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Zusammenfassung
Die Sonne, der am besten untersuchte k•uhle Stern, hat eine Korona mit Millionen Grad. Die Energie
der Korona strahlt nach au�en und erm•oglicht es Teilchen, gen•ugend W•armeenergie zu gewinnen, um
der Schwerkraft der Sonne zu entweichen. Diese freigesetzten Teilchen werden "Sonnenwind\ genannt.
K•uhle Sterne sind in der Lage, betr•achtliche Mengen an hochenergetischer R•ontgenstrahlung aus ihren
Koronen zu erzeugen, die gelegentlich sogar die der Sonne •ubertre�en. Dies deutet darauf hin, dass
diese Sterne •uber gen•ugend Energie verf•ugen, um Winde durch •ahnliche Mechanismen wie die des Son-
nenwinds zu erzeugen. Wenn sich ein k•uhler Stern entwickelt, verliert er aufgrund der magnetisierten
Sternwinde, die seine Rotationsentwicklung beein
ussen, an Masse und Drehimpuls. Diese Ver•anderung
hat Folgen, die von Ver•anderungen in seiner Aktivit•at bis hin zu Ein
•ussen auf die Atmosph•are eines
Planeten in seiner Umlaufbahn reichen.

W•ahrend sich unser Verst•andnis des Sonnenwinds erheblich verbessert hat, was vor allem auf Mis-
sionen wie dem Solar Orbiter zur•uckzuf•uhren ist, ist unser Verst•andnis •ahnlicher Ph•anomene bei an-
deren k•uhlen Sternen noch nicht sehr weit fortgeschritten. Die direkte Messung der Massenverlustrate,
der einzigen beobachtbaren Gr•o�e, hat sich als schwierig erwiesen, was zu einer begrenzten Anzahl
von Beobachtungseinschr•ankungen und Obergrenzen f•uhrt. Au�erdem k•onnen Windmessungen nur
anhand ihrer Wechselwirkungen mit der Umgebung abgeleitet werden. Angesichts des Mangels an
Beobachtungsdaten bieten numerische Simulationen ein wertvolles Mittel, um die Struktur und die
Eigenschaften der stellaren Winde in k•uhlen Sternen zu verstehen.

Ein wichtiger Aspekt dieser Dissertation ist die Quanti�zierung der Windeigenschaften von k•uhlen
Sternen. Ich verwendeein modernes 3D-magnetohydrodynamisches (MHD) Modell, das Space Weather
Modeling Framework. Im ersten Teil der Arbeit (Kapitel 6) habe ich eine numerische Vergleichsstudie
mit idealistischen Modellen durchgef•uhrt, um den Ein
uss des Magnetfelds und seiner Komplexit•at
auf die Windparameter zu untersuchen. Die Ergebnisse weisen auf einen neuen Ansatz zur De�nition
der habitablen Zone (HZ) hin und betonen die Bedeutung der Alfv�en Ober
•ache (AO) - der Grenze
zwischen der Korona des Sterns und seinem Sternwind.

Beim •Ubergang von idealistischen zu realistischen Ans•atzen wird im zweiten Teil der Arbeit (Kapi-
tel 7) ein Netz von realistischen MHD-Modellen vorgestellt. Diese Forschung stellt die erste sys-
tematische Quanti�zierung der stellaren Winde in F-, G-, K- und M-Sternen durch die Analyse der
gro�r•aumigen Magnetfeldverteilung in 21 gut beobachteten Sternen. Sie bietet neue Einblicke in die
Art und Weise, wie die Eigenschaften des Sterns die Dynamik und Struktur der Sternwinde und ihre
Bedingungen in der HZ beein
ussen. Die Ergebnisse stellen die vorherrschenden Annahmen •uber die
Geschwindigkeit von Sternwinden in Frage und stellen ein Vorhersagemodell vor, das zur Bestimmung
der Gr•o�e von AO verwendet werden kann. Dies ist entscheidend f•ur die Ermittlung m•oglicher mag-
netischer Wechselwirkungen zwischen Stern und Planet.

