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ABSTRACT

Despite being extremely relevant in stellar evolution, the origin of magnetic fields of mas-
sive stars is still a major unresolved question. Surface magnetic fields have been detected
in about 10% of massive stars, suggesting that internal fields could prove valuable in
disclosing the riddle of massive star magnetism. Binary-stripped stars — stars that have
lost their outer envelope due to interaction with a companion — present a natural lab-
oratory to probe internal magnetic fields, as the removal of the envelope unveils stellar
layers that are otherwise hidden. The recent discovery of the first observational sample
of stripped He-stars provides a timely and unique opportunity to place direct constraints
on internal magnetic fields in regions that were previously inaccessible, allowing for a
direct comparison with theoretical models.

In this work, we aim to explore three different hypotheses for the origin of magnetic fields
in massive stars: the fossil field scenario, where the field is inherited from star formation or
stellar mergers; the convective core dynamo, in which the field is generated by convective
motions within the core; and the rotational shear dynamo, where differential rotation
between the core and envelope generates the field.

To achieve this, we use a detailed stellar evolution code to compute a numerical model
of an intermediate-mass, binary-stripped He-star. After presenting the assumptions we
make to calculate the field strength and evolution, we obtain a theoretical estimate of
the field for each hypothesis. These estimates are then compared to the newly obtained
observational upper limit in order to determine whether we can exclude any hypothesis.

In this work, we find that the convective core hypothesis, as we modeled it, can be
excluded, since it predicts a field strength exceeding the observational upper limit. In
contrast, the rotational shear hypothesis yields a field just below this limit, placing it
on the verge of being constrained. For the fossil field, our model shows that a combined
poloidal and toroidal field geometry is the most realistic, even if the obtained field value
is below the observational upper limit, thus preventing us from excluding it a priori.

A stronger observational constraint is needed, as it would significantly improve our find-
ings, some already approaching the current limit. In addition, it would serve as a strong
motivation for more sophisticated modeling, for which this work provides a solid founda-
tion. We therefore hope that our analysis will motivate the prioritization of observational
time, as this would greatly aid in constraining these theories and improving our under-
standing of angular momentum transport in stars.
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Layman Summary

From the depths of outer space and the core of stars to our phone’s chargers or head-
phones, magnetic fields can be found all around the Universe. In each of these aspects,
they play a crucial role that is still often overlooked. But to understand why they are so
central, we first need to ask: what is a magnetic field?

The Physics 101 definition is: “A magnetic field is an invisible force field generated by
a magnet or as a consequence of the movement of electric charges.” Intuitively, it can
be thought of as a special “map” that shows the strength and direction of the magnetic
forces in every point around the generating source. The strength (or magnitude) of a
magnetic field is measured in Tesla (T) in the International System of Units. However,
in astrophysics, we usually work in Gauss (G), where 1G = 10~*T. Magnetic fields
surround us, even if we don’t always notice. They're essential to the functioning of
electric motors and electronic devices, and they play a crucial role in medical technologies
like MRI machines. Perhaps most importantly, Earth’s magnetic field has helped and
protected us since the dawn of time: guiding navigators with compasses, shielding us
from cosmic radiation, and helping to keep our atmosphere in place.

In the Universe, magnetic fields are ubiquitous. They thread through galaxies, the in-
terstellar medium and the interiors of stars, spanning several orders of magnitude in
strength. Earth’s field, for instance, is about 0.5 G. In the interstellar medium, it’s a
million times weaker, around 10~% G, while on the surface of our own Sun it is around
1 G, with peaks of 4000 G in sunspots. On the opposite extreme, magnetars — some of
the most magnetic objects in the Universe — can host fields as strong as 10'® G, which
is fifteen orders of magnitude stronger than Earth’s! To provide a familiar point of ref-
erence, a typical refrigerator magnet has a magnetic field strength on the order of 50
G. This is about 100 times stronger than Earth’s field but remains negligible compared
to the colossal fields found in magnetars. Even the most powerful magnetic fields ever
generated in a laboratory, under very specialized conditions, only reach 4.52 x 10°
very far from the astrophysical extremes.

In this thesis, we will investigate stellar magnetic fields, as they play a key role in shaping
a star’s behavior and evolution. They drive a plethora of surface phenomena — such as
flares and spots — and they influence winds, thereby affecting how the star interacts with
its surroundings.

In particular, we are interested in the fields of massive stars, which are stars at least eight
times more massive than our Sun. Although they are less common than their smaller
counterparts, their role in the Universe is fundamental. Their high mass leads to greater
luminosity, but also shorter lifetimes as they consume their fuel in just a few million

Thttps://ec.europa.eu/health/scientific_committees/opinions_layman/en/
electromagnetic-fields/glossary/mno/magnetic-field.htm

2J. Toth and S. T. Bole, ”Design, Construction, and First Testing of a 41.5 T All-Resistive Magnet
at the NHMFL in Tallahassee,” in IEEE Transactions on Applied Superconductivity, vol. 28, no. 3, pp.
1-4, April 2018
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LAYMAN SUMMARY

years: they burn bright and fast. In their cores, massive stars forge the heavier elements
of the Universe and, through their intense radiation and explosive deaths, shape their
surroundings and drive galaxy evolution. The endpoints of their lives are neutron stars
and black holes — the most compact objects in the Universe.

Magnetic fields of massive stars are especially important because they influence the in-
ternal rotation rate of the star and thus what happens when the star dies and becomes
one of these compact objects. Strong magnetic fields can slow down a star’s rotation
before it collapses, affecting how fast the resulting remnant spins. Being able to predict
how fast these remnants spin has important implications. For example, it allows us to
compare with observations of black holes’ spins coming from gravitational waves and
electromagnetic signatures. Fast-spinning stellar cores are also believed to be the origin
of magnetars and some of the most energetic events in the Universe such as gamma-ray
bursts.

Nonetheless, the origin of massive star magnetism still poses a riddle. Less than a tenth
of observed massive stars exhibit strong surface magnetic fields, while more are believed
to host an internal field. Such field is, however, shielded by the envelope and thus out of
our reach, as our best observational techniques only probe surface magnetism.

In this context, binary systems come to our rescue. These are pairs of stars that orbit a
common center of mass and offer unique opportunities to study stellar properties. The
more massive a star is, the more likely it is to be found in such a system. One of the
most common outcomes of binary evolution is stripped stars, meaning stars that lost a
major fraction of their outer envelope and are now basically exposed cores. How can this
happen? As mentioned before, the bigger the star, the shorter its life: thus, the bigger
star of the binary system — referred to as primary — will be the first to exhaust most the
hydrogen in its core. As a result of this, the core contracts and outer layers of the star
will begin to expand. If, in its expansions, the primary comes too close to its companion,
some of its matter will fall under the secondary’s gravitational attraction, getting pulled
away and accreted — a mass transfer event has started. If the two stars are sufficiently
close, this phase can last long enough for the secondary to accrete most of the primary’s
envelope, leaving behind a (binary-)stripped star.

For the magnetism of massive stars, this represents a unique opportunity to probe the
internal magnetic field. The stripping leaves the inner layers exposed and allows us
to apply the observational techniques for the surface fields. For a long time, however,
binary-stripped stars with mass between two and eight times that of the Sun have evaded
detection. This happens because they are often outshone by their companion, now ex-
tremely bright due to the newly accreted matter. Moreover, the bulk of the stripped
star’s light is emitted in the ultraviolet (UV) range, which is complicated to observe
due to extinction. Extinction refers to the absorption and scattering of light by inter-
stellar dust, which dims and reddens the starlight, especially at shorter wavelengths like
UV. Very recently, a new sample of candidate binary-stripped star systems was observed,
turning the tables and allowing us to infer a new preliminary upper limit for the magnetic
field of one of such systems.

Such limit was inferred using spectroscopy — the study of spectra. The light coming
from a star across different wavelengths is referred to as spectrum. Upon a closer look,
a typical stellar spectrum is a collection of dark (absorption) or bright (emission) lines,
generated by the interaction of photons with atoms, that cause electrons to move between
energy levels. When a magnetic field is present, it interacts with the electrons causing the
energy levels to split: where a single line was observed in absence of a field, now multiple
closely spaced lines are visible. This is called Zeeman splitting, and it is the most direct
consequence of the so-called Zeeman effect. Since the amount of splitting is directly
proportional to the magnetic field strength, studying the spectra allows astronomers to



infer estimates of (surface) stellar fields.

In order to compare this new observational limit with theoretical estimates, we investi-
gated three different scenarios. This approach stems from the uncertainty in the origin
of the magnetic field of massive stars. The first origin hypothesis is the fossil field, which
assumes that the field is inherited from star formation and is large-scale, meaning that
it spans over the entire envelope of the star. The second and third hypotheses both in-
volve a dynamo mechanism. A stellar dynamo is a process that generates and maintains
a magnetic field via the motion of the star’s electrically conducting plasma. This hot
plasma moves inside a star due to either convection or rotation, creating electric currents
that in turn generate magnetic fields. For the second hypothesis, we consider the dynamo
caused by convective motions in the core. Convection is the process where hot material
rises and cooler material sinks, creating circulating flows inside the star. This happens
due to buoyancy, which is the same force that makes a ball, which is filled with air and
thus less dense, rise when we try to push it underwater. On the other hand, the third
hypothesis considers the dynamo generated by rotation, in particular rotational shear.
The core and the envelope of a massive star rotate in the same direction but at different
speeds — a process called differential rotation. This speed difference generates a shear
layer that winds up the magnetic field, amplifying its azimuthal component.

