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Abstract

Keywords: Solar Corona – Solar Orbiter – Extreme Ultraviolet Imager – Solar Coordi-
nate System – Differential Rotation

In this thesis, observations from the Extreme Ultraviolet Imager (EUI) aboard Solar Or-
biter were reprojected into an equidistant azimuthal (ARC) coordinate system centered
on the solar poles. The reprojection is essential because it minimizes foreshortening
effects and enables accurate analysis of coronal structures near the poles. Longitude-
time maps were constructed for several heliographic latitudes, and the angular ve-
locities of coronal features were determined by manually tracing persistent structures
within these maps.

Statistical analysis showed that the distributions of the measured angular velocities are
approximately Gaussian, with small non-Gaussian deviations appearing mainly in the
outer quantiles. It was found that the angular velocities systematically decrease with
increasing heliographic latitude, and this result generally agrees with other empirical
differential rotation laws obtained using the coronal bright point tracers. Moreover, the
results obtained in this study also improve and refine the description of the existing
differential rotation trends in the Sun’s high latitudes, which are prone to the projection
effect.

The results demonstrate that polar reprojection of Solar Orbiter’s EUI observations pro-
vides a robust framework for investigating differential rotation and slow coronal dynam-
ics in the polar regions of the Sun. This study employs novel, out-of-the-ecliptic-plane
observations by Solar Orbiter for the first time, in a study of the Sun’s differential rota-
tion, and lays the methodology for future studies.
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Summary

The Sun is a complex plasma ball that does not rotate as a solid body but exhibits differ-
ential rotation, meaning that its angular velocity depends on the heliographic latitude.
Equatorial regions rotate significantly faster than the polar regions, causing the solar
magnetic field to become twisted and stretched. The magnetic field that emerges to
the solar surface is therefore concentrated in the so-called active regions, which are the
source of the majority of the solar activity. Eruptions from the Sun, with coronal mass
ejections (CMEs) being the most prominent ones, are associated with a large number
of physical processes, which we commonly name space weather phenomena.

Historically, the polar regions of the Sun were always difficult to observe due to the
predominantly equatorial viewing geometry of the majority of the solar missions. The
launch of Solar Orbiter has improved the observational coverage of the solar poles by
enabling unique observations from increasingly higher heliographic latitudes.

In this thesis, a processing pipeline was developed that reprojects images obtained by
the Extreme Ultraviolet Imager (EUI) aboard Solar Orbiter onto a polar coordinate sys-
tem in which the solar poles are centered and heliographic latitudes are represented
as concentric circles. This reprojection reduces projection effects such as foreshort-
ening and allows accurate studies of the coronal structures situated near the Sun’s
poles.

Longitude-time maps were constructed from the reprojected data in order to measure
the rotational motion of low coronal structures at different latitudes. Angular veloci-
ties were determined by manually tracing persistent features in these maps and fitting
Gaussian distributions to the resulting measurements. The measured angular veloci-
ties were subsequently modeled and compared to existing empirical differential rotation
profiles obtained from coronal bright point tracers.

Angular velocities obtained from the EUI observations show a systematic decrease
with increasing heliographic latitudes. This result not only globally agrees with the
existing trends of the differential rotation rate, but it also improves the accuracy of the
differential rotation estimate at the mid to close to the pole latitudes, regions which are
generally prone to the strong projection effects.

These results demonstrate that polar reprojections of Solar Orbiter / EUI observa-
tions provide a scientifically reliable method for studying rotational dynamics in the
solar corona and offer a useful framework for future investigations of polar coronal
processes.
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Summary for General Audience

The Sun is a giant ball of plasma, a hot, electrically charged gas that behaves much
like a fluid, rather than a solid object. On a solid structure like a globe, all latitudes
rotate together at the same angular speed. This means that, while the globe spins,
each point keeps its relative position with respect to the others. This is not the case
with the solar surface due to its gaseous nature. Regions around the equator rotate
much faster than regions around the poles, taking respectively around 25 to 34 days for
the full rotation. This phenomenon is known as differential rotation. It causes twisting
and stretching of the magnetic field of the Sun, ultimately creating magnetic structures,
so-called coronal mass ejections (CMEs), that erupt from the Sun. CMEs can impact
Earth’s atmosphere as the solar plasma neatly follows its magnetic field lines. Solar
disturbances can even influence satellites, communication systems, or power grids
here on Earth. These complex physical processes with solar origin, to which science
efforts are devoted, are called space weather.