Die Erforschung verschiedener k•uhler Sterne erm•oglicht es uns, Muster und Unterschiede zu ent-
decken und sowohl die Einzigartigkeit und Gemeinsamkeiten unserer Sonne im Vergleich zu anderen.
Diese Erkundung ergab faszinierende Muster der vorhandenen Element in der Korona von aktiven
M-Zwergen. W•ahrend k•uhle Sterne mit geringer Aktivit•at, wie F, G und K, typischerweise den FIP-
E�ekt aufweisen - charakterisiert durch eine Anreicherung von Elementen mit niedrigem ersten Ion-
isierungspotenzial in der Korona im Vergleich zur Photosph•are - zeigen hochaktive Sterne (M-Zwerge)
einen inversen FIP-E�ekt (iFIP).Trotz der umfangreichen Untersuchungen der Elementh•au�gkeiten in
der Korona bleibt es unklar, ob m•a�ig aktive M-Zwerge die gleichen Muster aufweisen wie aktivere
M-Zwerge.

Im zweiten Teil meiner Dissertation (Kapitel 8) untersuche ich einen kritischen koronalen Tem-
peraturbereich, um die Best•andigkeit des iFIP-Musters in M-Zwergen mit geringer Aktivit•at zu bes-
timmen. Dies geschah durch die Analyse von Beobachtungen des XMM-Newton-Teleskops. In dieser
Studie beobachten wir zum ersten Mal ein H•au�gkeitsmuster, das mit einem Null-FIP- oder iFIP-
E�ekt in einem m•a�ig aktiven M-Zwerg vereinbar ist. Dies stellt das Bild in Frage, dass alle unter-
suchten M-Zwerge einen iFIP-E�ekt aufweisen, und deutet auf einen m•oglichen•Ubergang zu einem
FIP-Muster bei noch niedrigeren Aktivit•atsniveaus von M-Zwergen hin. Die Ergebnisse legen nahe,
dass die Beobachtung von Sternen mit geringer koronaler Aktivit•at von entscheidender Bedeutung ist,
um unser Verst•andnis der (i)FIP-Muster und ihrer Ursachen zu verfeinern.
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2 CHAPTER 1. ZUSAMMENFASSUNG

Die Dissertation gliedert sich in drei verschiedene Teile. In Teil I gebe ich eine Einf•uhrung in die
Korona und die Windeigenschaften der Sonne und der k•uhlen Sterne F, G, K und M. Dieser Teil
befasst sich mit Elementh•au�gkeiten und die Antriebsmechanismen hinter dem FIP-E�ekt und den
stellaren Wind. In Teil II verlagert sich der Schwerpunkt vom Stern selbst auf seine Umgebung, wo ich
verschiedene Arten von magnetischen Wechselwirkungen zwischen Sternen und Planeten untersuchen
werde. In Teil III werden verschiedene Aspekte der stellaren Koronen und Winde detailliert untersucht.
An diesen Teil schlie�t sich ein Ausblick auf zuk•unftige Forschungsrichtungen. Diese Arbeit soll den
Weg zu einem tieferen Verst•andnis der Winde und Koronen von k•uhlen Hauptreihensternen ebnen.



Abstract
The Sun, the most extensively studied cool star, has a million degrees corona. The energy from the
corona radiates outwards, allowing particles to gain enough thermal energy to escape the Sun's grav-
ity. These released particles are called \solar winds". Cool stars can produce signi�cant amounts of
high-energy X-rays from their coronae, occasionally exceeding even that of the Sun. This suggests that
these stars have enough energy to generate winds by mechanisms similar to the solar winds. As a cool
star evolves, it loses mass and angular momentum due to the magnetized stellar winds that in
uence
its rotational evolution. This change has consequences ranging from changes in its activity to in
uences
on an orbiting planet's atmosphere.

While our understanding of the solar wind has signi�cantly improved, mainly due to missions like
the Solar Orbiter, our comprehension of similar phenomena in other cool stars remains limited. Directly
measuring mass-loss rates, the sole observable, has proven challenging, leading to a limited number of
observational constraints and upper limits. Additionally, wind measurements can only be inferred from
their interactions with the surroundings. Given the scarcity of observational data, numerical simulations
o�er a valuable means of comprehending the structure and properties of stellar winds in cool stars.