After we define the theoretical basis for the three origin hypotheses, we apply them to a
computational stellar model. We thus use a detailed stellar evolution code to simulate a
binary system up until the stripped star phase. This code is one-dimensional, meaning
that it assumes spherical symmetry and calculates the stellar properties only along the
radius as if we were core-drilling the star from the surface down to its center. We
then apply each origin hypothesis to the model, in order to obtain different theoretical
estimates for the magnetic field strength. Our aim is to compare such estimates with
the new observational upper limit, to determine whether any of them exceeds it. If a
hypothesis predicts a field stronger than the observed limit, this would suggest that, under
our approximations, it cannot possibly reproduce the observed field and can therefore be
ruled out.

This represents another step towards a better understanding of massive stars’ magnetism,
which is extremely relevant in the evolution of these stars and is at the root of some of
the most energetic and mysterious events of our Universe.
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Introduction

Magnetic fields can be found all around the Universe, with magnitudes ranging from the
ultra-strong fields of magnetars (up to 10'® G) down to the few uG of the interstellar
medium. Due to their ubiquity, they hold a central role in every aspect of astrophysics,
with stars being no exception. Magnetic fields permeate stellar structure and evolution in
several aspects, from driving surface phenomena such as flares and spots (Reiners [2012)
to influencing winds and the interaction with surrounding objects (Vidotto et al.|2009).

In particular, the interest in the magnetism of massive stars stems from their evolutionary
fate as compact objects, either neutron stars (NS) or black holes: in both scenarios, the
magnetic field strength before the collapse can heavily affect the spin of the remnant
via magnetic braking (Mestel [1968; Bouvier et al. |2014)) or angular momentum (AM)
transport due to internal magnetic torques (Spruit [2002; Fuller et al. 2019). The latter is
of particular interest, as the spin of the collapsing core plays a crucial role in determining
the spin of the resulting compact remnant. Accurate knowledge of remnant rotation
rates is valuable for numerous applications. For instance, comparing black hole spins
inferred from stellar evolution models with those measured through gravitational wave
observations (van der Sluys et al. 2008; |Vitale et al. 2014; Baibhav et al.[2018)) and
electromagnetic signatures (Zhang et al.[1997; [Reynolds & Fabian|2008; McClintock et al.|
2011)). Rapidly spinning stellar cores are also believed to be the progenitors of energetic
transients such as gamma-ray bursts (GRBs), fast radio bursts (FRBs) and hypernovae
(Duncan & Thompson||1992; [Thompson et al. 2004). Furthermore, magnetars — neutron
stars with extreme magnetic fields — are believed to originate from massive stars with
magnetized, fast-spinning cores (Ferrario & Wickramasinghe 2006; Turolla et al.[2015).

However, detecting the magnetic fields of massive stars is very challenging. While low-
mass stars (< 1.1 Mg) exhibit surface magnetic fields believed to be generated by an on-
going dynamo in their convective envelope, only a small fraction (< 10%) of intermediate-
and high-mass stars show surface magnetism, according to observational surveys, e.g. the
Magnetism in Massive Stars project (MiMeS, Wade et al. 2013,/2016). Nevertheless, since
they host a convective core, the vast majority of massive stars are believed to host an
internal magnetic field generated by a dynamo even if they don’t exhibit a surface field.
Yet, since our best observational tools only probe surface fields, this inner magnetism
remains out of reach — concealed by the stellar envelope. Recently, with the rise of as-
teroseismology, we have been able to study the stellar interior through their pulsations
(Aerts et al. 2010; |Aerts|2021), allowing for a better understanding of their mixing and
rotation profiles. However, its application to probing internal magnetic fields — an area
known as magneto-asteroseismology (Bowman|[2023) — has so far concentrated only on
red giants (Deheuvels et al.|2023} [Li et al.|[2023)), largely because asteroseismology of main
sequence massive stars is far more challenging. This is due to larger oscillation periods
and the influence on oscillations of various poorly understood physical phenomena (close
binarity, fast rotation, mass loss) that happen in the outer layers of these stars
let al. 2010} [Aerts|2014)). The only exception is the pulsating main-sequence B-type star




INTRODUCTION

HD 43317, for which a forward magnetic asteroseismic model exists, albeit with strong
assumptions (Lecoanet et al. [2022)).

In this context, binary systems emerge as a unique opportunity to probe the internal
magnetism in massive stars. Approximately 70% of all massive stars are expected to
interact with their binary companion during their evolution (Sana et al|[2012} Moe &]
Di Stefano . According to theory, the most common outcome of this interaction is
stripped stars, i.e. stars that lose their H-rich envelope to the companion via stable mass
transfer or common envelope ejection. Binary-stripped stars are believed to be highly
relevant to a variety of astrophysical processes. They are regarded, due to their high
surface temperatures, as the origin of the hardest ionizing photons in stellar environ-
ments, possibly playing a role also in cosmic reionization (Saxena et al. 2020; |Gotberg
et al. . In addition, they are believed to be the progenitors not only of double-NS
systems that will later result in gravitational wave events (Tauris et al.[2017), but also
of H-poor core-collapse supernovae (Drout et al./2011} [Smith et al. 2011} [Eldridge et al.
. In the context of magnetic fields in massive stars, binary-stripped stars represent
a natural laboratory for investigating the nature and origin of their magnetism: internal
fields that were previously hidden beneath the hydrogen envelope during the main se-
quence become exposed once the latter has been stripped via binary interaction, allowing
for direct observations and comparison with theoretical models. However, in the inter-
mediate mass range (2 — 8 M), there has been a lack of observations of stripped star
systems. This changed when a sample of candidate systems in the Magellanic Clouds
was identified by |Gotberg et al. (2023)) and Drout et al. (2023).

In this work, we test the three main origin hypotheses for the magnetic fields of massive
stars through MESA (Modules for Experiments in Stellar Evolution, [Paxton et al. 2011}
[2013], [2015] 2018}, [2019; [Jermyn et al.[2023) models of a binary-stripped He star system,
that we then compare with an observational upper limit obtained from the sample of
\Gotberg et al. (2023)). The hypotheses are: (I) fossil field (Spitzer||1958; [Mestel 1965)),
(IT) convective core dynamo (Parker||1979; Moss|1989; (Charbonneau & MacGregor| 2001}
Augustson et al. 2016) and (IIT) rotational shear dynamo (Spruit 2002; [Fuller et al.
2019). We find that the field predicted by the fossil field hypothesis is highly influenced
by the choice of geometry and initial magnitude; on the contrary, the convective core
hypothesis, under our assumptions, yields a field above the observational upper limit
and can therefore be excluded, while the rotation shear hypothesis results in a field
below the observational threshold, preventing us from excluding it a priori. Overall,
although some scenarios can be excluded under our approximations, a better constraint
on the observational limit for the field could largely improve our results, allowing for a
better understanding of the origin of magnetism in massive stars.

In Sect. [l after a brief overview of the main observational techniques, we present the
upper limit derived from observations and in Sect. [2| we introduce the numerical setup
of our simulations. In Sect. [3] we present the main assumptions adopted, while in Sect. [4]
we investigate in detail each origin hypothesis for the magnetic field. Our results and
their implications are discussed in Sect.



Chapter 1

Observational constraints

Motivated by the recent discovery of a sample of binary-stripped He-stars by |Gotberg
et al.| (2023) and Drout et al.| (2023), in this work we provide theoretical estimates of the
magnetic field of a massive star in such a system. We then compare our findings with a
newly derived observational upper limit inferred from one of the stars in the sample. To
this end, the present chapter offers a brief overview of the main observational techniques
used to detect stellar magnetic fields — both at the surface and in the stellar interior —
followed by a presentation of the new observational constraint.

REST IS TBD.

1.1 Observational techniques for stellar magnetic fields

The detection of surface magnetic fields in stars relies on the Zeeman effect. As orig-
inally observed by |Zeeman| (1896), spectral lines appear to broaden in the presence of
an external magnetic field. Through quantum mechanics, we now understand that this
broadening is caused by the change in the potential energy levels due to a (static) field.
A schematic representation can be seen in Fig.

Epper

/ m=+1
Elower m=0
¥_m L

B=0 B#0

A

Figure 1.1: Schematic representation of the Zeeman effect. We show how the energy level split
in the presence of a magnetic field and, in the lower part, the resulting intensity line profiles.
The figure shows a triplet, where the energy level splits into three components. In general, the
number of sub-levels in a multiplet depends on the quantum number of the energy level.



CHAPTER 1. OBSERVATIONAL CONSTRAINTS

The potential energy levels are modified according to
U=muwB, (1.1)

where m is the magnetic orbital quantum number, u; is the Bohr Magneton and B the
external magnetic field. For a strong enough field, the broadening increases to a point
where the line splits due to multiple energy levels becoming available for a transition.
The effect on the spectra is the creation of multiple lines. Thus, line splitting in stellar
spectra is a clear indicator of the presence of a surface magnetic field and allows for an
estimate of the field strength.