The polar regions of the Sun are dominated by the open magnetic field lines along
which plasma keeps flowing into interplanetary space, and this phenomenon is known
as the solar wind. Until recently, the poles of the Sun were poorly understood due to
the unfavorable positioning of instruments and observers (mainly equatorial positions).
Presently, with the launch of Solar Orbiter, we can more clearly study the polar regions
of the Sun as Solar Orbiter travels out of the equatorial plane, arriving at latitudes of
about 30°.

This thesis addresses the complex rotational behavior of the Sun’s gaseous atmo-
sphere by first reprojecting every image of Solar Orbiter’s Extreme Ultraviolet Imager
(EUI) such that the North or South pole is in the center of the image and every latitude
is evenly spaced out as concentric circles around the pole. This way, the actual shapes
and sizes of structures are visible instead of being cropped and foreshortened. Us-
ing this method on the EUI data, we obtain results of differential rotation that not only
confirm previous measurements but also improve their accuracy. The thesis results
also provide a scientifically correct way to handle solar images and confirm that this
method can be applied to study processes happening in the solar corona, which is the
outermost, least understood region of the Sun’s atmosphere.
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Glossary

�A Angstrom

au Astronomical Unit

L� Solar Luminosity

M� Solar Mass

R� Solar Radius

! Angular Velocity

� Longitude

� Standard Deviation

t Time

� Rotation Angle

� Latitude
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Acronyms

AIA Atmospheric Imaging Assembly

AR Active Region

ARC Azimuthal Equidistant

CME(s) Coronal Mass Ejection(s)

CRLN Carrington Longitude

EUI Extreme Ultraviolet Imager

EUV Extreme Ultraviolet

FSI Full Sun Imager

HCS Heliospheric Current Sheet

HGC Heliographic Carrington

HGS Heliographic Stonyhurst

HMI Helioseismic and Magnetic Imager

HPC Helioprojective Cartesian

LASCO Large Angle and Spectrometric Coronagraph

LT Longitude-time

Q-Q Quantile-Quantile

SDO Solar Dynamics Observatory

SOHO Solar and Heliospheric Observatory satellite

SolO Solar Orbiter

WCS World Coordinate System
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Chapter 1

Introduction

1.1 Context and Motivation

The Sun has been studied for many decades due to its proximity and fundamental role
in the solar system. As the Sun is the star closest to Earth and can be observed in
great detail, this being both in space and time, it is also a unique laboratory which
we can use to understand stellar physics. Despite the great efforts, numerous key
physical processes that describe the Sun's behavior are still not fully understood. This
is particularly the situation regarding the processes in Sun's outer atmospheric layer,
the so-called corona.

Studying the Sun and the solar atmosphere is not only of theoretical importance but
also of practical signi�cance through its in�uence on the space weather. For exam-
ple, solar activity, which is driven by the Sun's complex magnetic �eld, can give rise to
energetic phenomena such as solar �ares and coronal mass ejections (CMEs). When
these energetic phenomena propagate towards the Earth, they can greatly affect satel-
lites in the Earth's vicinity, communication systems, and power grids here on Earth. As
such, a deeper understanding of the solar atmosphere and its surrounding dynamics
is essential for improving space weather forecasting.

While, in general, the internal structure of the Sun together with its basic mechanisms
of energy generation are well known, its outer atmosphere remains poorly understood.
In particular, the solar corona, being the outermost layer of the Sun, reaches temper-
atures of several million Kelvin, signi�cantly exceeding temperatures of the underlying
layer. One would expect the temperature to decrease with distance, like a hot pot on a
stove. This rather counterintuitive temperature pro�le gives rise to the so-called coronal
heating problem and is one of the most central open questions in solar physics.