An important aspect of this Thesis is quantifying the wind properties of cool stars. I use a state-
of-the-art 3D magnetohydrodynamics (MHD) model, the Space Weather Modeling Framework. In the
�rst part of the study (chapter 6), I conducted a numerical comparative study with idealistic models
to investigate the in
uence of the magnetic �eld and its complexity on the wind parameters. The
results suggest a new approach to de�ne the habitable zone (HZ) and emphasize the importance of the
Alfv�en surface (AS)- the boundary between the star's corona and its stellar wind.

Transitioning from idealistic to realistic approaches, the second part of the study (chapter 7) in-
troduces a grid of realistic MHD models. This research presents the �rst systematic quanti�cation
of stellar winds in F, G, K, and M stars by analyzing the large-scale magnetic �eld distribution in
21 well-observed stars. It provides new insights into how star properties in
uence the dynamics and
structure of stellar winds and their conditions at the HZ. The results challenge prevailing assumptions
about the speed of stellar winds and present a predictive model that can be used to determine the size
of AS. The AS is crucial for the assessment of possible star-planet magnetic interactions.

Exploring di�erent cool stars allows us to uncover patterns and di�erences, highlighting the unique-
ness and similarities of our Sun compared to others. This exploration revealed intriguing element
abundance patterns in the corona of active M dwarfs. While low-activity cool stars, such as F, G, and
K, typically exhibit the FIP e�ect|characterized by an enrichment of elements with low �rst ionization
potential in the corona compared to the photosphere|highly active stars (M dwarfs) show an inverse
FIP e�ect (iFIP). Despite the extensive studies of elemental abundances in the corona, it remains
unclear whether moderately active M dwarfs exhibit the same patterns as more active M dwarfs.

In the second aspect of this Thesis (chapter 8), I investigate a critical coronal temperature range
to determine the persistence of the iFIP pattern in low-activity M dwarfs. This was done by analyzing
observations from XMM-Newton telescope. In this study, we observe for the �rst time an abundance
pattern compatible with a null FIP or iFIP e�ect in a moderately active M dwarf. These results challenge
the current picture that all M dwarfs studied exhibit an iFIP e�ect and hint at a possible transition to
an FIP pattern at even lower activity levels of M dwarfs. The results suggest that observing stars with
low coronal activity is crucial to re�ning our understanding of (i)FIP patterns and their causes.

The dissertation is structured into three distinct parts. In part I, I will provide an introduction to
the coronae and wind properties of the Sun and cool stars F, G, K, and M. This section will delve into
the discussion of element abundances and the driving mechanisms behind the FIP e�ect and stellar
winds. In part II, the focus will shift from the star to its vicinity, where I will explore various magnetic
interactions between stars and planets. Part III will encompass a detailed exploration of various aspects
of the stellar coronae and winds. An outlook on future research directions will follow this part. This
work aims to pave the way for a more profound understanding of the winds and coronae of cool main
sequence stars.
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Per Aspera Ad Astra

Through hardships to the stars

Let us embark on this journey of exploration, where each star is a new world waiting to be unraveled.



Part I

Introduction Into the Physics of
Cool Stars Coronae and Winds
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Preface
Our Sun, classi�ed as a G2V spectral type, belongs to the most abundant group of stars in the

Milky Way known as \cool stars". Despite their name, these stars are not cool in the conventional
sense. The term \cool" is used in a relative context when compared to the range of stellar tempera-
tures. These stars typically have surface temperatures ranging from about 2773 K to about 6773 K. They
are categorized into four main groups (F, G, K, and M) and 9 sub-groups. These temperatures are con-
sidered low compared to hotter stars (such as O, B, and A stars), which can have surface temperatures
ranging from about 10273 K to tens or even hundreds of thousands of degrees Kelvin. A cool star, also
known as a cool dwarf, is a late-type star located in the lower part of the main sequence (as shown in
Fig. 3.1). These stars have masses� 1.5R� . Further details can be found in B•ohm-Vitense (1989).

