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Abstract

In the past decades, our knowledge of the magnetism of cool stars has largely grown
thanks to tomographic imaging techniques that allow reconstructing large-scale surface
fields of stars. The collection of maps obtained for stars with different spectral classes,
rotating rates, and age unveiled a link between the complexity of the large-scale magnetic
topology and the star’s internal structure. The large-scale magnetic field evolution is
thought of as indirect observational evidence of dynamo action adjustments throughout
the stellar evolution. Thus, the study of stellar magnetic fields has been closely associated
with theoretical analysis of the magnetic field generation inside stars. In particular,
magnetohydrodynamic numerical simulations have been performed in 3D to study how
rotating turbulent convection generates and sustains magnetic fields.

This thesis is dedicated to the study of the magnetic morphology of cool stars. We
extend the sample of stars with reconstructed large-scale magnetic fields by studying
the active companion of the close-binary system V471 Tau: a K2 dwarf main-sequence
star that is rapidly rotating with a period of about 0.5 days. We use the information
acquired to discuss the feasibility of some scenarios proposed to explain the eclipse timing
variations observed in V471 Tau. Further, guided by the wealth of information provided
by observations of the magnetic morphology of stars, we perform dynamo simulations to
explore the possible parameters controlling the magnetic morphology of stars. Based on
our parametric studies, we propose an energy ratio proxy that seems able to consistently
classify the magnetic field complexity of early-M dwarfs as mainly dipolar or mainly

multipolar.



Resumé

Au cours des derniéres décennies notre connaissance du magnétisme des étoiles froides
a largement progressé grace aux techniques d’imagerie tomographique qui permettent de
reconstruire les champs de surface a grande échelle. Les cartes de champ magnétique
obtenues pour des étoiles ayant des classes spectrales, des taux de rotation et des ages
différents a révélé un lien entre la complexité de la topologie magnétique a grande échelle
et la structure interne de 1’étoile. L’évolution du champ magnétique a grande échelle est
considérée comme une preuve observationnelle indirecte des ajustements de la dynamo
tout au long de I’évolution stellaire. Ainsi, I’étude des champs magnétiques stellaires a
été étroitement associée a 'analyse théorique de la génération du champ magnétique a
I'intérieur des étoiles.

Cette these est consacrée a I’étude de la morphologie magnétique des étoiles froides.
Nous étendons ’échantillon d’étoiles dont le champ magnétique a grande échelle a été
reconstruit en étudiant le compagnon actif du systeme binaire proche V471 Tau: la naine K2.
Nous utilisons ces informations pour discuter de certains scénarios proposés pour expliquer
les variations dans la fréquence des éclipse observées dans V471 Tau. De plus, guidés par
la richesse des informations fournies par les observations de la morphologie magnétique
des étoiles, nous réalisons des simulations de dynamo afin de déterminer les parametres
controlant cette topologie. Sur la base de nos études paramétriques, nous proposons
un nouveau critere permettant de classer de maniere cohérente la complexité du champ
magnétique des naines M précoces comme principalement dipolaire ou principalement

multipolaire.
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Foreword

Stellar magnetic fields have been at the center of a large number of investigations for
many years now. Magnetic fields govern various physical processes as the star evolves from
the pre-main sequence (PMS) to the main sequence (MS). During the first stages of stellar
evolution (< 10 Myr, Hillenbrand, 2005), magnetic fields control the star-disk interaction
and the accretion/ejection process (Koenigl, 1991; Bouvier et al., 1999; Alencar, 2007). As
the star evolves towards the MS, magnetic fields power stellar winds that remove angular
momentum from the star (Gallet & Bouvier, 2013) and even play a critical role in the
search for habitable planets (Cohen et al., 2014; Strugarek et al., 2015). Therefore, it is
vitally important to understand the impact of magnetism on the long-term evolution of
stars.

Nowadays, it is well known that cool stars with significant convective envelopes (with
spectral types later than GO) have time-dependent magnetic fields that are powered by
turbulent motions in a process called dynamo action (Brun & Browning, 2017). The
nature of magnetism in intermediate-mass and massive stars is more debatable (see Donati
& Landstreet, 2009, for a review of the magnetism in several classes of stars). As these
stars possess a radiative envelope and a convective core, it is more difficult to interpret
the observed magnetic fields as a consequence of a convective core dynamo. The most
plausible explanation is that they carry a fossil field remnant from the star formation
(Braithwaite & Spruit, 2017).

Recently, high-resolution spectropolarimeters such as ESPaDOnS (Donati, 2003), NAR-
VAL (Auriere, 2003), and HARPS-Pol (Snik et al., 2011) in the optical and SPIRou (Donati
et al., 2020) in the near-infrared (nIR) domain enabled us to investigate inhomogeneities at
the stellar surface. Using the tomographic Zeeman-Doppler Imaging technique, time-series
spectra have been successfully inverted into brightness and magnetic field maps at the
surface of stars (e.g., Donati et al., 2008b; Morin et al., 2010; Folsom et al., 2018). These
maps provided important clues about the magnetism of stars, offering a unique view of how
stellar parameters such as the rotation rate, mass, and internal stratification can modify
the dynamo at play in the convective envelope of cool stars (e.g., Marsden et al., 2011;
Brun & Browning, 2017). In this thesis, we contribute to the study of the magnetism of

cool stars by performing the first reconstructions of the magnetic topology of the K2 dwarf
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2 FOREWORD

V471 Tau using ESPaDOnS observations. We use these magnetic maps to discuss possible
implications for the dynamics of the binary system V471 Tau. Furthermore, we perform
3D numerical simulations to better comprehend the influence of different parameters on
the magnetic field generation within the star and, ultimately, to understand what controls
the magnetic field configuration that emerges at the stellar surface and is probed by

observations.



Avant propos

Les champs magnétiques stellaires font 1'objet d’une multitude d’études depuis de
nombreuses années. Les champs magnétiques régissent divers processus physiques lors de
I’évolution de I’étoile depuis la pré-séquence principale (PMS pour Pre-Main Sequence)
jusqu’a la séquence principale (MS pour Main Sequence). Pendant les premiers stades
de I’évolution stellaire (< 10 Myr, Hillenbrand, 2005), les champs magnétiques controlent
I'interaction étoile-disque et les processus d’accrétion (Koenigl, 1991; Alencar, 2007).
Lorsque 1’étoile évolue vers la MS, les champs magnétiques alimentent les vents stellaires
qui extraient du moment cinétique de I'étoile (Gallet & Bouvier, 2013) et jouent méme
un role critique dans la recherche de planetes habitables (Cohen et al., 2014; Strugarek
et al., 2015). 1l est donc d’une importance vitale de comprendre I'impact du magnétisme
sur I’évolution a long terme des étoiles.

Aujourd’hui, il est bien connu que les étoiles froides ayant une enveloppe convective
assez étendue (de type spectral ultérieurs a GO) ont des champs magnétiques dynamiques
alimentés par des mouvements turbulents dans un processus appelé le mécanism de dynamo
(Brun & Browning, 2017). La nature du magnétisme dans les étoiles de masse intermédiaire
et les étoiles massives est plus discutable (Donati & Landstreet, 2009, pour une revue
sur le magnétisme dans les étoiles de différentes classes spectrales). Comme ces étoiles
possedent une enveloppe radiative et un coeur convectif, il est plus difficile d’interpréter
les champs magnétiques observés comme la conséquence d’'une dynamo dans le coeur
convectif. L’explication la plus plausible est qu’elles possedent un champ fossile résiduel
de la formation de I’étoile (Braithwaite & Spruit, 2017).

Récemment, les spectropolarimetres a haute résolution tels que ESPaDOnS (Donati,
2003), NARVAL (Auriere, 2003), et HARPS-Pol (Snik et al., 2011) dans le domaine
visible et SPTRou (Donati et al., 2020) dans le domaine proche-infrarouge nous ont permis
d’étudier les inhomogénéités a la surface des étoiles. En utilisant la technique d’imagerie
tomographique Zeeman-Doppler, des séries temporelles de spectres ont été inversées avec
succes en cartes de brillance et de champ magnétique a la surface des étoiles (e.g., Donati
et al., 2008b; Morin et al., 2010; Folsom et al., 2018). Ces cartes ont fourni des indices
importants sur le magnétisme des étoiles, offrant une vue unique sur la fagon dont les

parametres stellaires tels que le taux de rotation, la masse et la stratification interne
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4 AVANT PROPOS

peuvent modifier la dynamo en jeu dans I’enveloppe convective des étoiles froides (Marsden
et al., 2011; Brun & Browning, 2017).

Dans cette these, nous contribuons a 1’étude du magnétisme des étoiles froides en
effectuant les premieres reconstructions de la topologie magnétique de la naine K2 V471
Tau a partir d’observations ESPaDOnS. Nous utilisons ces cartes magnétiques pour discuter
des implications possibles pour la dynamique du systeme binaire V471 Tau. De plus, nous
effectuons des simulations numériques 3D pour mieux comprendre I'influence de différents
parametres sur la génération du champ magnétique a l'intérieur des étoiles et, finalement,
pour comprendre les mécanismes physiques a 1’origine de la morphologie magnétique a

grande échelle observée a la surface des étoiles.



CHAPTER 1

Introduction

In this thesis, we focus our attention to cool, low-mass stars with typically < 1.1 M,
whose magnetism is believed to be generated by a dynamo mechanism powered by rotating
convection. Our investigations will be mainly dedicated to understand the characteristics
of the large-scale stellar magnetic field, both from an observational and theoretical point
of view. We start this chapter by discussing the example of our Sun. As the closest star
to us, the Sun offers the greatest amount of information about its magnetism from large
to small scales. We then move to the magnetism of low-mass stars other than the Sun,
which can help understand how parameters such as the stellar mass, rotation, and age
influence dynamo action. Finally, we address the dynamo mechanism from a theoretical

point of view.