While the line splitting is observed in the spectra, and thus in the total intensity of
the incoming radiation, Zeeman effect also plays a role in the polarization of the light.
Generally, light coming from a star is unpolarized, meaning that it’s the sum of randomly
polarized components. However, interaction with an external magnetic field causes light
to be mainly circularly polarized. To better understand this, we rely on the Stokes vector
[1,Q,U, V], which is commonly used to mathematically describe light and its polarization
(Stokes||1851; |(Chandrasekhar||1960):

e Stokes [ is the total intensity of the radiation, i.e. what is typically recorded in
spectroscopy;

e Stokes @ and U give the amount of light that is linearly polarized, either vertical-
ly/horizontally (Q) or at 45° (U);

e Stokes V' gives the amount of light that is left- or right-handed circularly polarized.

For the Zeeman effect, the different components of the transition will have different
polarization states. In particular, the longitudinal component of the field — that is the
component along the line-of-sight — will circularly polarize the transitions with ém = +1
(Landstreet|2009). Since V' = mj; — m_1, Zeeman effect will result in V' # 0 and thus
circularly polarized light coming from the star. The study of the polarization of the
spectra coming from a star is referred to as spectropolarimetry, and it can be used to
infer the magnetic field (Landstreet|2014). A comparison of how a magnetic field affects
the Stokes I and V' parameters can be found in Fig. [1.2

Strong B Medium B Weak B

Stokes V / Iv
1
1

Stokes | / Ic

---- Impact of rotation

Figure 1.2: Illustration of the impact of rotation and dipolar field strength on the Stokes I and
V line profiles. From [Petit & Oksala, (2025).

Other effects, such as thermal motions or rotation (as shown in Fig. , lead to broad-
ening of the lines, thus a precise analysis and a good resolution are needed to infer the
star’s magnetic field from the spectra. Spectroscopy allows for the inference of the mean
field strength averaged over the stellar disk ((|B])) from the splitting of the Stokes I

4



1.1. OBSERVATIONAL TECHNIQUES FOR STELLAR MAGNETIC FIELDS

parameter. On the other hand, spectropolarimetry probes the longitudinal component
of the field only (By) that affects the Stokes V' parameter.

These techniques are widely used to detect the surface magnetic field of stars across the
Hertzsprung-Russel diagram. For single massive stars, the MiMeS survey
and the BOB Collaboration (Scholler et al. [2017) employed these techniques to
compile an extensive catalog of magnetic massive stars. Spectropolarimetry has also
been used to detect fields in binary stars (Grunhut et al.|2012).

Probing the internal magnetic field of stars is more challenging. Only recently the rise of
asteroseismology disclosed the possibility of studying stellar interiors (Aerts et al. 2010}
. The application of asteroseismology to probe internal stellar magnetic
fields — known as magneto-asteroseismology — is still in its early stages.
This is largely because, although the theoretical impact of magnetic fields on stellar
oscillations has been recognized for decades (Gough & Thompson|[1990; Hasan et al.|
, observational evidence has only recently become widely available. To date, the
primary focus has been on red giants, whose oscillations allow for the inference of internal
magnetic fields primarily through three seismic signatures.

The first signature is dipolar mode suppression. Red giants exhibit mixed-modes, which
are oscillations that behave as gravity waves (g-modes) near the core and pressure waves
(p-modes) closer to the surface (Scuflaire 1974; Osaki[1975; |Aizenman et al.|1977; [Unno
et al. |1989; Dziembowski et al. 2001). Approximately 20% of red giants exhibit an
abnormally lower amplitude of the dipolar mixed-modes (Mosser et al.|[2012; |Garcia et al.|
2014 [Stello et al. 2016). To explain this phenomenon, the so-called “magnetic greenhouse
effect” was proposed: if the magnetic field around the core surpasses a critical strength
(B.), magneto-gravity waves can no longer propagate and are trapped or disrupted (Fuller
et al. 2015} Stello et al.||2016; Rui & Fuller 2023). Dipolar modes are the most affected,
causing the suppression exhibited by observations. Careful modeling of the observed
suppression allows for the inference of the critical field in the core or near-core region.

Another possibility is asymmetries in rotational multiplets. The degeneracy of oscillation
modes of red giants can be broken by both rotation and magnetic fields. This generates
modes with the same degree [, but different azimuthal order m, that are referred to as
multiplets (e.g., for [ = 1 it will be a triplet with m = 0,41). When the rotation rate is
moderate, it generally produces multiplets symmetric with respect to the central m =0
component. However, multiple studies have shown that the addition of magnetic fields
will break the symmetry of these rotational multiplets (Deheuvels et al.[2017; |Gomes &]
Lopes|[2020; Mathis et al|2021} Bugnet et al.|[2021} [Loi [2021; Mathis & Bugnet [2023).
This effect has been demonstrated observationally by |Li et al.| (2022, 2023), who were
able to infer the magnetic field strength from the observed asymmetry.

The last signature is period-spacing deviation. (2022) demonstrated that the
presence of stable internal magnetic fields in a red giant generates a bias towards lower

values in the estimates of g-mode period-spacing. Thus, understanding how the period-
spacing is affected by the internal field can yield estimates of the strength of said field.

However, these techniques have only been applied to red giants, also because of the com-
plexity in understanding massive stars’ oscillations. This is mainly due to the influence
on oscillations of various poorly understood physical phenomena (close binarity, fast ro-
tation, mass loss) that happen in the outer layers of these stars (Aerts et al.|[2010} |Aerts|
2014; Bowman| 2020} 2023). The only massive star for which a magneto-asteroseismic
model exists is the pulsating B-type main sequence star HD 43317. Using the best-fitting
model of Buysschaert et al. (2018), Lecoanet et al.| (2022) were able to constrain an upper
limit of the near-core field of this star assuming a dipolar field and a rigid rotation pro-
file. Nevertheless, the application of magneto-asteroseismology to massive stars remains
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a developing field, with very limited observational data currently available.

1.2 Observational upper limit on the magnetic field
from a binary-stripped star

Binary stars offer a unique opportunity to probe the internal magnetic fields of massive
stars, as a common outcome of binary interaction is stripped stars, i.e. stars that are
stripped of their hydrogen-rich envelope. Without the envelope, the internal field becomes
exposed and can be detected using the techniques for surface fields presented in the
previous section.

However, observational data on binary-stripped helium stars in the intermediate-mass
range (2—8 Mg ) have been notably scarce, with only a single candidate system previously
proposed . This situation has changed very recently, with the discovery
of a new sample of candidate systems in the Magellanic Clouds by [Drout et al. (2023
and |Gotberg et al. (2023)). In particular, eight systems from this sample have been
classified as ‘Class 1’ or ‘Helium-star Type’, based on the fact that their optical spectra
are dominated (by more than 80%) by the helium star component. The influence of the
companion in the optical flux of these systems is thus small enough to allow for magnetic
field inference from the optical spectra using Zeeman splitting.

NV 4114604 /20
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Figure 1.3: Zeeman broadening due to different field strengths on the NV 4604/20 lines. In
gray, the observed spectrum of star 6 of |Gotberg et al.| (2023). The overplotted colored lines
represent the effect on the lines of a magnetic field of increasing intensity calculated through a
model that accounts for the Zeeman effect. Credits: Ylva Gotberg.

To infer the magnetic field strength, we compare the observed spectra with the model one
accounting for Zeeman splitting. In Fig. we apply different magnetic field strengths
to the NV 4604,20 lines of star 6 of the sample of |Gotberg et al.| (2023). It is clear how
the observed spectrum (in gray) does not show any splitting. Thus, we can confidently
rule out any field above 100 kG, since at that field strength the model starts to exhibit
splitting in the NV 4620 line. From the line width, we can further derive a reasonable
observational upper limit on the magnetic field strength of

Bmax,CHeB ~ 50kG. (1.2)

Line depth cannot be reliably used, as it may be influenced by factors such as temperature
or nitrogen abundance. In contrast, the line shape is more distinctive and can therefore
be used to constrain the magnetic field strength.



1.2. OBSERVATIONAL UPPER LIMIT ON THE FIELD

We emphasize that this constitutes a preliminary estimate and that more comprehensive
modeling, along with improved observational data, will be necessary to derive a more
robust constraint.
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Chapter 2

Stellar models

To obtain numerical estimates on the field strength for the different origin hypotheses,
we construct stellar models using the 1D stellar evolution code MESA (Modules for
Experiments in Stellar Evolution, release 23.05.1, [Paxton et al. 2011} 2013, 2015} [2018,
2019; [Jermyn et al.|[2023) to evolve a binary system from the zero-age main-sequence
(ZAMS) to He core depletion. The models’ initial parameters are chosen to reproduce
the observed properties of star 6 of |Gotberg et al. (2023) and Drout et al. (2023) after
the stripping: at ZAMS the primary star has M; = 11 Mg while the secondary is a
point mass of My = 9 Mg. A comparison between the main parameters of the system
from the observations and from the model can be found in Table 2.1l The choice to use
a point mass for the companion stems from the main focus of our work, which is the
magnetic field of the primary star. Moreover, this approximation is reasonable, since
for the system chosen the stripped star dominates the observed spectra (contributing for
more than 80%, Drout et al. |2023), drastically reducing the influence of the secondary.
The initial metallicity of the primary is Z = 0.006, which is appropriate for the LMC, and
the stars are orbiting with an initial period of P;,; = 20 days. The convective regions are
calculated using the mixing-length-theory (MLT) with appr = 2.0, and their boundaries
are determined following the Ledoux criterion. The mass loss due to wind follows the
Dutch scheme implemented in MESA (Glebbeek et al.|2009). The models for the field
at main-sequence and convective core hypotheses are non-rotating, while the model for
the rotational shear hypothesis has an initial surface rotation speed of viy;x = 150 km/s.