Figure 3.1: Hertzsprung-Russell (HR) diagram in
which the Roman numbers V, VII, VI denote
selected branches of stellar evolution. Data are
from the Gaia DR3 Catalog of Nearby Stars. Pic-
ture credit: J. Chebly.

The main sequence is the evolutionary stage in which a star is in hydrostatic equilibrium1 and
has a hydrogen-burning core. The inner core of a cool star, is shown in Fig. 3.2. For late-F, G,
K stars (0.5M � < M F < 1:5M � ) and early M dwarfs (M F � 0:5M � ), consists of an inner radiative
core and an outer convective zone, while mid to late M dwarfs (M F < 0:5 M � ) are fully convec-
tive. Partially convective stars have a radiative core surrounded by a convective shell. On the other
hand, fully convective stars do not have a radiative core. More about the physics of the radiative and
convective zone in Sec. 4.1.

Figure 3.2: The di�erences in inter-
nal structure between stars of di�er-
ent masses. Ultracool dwarfs have fully
convective interior. Picture credit: AAS
NOVA.

In this thesis, I investigate the stellar winds and coronal properties (i.e., FIP e�ect) of cool main-
sequence stars from late-F to M dwarfs. The introduction is divided into two parts. In Part I, I explore
the structure of the sun, the magnetic �eld, the solar cycle, and the mechanism that in
uences wind
acceleration and element fractionation in the solar atmosphere. This background will serve as a foun-
dation before studying other low-mass cool main sequence stars. Finally, Part II places this knowledge
in the context of exoplanets and habitability.

1Known as gravitational equilibrium, describes a balance between gravity and pressure. The outward pressure of hot
gas is balanced by the inward force of gravity.
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The Sun
From Core to Wind

Figure 4.1: Complementary views of the solar corona.Left, image with extreme ultraviolet emission
from the SWAP (Sun Watcher using Active-pixel-system detector and image processing) telescope on
the PROBA2 spacecraft (Seaton et al., 2013). The image was taken in the 17.1 nm wavelength band
on July 25, 2014. The Sun's wispy atmosphere glows with ultraviolet light, captured by the PROBA2
satellite of the European Space Agency's PROBA2 satellite. Loops and arcs of the plasma follow the
magnetic �eld lines coming from the Sun. Right, a visible band from the total solar eclipse on August
21, 2017. Light scattered by particles in the corona is visible on the right during the 2017 total solar
eclipse that passed over the United States. Figure adapted from original images obtained and processed
by M. Druckm•uller, P. Aniol and S. Habbal (Druckm•uller, Ru�sin, & Minarovjech, 2006).

Coronal plasma is constantly blown away from the Sun, dragging the solar magnetic �eld. This
steady stream of charged particles is the solar wind, constantly bombarding the Earth's magnetic �eld
and causing space weather such as geomagnetic storms and auroras.

8
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4.1 The Sun: Structure and Dynamics
\A star's a star, some matter in a ball."

J. R. R. Tolkien

The Sun is a partially convective star with a mass of 1:989� 1033 g and a core consisting of gaseous,
ionized plasma. The inner core of the Sun reaches extreme temperatures of 15 million degrees Kelvin.
In this hot environment, some protons have enough energy to overcome the Coulomb barrier1 of the
nuclear charge. These protons penetrate hydrogen (H), carbon (C), and nitrogen (N) nuclei and trigger
nuclear reactions that catalyze the conversion of hydrogen into Helium (Bethe, 1939; Clayton, 1983;
Prialnik, 2009). The energy released during this process is radiated and reabsorbed as it di�uses
outwards through the radiative zone. This di�usion process generates enough heat and pressure to
counteract the gravitational force that would otherwise cause the star to collapse.

Figure 4.2: A cross-section of the Sun shows its
major radial structure from the core to the escaping
solar wind (If we look at the Sun with North at the
top and South at the bottom, West is to the right
and East to the left). The solar limb is the edge of
the visible disk. Picture credit: Reames (2021)

The outer convective zone of the Sun exhibits di�erential rotation, in which the Sun rotates faster at
the equator than at the poles (Thompson et al., 2003). At the equator, the Sun rotates approximately
every 25 d, but this increases to 34 to 35 d at the poles. The rotation rates obtained by tracking magnetic
patterns correspond to helioseismic 
ows located at 25 to 28 Mm, suggesting that the Sun's rotation
also changes with depth (Lang, 2013; Mahajan et al., 2024). This contrasts the radiative interior, which
maintains a uniform rotation rate.

