eling of this target would be necessary to determine if such an
internal magnetic field is realistic. 3D MHD simulations indi-
cate that intermediary field strengths of several hundreds of
kG can be expected for intermediate-mass stars on the MS,
with core dynamo fields possibly ranging from 30 to 60 kG
(Brun et al. 2005; Hidalgo et al. 2024). Additionally, simulations
by Featherstone et al. (2009) and more recently Hidalgo et al.
(2025) have shown that core dynamos can be strengthened by a
fossil field. In the former case, the fields can reach up to 500 kG,
while typical values are found in the range of 100–150 kG in
the latter case. The stronger field in KIC 3127996 might corre-
spond to a strengthened core dynamo through interaction with
a fossil field. This was also suggested by Lecoanet et al. (2022)
to explain their results for HD 43317, where a surface field of
B = 1312 ± 332 G (Briquet et al. 2013; Buysschaert et al. 2017)
was detected and shown to be consistent with a fossil scenario.

We introduced a toroidal component in our magnetic field
calculations and find that for a poloidal field strength slightly
under the critical value Bcrit required for g-mode suppres-
sion, the toroidal magnetic field needs to be 200 times stronger
to suppress the same frequency. The ratio is significantly
larger than Bφ/Br ≈ 26 as derived for the magnetic field
detected in another γ Doradus star (Takata et al. 2026). In
addition, 3D MHD simulations also suggest that the toroidal
component can be stronger than the radial component in the
near-core region (Featherstone et al. 2009; Hidalgo et al. 2024;
Ratnasingam et al. 2024), although there is a wide variety of
allowed ratios Bφ/Br ≈ 2−100. Analytical work carried out
by Barrault et al. (2025) suggests that toroidal fields can reach
up to several MG in the near-core region. It appears that our
required toroidal field strength to explain the observed range
of g-modes in KIC 3127996 and KIC 5876187 is higher than
what is expected. Since g-modes are mostly transverse in nature,
the suppression is governed by the radial magnetic field and our
results are therefore insensitive to toroidal fields. As stated pre-
viously, the derived values for Br and Bφ are only upper limits
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and suggest that a wide range of toroidal field strengths, consis-
tent with estimates from the previous works mentioned above,
can exist simultaneously with a reasonable poloidal field capa-
ble of suppressing the high-order g-modes. To better under-
stand these aspects, future work will entail accurately modeling
KIC 9244992, the star studied by Takata et al. (2026), and com-
puting critical magnetic field strengths with Dedalus. This will
allow us to determine if we can reproduce the detected magnetic
field with the observed g-mode frequencies and offers a unique
opportunity to compare our methods.

In this work, we modeled stars as rigid rotating bodies.
Overall, MHD simulations suggest that core dynamo magnetic
fields smooth out differential rotation within the convective cores
of intermediate-mass stars (Brun et al. 2005; Featherstone et al.
2009). From observations of g-modes, uniform rotation has also
been inferred in the envelope of stars (Li et al. 2020). In some
γ Doradus stars where g-modes and inertial modes are cou-
pled, the core and envelope rotation rates were measured and
allowed to determine a near-uniform rotation throughout the
stars (Saio et al. 2021). This is also found in KIC 9244992,
where Takata et al. (2026) provided the detection of a strong
toroidal magnetic field along with a radial component. Approx-
imating our targets as solid-body rotators therefore seems rea-
sonable, although we cannot actually confirm this is the case
for 44 Tau in the absence of high-order g-modes. 3D MHD
simulations show that a substantial shear can occur at the
spike of the Brunt-Väisälä frequency near the convective core,
contributing to stable mixed poloidal-toroidal magnetic fields
(Brun et al. 2005; Featherstone et al. 2009; Ratnasingam et al.
2024). Barrault et al. (2025) provided an analytical study of iner-
tial modes in the presence of a near-core toroidal field and inves-
tigate both uniform and differential rotation in their models.
They found that the strength of the field is larger in the former
case to reproduce the results of Saio et al. (2021). These aspects
directly impact the region of interest for our calculations and
while they are not currently considered, investigating their influ-
ence in the future is highly relevant.