In Fig. [2.1] we show the evolution of the primary star of our non-rotating model, with the
main phases identified by colored pluses. After its evolution along the main-sequence,
the primary star will end its core H-burning phase and leave the main-sequence where
the characteristic hook feature is (terminal-age main-sequence, TAMS) and its envelope
will start expanding in the Hertzsprung gap. In this phase, the star fills its Roche
lobe and a case B mass transfer event, where mass transfer begins after hydrogen core
exhaustion (Kippenhahn & Weigert| 1967 de Mink et al.[2008]), starts, with the primary
being stripped of most of its envelope. After regaining equilibrium, the star starts core
He-burning (from now on, CHeB stage), becoming a stripped He-star: we follow its
evolution up until core He depletion. All the results presented in this work are calculated
at CHeB since at that stage the star is stripped and long-lived.
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Figure 2.1: Hertzsprung—Russell diagram of the primary star for the non-rotating model. The
colored pluses locate the main phases of the evolution of the star: zero-age main-sequence
(green), terminal-age main-sequence (yellow), core He-burning stage (purple) and core He de-
pletion (red). The gray dashed lines indicate constant radii. The colorbar indicates the mass of
the star during its evolution.

Parameter Observations MESA model [at CHeB| Comparison
M [Mg) 3.7+0.9 3.6 Good agreement (< 1o)
Ter [K] 7.3718 x 10* 7.1 x 10* Good agreement (< 10)
logy4(g/[cm/s]) 5.0+0.3 5.1 Good agreement (< 10)
XH surf 0.3519-29 0.29 Good agreement (< 10)
log,o(L/Lg) 42702 4.2 Good agreement (< 10)
Res [Ro)] 0.8119-02 0.86 Good agreement (< 1o)

Table 2.1: Comparison between the main system parameters of the observations (Star 6 of
|Gotberg et al|2023| and [Drout et al.|[2023) and the MESA model used in this work. From top
to bottom, the parameters are the the stripped He-star’s total mass (M), effective temperature
(Ter), effective gravity (g), surface hydrogen fraction (X surf), luminosity (L) and effective
radius (Res).
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Chapter 3

Magnetic field evolution

3.1 Magnetic flux conservation

Here we introduce a fundamental assumption that we will use throughout this work:
magnetic flux conservation (Alfvén 1942; [Braithwaite & Spruit [2017; Keszthelyi 2023)).
This means that as the star’s surface area changes (e.g. during expansion or contraction),
its surface magnetic field adjusts inversely to keep the total magnetic flux constant.

First, we define the magnetic flux ® due to a field B at a given Lagrangian mass coor-
dinate m as the integral of the field over a closed surface area X:

I f BdY ~ 47R(m)?B, (3.1)
)

where, due to spherical symmetry, we have calculated the surface area as a sphere of
radius R(m) and B is the radial component of the magnetic field averaged over this
shell. Assuming that the flux is conserved means that the above expression needs to be

constant over time, i.e.
0P
— =0. 3.2
5 (3.2)

This implies that, introducing a time dependence in equation we expect
d(t) = o(t') = 4nR(m,1)*B(t) = 4rR(m,t')*B(t'), (3.3)

for ¢/ > t. The radius was expressed as a function of both the Lagrangian mass coordinate
and time to reflect the evolving stellar structure. As the star expands or contracts during
its evolution, the radial position associated with a given mass coordinate changes over
time; that is, R(m,t) # R(m,t’). This can clearly be seen in Fig. that shows the
evolution of the radial coordinate at a given mass shell as a function of time.

Rearranging Eq. to calculate the field strength at ¢’ for a fixed mass coordinate m

gives
2
B(t') = B(t) (g((:,))) : (3.4)

In the following, we refer to the term in the parenthesis on the left as the amplification
factor: it is relevant since it is hypotheses-independent, meaning that its value remains
the same regardless of the field origin as it purely depends on the change in the star’s
structure. It also expresses how the field strength at a given mass shell changes due to
the evolution of the star itself: if over time the mass shell contracts, the field is amplified
and vice versa. Thus, if during the main-sequence a magnetic field was already present

11
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Figure 3.1: Kippenhahn diagram showing the evolution of the radial coordinate at each mass
shell. The colorbar shows the logarithm of the radius. The red hatched region indicates the
convective core, while the white one the overshooting layer.

in the shell corresponding to the surface of the stripped star, this amplification factor
will influence the field strength at CHeB. As we will see, this is the case for the fossil
field and convective core dynamo hypotheses.

3.2 Ohmic decay and magnetic buoyancy

For the convective core hypothesis, we will assume that a field generated in a convective
region will remain “frozen” in the radiative layers left behind by core retreat. This means
that, when the core retreats during the main-sequence, any mass shell that ever hosted
a dynamo will retain the field it had the last time it was convective. A more thorough
discussion of this approximation can be found in Sect.

To test the validity of this approximation, we investigate one way to destroy the frozen-in
magnetic field: Ohmic decay, which is the decay of the field due to magnetic diffusion.
In this section, we show that Ohmic decay is a very slow process that only has limited
effects on the magnetic fields of massive stars. This can be inferred by calculating the
Ohmic timescale, which defines the time a field in a radiative layer takes to diffuse across
a pressure scale height Hp: ,
TOhm = & 3 (35)
n
where 7 is the magnetic diffusivity (i.e. the inverse of the electrical conductivity). In this
work, we are interested in observing the field at CHeB stage, i.e. after the stripping has
happened. This is the case if, during the main-sequence, the Ohmic timescale is bigger
than the main-sequence lifetime of the star (estimated by the nuclear timescale Tyyc m)-
In addition, the field can be detected at CHeB only if it is long-lived against Ohmic
diffusion for the whole He-burning lifetime, meaning Tonm > Thuc,He-

Thus, we calculate the evolution of the Ohmic timescale at the mass shell of the surface of
the stripped star, to assess if the frozen field would be long-lived against Ohmic diffusion.
The evaluation of the magnetic diffusivity in stellar matter is rather tricky, as the formula
depends on the degeneracy of stellar matter. From direct calculation of the degeneracy
parameter, that is shown in Fig. [3.2] it is clear how, for our model, the matter is non-
degenerate. Thus, we calculate 7 by incorporating into MESA the definitions from [Spitzer|

12
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Figure 3.2: Profile plot of the degeneracy parameter, showing the behavior of the latter as a
function of mass shell at ZAMS (blue line) and at CHeB stage (orange line).

(1962) and Wendell et al. (1987). Given that the magnetic diffusivity is the inverse of
the electrical conductivity o (n = 1/0) we define for the low-temperature, high-density
regime

2(2kT)3/?
m3/2mi/? Ze2 In(A+1) ,
where k is the Boltzmann constant, T’ the temperature, m. the electron mass, Z the ion
charge number and e the electron charge. The correction factor for e-e scattering (yg) is

~vg = 0.582 for hydrogen, while v = 0.683 for He (as in Table 5.4 in [Spitzer|[1962). The
value for A is defined as

0c="E (3.6)

32 (1, for T < Tp;
3 (k1) { or < 7o (3.7)

P - o~ a I~ X
2Ze3 (1ne)l/2 (%)1/2 , forT >Ty,

where Ty = 4a2c?m, /3k, for a the fine structure constant and ¢ the speed of light. The
results for the Ohmic timescale can be seen in the top panel of Fig. |3.3

During the entire main-sequence, between the two dashed lines that respectively represent
the temporal location of the ZAMS and the TAMS, we find 7onm ~ 10'2 yr, that is much
bigger than the nuclear timescale Tyyen = 1.4 x 107 yr: thus, the field will survive up
until the stripping. However, we notice a very steep decrease in the Ohmic timescale
as we approach CHeB stage at the endpoint of the graph, which corresponds to when
that mass shell arrives at the surface of the star after the stripping. To investigate this
feature, we calculate Tonm for each mass coordinate at CHeB: the results are shown in
the bottom panel of Fig. It can be clearly seen how, in the deeper layers of the star,
the Ohmic timescale is much bigger than the nuclear timescale Tyyc e ~ 2.2 x 10° yr,
while a steep decrease can be observed only at the very surface. This drop is caused
by the increase of the magnetic diffusivity and the simultaneous large decrease in the
pressure scale height as we approach the surface. These behaviors can be explained by
the temperature dependence of both n and Hp near the surface. In the interior layers,
pressure scale height also represents the magnetic field length scale (Hp ~ Hp, |Cantiello
& Braithwaite|2011): thus, the dropping value of Hp close to the surface is a problem as
the field geometry is not expected to change in those layers. Therefore, it is reasonable
to assume that close to the surface Hp # Hp, especially since the field is not generated
in these layers. Nevertheless, in order to provide a more conservative field estimate, we

13
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Figure 3.3: (Top panel) Time evolution of the Ohmic timescale at the Lagrangian mass coor-
dinate of the surface of the stripped star. The vertical dashed lines show the time coordinates
of the ZAMS and TAMS respectively. (Bottom panel) Profile plot of the Ohmic timescale as a
function of mass coordinate at CHeB. The step-like feature at a mass coordinate of around 2 is
due to the presence of the core/envelope limit, which generates a bump in both the values of
the pressure scale height and of the magnetic diffusivity. The horizontal red dashed line shows
the He nuclear timescale.

further investigate the near-surface layers to see how the field changes where the ohmic
timescale is comparable to the nuclear one: we find that the difference in mass between
the surface and the first mass coordinate at which Topm > ToueHe is Am = 1075 M,
that is 1077 of the total mass of the star. Mass-wise this difference is negligible, but if
we calculate the same difference in the radial coordinate, we find Ar = 5.0 x 1072 R,
corresponding to roughly 5.85% of the total radius, that is a non-negligible difference.
Thus, to find such a field at the surface of the stripped star, we need to investigate the
timescales of possible mechanisms that could bring to the surface the field located in the
first stable mass coordinate.