This transition from uniform rotation to di�erential rotation is facilitated within a thin, critical
region, the tachocline (Spiegel & Zahn 1992; Hughes 2007, see Fig. 4.2). Its location is not �xed, but
varies from about � 0:693R� close the equator, and at� 0:717R� at higher latitudes (Charbonneau
et al., 1999; Basu & Antia, 2003).

The di�erential rotation within the convective zone rapidly changes the rotation rate, resulting in
signi�cant shear within the tachocline. The shear winds up the magnetic �eld lines of the Sun and
transforms the weaker poloidal magnetic �eld (in the south-north direction, � e�ect 2) into a much
stronger toroidal magnetic �eld (in the east-west direction, 
 e�ect 3). This transformation is a crucial
part of the solar dynamo mechanism that leads to the formation of small- and large-scale magnetic
�elds. Some models suggest that the tachocline may act as a reservoir for magnetic �elds in stars to
stabilize and prolong their global cycles, rather than the primary site of magnetic �eld formation (Bice
& Toomre, 2020). Check �gure 4.3, for a representation of the� and 
 e�ect.

1Energy barrier due to electrostatic interaction that two nuclei need to overcome so they can get close enough to
undergo a nuclear reaction.

2Due to the Coriolis force. By de�nition, this force acts on objects that move in a reference frame that rotates relative
to an inertial frame. In the case of the � e�ect, this means that the force causes the moving plasma to follow curved
paths instead of straight lines.

3Due to the di�erential rotation.
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Figure 4.3: Illustration of the 
 e�ect (top row) and � e�ect (bottom row). In Panel a, we see that
poloidal magnetic �eld lines in the solar convection zone are deformed by di�erential rotation. After
several rotations, the �eld lines wind around the Sun, forming toroidal structures known as 
ux tubes
in the tachocline (panel b). Magnetic buoyancy instabilities cause the 
ux tubes to rise towards the
surface (panel c). When these �eld loops pierce the photosphere (the solar surface), a sunspot pair
appears. These sunspots eventually decay and rearrange the magnetic �eld back into the poloidal di-
rection (panel d). The surface �eld is carried by meridional circulation towards the poles (panel e). This
contributes to the increase of the global toroidal component of the �eld (panel f). Picture credit: NASA.

The Sun and stars of spectral type; late F, G, K, and early M dwarfs have convective envelopes that
extend deeper into the interior of the star. Stars cooler than M4 (M F < 0:4M � ) have no tachocline. If
the tachocline is crucial for generating magnetic �elds on the stellar surface, fully convective stars
should not be able to generate a magnetic �eld. Instead, they are generally thought to generate mag-
netic �elds solely through helical turbulence (Durney, De Young, & Roxburgh, 1993; Boldyrev, Catta-
neo, & Rosner, 2005; Browning, 2008). More information on cool main sequence stars with and with-
out tachocline, in; Durney, De Young, & Roxburgh (1993); Reiners (2012); Wright & Drake (2016).

During the transition from the radiation zone to the convection zone, the temperature drops so
much that some atoms can recombine with their electrons. This process leads to the formation of
convection cells, similar to bubbles in a boiling soup pot. These cells are �lled with hot gas, which rises
and releases heat to the outer layers of the Sun. These cells create granulation in the photosphere due
to turbulence (see section 4.2). As the gas cools, it becomes denser and sinks back into the lower layers
of the convection zone, a process known as \convection".