Within the solar corona, particular importance is given to the polar regions. These
special regions are typically associated with mostly open magnetic �elds within the
large, long-lived coronal holes, so-called polar coronal holes. It is generally accepted
that the coronal holes are the primary source of the fast solar wind propagating along
the open magnetic �eld lines into the inner heliosphere and further. As such, even the
large-scale structure of the heliosphere is in�uenced by the solar wind and its transients
originating from the solar coronal poles.
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CHAPTER 1. INTRODUCTION 2

However, due to the predominantly near-ecliptic viewing geometry of all previous solar
observations, the polar regions are observed under strong projection effects. There-
fore, the interpretation of both structures observed in the polar regions and their dy-
namics is hindered due to these projection effects. As a consequence, the polar corona
still remains way less characterized in comparison to the lower latitude regions of the
Sun.

Improving our understanding of the dynamics and structure of the polar coronal regions
is thus essential for improving our knowledge of the solar wind formation together with
the global solar magnetic �eld con�guration, and accordingly, the global solar activ-
ity.

To better understand the signi�cance of the open questions related to the solar coro-
nal poles presented above, it is necessary to present some general properties of the
Sun. The Sun's global characteristics, such as the solar mass, radius, and luminos-
ity, provide the basis for both theoretical modeling of the solar atmosphere and the
observational interpretation that follows.

1.2 General Properties of the Sun

Our closest star, the Sun, is a G-type main-sequence star, with spectral type G2V.
The Sun contains up to approximately 99.86% of the total mass inside the entire solar
system (ATNF 2026; NCAR 2026; Ridpath, I 2012; NASA 2023). To this date, its
general physical parameters are well known and form the basis for solar and stellar
modeling.

For example, the solar mass is approximately (Pr�sa et al. 2016; Cayrel de Strobel
1996)

M � � 1:99 � 10 30 kg; (1.1)

and the mean radius is (Cayrel de Strobel 1996)

R� � 6:96 � 10 8 m: (1.2)

The Sun is located at an average distance of 1 astronomical unit (au) from Earth, which
corresponds to (Pr�sa et al. 2016)

1 au � 1:496 � 10 11 m: (1.3)

Its luminosity, which represents the total energy output per unit time, is approximately
(Cayrel de Strobel 1996)

L � � 3:83 � 10 26 W: (1.4)

For its composition, the Sun's mass consists primarily of hydrogen (� 71% by mass)
and helium (� 27:1%), with the heavier elements contributing only a small fraction
(Nave, R 2024).
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While these general parameters describe the Sun as a whole, they do not explain how
energy is generated and transported within the Sun's interior. These processes are
entirely governed by the Sun's internal structure and the physical conditions that are
present in different layers of the Sun's interior (Aerts et al. 2021). To explain the energy
generation in the Sun's core and its transport to the surface of the Sun, we turn to
a description of the solar interior and the mechanisms that are responsible for these
processes.

1.3 Internal Structure of the Sun, Energy Generation,
and Energy Transport

The solar interior is regulated by the balance between gravitational forces and pres-
sure gradients together with the energy transport (Aerts et al. 2021; Turck-Chi �eze et
al. 1993). These processes govern how energy is generated within the core and is
transported outward to the solar surface and further into the Sun's atmosphere.

For its internal structure, the Sun consists of three main layers: a) core, b) radiative
zone, and c) convective zone. These layers are illustrated as a schematic presentation
in Figure 1.1a (Interrante et al. 2025). Each of these three internal regions is well
characterized by several distinct physical conditions and dominant energy transport
mechanisms (Aerts et al. 2021).

In the center of the solar interior lies the very dense, heavy core, which extends to
approximately 0:25 R� (UCAR 2026). In the Sun's core, temperatures reach values up
to about 1:5 � 10 7 K, and the density gets so high that it exceeds 150 g cm�3 (Interrante
et al. 2025). Under these extreme conditions, nuclear fusion occurs, which converts
hydrogen into helium through the proton-proton (pp) chain (Adelberger et al. 2011). In
the process of fusion reactions, energy is released in the form of gamma-ray photons,
neutrinos, and kinetic energy. Although the carbon-nitrogen-oxygen (CNO) cycle also
contributes to energy generation within the Sun's core, its role is small compared to the
pp chain (Adelberger et al. 2011).