The first process that may play a role is mass loss: massive stars have a high mass loss
rate, which implies that material residing on the surface will remain there for a short
time. We calculate the mass-loss timescale as

_Am

Typ = , 3.8
M Mrate ( )
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where Am is the mass diffe.rence between the surface and the first mass coordinate at
which Tohm > Thuc,He and My qze is the mass loss rate of the star. We find 7, = 7.6 yr,
which is much smaller than all relevant timescales for the star.

Another possible way to bring the field to the surface is represented by magnetic buoy-
ancy, as originally proposed by [Parker| (1955). We consider a self-contained magnetic
feature of size [ inside the radiative layers of the star. From hydrostatic equilibrium, the
feature needs to be in pressure equilibrium with the surroundings:

Pe = Pmag + pi (39)

where prag = B? /247 is the magnetic pressure of the feature, while p. , p; are respectively
the total (gas+radiation) pressures outside and inside the feature. Since we always have
DPmag > 0, the pressure condition implies p. > p; that, assuming thermal equilibrium
between the feature and the surroundings T, = T;, yields p. > p;, causing the feature
to rise. The speed of said rise depends on the importance of thermal diffusion, which is
controlled by the value of the thermal diffusivity:

B 4acT?

_ 3.10
X S (3.10)

where T and p are the temperature and the density at a given mass coordinate, a is the
radiation constant, c, is the specific heat at constant pressure and & is the Rosseland
mean opacity. If there is no thermal diffusion, no heat exchange can happen between the
surroundings and the feature: the latter will thus rise due to the density difference up
until it reaches an equilibrium where p. = p;, which implies T; < T,. Instead, accounting
for small thermal diffusion, the difference in temperature triggers heat exchange, with
the feature absorbing heat from the surroundings and thus rising quasistatically upwards
with speed (MacGregor & Cassinelli|[2003; Hansen et al. |2004; |Cantiello & Braithwaite
2011)):
N 2XHP 1
Vtherm = ZQ,B(vad — v) 4— 30 )

where = P./Pag, @ = Pgas/Piot, while V and V.4 have the usual definitions.

(3.11)

On the other hand, if the thermal diffusion is large, the heat exchange happens very fast
and in good approximation we have T, = T;: thus, the density equilibrium condition
cannot be fulfilled and the feature rises due to the density difference p. > p; so fast
that its speed is limited by aerodynamic drag. By equating the buoyant force (given by
Archimedes’ principle) to the drag force we can thus obtain an equation for the drag-
limited rise speed:

1 2V P,

ichpevczirag = VgAp = Uczirag ~ (CvdI{PA) 7;:9 ) (312)
where Cy is the drag coefficient, A and V are the cross-sectional area and volume of the
feature and Ap = p. — p;, that in this regime is non zero. Given that [ ~ V/A, the
bracketed term can be rewritten as I/Hp, while the rest is approximately the Alfvén
speed that, expressed as a function of the sound speed c¢s and 8, yields

cs |1
Udrag ™~ ﬁ H7p (313)

We thus applied these formulas to our convective dynamo model, to calculate the buoy-
ancy timescales in the two regimes (subscripts s and [ respectively for the small and large
thermal diffusion limits) as

Hp HP

Tbuoy,s — 5 Thuoy,] = .
Utherm VUdrag

(3.14)
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To complete the calculation, we thus need to assign a value to the two parameters that
do not directly come from the simulation, namely [ and 8. We adopt the conservative
estimate | ~ Hp and 8 ~ 100: for the first, the choice stems from the most probable
size of the magnetic feature in the radiative layer (Cantiello & Braithwaite|[2011)); on the
other hand, from direct calculation 5 ~ 30 in the subsurface layer we are considering
(see Fig. E in Appendix , thus the value chosen is a conservative estimate given the
fast variability shown by the parameter. A magnetic feature with said characteristics
shows Tyuoy,s = 6.13 h and Tyyoy,; = 0.15 h, which are much shorter than any other
timescale for the field’s rise. Direct calculation of the thermal diffusivity of Eq. in
the relevant subsurface layer points to the high x regime as the preferred one, but in
both cases the buoyancy timescale is short enough to guarantee, in good approximation,
that the surface field with 7onm < 7n gets continuously replaced by a lower-layer field
long-lived against Ohmic diffusion and thus detectable.
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Chapter 4

Quantitative predictions for
three origin hypotheses

The origin of magnetic fields in massive stars is debated. In most reviews on stellar mag-
netism (e.g. Walder et al.|2012; [Braithwaite & Spruit||2017; |Augustson|2019; |Keszthelyi
2023), two main origin hypotheses are presented: the fossil field and the dynamo sce-
narios. Both cases aim to explain the incidence and strength of magnetic fields observed
among massive stars, thus focusing on understanding and reproducing surface fields.
However, as mentioned in the previous sections, binary-stripped stars represent a unique
opportunity to study internal fields of massive stars, without the need for them to rise
to the surface to be detectable. In this work, we present a slightly different classification
of the origin hypotheses, as follows:

I. Fossil field hypothesis, equivalent of the homonymous scenario in classical reviews,
in which a large-scale, ordered magnetic field is present during the main-sequence
both in the interior and on the surface. The origin of such field may vary and will
be investigated in the dedicated section;

II. Convective core dynamo hypothesis, in which the magnetic field is generated inside
the convective core of the star via a dynamo;

ITI. Rotational shear dynamo hypothesis, in which the field is generated in the radiative
layer between the core and the envelope via a dynamo fueled by the differential
rotation.

Hence, while the first classical scenario is investigated in the first hypothesis, in this
work we will divide the dynamo scenario in two, making a distinction between dynamos
operating respectively in the convective and radiative layers of the star. The last two
hypotheses thus consider the presence of an only internal field during the main sequence,
that is later exposed to the surface via binary-stripping.

4.1 Fossil field hypothesis (I)

In the fossil field hypothesis, we assume the presence of an ordered, large-scale magnetic
field already during the main-sequence, both on the surface and in the internal layers
of the star. The origin of such a field is not clearly defined, with several proposed
possibilities. In the following, we give a brief overview of the most accredited hypotheses.

In the first proposed origin scenario, the fossil field is inherited from star formation
(Tout et al.[2004; Ferrario & Wickramasinghel[2006)): if the molecular cloud from which a
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star originated is magnetized, the collapse will greatly amplify the magnetic field if flux
conservation is assumed. However, the amount of flux actually accreted onto the star is
not clearly defined, as it has been calculated that total accretion coupled with ”pure”
flux conservation would lead to a too high amount of flux being retained by the star (for
example, [Braithwaite| (2012) proposes MHD instability and buoyant expulsion as ways
to destroy flux accreted by the protostar).

Another possibility is that the field is the result of a merger event, during which the
(weak) field of one of the components gets greatly amplified (Schneider et al.[2019). For
example, this mechanism could explain the magnetic tertiary in the triple system as as
observed by |[Hubrig et al.| (2025). A merger in the pre-main-sequence or in the early
stages of evolution would lead to a magnetized star applicable to our case: [Wang et al.
(2022)) showed that early mergers could explain the blue main-sequence band in young
clusters and the bi-modality in magnetic fields. However, to be a viable candidate in our
case, such a merger would need to occur in a triple system that later shrinks, allowing
mass transfer to take place during the Hertzsprung gap. Thus, the parameter space
would be limited and thus the applicability to our case would need further investigation
that is beyond the scope of this work.

Lastly, the field could be generated by pre-main-sequence convection via a dynamo:
massive stars in the pre-MS stages are fully convective, thus a convective dynamo will
generate a field in this phase (Braithwaite & Spruit{2017). However, it is unclear whether
this field would survive to be detectable during the main-sequence.