1.1 Activity & magnetic fields - the case of the Sun

Since the earliest known drawing from naked-eye observations by John of Worcester in
1128, dark spots are known to exist at the surface of the Sun. With the advent of the
telescope at the dawn of the 17th century, sunspots started to be monitored regularly (Arlt
& Vaquero, 2020). These extended records revealed long-term modulations in the number
of spots at the surface of the Sun, with the increase and decrease of the sunspot number
happening in 11-year cycles. Fig. 1.1 illustrates the sunspot number time series for the last
six cycles to date, corresponding to cycles 19 to 24 (the reference cycle 1 dates from 1755
to 1766). It is clear from this figure that the maximum sunspot number varies irregularly,
with the occurrence of sunspots being considerably lower in some cycles. Furthermore, the
solar cycle period may also vary from its mean value of 11 years, with typical variations
since cycle 1 ranging from about 8 to 14 years.

Beyond the temporal modulation of the number of spots seen at the solar surface,
Maunder (1904) found that the position of the emergence of sunspots changes as the cycle
progresses (Hathaway, 2015). The latitudinal and time dependence of the sunspot number
revealed a striking symmetry with respect to the equator. At the beginning of a cycle,
when the sunspot number is the lowest, the spot emergence occurs around a latitude of 30°

5
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Figure 1.1. Sunspot number evolution for the last six solar cycles, adapted from Veronig et al.
(2021). The monthly mean spot number is shown in blue and the 13-month smoothed profile
in red. The insert plot illustrates the active (left-half) and inactive (right-half) Sun during the
maximum and minimum of last the cycle (credits: NASA/SDO).

in the Northern hemisphere and —30° in the Southern hemisphere. However, as the cycle
progresses, the spot location drifts from mid-latitude towards the equator. Once the 11-yr
cycle finishes, the entire process repeats, with sunspots emerging again at mid-latitudes.
For all the recorded cycles, sunspots appear confined to latitudinal bands of about +35°.

Although sunspots have been tracked for centuries, their magnetic nature was only
unveiled in 1908 after the seminal work of Hale (1908). Hale detected polarised light emitted
by sunspots and correctly attributed it to the presence of magnetic fields at the solar
surface. Using the Zeeman effect proposed few years before by the physicist Pieter Zeeman
(Zeeman, 1897), he inferred that strong (few kilo Gauss) fields exist in a sunspot. Dark
spots at the surface of the Sun were then understood as local concentrations of magnetic
fields. The detailed structure of a sunspot can be seen in Fig. 1.2, corresponding to the
highest resolution image available to date. It is possible to identify convective structures
of different sizes around the dark central region, a trait typical of turbulent convective
flows. However, in the dark region itself, the interaction between strong magnetic fields
and the plasma inhibits convective motions creating a region cooler than its surroundings

(Biermann, 1941) - the dark central region has a temperature of about 3700 K, while the
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Figure 1.2. Sunspot image at the wavelength of 530 nm, as seen by the Inouye Solar Telescope
on 28 January 2019 (Rimmele et al., 2020). The dark central region corresponds to the umbra
and the ring with radial filaments to the penumbra.

temperature of the unspotted solar surface is 5777 K. Cool spots virtually translate into
dark spots as less energy is emitted in that portion of the surface.

It became clear in the years following Hale’s discovery that the spatio-temporal
behaviour of the sunspots is linked to a modulation in the solar magnetic field. The
quietest magnetic state of the Sun is observed when the sunspot number is the lowest,
while the most active Sun corresponds to sunspot maximum (see insert graph in Fig. 1.1).
Further studies revealed that the global large-scale solar magnetic field switches polarity
every 11-yr when the sunspot number is maximum (Babcock, 1961; Stix, 2002; Hathaway,
2015), making the complete magnetic cycle 22-yr long. The temporal coherence of the
large-scale magnetic field is therefore much longer than the typical timescale of convection
(ranging from minutes to a few days — Rieutord & Rincon, 2010; Hathaway et al., 2015).
Thus far, astrophysicists broadly agree that a dynamo mechanism acts in the interior of
the Sun generating a large-scale magnetic field; however, reproducing all the observable
features rising from the solar activity has proven to be a very challenging task (see recent
reviews by Charbonneau, 2020; Nandy, 2021). Further discussion about the dynamo theory
is left for Sec.1.3.
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1.2 Activity & magnetic fields - stars other than the Sun

1.2.1 Coronal and chromospheric tracers of stellar activity

The study of magnetic activity in stars other than the Sun was introduced with indirect
traces/proxies of the magnetic flux, e.g., coronal X-rays (Fisher et al., 1998; Pevtsov
et al., 2003) or chromospheric emission lines as Ha (Reiners & Basri, 2007, 2010; Newton
et al., 2017) and Ca11 H&K (Frazier, 1971; Skumanich et al., 1975; Schrijver et al., 1989).
Magnetic fields have been studied for stars covering a wide range of spectral classes.
Observations identified the magnetic activity as a ubiquitous feature of stars that present
an outer convective layer like our Sun, which corroborates the hypothesis of dynamo-
generated magnetic fields powered by convective motions. Hence, detecting activity proxies
for many stars allows one to investigate how dynamo processes depend on key stellar
parameters such as the mass, age, rotation rate, metallicity, and characteristics of the
convective motions.

Perhaps one of the most well-known results was obtained by Skumanich (1972). Analys-
ing a sample of G-type main-sequence stars, he showed that both the emission in Ca 11 and
projected angular velocity v sin of these stars decreased with age t, following a power-law
o t7%5. His results evidenced the mutual impact of dynamo-generated magnetic fields
and the stellar rotation. On the one hand, magnetic fields have been identified as the
prime cause of the spin-down of stars with age, with magnetised winds extracting angular
momentum from the star (Wood et al., 2005; Romanova et al., 2009; Matt et al., 2015;
Réville et al., 2015; Finley & Matt, 2018). On the other hand, magnetic activity was found
to anticorrelate with the rotational period (see also Walter & Bowyer, 1981; Hempelmann
et al., 1995; Pizzolato et al., 2003). Later on, the study of stars with different spectral
types and ages (e.g., Irwin & Bouvier, 2009) shed light on the role of rotation on magnetic
activity. It was noted that the stellar activity trend saturates for rotational periods below
a certain threshold. This can be seen on Fig. 1.3 a) where stellar activity, measured in
terms of coronal X-ray emission, is plotted as a function of the rotational period for a
large number of cool stars. However, the period at which activity becomes constant with
decreasing rotational period was found to vary for stars with different spectral types,
creating a scattered trend in the unsaturated regime of activity (Pizzolato et al., 2003).

Following Durney & Latour (1978), studies started to explore the combined effect
of rotation and convection on dynamo-driven magnetic fields (e.g., Noyes et al., 1984a;
Mangeney & Praderie, 1984; Giidel et al., 1997; Pizzolato et al., 2003; Wright et al.,
2011, 2018; Pizzocaro et al., 2019). The impact of rotation on convection is traditionally

measured through the non-dimensional Rossby number, defined as the ratio of inertial



1.2 ACTIVITY & MAGNETIC FIELDS - STARS OTHER THAN THE SUN 9

a) a

1073 |

1077 | n TR | L MR | L R
107¢ 10° 10! 102
Prot (d'cLVb)

106F Partly—convective stars \ i
: ® Fully—convective stars AN :
5N
e | el i T B I | §
102 10" 10°
Ro =P, /r

Figure 1.3. Stellar activity as measured from the fractional X-ray, adapted from Wright &
Drake (2016). a) stellar activity vs rotational period. b) stellar activity vs Rossby number
for fully convective (red circles) and partly convective (grey circles) stars. The best-fit of the
saturated (horizontal) and unsaturated (diagonal) activity regimes are shown as black dashed
lines.

to Coriolis forces. A practical definition used in the stellar community for the Rossby
number is Ro = 7./ P, where 7, is the convective turnover time, computed through 1D
stellar evolution models, and P, is the rotation period of the star. Fig. 1.3 (b) shows the
activity plotted against the Rossby number for a large set of fully and partly convective

stars (comprising stars with spectral types F to M). The important role of the Rossby
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number in the magnetic field generation becomes obvious in these measurements. Stars
with Ro > 0.13 show a decrease in activity as the Rossby number increases, whereas,
for stars with Ro < 0.13, the activity becomes independent of the Rossby number. The
scatter in the activity-rotation relationship is minimised when using the Rossby number
instead of the rotational period — however, see also Reiners et al. (2014) for a discussion
about which quantity better encodes the activity-rotation relation. Moreover, the activity-
rotation relationship is surprisingly identical for fully and partly convective stars, as
shown in Fig. 1.3 (Wright & Drake, 2016; Wright et al., 2018). This finding has raised
many discussions among dynamo theoreticians because the underlying shear layer at
the radiative-convective interface of partly convective stars is expected to dominate the
generation of toroidal fields (as we shall discuss in Sec. 1.3), hence modifying dynamo

action when compared to fully convective stars (Charbonneau, 2016).
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Figure 1.4. Similar to Fig.1.3, but assuming instead Ha as a proxy of the stellar activity. The
fractional Ha luminosity is computed with respect to a template inactive star. The stellar mass
is represented as shades of green. Adapted from Newton et al. (2017).

Other chromospheric activity proxies yield a similar activity-rotation relationship
obtained with coronal X-rays (Douglas et al., 2014; Newton et al., 2017; Fang et al.,
2018), as illustrated for the Ha emission in Fig. 1.4. Again, the stellar activity level
is anticorrelated with the Rossby number for stars with large Ro, and it saturates for
fastly-rotating stars. Interestingly, though, the transition from saturated and decaying
emission regimes can vary for different activity proxies; in particular, the Rossby number
at which the transition occurs seems slightly larger when using Ha.