Then, surrounding the Sun's core lies the radiative zone, which extends from approx-
imately 0:25 to 0:7 R� (UCAR 2026). Within the radiative zone, energy, which is gen-
erated within the Sun's core, is transported primarily through radiative diffusion. Here,
photons that are produced in the core undergo repeated absorption and re-emission,
which results in a very slow outward transfer of energy (Aerts et al. 2021). Due to the
high density and opacity of the plasma within this region, a single photon may even
take up to 170.000 years to escape the radiative zone (Poletti, S 2020).

Finally, beyond the radiative zone lies the convective zone, the last layer of the Sun's
interior. The convective zone extends from roughly 0:7 R� up to the visible surface of
the Sun at 1 solar radius (UCAR 2026). In this outermost layer of the Sun's interior,
the temperature gradient becomes suf�ciently steep such that radiative transport is no
longer ef�cient to transport the energy in a stable way (Aerts et al. 2021). Instead,
convection takes over, and energy is transported by convective motions.
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(a) (b)

Figure 1.1: a) Schematic representation of the different layers of the solar interior
(Core, Radiative zone, Convective zone) together with the solar atmosphere (Photo-
sphere, Chromosphere, Corona). Source: (Kelley 2019). Each layer is characterized
by distinct physical conditions. b) 1D approximation of the temperature pro�le of the so-
lar atmosphere showing the non-monotonic behavior of the temperature with increasing
radial distance from the Sun. Source: (Lang et al. 1999, p. 115). The temperature of
the corona jumps from thousands of Kelvin to millions of Kelvin (Interrante et al. 2025).
This jump is characterized by the transition region.

Here, hot plasma rises towards the surface, cools, and sinks back down into deeper
layers to heat up again. These convective �ows give rise to granulation patterns ob-
served at the solar surface (UCAR 2026) and play a crucial role in the generation
and evolution of the solar magnetic �eld through so-called dynamo processes (Schmitt
1993; Miesch 2005), which will be discussed in detail in Sections 1.4 and 1.6.

The transition from radiative to convective energy transport marks an essential change
in the dynamics of the solar plasma. While the radiative zone is relatively stable and
more strati�ed, the convective zone consists of highly turbulent and dynamic plasma
(Aerts et al. 2021; Schmitt 1993). This turbulent motion is directly linked to the emer-
gence of magnetic �elds at the solar surface, which then consequently shape the struc-
ture and dynamics of the solar atmosphere (Schmitt 1993; Miesch 2005).

Together with the point that the internal structure of the Sun determines how its energy
is transported towards the Sun's surface, it also plays a key role in shaping its large-
scale dynamics. In particular, the interaction between convection and internal rotational
motions gives rise to the complex rotational behavior of the Sun's surface (Schmitt
1993; Miesch 2005).
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Figure 1.2: Schematic representation of the differential rotation of the Sun. The equa-
torial regions rotate substantially faster than the polar ones. While equatorial regions
take around 25 days to make a full rotation, polar regions can take up to as much as
34 days. Source: (Johns-Krull 2009).

1.4 Solar Rotation and Differential Rotation

The Sun's rotation is not the same across its interior and its atmosphere. Between the
radiative and convective zones lies a thin and very important layer of the Sun's interior
called the tachocline (Basu et al. 2026). This layer separates regions of the Sun's in-
terior with very different characteristics. The solar interior below the tachocline rotates
as a solid body (Basu et al. 2026). In contrast, the Sun's layers above the tachocline
rotate differentially. Here, regions of the Sun rotate fundamentally differently from that
of a rigid body due to the gaseous, i.e. plasma, nature of the Sun's composition (Beck
2000; Hotta et al. 2022). The rotational velocity of the solar surface is not a uniform
value but instead varies with latitude, which is a phenomenon known as differential ro-
tation (Beck 2000; Hotta et al. 2022). The Sun's low latitude regions, i.e. regions close
to the Solar equator, rotate faster than areas at higher latitudes, with the rotation rate
systematically decreasing as one moves towards the poles. This differential rotation is
schematically depicted in Figure 1.2. The unusual rotational behavior of the Sun arises
due to the complex interaction between convection, rotation, and magnetic �elds deep
within the solar interior, as noted earlier (Schmitt 1993; Miesch 2005).