Since we are interested in the field at the surface of the stripped star, it is beyond the
scope of this work to further investigate these possibilities: in this section we will assume
the presence of a field in the main-sequence, not considering how such field originated.
Instead, what is relevant is the geometry of said field. As a starting point, we assume
that the large-scale field follows a poloidal configuration (with a radial component but
no azimuthal component) of equation:

B(r) = ppr, (4.1)

where the magnetic moment is defined as up = Bsurf,ZAMSR:furﬁZ ams- Here, Bgurr zaMs
is the surface field strength at ZAMS, and Ryt zams is the radius of the star at ZAMS.
The initial field value is a free parameter that strongly influences our results. The other
free parameter is the exponent of the radial dependence x that radically changes the filed
geometry. Thus, to quantify the effects of the choice of said parameters, we perform the
analysis for a series of possible values. For the initial field strength Bgurf,zaMs, as a lower
value we choose 10 G, while as an upper value we use 75 kG: this range resembles the
limits of the observational sample of magnetized B-type stars compiled by [Makarenko
et al. (2021)), that includes stars mainly from the MiMeS (Wade et al.[2013) survey and
the BOB Collaboration (Scholler et al.[2017). For the x parameter, we investigate the
range between a lower value of z = 0 (uniform field) and = = 6 (steep radial dependence),
focusing in particular on the dipolar configuration z = 3, that is the simplest form of a
poloidal field.

First, we use Eq. [f.1]to calculate the field strength at ZAMS at the radius corresponding
to the Lagrangian mass coordinate of the surface at CHeB, in order to apply Eq.
(with t =CHeB and t =ZAMS) to obtain the field strength at the surface of the stripped
star at CHeB. Thus, we are assuming that the field’s strength and geometry are not
affected by the mass transfer event, during which the stars retain all magnetic energy
and field lines. The results are presented in the top panel of Fig. which shows the
surface field value at CHeB for given x values as a function of the ZAMS field’s strength.
We find that the value of the initial field that yields a CHeB field strength above the
observational upper limit of Eq. (represented by the red shaded area in the plot)
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Figure 4.1: Initial parameters variation for the poloidal field topology. (Top panel) Surface field
strength after stripping as a function of the initial surface strength parameter for different x
parameters, with the addition of the field geometry from [Akgiin et al.| (2013) (orange line). The
CHeB field values above the observational upper limit are indicated by the red shaded area,
while the magenta dot represents the surface field strength of HD43317, which is the only star
for which a magneto-asteroseismic model exits (Lecoanet et al.[2022). The histogram represents
the B-type observed fields from the [Makarenko et al. (2021) sample, the Gaussian fit average of
which is shown in the top plot by the vertical green line, with the +10 region shaded. (Bottom
panel) Minimum value of the field strength at ZAMS required to obtain a CHeB surface field
above the conservative upper limit for each value of the xz parameter. The vertical dashed
lines show the z value of the most important geometries, that are the dipolar (blue) and the
poloidal+toroidal of [Akgiin et al. (2013) (orange).

for the dipolar field is log(Bsurf,zaMs,min/[G]) = 2.82, that exactly matches the average
field strength (log(Bobs/[G])) = 2.82 £ 0.65 obtained by [Makarenko et al. (2021) via a
Gaussian fit of their observational sample (represented by the green line in the plot).
This means that, assuming the dipolar geometry, the average field observed would lead
to a field strength after the stripping similar to our observational upper limit. For other
values of z, the minimum values of the initial field that yield a CHeB field above the
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observational upper limit are shown in the bottom panel of Fig. As expected, the
steeper the radial dependence, the lower the initial field required.

Nevertheless, the purely poloidal field configuration is a rather rough approximation,
since it is known that it will be highly unstable (Markey & Tayler 1973; |Wright [1973) and
will thus not survive long enough to be still present at CHeB. A possible way to produce
a long-lived configuration is to introduce a toroidal component to the purely poloidal
field. Already in the pioneering work of [Prendergast (1956) it was shown analytically
that adding to the poloidal field inside the star a surrounding toroidal field of similar
strength yields an exact solution of the equations of hydromagnetic equilibrium. Thus,
this poloidal+toroidal configuration represents a spherical equilibrium configuration. An
intuitive explanation of why this happens was given by (Flowers & Ruderman [1977):
the internal fluid motions reduce the external field energy of the poloidal component,
but in doing so, they also twist the toroidal component, increasing the total field energy.
Numerical simulations suggested that the poloidal+toroidal configuration can be stable
inside stars (Braithwaite & Spruit [2004; Braithwaite & Nordlund |2006} Becerra et al.
. To investigate how much the results obtained for a purely poloidal geometry
would change if we assumed the stable geometry, we repeat the calculations adopting
the analytical formulation of such a configuration, based on the numerical simulations by
Braithwaite & Spruit (2004)), proposed by |Akgtn et al.| (2013)). In spherical coordinates,
this formulation is expressed as

B= Bpol + Btor = BO(npolﬁéf X QZ)"' ntorB@Qs) ) (42)

where 7p01, Ntor are dimensionless constants that determine the relative strengths of the
two components and defining, for x = T/stf,ZAMg and apol = BoMpol, Gtor = BoMor:

é(x,0) = f(x)sin?6, (4.3)
y .
Bpol = apoVé X ¢ = apol [Qf (mngosef _f (x?:moé , (4.4)
35,2 21,4 4 15,6 g <1
f(x){g_xl 7L+ orrx <1, (4.5)
z forx > 1,
Bior =a OIB@QS =a OIBL)5 (46)
P PO sin g’
R (6—1)2 fora>1,
— 4.7
B {0 fora<1. (4.7)

The poloidal field lines of this geometry are shown in Fig. with the shaded gray area
representing the location of the toroidal component.

In order to keep the magnetic field stable, the total energies of the poloidal and toroidal
components need to be comparable (Markey & Tayler||[1973; Wright [1973; Braithwaite &|
[Spruit [2004; Becerra et al.[[2022b). Therefore, the first step is to determine the values
of apol and agoy that ensure this condition. To calculate them, we equate the energies
stored in the poloidal and toroidal components to find

1 1
§/|Bpol|2dV = §/|Btor|2dv = Ggor = 7 % 10% apo) - (4.8)

A consequence of this is that the maximum strengths of the two components are also
comparable. The above relation allows us to keep only a1 as the free parameter that
determines the field strength. The magnitude of the field is strongly angle-dependent
even on a shell of fixed radius rg (i.e. the surface ro = Rgurt). To avoid this arbitrariness,
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Figure 4.2: Field lines, i.e. lines of constant &, of the poloidal component of the stable geometry
proposed by [Akgiin et al| (2013). The shaded gray area represents the donut-shaped region
where the toroidal component is present. The dashed red line represents the stellar surface.

we calculate the field strength by integrating the field magnitude over a spherical surface
as

1 1 271' T .
(B) = = [ 1Bl = 1 [ o [ B sinods, (49)

where €2, is the solid angle at fixed radius ro. We substitute the field components of
Eq. and into the integral and we calculate it at 7o = Rgurf,zams. This allows us
to obtain the average initial field strength on the surface. To ensure consistency with the
initial conditions used in the poloidal analysis discussed in the previous paragraph, we
carefully choose a range of values of ape1 such that (|Bgut,zams|) = Bsurt,zams. We then
follow the same steps as above to obtain the average field strength on the surface of the
stripped star, with the results summarized by the orange line in Fig. 4.1} For this peculiar
field geometry, we notice that the minimum initial field at ZAMS needed to obtain a
CHeB field value above the observational upper limit is (|Bgsurf,zaMS,min|) = 8 kG, that is
one order of magnitude bigger than what we obtain for the dipolar geometry and towards
the higher limit of the observational sample of B-type star.

4.2 Convective core hypothesis (II)

The magnetic field in massive stars may also be generated by a dynamo operating in
the convective layers. From stellar evolution theory, we know that all stars more mas-
sive than ~ 1.1 Mg present a convective core during the main-sequence, inside which a
magnetic dynamo is hosted. The dynamo mechanism converts a fraction of the kinetic
energy of convection into magnetic energy, sustaining the resulting magnetic field against
dissipation (Brandenburg & Subramanian|[2005). The efficiency of this process, and thus
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the amplitude of the generated magnetic field, depends on the importance of rotation
in the star. This is because the dynamic balance between rotation and convection in-
fluences the ability of convection to generate a sustained field. This dependence can be
quantified with the Rossby number Ro, which is defined as the ratio between inertial
and Coriolis forces. For Ro < 1 (Augustson et al/[2016) an efficient dynamo is expected.
The generated field has an equipartition strength, meaning that the magnetic energy
FEmag = B?/8m and the kinetic energy of convection Ex = pv2,.,/2 are comparable,

yielding
BECI =V 47Tpvgonv ’ (410)
where p is the density and veon, the convective velocity. This result arises from the force

balance between inertial and Lorentz forces in a weakly rotating system
. Since we apply this hypothesis to our non-rotating models, in our case Ro < 1:
however, equipartition is still a good approximation, since/Augustson et al.|(2016]) showed
that even for very small values of Ro, the deviation from equipartition is less than one
order of magnitude.
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Figure 4.3: Kippenhahn diagram showing the evolution of the magnetic field strength left be-
hind by the convective dynamo inside the star as a function of time before CHeB stage. The
colorbar shows the field strength generated either by convection (inside the core) or frozen (in
the radiative layers). The red hatched region indicates the convective core, while the white one
the overshooting layer. The dash-dotted magenta line shows the uppermost mass coordinate
that was ever convective.