Beyond the activity-rotation relationship discussed in the paragraphs above, long-term

monitoring of activity indicators revealed that about 60% of the cool stars display regular
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activity cycles similar to the Sun, whereas the remaining stars have no apparent activity
cycle or display irregular variability (Wilson, 1978; Baliunas & Vaughan, 1985; Saar, 1990;
Saar & Brandenburg, 1999; Brandenburg et al., 2017). Among those stars displaying
regular cyclic activity, a large range of activity cycle periods was detected with values
ranging from months to decades. Several studies proposed the existence of activity branches
where activity cycle periods correlate with the rotation period of the star (Noyes et al.,
1984b; Brandenburg et al., 1998; Bo6hm-Vitense, 2007; Brandenburg et al., 2017). However,
such dependency has been the subject of intense debate within the scientific community —
e.g., see Guerrero et al. 2019 for arguments in favor of such correlation and Strugarek et al.
2017; Warnecke 2018; Viviani et al. 2018 for arguments contrary to it. Activity indicators
can by no means replace direct measurements of magnetic fields (e.g., Kochukhov et al.,
2020). Still, they offer valuable information to understand the origin and evolution of
stellar magnetic fields, notably because coronal and chromospheric tracers are more readily

available for a large sample of stars.

1.2.2 Magnetic field strength from intensity spectra

Spectral lines result from the emission or absorption of photons when electrons transit
between different energy levels in an atom (or molecule). In the case of the normal Zeeman
effect, a spectral line of central wavelength A, splits into three symmetric components: one
m-component that is unshifted with respect to the central wavelength and two o-components
that are either red-shifted or blue-shifted by

AXp(A) = 4.67 x 1073g\2(A*)B(Q). (1.1)

Hence the splitting of energy levels due to the Zeeman effect leaves an imprint in the
spectra of active stars. It becomes evident from Eq. 1.1 that the Zeeman effect can
be used to measure the averaged surface magnetic field strength B (in Gauss) as the
wavelength separation between ¢ and m-components increases linearly with B (although
such a measurement is extremely difficult in practice, as discussed below). The wavelength
separation also depends on the magnetic sensitivity g (effective Landé factor) and central
wavelength (in A) of the specific spectral line being investigated. Directly measuring the
wavelength separation in the stellar spectra proved to be a complicated task, however.
For instance, in the visible band at A\g = 5000 A, the Zeeman splitting for a magnetically
sensitive spectral line under the influence of kG fields yields AXg ~ 0.02 A, which is
smaller than other line broadening effects (for instance, the rotational broadening of a star
with vsini = 6kms™! is Al = Agusini/c ~ 0.1 A). Thus, the Zeeman splitting is often
not enough to resolve the three components (Donati & Landstreet, 2009), but it rather

makes the spectral line broader. Of course, looking for lines in the near-infrared can help
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in the magnetic field detection, as the Zeeman splitting increases with the square of the
central wavelength \g (Valenti et al., 1995).

The first direct measurement of the magnetic field strength in cool stars other than the
Sun was obtained in 1980 (Robinson et al., 1980). The method explored the Zeeman effect
on absorption lines to measure the averaged surface magnetic strength (Robinson, 1980).
By comparing lines with low-Landé factor g ~ 0 (low magnetic sensitivity) and high-Landé
factor, the Zeeman broadening was disentangled from other line broadening effects (as
thermal and rotational broadening). The Zeeman broadening method was updated in
the following years to include radiative transfer effects (Saar, 1996; Rueedi et al., 1997;
Johns-Krull & Valenti, 2000). It proved successful when applied to stars with strong
fields and narrow line widths, yielding measurements for Sun-like stars (Johns-Krull, 2007;
Anderson et al., 2010; Yang & Johns-Krull, 2011; Lavail et al., 2017) and M dwarfs (Saar,
1994; Johns-Krull & Valenti, 1996; Reiners & Basri, 2007; Reiners et al., 2009; Reiners,
2012; Shulyak et al., 2019). We refer to Reiners (2012) for a more in-depth discussion

about the Zeeman broadening technique.
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Figure 1.5. Magnetic flux density vs Rossby number (from Reiners, 2012). Sun-like stars are
shown as black crosses, M dwarfs of spectral class M6 and earlier as black circles, and M dwarfs
of spectral class M7-M9 as red squares.
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Fig. 1.5 summarises the field strength derived from Zeeman broadening for stars with
different spectral types. Sun-like stars (black crosses) and M dwarfs of spectral class M6
and earlier (black circles) follow the activity-rotation relationship derived using X-rays
(Reiners et al., 2009). However, fully convective M7-M9 stars (red squares) do not follow
this trend. Rather than displaying a constant field strength at Ro < 0.1, a large scatter is
seen for these late-M dwarfs. Reiners & Basri (2010) argued that this behaviour suggested
a breakdown of the rotation-activity relationship for late-M dwarfs (see also Morin, 2012;
McLean et al., 2012). However, it is still unclear what would cause such a breakdown.
For one, the internal structure transition from partly to fully convective stars is likely not
the source of the breakdown, as mid-M dwarfs (M4-M6) are already expected to be fully
convective (Landin et al., 2006) but still obey the activity-rotation relationship.

In summary, unpolarised spectroscopy can be used to detect the Zeeman broadening
of magnetically sensitive lines. The Zeeman broadening technique gives access to the
average surface magnetic field of stars that accounts for both large- and small-scale field
contributions (usually the small-scale field is much stronger than the large-scale field).
However, one caveat of the method is that the Zeeman broadening becomes undetectable
for medium to fast rotators, with typically vsini > 20kms™ (Johns-Krull et al., 1999;
Kochukhov, 2021), as rotational broadening dominates the line profile broadening. Another
issue is that the method is mainly insensitive to the magnetic field configuration.

The large-scale magnetic field topology of stars can be recovered using another technique
called Zeeman-Doppler Imaging (Semel, 1989). The method uses phase-resolved sets of
(most of the time circularly) polarised stellar spectra to access the vector properties of the
field and therefore reconstruct the magnetic field morphology at the stellar surface. This
technique has been successfully applied to a large sample of Sun-like stars (Donati et al.,
2007, 2008a; Petit et al., 2008; Hussain et al., 2009; Carroll et al., 2012; Folsom et al.,
2018; Yu et al., 2019) and M dwarfs (Donati et al., 2008b; Morin et al., 2008a, 2010; Klein
et al., 2021). However, the Zeeman-Doppler Imaging technique is limited to reconstructing
the large-scale magnetic field because polarisation signatures of small-scale fields cancel
out as a result of the tangled field structure whose average vector magnetic field is close
to zero. Thus, Zeeman-Doppler Imaging misses information from the small-scale magnetic
field that accounts for most of the magnetic energy at the star’s surface — often more than
80% of the total magnetic energy inferred from the Zeeman broadening technique (Morin
et al., 2010; See et al., 2019a). Nonetheless, knowing the topology of the large-scale field
is critical for modelling the magnetospheric accretion/winds (Romanova et al., 2011; Long
et al., 2011), studying habitable zone conditions (Vidotto et al. 2013, Strugarek 2018,

Kavanagh et al. 2021, and see review by Vidotto 2021), and guiding numerical simulations
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of dynamo action in the stellar interior (see reviews by Brun & Browning, 2017; Rincon,
2019). Finally, monitoring the large-scale magnetic field of stars over the years can help in
the search of magnetic cycles (e.g., See et al., 2016; Boro Saikia et al., 2016, 2018; Jeffers
et al., 2017, 2018; Brown et al., 2021). We discuss Zeeman-Doppler Imaging in detail in
Chapter 2.

1.3 Basic notions of dynamo theory

We just discussed the various aspects of cool star magnetism revealed by observations.
We may now wonder what are the physical processes responsible for the production and
maintenance of magnetic fields in those stars. Dynamo processes, similar in nature to those
thought to generate the magnetic field within the Earth and the Sun, have been suggested
to take place in the convective envelopes of low-mass stars as well. Dynamo action is
defined as the mechanism through which turbulent motions within the conducting plasma
enable to amplify and sustain magnetic fields against Ohmic dissipation. One of the goals
of dynamo theory is thus to understand the interaction between magnetic and velocity
fields in such a conducting plasma and how magnetic fields could, as a consequence, exhibit

all the characteristics observed at the stellar surface and discussed in the previous sections.

1.3.1 Governing equations

To understand such interactions, we first focus on the various equations governing a
conducting fluid in the conditions of the stellar interior. A valid approximation in the
collisonal plasmas we are considering in this thesis is the so-called magnetohydrodynamics
(MHD) limit in which the mean free path of particles is significantly smaller than any
dynamical scales of interest. We give here the main equations constituting a full MHD

system.

Induction equation. The evolution of the magnetic field is governed by the induction

equation: ~
v x (ixB) -V x (W x B), (1)

where 1 is the velocity field, B is the magnetic field, and A is the magnetic diffusivity. It
is insightful here to analyse the different terms in the right-hand-side (RHS) of Eq. 1.2.
First, in the absence of a velocity field, i = 0, the induction equation becomes a
diffusion equation, i.e., B
0B

E:—Vx()\Vxﬁ). (1.3)

Magnetic diffusion
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This condition implies that any initial magnetic field would fade away on a long enough
timescale and, as a consequence, that dynamo action would not be able to take place
without fluid motion. The magnetic diffusion timescale is typically many Gyr for a Sun-like
star (Brun & Browning, 2017) and a few tens of thousand years in the Earth’s core (Tobias,
2021).

The second interesting limit occurs in the case of a perfect conductor when A — 0.
Under this limit, the diffusive term in Eq. 1.2 disappears and, after using vector identities

and the solenoidal condition of the magnetic field (V - B = 0), the induction equation

reduces to .
aB N — — N — N
ST @VB = B-vi - BV-.i . (1.4)
——— ——— ~———
Magnetic advection Magnetic stretching ~ Magnetic compression/
expansion

This equation corresponds to the flux freezing limit, where magnetic field lines are “frozen-
in” the fluid (Alfvén, 1942). It is possible to identify from the induction term V X (ﬁ X ]_3>)
that, in the comoving fluid frame, the field strength is modified either by stretching the
magnetic field or compressing a fluid volume.