It follows from our discussion that a wide variety of field
strengths are found both in observations and MHD simulations.
Further work is required to link observations to simulations and
shed light on possible observable conditions that can induce
stronger fields. Valuable insights can be gained from character-
izing a larger sample of intermediate-mass MS stars. This will
allow us to compare with estimates of red giants and improve
our understanding of core dynamo fields.

6. Conclusion

In this work, we set upper limits on the near-core critical mag-
netic field strengths for three intermediate-mass stars, looking
at both mixed modes and high-order g-modes. We determined
the best MESA model for each star based on the stellar param-
eters, extracted frequencies with GYRE for the selected MESA
profile, and determined the critical magnetic field strength with
Dedalus, considering different field configurations during this
process. Mode suppression is primarily driven by the radial
component of the magnetic field, and our results show that the
toroidal component does not significantly alter the critical field
strength. We show that the mode geometry and magnetic field
configuration influence the inferred magnetic field strength and
that weaker fields can suppress g-modes in a quadrupole or
mixed configuration. Although our results span a large range
of magnetic field strengths, comparisons with observations of
red giants and MHD simulations show that our estimates remain

consistent with a core dynamo field, assuming that these can be
strengthened by a fossil field in the case of KIC 3127996. We
find evidence for rotational modulation in the two γ Doradus
stars, suggesting that they may host surface fields. We demon-
strate that both stars experience little differential rotation, which
is compatible with improved angular momentum transport due
to magnetic fields. Our work provides insight into internal mag-
netic fields in γ-Doradus stars and is a necessary step towards
characterizing magnetic fields and angular momentum transport
in intermediate-mass stars on a larger scale. Future works on the
inclusion of additional free parameters in the forward modeling
and a more complete treatment of magnetic fields, for example
with the incorporation of obliquity, will improve our capabilities
for studying internal magnetic fields and mode suppression.
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Appendix A: MESA inlist

The typical MESA inlist for the MS evolution of an
intermediate-mass star is shown below.

&star_job
load_model_filename = ’PMS.mod’
save_model_filename = ’MS.mod’
show_log_description_at_start = .true.
load_saved_model = .true.
history_columns_file = ’history_columns.list’
profile_columns_file = ’profile_columns.list’
pgstar_flag = .false.
change_net = .true.
change_initial_net = .true.
new_net_name = ’pp_cno_extras_o18_ne22.net’
save_model_when_terminate = .true.

/

&kap
use_Type2_opacities = .true.
Zbase =

/

&controls
max_allowed_nz = 60000
mesh_delta_coeff = 0.4
max_dq = 1d-3
varcontrol_target = 1d-3
timestep_dt_factor = 0.9
energy_eqn_option = ’dedt’
use_gold2_tolerances = .true.
set_min_D_mix = .true.
min_D_mix = 10.0
MLT_option = ’Cox’
mixing_length_alpha = 1.8
use_Ledoux_criterion = .true.
alpha_semiconvection = 0d0
thermohaline_coeff = 0d0
predictive_mix(1) = .true.
predictive_zone_type(1) = ’burn_H’
predictive_zone_loc(1) = ’core’
predictive_bdy_loc(1) = ’top’
overshoot_scheme(1) = ’exponential’
overshoot_zone_type(1) = ’burn_H’
overshoot_zone_loc(1) = ’core’
overshoot_bdy_loc(1) = ’top’
overshoot_f(1) = 0.017
overshoot_f0(1) = 0.002
overshoot_D_min = 1d-2
overshoot_brunt_B_max = 0d0
num_cells_for_smooth_brunt_B = 0
num_cells_for_smooth_gradL_composition_term=0
remove_mixing_glitches = .false.
write_pulse_data_with_profile = .true.
pulse_data_format = ’GYRE’
add_atmosphere_to_pulse_data = .false.
keep_surface_point_for_pulse_data = .true.
add_double_points_to_pulse_data = .true.
threshold_grad_mu_for_double_point = 5d0
interpolate_rho_for_pulse_data = .true.
log_center_density_upper_limit = 3.25
max_num_profile_models = 500