Applying the convective dynamo to our non-rotating model yields the results shown in
the Kippenhahn diagram of Fig. Inside the convective core, indicated by the red
hatched area, the equipartition field reaches up to 10° G in the main-sequence and 10°
G in the He-burning core after the stripping. Since the white line represents the limit of
the convective region (including the overshooting), it is clear that there is no convection
on the surface of the stripped star, due to a small portion of the radiative envelope being
retained. Thus, accounting only for the field generated by ongoing convection, we would
not observe a surface field. The colorbar of the Kippenhahn diagram, however, evidently
shows a field in the retained portion of the radiative envelope. This happens because we
adopted the common assumption of the “frozen” field in radiative layers (Cantiello et al.
2016; [Skoutnev & Beloborodov|2025): when the core retreats during the main-sequence,
any mass shell that ever hosted a dynamo will retain the field it had the last time it was
convective. Such field is “frozen” in the layer that is now radiative and keeps its strength
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throughout the following evolution of the star. In practice, for every mass coordinate,
this corresponds to ideally drawing a horizontal line in the Kippenhahn diagram and
checking if it intersects the convective region for any time coordinate. In addition, since
the field is now stably present in the radiative envelope, it will be subject to the flux
freezing condition, thus Eq. [3.4) must be applied to every non-convective mass coordinate
at CHeB to obtain the surface field strength. It is important to make two remarks: first,
we do not apply the amplification factor to the He-burning core, since the new dynamo
ignited by ongoing convection generates a stronger field that erases any frozen one left by
main sequence convection; second, we can confidently assume that there will be a field on
the surface at CHeB since the highest mass shell reached by the convective core during
the mains sequence is above the surface shell of the stripped star. This is clearly shown
by the dashed-dotted magenta line in Fig. which indicates the uppermost shell that
was ever convective.

Accounting for all these factors, the field expected at the surface of the stripped star at
CHeB is Bgurf,cHeB 10% G — above the observational upper limit Brax,cueB = 50 kG.
This value takes into account the considerations regarding the validity of the “frozen” field
approximation against Ohmic diffusion made in Sect. Even though direct calculation
of the Ohmic timescale yields a short-lived field close to the surface, either through mass
loss or magnetic buoyancy, a long-lived field can be brought to the surface in a very short
timescale. This ensures the detectability of the field during the CHeB stage.

4.3 Rotational shear hypothesis (I1II)

Magnetic fields may also be generated in the radiative layers of stars by dynamos that
operate without convection. In this section, we investigate the dynamo generated by
differential rotation inside the radiative layer of a star, following the seminal work of
Spruit (2002)). Such a dynamo generates a field mainly in the layer between the rapidly,
rigidly-rotating compact core and the slower-rotating envelope and it attains its energy
from the star’s rotation, meaning that the amount of available energy is limited. In this
work, the main focus is the generated magnetic field that reaches the surface and can
be detected after stripping. However, it is worth mentioning the broader significance of
this field. In the literature, the primary interest lies in the internal torques that the field
exerts on the core. These torques can reduce the degree of differential rotation and, in
some cases, lead to uniform rotation. A schematic representation of Spruit dynamo is
shown in Fig. The dynamo cycle, as described by |Spruit (2002), starts with a weak
magnetic field in the radial direction d B, (step a in figure), that is winded up by the shear
layer generated by differential rotation (b) into an azimuthal field By (c). The strength of
the azimuthal component is much bigger than the initial radial field and increases linearly
with time, up until it becomes unstable. At this point, Tayler instability (Tayler|[1973;
Spruit [1999) sets in, disrupting the azimuthal component to generate a new, weaker field
in the radial direction (d) that then gets winded up again, restarting the cycle. After a
few loops, the dynamo saturates when the winding up and decaying happen at the same
rate (Braithwaite|2006]), resulting in a field with components

— Q Q\?
B¢ =Trq 47TPNH 5 BT = B¢q (Nﬂ) s (411)

where p is the density, ¢ the dimensionless differential rotation rate and 2 the star’s
rotation rate all calculated at radial coordinate r (Spruit 2002)), with the azimuthal com-
ponent being the dominant one. To account for the different compositions of the strati-
fication in the stellar layer, the “effective” Brunt-Vaisalé frequency Neg was introduced,
defined as

N2, ~ gN% + N2, (4.12)
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Figure 4.4: Schematic representation of the Spruit dynamo, as described by |Spruit (2002).

where 7 is the magnetic diffusivity, y is the thermal diffusivity, while NZ and N 3 are
respectively the thermal and compositional components of the stratification.

Applying these equations to our rotating model with an initial surface rotation speed of
Vinit = 150km s™! yields the results shown in the top panel of Fig. During the main
sequence, the azimuthal field is generated not only in the shear layer between core and
envelope, but also in the layers that were occupied by convection before the core’s retreat.
This is due to the compositional gradient left behind by convection. After the stripping,
on the other hand, there are three main layers of field generation: two very thin shells, one
at the core-envelope boundary above the overshooting region, the other halfway through
the envelope, and the remains of the H-burning shell closer to the surface. In the first,
the field reaches its peak strength of 10° G, just above the last convective mass shell.
This layer is very thin and difficult to see in the plot. The greenish layer around 3.5 M,
identifies the region occupied by the H-burning shell, where the azimuthal field reaches
a strength of up to 10* G. In the deep blue layers, the Spruit dynamo cannot operate
effectively. This is due to the condition for Tayler instability (Neg > 2) not being fulfilled
in those layers. The exception is the tiny shell in the middle of the envelope, where a
spike of compositional gradient leftover from the main-sequence. The condition Neg > )
is also not fulfilled at the very surface of the star, mainly due to numerical artifacts
connected to how MESA handles these quantities. Thus, to estimate the field strength
on the surface, we first need to make some considerations: going deeper into the star, the

condition is fulfilled and the field strength increases up to |B| = /B2 + B} ~ 2 x 10* G

just above the H-burning shell. We calculate the mass loss magnetic buoyancy timescales
and find that this field can rise respectively in a few years or in a few hours. Hence, in
both cases, it can be detected on the surface. Its value is below the observational upper
limit of Eq. and thus we can not exclude the Spruit dynamo a priori.

This version of the Tayler-Spruit dynamo predicts larger rotation rates than what is ex-
pected from asteroseismology (Cantiello et al.[2014). A possible correction that predicts
a higher saturation strength of the field, thus allowing spinning down the stars to lower
rates, was proposed by [Fuller et al. (2019): they argue that the weak radial field needs
to be axisymmetric to be efficiently winded up by the shear layer, whereas the radial
component generated by Tayler instability is non-axisymmetric. Thus, they introduce
non-linear induction as a way to alter the weak radial component coming from Tayler in-
stability and make it axisymmetric to close the dynamo loop. A schematic representation
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Figure 4.5: Kippenhahn diagrams showing the evolution of the structure of the star, represented
by the mass coordinate. The colorbar shows the magnitude of the azimuthal field generated
either by the Tayler-Spruit dynamo (top panel) or the Fuller dynamo (bottom panel). The red
line hatched region shows the convective core, while the white one the overshooting layer.

of Fuller dynamo can be found in Fig. [4.6

At saturation the field generated by the Fuller dynamo has components

)1/3 , (4.13)

where all the quantities are the same as in Eq. Implementing the Fuller dynamo in
MESA (following the prescription of [Fuller et al. |2019) and applying it to our rotating
model yields the results shown in the bottom panel of Fig. As expected, the result
resembles what was obtained from the Tayler-Spruit dynamo, just with a stronger field
in the shear layer between core and envelope, represented by the bright yellow shell in the
picture. Also in this case we can see three main field generation layers after the stripping,
where the condition Neg > (1 is fulfilled. In this case, however, both the layer at the
core-envelope boundary and the one in the middle of the envelope are more extended.
The reason for this change traces back to the condition Neg > €2, as can clearly be seen
in Fig. 4.7

qQ 1/3 qQQS
By = Qy/4mpr? (N ) , B, =Q+/4rpr? ( N
eff eff
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Figure 4.6: Schematic representation of Fuller dynamo, as described by [Fuller et al.| (2019). The
“extra” step with respect to Spruit version is non-linear induction (E), that allows to restore
the axisymmetry of the weak radial component 0 B,..