Of course, astrophysical objects are not perfect conductors, and for a dynamo mechanism
to take place, one needs induction to overcome diffusion in Eq. 1.2. The magnetic Reynolds
number is the non-dimensional number capturing the competition between these two
terms,

Vx(ixB) ry
T Vx(AvxB) A

where £ and U are characteristic values of length scale and velocity. In stars Rm

Rm

) (1.5)

is always large, reaching 10'° at the base of the solar convective zone (Ossendrijver,
2003), implying that induction dominates by orders of magnitude over diffusion. Whilst
Rm > 1 is a necessary condition for dynamo action, it alone is insufficient to guarantee
self-sustained magnetic fields (Moffatt et al., 1978). In fact, a couple of anti-dynamo
theorems have unveiled symmetry restrictions on the magnetic (Cowling, 1933) and velocity
(Bullard & Gellman, 1954; Backus, 1958) fields for the dynamo mechanism to possibly
occur. Of particular importance, it was identified that dynamo action cannot sustain
purely axisymmetric magnetic fields and that planar 2D motions cannot excite a dynamo
(Zeldovich & Ruzmaikin, 1980). To be an efficient dynamo, a velocity field thus needs to
be fully 3D and thus possess non vanishing azimuthal, meridional and radial components
depending on all three spatial coordinates. In this respect, the turbulent convective
motions in the outer layers of cool stars constitute a perfect candidate to produce powerful

dynamo action.
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Several authors have focused on the kinematic dynamo problem, when magnetic fields
play a passive role in the flow. In the kinematic problem the magnetic field evolution is
studied for different kinds of velocity fields prescriptions (potentially steady flows but not
necessarily) and the induction equation becomes linear in B. Even though the kinematic
approach offers some intuition about the magnetic field generation (and is by itself quite
challenging already), it lacks the important ingredient of the magnetic backreaction on
the flow. While kinematic dynamos can be of great utility to understand the response
of magnetic fields to a prescribed velocity field, we choose in this thesis to focus on the
more self-consistent approach which consists in considering the evolution equation for the

velocity field and thus the backreaction of B on .

Navier-Stokes equation. The equation of motion of a magnetized fluid is given by the
Navier-Stokes equation including the dynamical modification due to the Lorentz force. In

a rotating frame, the (non-relativistic) equation of motion writes

ou 1 A -
pl+p(ﬁ-V)ﬁ:—Vp+ pg +—(VXB)XxB-20Qxu+V-1, (1.6)
ot — =~ U ——
Inerti Pressure  Buoyancy Coriolis Viscous
nertia Lorentz

where 1 is the magnetic permeability, p is the density, p is the gas pressure, g is the
gravitational acceleration, Q is the angular velocity of the rotating frame, and 7 is the
viscous stress tensor. For a Newtonian fluid the viscous stress tensor is linearly related to
the rate-of-strain tensor S (e.g., Tritton, 1988; Batchelor, 2000). The viscous stress tensor
components are thus expressed as 7;; = 2vpS;;, where v is the kinematic viscosity. The
components of the rate-of-strain tensor are

S, = ; (g;‘] + ZZJ> - ;&jv 4, (1.7)

with suffixes refering to the different coordinates x; and J;; to the Kronecker delta.

The Coriolis force also greatly influences convection (Brun & Toomre, 2002; Brun et al.,
2017; Hindman et al., 2020), and consequently dynamo action (Varela et al., 2016). As
discussed before, the influence of rotation over convection is measured through the Rossby

number, which is defined here as the ratio of inertial to Coriolis forces:

p(@-Vi)u U
Ro=—F5—""—~ —(—. 1.8
200 x i LQ (18
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Finally, the magnetic feedback on the flow can be physically understood when rewriting
the Lorentz force as

FL:l(VXE) X B = —V<]32> + -(B-V)B. (1.9)
Ju 21 7
Magnetic pressure ~ Magnetic tension

It results that the Lorentz force contributes to the total pressure force acting on the
flow. The total pressure in the MHD case then consists of the thermodynamic pressure p
added to the magnetic pressure B2 /2p. The second contribution from the Lorentz force is
the magnetic tension; this force appears whenever magnetic field lines are bent (creating

tension) in order to resist against the curvature of the field lines.
To be complete, we now need to formulate the last two equations of the MHD system

for a conducting fluid, namely the energy and the continuity equations.

Energy equation. Viscous fluids undergo irreversible thermodynamic processes that
dissipate energy and lead to an increase in entropy. Using thermodynamic principles, the

equation describing the entropy generation is given by

oT (gt rid w) = V- (5o, VT) 4 @, + 5 (V X B (1.10)

where s is the entropy, 7' is the temperature, & is the thermal diffusivity, ¢, is the specific

heat at constant pressure, and @, is the viscous heating, with components expressed as

2
Quiy = 200 [1 (61“ +8“j> —;w-ﬁf} . (1.11)

4 8xj 8ZEZ

The right-hand-side of Eq. 1.10 represents the heat transfer from thermal conduction,
viscous dissipation, and Ohmic dissipation, respectively. These terms are responsible for
increasing the total entropy of the fluid. The competition between viscous dissipation and
thermal conductivity is characterized by the Prandtl number,

Pr= ~ (1.12)
Similarly, the competition between viscous and Ohmic dissipation is quantified by the
magnetic Prandtl number, ,

Pm = —. 1.1
m=" (113

Thermal convection is naturally driven by buoyancy (represented by the term pg in
Eq. 1.6). However, for a convective instability to take place the destabilizing effect of

buoyancy must overcome the stabilizing effect of viscosity and thermal diffusivity. The
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Rayleigh number quantifies the competition between the two effects and is given by

_ Tagl?ds

CplVR

Ra (1.14)

where « is the thermal expansion coefficient of the fluid, and ds is the vertical entropy
difference across the characteristic length scale £. The minimum value characterizing the
onset of convection is the critical Rayleigh number (Ra.); the higher the supercriticality

of a system, the higher the vigour of convection.

Continuity equation. The remaining equation is the continuity equation, which states

that matter can neither be created or destroyed:

ap .
. = 0. 1.1
T +V.(pu)=0 (1.15)
Or equivalently
gfﬂﬁ-wﬁpv.ﬁ:o. (1.16)

Along with the equation of state, which tells how intrinsic thermodynamic properties relate

(i.e., p,p, and T'), the set of equations described above defines a self-consistent description
of the MHD problem.

1.3.2 Small and large-scale dynamos

Dynamo action can amplify magnetic fields at various spatial scales in stars and planets.
Dynamo action can operate at small or large scales and we usually distinguish small-scale
and large-scale dynamos (Brandenburg & Subramanian, 2005; Weiss & Thompson, 2009).
Large-scale convective dynamos are defined as dynamos for which the production of
magnetic energy occurs at scales larger than the typical scale of convective flows, whereas
small-scale dynamos excite magnetic fields at spatial scales of convective eddies or smaller.

We know that a large-scale dynamo operates in the Sun and creates large-scale global
magnetic fields with spatial scales comparable to the scale of the Sun itself. Long-term
monitoring of F, G, and K type stars — e.g., using chromospheric proxies (Baliunas &
Vaughan, 1985; Frick et al., 2004; Lockwood et al., 2007) — demonstrates that similar
to the Sun, cool stars display cyclic large-scale magnetic fields that are generated by
large-scale dynamos. Large-scale magnetic fields have been intensively studied under the
mean-field approach (e.g., Moffatt et al., 1978; Krause & Raedler, 1980) in an attempt to
identify the main ingredients in the global magnetic field generation, but its applicability
to astrophysical objects is debatable as it does not take into account the evolution of
magnetic fields at small-scales (Brandenburg & Subramanian, 2005; Brun & Browning,

2017; Tobias, 2021) and it is usually studied in the kinematic regime, i.e. when the velocity
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field is prescribed and the back-reaction of the Lorentz force is ignored. Nevertheless, the
mean-field formalism offers an insightful description in the context of large-scale dynamos,
with global rotating shear and helical motions playing an important role on the field
generation (see next section).

Small-scale dynamos on the other hand are held responsible for instance for the small-
scale fields observed in the quiet photosphere of the Sun (Lin, 1995; Otsuji et al., 2007; Lites
et al., 2008). They create random magnetic fields averaging to zero that are superimposed
on the mean background large-scale magnetic field (Cattaneo, 1999; Vogler et al., 2005).
Small-scale dynamos are believed to be independent of the mechanism of production and
maintenance of large-scale fields (Trujillo Bueno et al., 2004; Cattaneo & Tobias, 2005;
Tobias & Cattaneo, 2008; Buehler et al., 2013) and are thought to exist in any turbulent
(large Rm) system, not requiring rotation nor shears to operate (Rincon, 2019). Yet, it
is difficult to disentangle small- and large-scale dynamos in cool stars as both normally
coexist creating a whole spectrum of scales. In this thesis, we will study the generation of
magnetic fields at all scales but will focus mainly on the physical mechanism at the origin

of the morphology of the large-scale field, the only one accessible to observations so far.

1.3.3 Phenomenological aspects of large-scale dynamos

Perhaps the most intuitive picture of large-scale dynamo action in stars and planets is
given through the mean-field treatment of the induction equation'. The electromotive
force (€ = 1 x B) entering the induction equation leads to the well-known Q-effect and
a-effect under the mean-field formalism, both of which are responsible for amplifying
large-scale magnetic fields (Steenbeck et al., 1966; Moffatt et al., 1978; Krause & Raedler,
1980; Raedler, 1980; Brandenburg & Subramanian, 2005).