An electrically conductive 
uid, such as the plasma in the Sun, can amplify a magnetic �eld
through a process known asdynamo. In this process, the kinetic energy of the 
uid's motion is con-
verted into magnetic energy. The movement of the 
uid relative to a magnetic �eld induces electric
currents in the 
uid, which in turn generate a magnetic �eld. This newly generated �eld can then am-
plify or distort the original �eld. The magnetic �eld goes through a cycle of ampli�cation, distortion,
and attenuation, but it is constantly regenerated by the dynamo process. For this reason, we observe
a cycle of solar activity and periodic reversals in the polarity of the Sun's magnetic �eld (11-year cy-
cle). The regeneration of the magnetic �eld takes place under certain conditions: the presence of con-
ductive 
uid (such as the plasma in the Sun), turbulent motions (such as those caused by convec-
tion), and the global rotation of the star. For a review of astrophysical dynamo theory, see Brandenburg
& Subramanian (2005).
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4.2 Photosphere
\The sun, with all those planets revolving around it and dependent on it,

can still ripen a bunch of grapes as if it had nothing else in the universe to do."
Galileo Galilei

The photosphere, Greek for \the sphere of light", is the lower atmosphere of the Sun, located
above the convective zone. Temperatures in the solar photosphere range from� 6500 K at its base to
� 4000 K at its upper boundary. This temperature gradient is due to the decreasing density of the
plasma with altitude, which results in less energy being transferred from the Sun's core to its surface.
Temperatures in the photosphere favor the emission in visible light, as the emitted light shifts from
low-energy infrared wavelengths (� ) to higher energy. Direct observations of the photospheric magnetic
�eld have been made with both ground-basedand space-basedinstruments.

At �rst glance, the photosphere looks like a seemingly featureless disk of light (Fig. 4.4,left ). On
closer inspection, however, it reveals intricate features, particularly granulation, which appears as a
pattern of bright cells and dark lanes on its surface (Fig. 4.4,right ). The granules are the result of
processes that take place in the Sun's convection zone, as mentioned earlier. Each granule, or cell, is a
mass of hot gas that rises due to convection inside the Sun, radiates energy, and sinks back within a
few minutes to be replaced by other granules in a constantly changing pattern.

Figure 4.4: Left, solar photosphere
with sunspots in visible light. Pic-
ture credit: NASA/SDO. Right, granu-
lation; pattern of bright cells and dark
lanes. Adapted from: York University

This pattern is occasionally disrupted by regions of strong magnetic activity known as
sunspots (see Fig. 4.4,left ). These sunspots appear as dark regions on the solar disk. Each sunspot
consists of a dark inner core, the umbra, which is surrounded by less dark, irregular shapes, and the
penumbra (see Fig. 4.4,right ). Sunspots are regions on the surface of the Sun that are cooler and darker
than the surrounding areas. They occur because the Sun's magnetic �eld inhibits heat convection to
the surface. These areas along the magnetic 
ux in the upper photosphere and chromosphere heat up
and are often visible as faculae (in the photosphere) and plage (in the chromosphere), often referred to
as active regions. These sunspots often occur in pairs, with one acting like the north pole of a magnet
and the other like the south pole. The two poles (sunspots) are connected by loops of the magnetic
�eld which arch through the Sun's corona (Beckers, 1976). Check; Solanki, Inhester, & Sch•ussler 2006
for a comprehensive overview of the Sun's magnetic activity.

Elements with low f irst ionization potential (FIP) � 10 eV (e.g., Si, Mg, Fe)- slightly lower than that
of hydrogen (13.6 eV)- remain ionized in the photosphere due to its temperature range. These elements
do not require much energy to remove an electron from their outer layer, transforming them into an
ion. Conversely, elements with a higher FIP (> 10 eV, e.g., O, Ne, N) can capture and hold electrons,
making them neutral atoms. This means that the high FIP element will not follow the magnetic �eld
lines. These low FIP element are observed to be enhanced in the corona, as we will see in Sec. 4.4. This
enhancement in element abundance is known as the FIP e�ect. We will see in chapter 5, that for F, G,
and K stars, the element abundances follow the same pattern, however, for active M dwarfs, we have
the inverse FIP e�ect (iFIP e�ect). Whether moderately active M dwarf exhibits this pattern is still
unsure, highlighting the need for further research. I will present a comprehensive study of this in the
stellar regime in chapter 8 of this Thesis.



https://mehmet-erguen.com/en/pages/sonne
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