Despite the Ngﬁ profiles being the same in the Tayler-Spruit and Fuller cases, the latter
damps the rotation rate more, as expected. Thus, 2 is roughly two orders of magnitude
lower, allowing for larger field generation regions. Applying the same considerations
of the Tayler-Spruit case, we find that in the layer above the H-burning shell (that is
found at around 3.5 M) the field strength decreases as we approach the surface, where
the condition N > € is not fulfilled. Thus, for the Fuller dynamo the field that we
expect to observe on the surface has magnitude |B| = 9.2 x 10® G, which is below the
observational upper limit of Eq. and as a consequence cannot be excluded under our
current approximations.
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Figure 4.7: Profile plots of the effective Brunt-Viisila frequency (black), its compositional
(green) and thermal (red) components and the star’s rotation rate (orange) as a function of
mass coordinate at CHeB. In the top panel for the Tayler-Spruit dynamo, in the bottom panel
for the Fuller dynamo.
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Chapter 5

Results and Implications

Fossil field hypothesis

Ci ive core hypoth

shear hyp

Uniform field Dipolar field Poloidalfmrod?alfield Equipartition strength Spruitdynamo  Fuller dynamo
(x=0) (x=3)
References Vi Vi B ;"")ZZ:V:@;?;Z;”; Cantiello et a;.fzogféAugustson et ‘Z‘; ’r‘:/’;_'tzziigz; Fuller at al. 2019
BsurfzaMs,min [G] 4x10* 6.7x102 8x103 N/A N/A N/A
Bsurt.cHeB [G] (limit) (limit) (limit) _ ~2x10* ~9x103

Table 5.1: Summary of obtained results

In Table we summarize our findings. For the fossil field hypothesis, in which we
assume the presence of a large-scale magnetic field already during the main sequence,
we find that the magnitude of the surface field after stripping strongly depends on the
choice of initial field strength and geometry. For a purely dipolar field (i.e. with radial
dependence B(r) o< 7~3) the initial strength that yields an after-stripping field above the
observational upper limit is Bgurf,zAMS,min = 6.67 X 102 G, that exactly corresponds to
the observed average field strength of the magnetized B-type stars sample of [Makarenko

et al. (2021). On the other hand, assuming the poloidal+toroidal field geometry of|Akgtin
et al. (2013), the minimum shell-averaged field at ZAMS required to obtain a CHeB value

above the limit is Bgyr,zAMS,min = 7.7 X 103 G, that falls towards the higher limit of the
parameter space, comprising ~ 95% of the stars in the observational sample. However,
considering a reasonable initial field strength of 1 kG, the CHeB surface field yielded is
Bawet,cieB S 10% G, that is very close to our observational upper limit. This suggests that
a tighter constraint on the upper limit is necessary to further elaborate on the validity of
this geometry. At the moment, it can be interpreted as a more conservative and realistic
choice with respect to the dipolar field, given also its proven numerical stability.

It is of particular interest to compare our results with magneto-asteroseismic measure-
ments of magnetic fields near the stellar core. First, we investigate the comparison with
the magneto-asteroseismic model of HD43317 from Lecoanet et al. (2022). This star is
significant in this context because it is a main-sequence B-type star, i.e. the direct ances-
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tor of our stripped star. In their work, Lecoanet et al.| (2022) started from the measured
surface field value of 1.3 kG. Then, assuming a purely dipolar geometry, they infer a
lower limit to the near-core field strength of 500 kG using asteroseismology. This value
is roughly double the magnitude expected by only considering the radial dependence
of the field’s strength (=~ 200 kG). This estimate is consistent, accounting for the mass
difference between the models, with our dipolar field estimate outside the core during
the main-sequence (~ 100 kG).

For the fossil field hypothesis, we are assuming that the field’s strength and geometry
are not affected by the mass transfer event, during which the star retains all magnetic
energy and field lines. This is similar to what assumed by [Justham et al. (2006), albeit
in a different framework. This approximation stems from the uncertainty regarding
the fate of the field’s strength during Roche-lobe overflow, a topic that has yet to be
comprehensively addressed in the literature and lies beyond the scope of this work.

For the convective core hypothesis (IT), assuming equipartition, we find a predicted field
strength at the surface of the stripped star of 1.09 x 10° G that is stable against Ohmic
diffusion. While the mass difference limits the fairness of a direct comparison, a qual-
itative assessment against the near-core field of RGs from (magneto-)asteroseismology
remains informative. Such comparison, shown in Fig. reveals good agreement be-
tween our estimate and both the strength range of (Bugnet et al.|[2021} [Fuller et al.[[2015}
IStello et al.|2016) and the samples of Deheuvels et al. (2023) and [Li et al. (2023)). Since

Fuller et al. 2015; This work
Stello et al. 2016 Obs. upper limit
106 ] T = Bsurf,cHeB - CONV. core
° ® Deheuvels et al. 2023
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Figure 5.1: Near-core magnetic field strength of RGs inferred via asteroseismic models. The
theoretical field ranges were found by [Fuller et al.| (2015);[Stello et al. (2016) (orange) and |[Bugnet
(2021) (purple), while the points come from the samples of Deheuvels et al.| (2023) (blue)
and |Li et al.| (2023) (red, with errorbars). The horizontal lines in the shades of green represent
the estimates of the surface field of a stripped He-star found in this work for the convective core
and the observational upper limit.

our estimate is above the observational upper limit of Eq. under our approximations
this hypothesis can be excluded. However, further research is needed to investigate other
field decay mechanisms that could weaken the surface field predicted.

Instead, for the rotational shear hypothesis (IIT) we find that the Tayler-Spruit dynamo
and the Fuller dynamo yield respectively Bgur,cHeB,TS = 2 X 10* G and Bgurt,cHeB,F
9 x 10? G. Interestingly, the Fuller prescription is below the Tayler-Spruit one, despite
being formulated as a way to increase the AM transport inside the star. This is, however,
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not a surprise as the near-core field generated by the Fuller dynamo is in fact stronger
than in the Tayler-Spruit case, but what we observe at the surface is the field above
the hydrogen-burning shell, that is less affected by the higher AM diffusivity of the
Fuller case. Nevertheless, both the fields are below the observational upper limit and
are therefore not excluded under our approximations. A lower observational threshold
would definitely improve the significance of this result, however is worth mentioning
that the mainly toroidal nature of the field generated by these dynamos would prevent
direct measurement via spectropolarimetry, which is currently the detection method that
allows the best sensitivity, but only for longitudinal fields, i.e. the field component that
is orthogonal to the surface.

Overall, under our current approximations, we can safely exclude only the convective
core hypothesis (II), since the others yield field strengths below the observational limit.
Thus, lowering the observational threshold is essential to further investigate the other
hypotheses. Bringing the upper limit down by one order of magnitude would already
significantly affect our conclusions. For example, it would help improve constraints on
the geometry of fossil magnetic fields. Additionally, it could aid in distinguishing between
the two dynamo mechanisms proposed in the rotational shear hypothesis. The outcome
of such a distinction would also have important implications for our understanding of
stellar rotation and angular momentum transport.
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Conclusions

Motivated by the recent discovery of the first observational sample of binary-stripped
helium stars, which also provided the first observational upper limit on their magnetic
fields, we present theoretical estimates for the surface magnetic field strength of such
stars. These estimates were obtained using the stellar evolution code MESA. We in-
vestigated three different origin hypotheses for the field: fossil field (I), convective core
(IT) and rotational shear dynamo (III). We then compared the obtained values with the
observational upper limit for the field of Sect. [1|in order to establish whether any of the
hypotheses yield a field above said limit. This new limit was obtained from preliminary
analysis of the spectra of system 6 of |Gotberg et al. (2023) and [Drout et al. (2023)).

For this star:

e we exclude equipartition strength as predicted by the convective core hypothesis.
This implies that either equipartition is not reached, or that the field decays more
than we modeled.

e The observations do not rule out the rotational shear hypothesis. However, for
both the Tayler-Spruit and the Fuller dynamos, the field strengths are very close
to the upper limit. This suggests that deeper observations can either soon lead to
a detection, or to useful constraints on such dynamo theories.

e Assuming typical magnetic field values observed in B-type main-sequence stars,
we find that fossil field yields estimates below the upper limit. Thus, we cannot
exclude them a priori. Exploring different geometries shows how the topology of
Akgiin et al. (2013) is the most realistic.

In this work, we rely on strong but reasonable approximations, such as flux conserva-
tion and “frozen” field in radiative layers. This choice stems from the complexity of
magnetic fields in stars and the uncertainties that are yet to be completely solved on
such topic. In addition, we used only one star, as it provided the most evident field
limit, but the same analysis could be applied more broadly if additional limits become
available. Nevertheless, we hope that our findings will motivate prioritizing observa-
tional time to help constrain the theories, and will serve as a solid starting point for
more sophisticated modeling of the hypotheses. In light of the proximity of some of our
findings with the observational limit, especially for the rotational shear hypothesis, a
more precise observational constraint could greatly improve our results. This may be
achieved with higher-resolution spectra and, possibly, spectropolarimetric data. In ad-
dition, combining measurements of stellar rotation rates with observations of magnetic
field strengths enables tighter constraints on angular momentum transport mechanisms
and their connection to stellar magnetism. We believe that such an effort would be jus-
tified as binary-stripped stars represent a unique opportunity to shed light on the origin
and characteristics of magnetic fields in massive stars. These topics are still unclear and
could prove useful in a variety of aspects of stellar evolution. Ultimately, this line of
research may provide key insights into some of the most fundamental processes driving
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massive star evolution.
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Appendix A

Supplementary figures
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Figure A.1: (Left panel) Profile plot of the buoyancy 8 parameter, showing the behavior of
the latter as a function of mass shell at CHeB stage. (Right panel) Zoom of the near surface
behavior of the buoyancy 8 parameter at CheB stage. The vertical dashed lines show the surface
shell (red), and the first shell at which Tohm > Tnuc,He (green). The horizontal dashed purple
line shows the intersection of the green line with the 8 profile.
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APPENDIX A. SUPPLEMENTARY FIGURES
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Figure A.2: Profile plots of the ratio between magnetic and thermal diffusivities as a function of
mass coordinate at CHeB. In the top panel for the Tayler-Spruit dynamo, in the bottom panel
for the Fuller dynamo.
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