The Q-effect rises from the inductive term causing the stretch of magnetic field lines.
Its effect is to wind up an original magnetic field pointing in the direction of the velocity
gradient into a magnetic field pointing along the direction of the velocity vector itself.
However, as explored through the mean-field formalism, this effect can only amplify large-
scale toroidal magnetic fields (i.e., the azimuthal component of the field, By, ). Therefore,
it cannot sustain a dynamo mechanism by itself, which requires the regeneration of large-
scale poloidal magnetic fields (i.e., both radial and meridional components of the field,
B,.1) to sustain the cycle. Fig. 1.6 shows how the (2-effect acts for a differentially rotating
sphere with a more fastly rotating interior. Under the presence of shears in the angular
velocity, an initially large-scale poloidal magnetic field is sheared, thereby generating a

toroidal component.

We refer to the reviews of Dormy & Soward (2007), Rincon (2019), and Moffatt & Dormy (2019) for
an extensive discussion about mean-field dynamo action in astrophysical objects.
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Figure 1.6. Example of magnetic field stretching caused by a differentially rotating fluid that
rotates faster in the inner portion of the sphere, adapted from Jones (2008). a) Initial axial-dipole
field configuration. b) The initial poloidal field is stretched in the differential rotating region,
generating a toroidal field component. ¢) Final toroidal field configuration.
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Figure 1.7. Illustration of the a-effect, adapted from Dormy & Soward (2007). From a) to
b): an initial large-scale magnetic tube rises due to turbulent motions. ¢) Small-scale cyclonic

motions twist the tube. d) The tube reconnects creating a magnetic loop perpendicular to the
initial tube.

To close the dynamo loop, we now need a process which transforms a toroidal field back
into a poloidal field. A possible way to do so, as proposed by Parker (1955), is the so-called
a-effect. The idea behind Parker’s effect is that turbulent flows with non-zero helicity at

small scale (J' = V X U’ # 0) can twist large-scale magnetic fields changing their direction.
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Fig. 1.7 illustrates how turbulence can give rise to a magnetic tube and twist it, generating
a field component perpendicular to the initial field line. This effect can, contrary to the
Q-effect, induce both poloidal and toroidal fields. Therefore, the combination of the two
potential sources of toroidal field can yield different flavours of dynamo action. Fig. 1.8
shows the different dynamo loops leading to self-sustained magnetic fields in the mean-field

treatment. Three possible dynamo loops exist depending on whether one effect dominates

o effect Q effect
Poloidal field Byq Toroidal field Biar Poloidal field By Toroidal field By,
o effect a effect

Figure 1.8. Tllustration of the possible dynamo mechanisms, adapted from Rincon (2019). Left:
a?-dynamo. Right: o) or a?Q dynamos.

over the other, or if they have similar contribution; they are: a?, af2, or a?Q dynamos.

However, we highlight that other dynamo loops might exist when considering alternative
mechanisms to the a-effect. One of such possibilities is, for instance, the empirical
mechanism proposed by Babcock 1961 and Leighton 1969 to explain features from the
solar magnetic field. Fig. 1.9 illustrates the generation of a large-scale poloidal field from
an initial large-scale toroidal field under the Babcock-Leighton mechanism. From a) to b),
tubes of toroidal magnetic field are transported by magnetic buoyancy from the base of the
convective zone to the stellar surface. These tubes emerge at the surface as bipolar regions
and produce spots at the stellar surface (see discussion in Sec. 1.1). Further, turbulent
flows play an important role in diffusing and reconnecting the magnetic field in the bipolar
regions (c). This process creates a poloidal field component that in turn is advected to
polar regions by meridional circulation (d) building a large-scale poloidal field (e). We
refer to Charbonneau (2020) for a discussion about the Babcock-Leighton mechanism and
its potential application in the Sun.

In this thesis however we focus on solving the full MHD system without assuming a
particular expression for the velocity fields. We thus do not rely on the phenomenological
description discussed here since both the magnetic and the velocity fields will be free
to evolve and interact with each other. However, we highlight that this self-consistent
approach does not prevent one to analyse the evolution of large-scale fields and (carefully)

establish a parallel with the intuitive view brought by the mean-field treatment.
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Figure 1.9. Illustration of the Babcock-Leighton mechanism, adapted from Sanchez et al. (2014).
From a) to b): an initial large-scale toroidal magnetic field rises to the surface creating stellar
spots. In ¢) the magnetic field diffuse and starts to reconnect creating a poloidal fields d). These
poloidal field lines are then advected to polar regions by meridional circulation, resulting on a
large-scale poloidal field e).

1.4 Thesis overview

The thesis is structured as follows. In Chapter 2 we present state of the art observations
and simulations focusing on the magnetic morphology of stars. We recall the basic
physical concepts behind the tomographic technique (called Zeeman-Doppler Imaging
(ZDI), Semel, 1989; Donati et al., 1989; Donati & Brown, 1997; Hussain et al., 2000b) used
to infer the large-scale magnetic morphology from sets of phase-resolved spectropolarimetric
observations, and we present the main properties of the maps recovered for a sample of cool
stars. We also discuss within this chapter how 3D numerical simulations have been used
as complementary information to investigate dynamo processes that are inaccessible to
observations. Recent debates about the extent to which numerical simulations can be relied
upon are mentioned and further considered, along with propositions to overcome some of
the limitations. Chapter 3 is dedicated to an in-depth analysis of a large spectropolarimetric
data set, collected over 3 different epochs, of the binary system V471 Tau. We present
tomographic maps of brightness distribution and magnetic topology of the active companion
of V471 Tau at these epochs. We use the reconstructed maps to investigate whether the
activity behaviour of the companion can explain the eclipse timing variations observed
in V471 Tau, in the framework of the so-called Applegate mechanism where dynamo-
induced periodic exchanges between magnetic and kinetic energy within the active star
generate changes in the quadrupolar moment of the star and thereby of the system orbital
period (Applegate, 1992; Lanza, 2006). Chapter 4 focuses on our self-consistent dynamo
simulations. We explore the mechanisms potentially responsible for setting the magnetic
morphology in cool stars by numerically solving the full set of MHD equations in a 3D

spherical shell. We propose an observational proxy that can potentially be used to predict
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some aspects of the large-scale magnetic morphology of partly convective M dwarf stars. In
Chapter 5 we draw our final conclusions and present prospects of our work in the context
of this research field.



CHAPTER 2

Observing and modelling the magnetism of cool stars

The development of high-resolution spectropolarimeters, e.g. ESPaDOnS (Donati,
2003), NARVAL (Auriere, 2003), HARPS-Pol (Snik et al., 2011), and SPIRou (Donati
et al., 2020), and indirect imaging techniques (Semel, 1989; Donati & Brown, 1997; Hussain
et al., 2000b; Piskunov & Kochukhov, 2002) in the past decades have made possible to
reconstruct the magnetic topology of stars. In this chapter, we give an overview of the
techniques to map stellar surfaces and the variety of magnetic topologies reconstructed
for cool stars in the literature (e.g., Donati & Landstreet, 2009; Folsom et al., 2016,
2018; Kochukhov, 2021). After discussing the implication of these observations for the
understanding of dynamo action (e.g., Morin et al., 2011; Gastine et al., 2013), we present
recent efforts from 3D dynamo simulations to better grasp what dictates some key features
of the large-scale magnetic topologies in stars.

2.1 Observing cool stars magnetic fields

2.1.1 Mapping stellar surfaces
Deutsch (1958) was the first to suggest using the Doppler broadening of spectral lines to

map stellar surfaces of fast rotating stars. The technique, named Doppler imaging, was
initially designed to map brightness or chemical abundance inhomogeneities at the surface
of stars using time-series spectroscopy (e.g., Vogt & Penrod, 1983; Rice et al., 1989). The
tomography of magnetic fields came only years later when Semel (1989) proposed an
extension of Doppler imaging to include the modelling of Zeeman signatures in spectral

lines, the technique being commonly referred to as Zeeman-Doppler Imaging.

2.1.1.1 Recovering brightness maps
Vogt & Penrod (1983) were the first to apply Doppler imaging to map the brightness

distribution at the surface of a star. The presence of a cool spot at the stellar surface
leaves a signature in the disk-integrated absorption line profile that is equivalent to a
“bump”. As illustrated in Fig. 2.1, the bump signature is Doppler-shifted from the line
centre depending on the spot location at the stellar surface. That dependence leads to a
one to one relationship between the Doppler-shifted signature and the projected location

24
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of the spotted region in the stellar disk, creating rotationally modulated signatures over
time (Rice, 2002). Therefore, from time-series spectra spread over different rotational
cycles, one can track how the bump propagates in a broadened profile and pinpoint the
spot at the stellar surface (Vogt et al., 1987; Rice et al., 1989). Of course, the spatial
resolution of the Doppler image depends directly on the equatorial projected rotational
velocity of the star vsini (Morin et al., 2008a), on the instrumental spectral resolution
(Piskunov & Wehlau, 1990; Jérvinen et al., 2018), and on the rotational phase coverage of
the time-series spectra (Rice, 2002; Petit et al., 2002). Thus, Doppler imaging inversions

are most effective when applied to high-resolution spectra of stars with vsini > 20kms™!.
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Figure 2.1. Spot distortion on absorption spectra. Extracted from http://www.ast.obs-mip.
fr/article.php37id_article=457. Credit: Dr Jean-Frangois Donati.