photo_interval = 500
/

Appendix B: GYRE inlist

An example GYRE inlist is shown below, that extracts frequen-
cies of orders ng = −100,−15 of the (`,m) = (1, 1) mode for a
given MESA profile number XX. The rotation frequency is set
to 0 in this example but is modified according to the inferred
rotation rate of the target star.

&model
model_type = ’EVOL’
file = ’profileXX.data.GYRE’
file_format = ’MESA’

/
&mode
l = 1
m = 1
n_pg_min = -100
n_pg_max = -15

/
&osc
outer_bound = ’VACUUM’

/
&rot
Omega_rot_source = ’UNIFORM’
Omega_rot = 0.0
Omega_rot_units = ’CYC_PER_DAY’
coriolis_method = ’TAR’

/
&num
diff_scheme = ’COLLOC_GL4’
n_iter_max = 30

/
&scan
grid_type = ’INVERSE’
grid_frame = ’INERTIAL’
freq_units = ’CYC_PER_DAY’
freq_min = 0.3
freq_max = 5
n_freq = 1000

/
&grid
w_osc = 10
w_ctr = 10
w_exp = 2

/
&ad_output
freq_units = ’CYC_PER_DAY’
summary_file = ’profileXX_l1_m1-freqs.dat’
summary_file_format = ’TXT’
summary_item_list = ’l, m, n_pg, n_p, n_g,
freq, omega, E_norm’
detail_template = ’profileXX_l%l%m%n.txt’
detail_file_format = ’TXT’
detail_item_list = ’Gamma_1, V_2, c_1, x,
xi_r, xi_h, Delta_p, Delta_g, H, W_eps,
dW_dx, dE_dx, nabla_ad, eta, rho’

/

Appendix C: Observed frequencies
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Table C.1. Observed modes for KIC 3127996.

(`,m) = (1, 1) (`,m) = (1, 0) (`,m) = (1,−1)
npg fobs [d−1] npg fobs [d−1] npg fobs [d−1]
−31 0.8957 −30 0.9232 −31 0.8687
−30 0.9232 −29 0.9503 −30 0.8957
−29 0.9520 −28 0.9791 −29 0.9250
−28 0.9827 −27 1.0098 −28 0.9556
−27 1.0151 −25 1.0768 −27 0.9881
−26 1.0496 −24 1.1139 −26 1.0226
−25 1.0868 −23 1.1538 −25 1.0596
−24 1.1266 −22 1.1971 −24 1.0995
−22 1.2169 −21 1.2441 −23 1.1427
−21 1.2679 −22 1.1898
−20 1.3230

(`,m) = (2, 1) (`,m) = (2,−2)
npg fobs [d−1] npg fobs [d−1]
−35 1.3950 −35 1.3053
−34 1.4305 −34 1.3406
−33 1.4679 −33 1.3781
−32 1.5076 −32 1.4594
−31 1.5492 −31 1.5048
−30 1.5935 −30 1.5546

Notes. The table is divided in six columns, corresponding to each (`,m)
pair observed for the star. We report the order npg and frequency fobs for
each mode, according to the procedure detailed in Section 3.1.

Table C.2. Observed modes in 44 Tau.

` n fobs [d−1] %g

2 g10 5.3047 96
2 g8 6.3390 83
2 g7 6.7955 68
2 g5 9.5828 62
2 g4 11.2947 60
2 p1 8.6391 64
2 p2 12.6115 34

Notes. n shows the order of the dominant component of the mixed
mode, with g (p) indicating it is a primarily g-mode (p-mode) dom-
inated mode. The last column indicates the fraction of the mode that
is concentrated in the near-core region. The values are taken from
Lenz et al. (2010).