The inverse problem of going from a time-series of 1D spectra to a 2D surface brightness
map is solved iteratively to search for the spot distribution that fits the data down to
the noise level. Essentially, Doppler imaging performs a y? minimisation to fit time-series
synthetic spectra (I = {I}"", ... Iy }) to the observations (I°** = {IP™, ... I3* }).
The y? statistic associated with a given brightness map M is given by

Nobs T 8yn obs
Yi(M) = iu, (2.1)
i=1 i
where o; is the uncertainty of the ith observation and I;*" is the disk-integrated synthetic
spectra calculated with analytical formulations of the radiative transfer equation (I =
R(M), where R is a functional representing the radiative transfer calculations). However,
Doppler imaging is an ill-posed problem, meaning that multiple brightness maps can fit
the data down to the noise level (yielding a reduced-x? of unity). The degeneracy of the
problem can be lifted if one assumes that the map with the least amount of information

(or, equivalently, the least spotted map) is the most reliable solution. Using the Maximum
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Entropy Method (see Skilling & Bryan, 1984), the problem reduces then to finding the
Lagrange multiplier A that leads to

max{S(M) — Ax3(M)}, (2.2)

where the Shannon entropy S is used to quantify the information contained in a brightness
map M (see Brown et al., 1991, for the functional expression of S). The brightness map
of highest-entropy is the one that bears the lowest information (Shannon & Weaver, 1949)
while fitting the data to the noise level.

Doppler imaging has been successfully applied to single stars (e.g., Donati et al., 1992b;
Collier Cameron & Hilditch, 1997; Hussain et al., 1997; Donati et al., 2000; Marsden et al.,
2005; Piluso et al., 2008; Morin et al., 2008a; Xiang et al., 2014; Cang et al., 2021) and
to components of binary systems (e.g., Donati, 1999; Strassmeier & Rice, 2000; Hussain
et al., 2006; Dunstone et al., 2008; Kochukhov & Shulyak, 2019). The collection of surface
brightness maps can help us to understand for instance whether the spot emergence vary
for stars with different parameters. Fig. 2.2 shows an example of a surface brightness
map reconstructed for the young KO dwarf AB Dor (Donati et al., 1999), a fast-rotating
star with vsini = 89kms™! and rotation period of about 0.5 d (Donati et al., 2003a).

Different from the sunspots emergence, which are confined to latitudinal bands of about

AB Doradus, Decembre 1996

Figure 2.2. Surface brightness map of the KO dwarf AB Dor at December 1996 (Donati et al.,
1999). Shades of brown represent the spot occupancy. Extracted from http://star-www.st-and.
ac.uk/~acc4/abdorpix.html. Credit: Dr. Jean-Francois Donati.
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+35° (see Sec. 1.1), this map evidences a prominent cool spot covering the entire polar cap
of AB Dor. Indeed numerical simulations (e.g., Isik et al., 2011) succeeded at reproducing
the emergence of high-latitude spots when increasing the rotation period of the star (for
reference AB Dor rotates about 40 times faster than the Sun). We refer the reader to

Strassmeier (2009) for a review of starspots.

2.1.1.2 Recovering magnetic maps

The polarisation of spectral lines also contains information on the magnetic field at
the surface of the star. Contrary to the Zeeman broadening technique that is subject
to model-dependent assumptions to disentangle different effects causing the broadening
of spectral lines (see Sec. 1.2.2), the presence of polarisation signatures (called Zeeman
signatures) offers an unequivocal detection of magnetic fields (Donati et al., 1990, 1992a).
The polarisation of photons emitted through 7 or ¢ transitions varies depending on their
propagation direction with respect to the magnetic field orientation. Fig. 2.3 illustrates the
polarisation of each Zeeman component when the observer is at different orientations with
respect to the magnetic field. When the magnetic field is along the observer’s line-of-sight,
only circularly polarised photons emitted from o transitions are visible. On the contrary,
only linearly polarised photons are seen when the magnetic field is transverse to the

line-of-sight (here, they result from both 7 and o transitions).
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Figure 2.3. Zeeman polarisation under presence of a magnetic field B pointing to the z-direction.
Left: sketch of the energy level with and without magnetic field. The photon wavelength is
shown for each possible transition. Right: illustration of the photon polarisation at different
directions of propagation. Colours encode the wavelength of the photons. Figure adapted from
Dr Lisa Lehmann’s PhD thesis (https://doi.org/10.17630/10023-20354).

The polarisation state of the light is characterised through the Stokes vector (I, V,Q,U)
(Stokes, 1851). The Stokes I component of that vector represents the intensity of the
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unpolarised light beam. The other Stokes components measure light beams with distinct
polarisation states. Stokes V' measures circular polarisation states and it is defined as
the intensity difference of left and right circularly polarised light beams. Stokes ) and
U measure linear polarisation states. Stokes ) (Stokes U) is defined as the intensity
difference of light beams passing through linear polarisers with transmission axis at 0°
and 90° (at 45° and 135°). Or visually,

V= 0-0
Q= -+
U= J-X,.

In practice, measuring Stokes parameters requires sophisticated methods to avoid creating
spurious signatures (e.g., Landi Degl’Innocenti & Landolfi, 2004). We refer the reader to
Donati et al. (1997) for a complete discussion of the method used in the spectropolarimeters
of interest to this manuscript.

Similar to the principles of Doppler imaging, ZDI (Semel, 1989) explores rotationally-
modulated signatures traced by the Stokes profiles to reconstruct the brightness distribution
and the large-scale magnetic field vector at the stellar surface. Semel (1989) proposed to
use circularly polarised Zeeman signatures (Stokes V') to extract the information about
the magnetic field geometry at the surface of stars. As shown in Fig. 2.4, the Stokes V'
polarisation has different signatures for each magnetic field component (Donati & Brown,
1997). Spots caused by pure radial magnetic fields leave an “S”-shape signature in the
Stokes V' profile with a peak-to-peak amplitude that varies as the star rotates, reaching
its highest value at the disk center. Spots caused by purely toroidal fields also show an
S-shape Stokes V' profile that switches polarity when the spot crosses the disk centre
entirely. However, the Stokes V loses its S-shape signature at the disk centre and reaches
the lowest peak-to-peak amplitude. Stokes V' profiles also depend on the latitude at which
magnetic structures appear in the stellar surface and on inclination of the star. The
distinctive rotationally-modulated Stokes V' signatures of radial and toroidal fields are
what makes it possible for ZDI to unveil the magnetic field vector at the surface of the
star.

In practice, ZDI operates similarly to Doppler imaging except that it fits time-series
Stokes I and Stokes V' profiles simultaneously (alternatively, one could choose to fit only
Stokes V' profiles — e.g. in slow rotators, where Stokes I profiles do not vary in time span
of observation). The y? statistic associated with a given set of brightness and magnetic

maps reads
syn ] obs Nobs Vsyn VObS

_ i + Z . (2.3)

l
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Figure 2.4. Stokes V modulation for a star with one spot. a) the spot is permeated by
a radial magnetic field. b) the spot is permeated by a toroidal magnetic field. Extracted
from http://www.ast.obs-mip.fr/article.php37id_article=457. Credit: Dr Jean-Francois
Donati.

Here, disk-integrated synthetic Stokes profiles (I"™ and V™) are computed from local
profiles at the stellar surface given by the analytical formulation of the polarised radiative
transfer equations'. Again, the Maximum Entropy Method (Skilling & Bryan, 1984) is
used to search for brightness and magnetic maps that maximise the total entropy (similar
to Eq. 2.2), where the total entropy is defined as the sum of the entropy associated with
the brightness and magnetic maps (Brown et al., 1991; Hussain et al., 2000b). Today, most
of the ZDI codes available use a spherical harmonic (SH) description of the magnetic field
(Hussain et al., 2000a; Donati, 2001; Hussain et al., 2002a; Donati et al., 2006a; Kochukhov
et al., 2014; Folsom et al., 2018). The field components are then defined through the set

IThe reconstructions performed in this thesis use the solution of Unno-Rachkovsky in a Milne-Eddington
model atmosphere (Landi Degl’Innocenti & Landolfi, 2004).
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of SH coefficients oy ,8¢.m, and v, where £ and m are the order and the degree of the
SH mode (the reconstructions performed in Chapter 3 use the decomposition of Donati
et al., 2006a). The entropy associated with the magnetic map is therefore a function of
the magnetic coefficients ay ,,5¢,m, and e, (see the PhD thesis of Dr Baptiste Kleinz).
This entropy makes it possible to add some penalisation to favour low-order spherical
harmonics that help to avoid spurious small-scale magnetic structures (Donati et al., 2007;
Morin et al., 2008b; Folsom et al., 2018).

The characterisation of the magnetic topology formally requires all four Stokes compon-
ents. However, Stokes () and U signatures reach a peak-to-peak amplitude that is typically
one order of magnitude smaller than Stokes V' (Donati et al., 1997). The problem persists
even when using multi-line techniques to create “averaged” Stokes profiles with higher
signal-to-noise ratios (e.g. when using a least-squares-deconvolution of the line profiles —
Semel, 1989; Donati et al., 1997; Wade et al., 2000; Kochukhov et al., 2010). Nevertheless,
magnetic inversions are still possible using Stokes I and V' parameters, but the main
drawback is the crosstalk between radial and meridional field components (Donati &
Brown, 1997). Despite that, ZDI is one of a kind tool to obtain the magnetic tomography
of stars, offering valuable information to understand stellar activity and its implications
over different evolutionary stages.

Moreover, recent numerical studies explored the ability of ZDI in reconstructing the
large-scale magnetic topology of solar-like stars (Lehmann et al., 2018, 2019, 2021). These
works used surface magnetic fields obtained from simulations to create time-series Stokes
profiles to input ZDI (equivalent to the observational dataset). The ZDI-reconstructed
magnetic maps showed that ZDI does a good job at reconstructing several properties of the
large-scale magnetic topology of solar-like stars. For instance, ZDI seems to be particularly
successful at recovering the fraction of energy stored in the axisymmetric magnetic field
and at detecting temporal modulations in the large-scale field driven by solar-like activity
cycles (Lehmann et al., 2021).

2.1.1.3 Measuring surface shears

Thanks to the ability of ZDI to recover spatial information from sets of phase-resolved
spectropolarimetric observations, it is possible to retrieve information on differential
rotation at the star’s surface by finding out the recurrence rates of reconstructed features
(spots or magnetic structures) as a function of latitude. The procedure, firstly described by
Donati et al. (2000), considers an a priori dependence of the angular velocity with latitude
in the image reconstruction process. The vast majority of the studies in the literature

adopt a Sun-like differential rotation law that, without any priors, was also found to apply

thtp://thesesups.ups—tlse.fr/5052/
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for other stars, e.g. AB Dor (Donati & Collier Cameron, 1997), the G8 post T Tauri
star LQ Lup (Donati et al., 2000), and the K1 dwarf L.Q Hya (Kovari et al., 2004). The

differential rotation law we use is as follows:
Q(0) = Qeq — dQcos?(8), (2.4)

where 6 is the colatitude, (2., is the angular velocity at the equator, and d€2 is the difference
between (2., and the angular velocity at the pole. Because this functional form depends
on two free parameters, the reconstructed tomography likewise relies on the choice of {2,
and df2.

Several studies explored this differential rotation dependence in the image reconstruction
process to search for the pair (£2.,,d€2) that yields the best fit to the Stokes profiles (Barnes
et al., 2005; Donati et al., 2006a; Collier Cameron, 2007; Dunstone et al., 2008; Marsden
et al., 2011; Folsom et al., 2018). This shear-imaging technique revealed secular variations
in the surface shear of some stars — e.g. AB Dor (Donati et al., 2003b), L.Q Hya (Donati
et al., 2003b), HR 1099 (Donati et al., 2003b), and K2 dwarf V471 Tau (Paper I). Such
shear fluctuations might be driven by the interplay of cyclic magnetic fields and convective

motions, as discussed in Chapter 3 (Applegate, 1992).
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Figure 2.5. a) Surface shear as a function of the effective temperature (data compiled from
Barnes et al. 2005,Reiners 2006 and Collier Cameron 2007). b) Surface shear as a function of
the stellar convective zone depth, taken from Marsden et al. (2011). Dots represent differential
rotation measurements using brightness features and stars those using magnetic features.

Further, the analysis of the differential rotation measurements for stars with different
spectral types revealed the shear dependence with the stellar temperature and convective
zone depth (Barnes et al., 2005; Collier Cameron, 2007; Marsden et al., 2011; Folsom et al.,
2018). As illustrated in Fig. 2.5 (a), the rotational shear increases for stars with increasing
effective temperature (Barnes et al., 2005; Reiners, 2006; Collier Cameron, 2007). This
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trend is in agreement with the theoretical predictions of Kiiker & Riidiger (2005), who
suggested that differential rotation strongly depends on the effective temperature, and with
photometric (Reinhold et al., 2013) and spectroscopic (Reiners, 2006) shear measurements.

Finally, the differential rotation is smoothly enhanced for decreasing stellar convective
zone depth (Marsden et al., 2011). However, the differential rotation shows a sharp
increase with a large dispersion of values for convective envelops of depth smaller than
20% of the stellar radius. This finding is partly supported by the numerical investigation
of Kiiker et al. (2011), which obtained that the shear increases for shallower convective
envelopes and that high-levels of differential rotation of dQ ~ 0.5radd™! are only attained

in simulations with convective zones depths of about 10% of the stellar radius.

2.1.2 Evolution of large-scale surface magnetic fields

Fig. 2.6 shows the magnetic field-Rossby number relationship when using the properties of
the large-scale magnetic field derived with ZDI (e.g., Donati et al., 2008b; Morin et al.,
2008b; Morgenthaler et al., 2012; Fares et al., 2013; Boro Saikia et al., 2016; Folsom et al.,
2016, 2018). The averaged large-scale surface field strength (By) shows two clear trends
with the Rossby number (Fig. 2.6 a). For Ro > 0.1, spectropolarimetric observations
show that the large-scale magnetic field of cool stars weakens with increasing Rossby
number (Vidotto et al., 2014; Folsom et al., 2016), following (By) oc Ro~ 140010 (See et al.,
2019a). This slope agrees with the one derived from the total field strength using Zeeman
broadening ((B;) oc Ro~!"1*09-22 Vidotto, 2021). Moreover, the toroidal component of
the large-scale field is reported to weaken faster than the poloidal component in the
unsaturated regime (Petit et al., 2008), as illustrated in panels c¢) and d) of Fig. 2.6. As
the Rossby number decreases below Ro ~ 0.1, cool stars enter the “saturated regime”
where the large-scale field strength is roughly constant (Donati et al., 2008b). However,
the magnetic saturation does not occur at the same magnetic strength for early, mid, and
late M dwarfs (Vidotto et al., 2014). Instead, these stars feature a variety of large-scale
magnetic field strengths, ranging from 50 to 2000 G. Early-M dwarfs saturate around
180 G (Donati et al., 2008b) and mid-M dwarfs around 600 G (Donati et al., 2008b; Morin
et al., 2008b). However, late M dwarfs (M < 0.2M) display a bimodal behaviour in
the strength of the large-scale magnetic field, with some stars hosting strong kG fields
and others showing field strengths of only 50 G (Morin et al., 2010). Morin et al. (2011)
proposed that the scatter seen in the field strength of late M dwarfs is linked to a bimodal
behaviour in which the history of the star can modify the dynamo efficiency in generating
large-scale magnetic fields. In particular, this concerns the ability to generate large-scale
poloidal fields as the authors observed that stars with strong fields (~kG) have dipole



dominated morphologies, whereas stars with weak large-scale surface fields (~ 100 G)
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feature multipolar morphologies (Morin et al., 2010; Gastine et al., 2013).
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Figure 2.6. Trends of the large-scale magnetic field, adapted from See et al. (2015) and See
et al. (2019a). a) Distribution of the large-scale surface field strength (By) with the Rossby
number. b) Toroidal energy against poloidal energy. c¢) Poloidal energy as a function of the
Rossby number. d) Toroidal energy as a function of the Rossby number. In all panels, symbols
are coloured according to the stellar mass.

We gathered from the literature the information about the large-scale surface magnetic
field of a sample of M dwarf stars (Donati et al., 2008b; Morin et al., 2008b, 2010; Moutou
et al., 2017; Kochukhov & Shulyak, 2019; Kochukhov, 2021). Fig. 2.7 illustrates how some
of the properties of the large-scale field vary for stars with different masses and periods.

We focus particularly

(1) on the magnetic field strength (symbol size), which provides hints about how the

dynamo efficiency vary in these stars (Christensen et al., 2009);
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(2) on the degree of axisymmetry of field (symbol shape), which is an important
ingredient to comprehend the angular momentum-loss by magnetised winds
(Réville et al., 2015; Finley & Matt, 2018; See et al., 2019b)

(3) and on the fraction of energy stored in the poloidal field (symbol color), which can
help to identify solar-like magnetic cycles when measured over multiple epochs
(e.g., Boro Saikia et al., 2016, 2018; Jeffers et al., 2017, 2018; Brown et al., 2021).
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Figure 2.7. Properties of the large-scale magnetic field of M dwarf stars reconstructed with
the Zeeman-Doppler imaging technique. The symbol size correspond to the field strength at
the surface (B), the shape corresponds to the degree of axisymmetry of the magnetic field, and
colors represent the amount of energy stored in the poloidal field. Dashed lines correspond to
iso-contours of Rossby numbers of 0.01, 0.1, and 1, calculated with empirical mass-rotation
relationship of Wright et al. (2018). The continuous horizontal line represents the theoretical
mass below which all stars display a convective interior (Landin et al., 2006). Data from the
K2 dwarf of V471 Tau is included for completeness (Zaire et al., 2021). M dwarfs properties
come from Donati et al. (2008b); Morin et al. (2008b, 2010); Moutou et al. (2017); Kochukhov &
Shulyak (2019); Klein et al. (2021); Kochukhov (2021).

It is possible to note a connection between the mass-period plot and the magnetic
field complexity seen at the surface of M dwarfs. Typically, stars harbouring strong
axisymmetric poloidal fields (i.e., the largest, reddish, rounder symbols) are situated below
the horizontal grey line marking the fully convective limit. On the other hand, stars

hosting more complex magnetic topologies, consisting of non-axisymmetric multipolar
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poloidal fields and significant toroidal fields, are mostly partly convective (Donati &
Landstreet, 2009). The magnetic morphology dependence on M dwarfs with the stellar
mass and rotational period provides further evidence that the dynamo mechanism at play
in stellar convective envelopes is affected by rotation and possibly by the presence of a
radiative interior. Indeed, the internal structure is expected to significantly impact the
dynamo action as, contrary to fully convective stars, partially convective stars feature
strong rotational shears at the radiative and convective zones interface (Miesch, 2005;
Browning et al., 2006; Guerrero et al., 2016; Bice & Toomre, 2020).

Based on these observational results, it has been argued that stellar magnetic fields
increase in complexity for stars with higher Rossby numbers (see dashed lines in Fig. 2.7).
However, several outlier stars harbouring complex field structures are found to exist at
low Ro and a handful of stars hosting axisymmetric poloidal fields have been reported at
large Ro. While these stars may have a cyclic magnetic field that modifies the magnetic
topology over time — as it is the case for instance of 61 Cyg A (Boro Saikia et al., 2016,
2018), € Eridani (Jeffers et al., 2017), 7 Boo (Jeffers et al., 2018), and HD 75332 (Brown
et al., 2021), such outliers indicate that other proxies besides the Rossby number need to

be invoked to clearly understand what sets the magnetic field complexity in stars.

2.2 What can we learn from numerical simulations?

As explored in the previous sections, the magnetism of cool stars has been the subject of
many studies in the past decades (Donati & Landstreet, 2009; Reiners, 2012). Observations
revealed different aspects of stellar magnetism that include stars with periodic activity
(Baliunas & Vaughan, 1985; Lockwood et al., 2007; Lehtinen et al., 2016), polarity
reversals in the magnetic dipole (Boro Saikia et al., 2018; Brown et al., 2021), and various
field configurations (Donati et al., 2008b; Morin et al., 2010; Folsom et al., 2016, 2018).
However, despite such advances, the link between the magnetic manifestations observed
at the stellar surface and the self-excited dynamo acting in the stellar interior remains
poorly understood. Because direct observations of the magnetic field within the stars are
unattainable, numerical attempts have been made to model the complex fluid motions
responsible for inducing and sustaining magnetic fields over the lifetime of an active star
(Brun & Browning, 2017; Charbonneau, 2020).