Appendix D: Dedalus equations

We provide in this section the equations used in Dedalus to solve
the eigenvalue problem and determine the critical magnetic field
strengths. For simplicity, we write the magnetic field compo-
nents as Br and Bφ for the poloidal and toroidal fields, respec-
tively. These include the spherical harmonics, as shown in Eqs.
4 and 5. The horizontal momentum equation, Eq. 11, can thus be
written:

−iωuh + 2Ω × uh +
1
r
∇h p =

(
ikrBr

4πρ0
+

Bφ
4πρ0r

eφ · ∇h

)
bh . (D.1)

We can eliminate the magnetic field perturbation, bh, from this
equation using the induction equation. This reduces the number
of parameters in our problem. Isolating for the magnetic field in
Eq. 12 yields:

bh = −
1
iω

(
iBrkruh + Bφeφ · ∇huh

)
. (D.2)

The Lorentz force, on the right-hand side of Eq. D.1, can thus be
written as

−

(
ikrBr

4πρ0
+

Bφ
4πρ0

eφ · ∇h

)
1
iω

(iBrkruh + Bφeφ · ∇huh) , (D.3)

Table C.3. Observed modes for KIC 5876187.

(`,m) = (1, 1) (`,m) = (2, 2) (`,m) = (3, 3)
npg fobs [d−1] npg fobs [d−1] npg fobs [d−1]
−111 0.7814 −92 1.6515 −86 2.5237
−109 0.7885 −89 1.6672 −85 2.5323
−107 0.7922 −87 1.6784 −83 2.5503
−105 0.7961 −86 1.6841 −77 2.6102
−102 0.7981 −83 1.7023 −76 2.6211
−101 0.8022 −82 1.7087 −75 2.6323
−98 0.8044 −81 1.7152 −73 2.6556
−97 0.8111 −79 1.7287 −72 2.6677
−95 0.8134 −78 1.7358 −70 2.6930
−94 0.8182 −76 1.7504 −67 2.7337
−93 0.8207 −75 1.7580 −65 2.7779
−92 0.8233 −74 1.7658 −63 2.8096
−90 0.8259 −73 1.7739
−89 0.8312 −71 1.7905
−87 0.8340 −68 1.8174
−86 0.8369 −65 1.8465
−85 0.8398 −63 1.8673
−84 0.8428 −62 1.8782
−83 0.8458 −61 1.9010
−82 0.8490 −60 1.9129
−81 0.8522 −54 1.9924
−80 0.8555
−78 0.8588
−77 0.8622
−75 0.8694
−74 0.8731
−72 0.8808
−71 0.8847
−69 0.8930
−68 0.8973
−67 0.9063
−66 0.9109
−65 0.9157
−64 0.9206
−63 0.9256
−62 0.9308
−60 0.9361
−59 0.9416
−56 0.9589
−55 0.9650

Notes. The layout is identical to that presented in Table C.1.

Which yields three terms when expanding

1
4πωρ0

(
k2

r

i
B2

r −
1

ir2 Bφeφ · ∇hBφeφ · ∇h −
2kr

r
BrBφeφ · ∇h

)
uh .

(D.4)

Inserting in Eq. D.1 provides the final expression and after rear-
ranging some terms, we have

ωuh + 2iΩ × uh +
i
r
∇h p −

k2
r B2

r

4πωρ0
uh

+
1

4πωρ0r2 Bφeφ · ∇hBφeφ · ∇huh

+
2ikr

2πωρ0r
BrBφeφ · ∇huh = 0 . (D.5)

Eq. D.5, along with the continuity and radial momentum equa-
tions, Eqs. 9-10, constitute the full set of equations.
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