In Sec. 2.2.1, we quickly overview important findings obtained with convective dynamo
simulations. Next, to lay the ground for the numerical simulations and analysis presented in
Chapter 4, we address in Sec. 2.2.2 the current status of numerical simulations exploring the
underlying mechanism responsible for setting the magnetic field morphology in astrophysical

plasmas.
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2.2.1 Recent progress on convective dynamo simulations

Simulations of rotating convection in spherical geometry have been conducted in the
past decades to understand the magnetism of stars (e.g., Brun et al., 2004; Browning
et al., 2006; Brown et al., 2010; Ghizaru et al., 2010; Kapyla et al., 2012; Guerrero et al.,
2016; Warnecke et al., 2018) and planets (e.g., Christensen & Aubert, 2006; Aubert et al.,
2008; Gastine et al., 2014a; Meduri et al., 2021). Most of the dynamo codes available
in the literature (MagIC, EULAG-MHD, Parody, Rayleigh, etc.) simulate spherical shells
instead of the entire sphere (see Fig. 2.8). This is a consequence of the radial coordinate
singularity at » = 0. However, there are few numerical codes where the full-sphere can be
considered (Alvan et al., 2014; Hotta et al., 2016; Emeriau-Viard & Brun, 2017; Brown
et al., 2020), through the use of various numerical techniques, as for example the Yin-Yang
grid (Kageyama & Sato, 2004). In any case, global dynamo simulations solve the full set of
MHD equations stated in Chapter 1 to study the self-consistent generation and evolution

of magnetic fields and their interactions with turbulent convective motions.

Jo Q

Figure 2.8. Sketch of spherical shell simulations and its system of coordinates. The radial
domain spans from r; to 7.

In the context of planetary simulations, many works adopted the Boussinesq approxim-
ation. Within this approximation, the effect of density stratification disappears everywhere
in the MHD equations except in the buoyancy term of the Navier-Stokes equation (Eq. 1.6),
where small density fluctuations drive convective motions (e.g. the pioneering work of

Glatzmaier & Roberts, 1995). Boussinesq simulations (thus with a constant background
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density) succeeded in reproducing some geomagnetic features revealed by paleomagnetism
(Valet & Meynadier, 1993; Merrill & McFadden, 1994), such as the dipole-dominated
magnetic morphology (Christensen et al., 1998; Christensen & Aubert, 2006) and the
reversals/excursions of the magnetic dipole (Kutzner & Christensen, 2002; Sreenivasan
& Jomes, 2006). Exploring different regimes of influence of Coriolis and Lorentz forces
on the convective flow, Boussinesq simulations also found exciting results regarding the
magnetism of other planets (Christensen & Aubert, 2006; Menu et al., 2020; Tassin et al.,
2021). These findings are used as a guide for the numerical study performed in this thesis,
and we highlight them in Sec. 2.2.2.

Nevertheless, Boussinesq convection is not thought to represent the interior of cool
stars as the effect of density stratification strongly modifies the flow configuration in
the convective envelope of stars (Brummell et al., 1998; Brun et al., 2004; Kéapyla et al.,
2013). Instead, stellar dynamo simulations often employ the less restrictive anelastic
approximation (Braginsky & Roberts, 1995; Lantz & Fan, 1999; Glatzmaier, 2013), where
sound waves are filtered out but the effect of density stratification is retained (see Chapter 4).
Simulations mimicking the interior of the Sun (Brun et al., 2004; Brun & Zahn, 2006;
Browning et al., 2006; Strugarek et al., 2011; Fan & Fang, 2014), young cool stars (Bessolaz
& Brun, 2011; Brown et al., 2011; Zaire et al., 2016; Emeriau-Viard & Brun, 2017), early
M dwarfs (Bice & Toomre, 2020), and late M dwarfs (Browning, 2008; Yadav et al., 2015b;
Brown et al., 2020) have been performed using this approximation. Broadly speaking, most
simulations at sufficiently high magnetic Reynolds number yield self-sustained magnetic
fields through dynamo action (e.g., Brun et al., 2004). Those fields can be at various scales
so that most of the time, small and large-scale dynamos coexist, as expected in stars. It is
only recently that some cyclic behaviours started to be identified in global simulations, as
we will discuss now.

Regular magnetic cycles are difficult to obtain in numerical simulations and are sensitive
to the stellar rotational period (Ghizaru et al., 2010; Strugarek et al., 2017, 2018; Guerrero
et al., 2019). In general, magnetic cycles occur at Rossby numbers smaller than unity and
steady magnetic fields are obtained otherwise (Strugarek et al., 2018; Brun et al., 2022).
Moreover, there is some evidence that magnetic cycles tend to have longer periodicity
when the convective envelope is coupled to an underlying stable layer (radiative zone) in
the numerical domain (Browning et al., 2006; Ghizaru et al., 2010; Guerrero et al., 2016;
Beaudoin et al., 2018; Charbonneau, 2020). A common feature in those simulations is the
creation of a shear layer roughly similar to the solar tachocline (Brun et al., 2011; Guerrero
et al., 2019; Matilsky & Toomre, 2021). This shear layer is expected to influence the

magnetic field generation through the Q-effect, creating large-scale wreaths of toroidal field
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(Browning et al., 2006) that can potentially be stored in the radiative zone (Browning et al.,
2006; Beaudoin et al., 2018; Guerrero et al., 2019; Bice & Toomre, 2020). Nevertheless, the
precise influence of a tachocline-like shear layer on the dynamo mechanism is not yet fully
understood, and recent observations have challenged whether this layer modifies dynamo
action in partly convective stars when compared to fully convective stars (see discussion
in Sec. 1.2).

In the past decades, the formation of starspots by a rising magnetic loop has also drawn
attention. Self-consistent 3D numerical simulations succeeded at reproducing buoyant
magnetic loops capable of crossing the entire convective zone (Nelson et al., 2011, 2014).
These numerical results suggested that low magnetic diffusivity and Rossby number are
key ingredients to trigger rising magnetic loops (Brun et al., 2015). However, there is still
no consensus in the literature on whether the magnetic loops causing starspots form at the

base of the convective zone or at the near surface shear layer (e.g., Brandenburg, 2005).

2.2.2 Surface magnetic field geometry

In the last two decades, numerical simulations mimicking the interior of planets and stars
have focused on understanding the origins of the large-scale magnetic morphology produced
by convective dynamos (e.g., Christensen & Aubert, 2006; Gastine et al., 2012; Schrinner
et al., 2014; Yadav et al., 2016b; Menu et al., 2020; Tassin et al., 2021). Parametric studies
of 3D convective simulations were conducted varying, among others, the rotation period,
the vigour of convection, the level of stratification, and the size of the convective zone.
These numerical models succeeded in producing self-consistent dynamo action for a broad
range of parameters, which were used to investigate the physical mechanisms controlling

the magnetic field morphology.

2.2.2.1 Dipolar and multipolar branches
It is only since the work of Kutzner & Christensen (2002) that different regimes of

surface magnetic field morphology were identified in numerical simulations, yielding either
dipole-dominated or complex multipolar-dominated field topologies. Christensen & Aubert
(2006) formalized this line of study using the relative strength of the axial dipole (faip) as
a topological diagnostic of the large-scale magnetic field.

Fig. 2.9 illustrates the dipolarity trend obtained with their simulations, which assumed
a constant density profile to mimic the Earth’s core. The magnetic field complexity of their
simulations (measured by f4,) varied with the relative importance of the inertial force
to the Coriolis force (measured by the Rossby number, Ro). Simulations with Ro < 0.12
showed dipole dominated surface magnetic fields (commonly referred to as “the dipolar

branch”), while simulations at high Rossby numbers displayed complex surface fields
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Figure 2.9. Relative strength of the axial dipole vs local Rossby number as computed by
Christensen & Aubert (2006); Christensen (2010) (see definitions in Chapter 4). Simulations with
dipole-dominated morphology are shown in red and those with multipolar-dominated structure
are given in blue.

(“the multipolar branch”). Independent geodynamo works, e.g. Olson & Christensen
(2006); Sreenivasan & Jones (2006); Soderlund et al. (2012); Oruba & Dormy (2014),
also advocated that the Rossby number is important in describing the transition between

dipolar and multipolar solutions (see review by Christensen, 2010).

2.2.2.2 Effects of stratification
Unlike the Earth, stars have huge density contrasts that play a major role in the flow

structure; as a consequence, the field generation of stars is also likely modified when
compared to the unstratified geodynamo model. Therefore, the natural step to investigate
the validity of the Rossby number in regulating the magnetic morphology of stars was to
include stratification effects in the modelling.

It was only after the serial simulations of Dobler et al. (2006) and Browning (2008)
that stratification effects were checked in the context of the magnetic topology of stars.
Whereas both simulations corresponded to a rather low Rossby number (falling in the
dipolar branch proposed by the geodynamo simulations), the weakly stratified simulation
of Dobler et al. (2006) yielded a dipole-dominated morphology and the strongly stratified
simulation of Browning (2008) resulted in a complex magnetic field configuration. It was
then tempting to conclude that the effect of stratification was to destabilize the dipole.

However, because density contrasts as high as those seen in stars cannot be incorporated
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in numerical simulations (as a result of computational limitations), systematic parametric
explorations were performed to investigate the limit of increasing density stratification
(Gastine et al., 2012).
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Figure 2.10. Relative strength of the axial dipole vs local Rossby number for stratified simulations,
adapted from Gastine et al. (2012). Shape and colors refer to simulations with di