The differential rotation rate of the solar surface is commonly described by an empirical
relation of the form (Beck 2000; Snodgrass et al. 1990)

!(�) = A + B sin 2 � + C sin 4 �; (1.5)

where !(�) is the angular velocity at heliographic latitude �, and A, B, and C are
coef�cients determined from observations (Snodgrass et al. 1990).
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A widely used set of sidereal coef�cients (Snodgrass et al. 1990), derived from surface
tracers, is given by

A = 14:713 � =day;

B = �2:396 � =day; (1.6)

C = �1:787 � =day:

The combination of Equation (1.5) together with the coef�cients of Equation (1.6) indi-
cates that the equatorial regions rotate with a period of approximately 25 days, while
the rotation period increases signi�cantly toward the poles, even reaching up to 34
days (Beck 2000; Hotta et al. 2022; Snodgrass et al. 1990).

The concept of differential rotation plays a crucial role in the evolution of coronal struc-
tures, as it leads to the continuous shearing and redistribution of magnetic �eld lines
across the solar surface (Schmitt 1993; Miesch 2005). In the context of polar obser-
vations, the reduced rotation rate in�uences the apparent motion of features at the
solar surface and must be taken into account when interpreting their temporal evolu-
tion.

Understanding differential rotation is therefore necessary to analyze time-dependent
solar phenomena, in particular when tracking features across multiple observations
or constructing longitude-time representations of solar activity, as will be done in this
work.

As said, differential rotation has important consequences for the redistribution of plasma
and the magnetic �eld across the solar surface (Schmitt 1993; Miesch 2005). These
effects extend beyond the interior and will in�uence the structure of the overlying at-
mospheric layers all the way up to the solar corona (Schmitt 1993; Miesch 2005). To
understand where and how these processes manifest observationally, we now examine
the structure of the solar atmosphere.

1.5 Structure of the Sun's Atmosphere

The solar atmosphere is, similarly to its interior, composed of three distinct layers.
Each layer of the solar atmosphere is characterized by different physical conditions
described by e.g. density, temperature, and pressure (Aerts et al. 2021; Turck-Chi �eze
et al. 1993). Going from the solar surface outward, these layers are: a) photosphere,
b) chromosphere, and c) corona (Interrante et al. 2025). These different layers of the
solar atmosphere are illustrated in the schematic presentation of Figure 1.1a.

The �rst layer of the solar atmosphere, the photosphere, represents the visible surface
of the Sun and has a typical temperature of approximately 5800 K (ATNF 2026). Above
the photosphere lies the chromosphere, which is a more tenuous layer wherein tem-
peratures initially decrease slightly before rising again to values on the order of 104 K
(Interrante et al. 2025; Mishra 2022; Bame et al. 1974). The outermost layer of the
solar atmosphere, the corona, extends far into interplanetary space and in its lower
part even reaches temperatures of several million Kelvin (Interrante et al. 2025; Mishra
2022; Bame et al. 1974) as presented in Figure 1.1b.
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This non-monotonic behavior of the temperature pro�le, in which the temperature
steeply increases from the photosphere to the corona, is one of the most “eye-catching
characteristics” of the solar atmosphere. The underlying mechanisms responsible for
heating the solar corona to these high temperatures remain an open question in so-
lar physics to this day and are commonly referred to as the coronal heating problem
(Klimchuk 2006; De Moortel et al. 2015; Kuperus et al. 1981).

As stated above, the various layers of the solar atmosphere have signi�cantly different
temperature ranges (Interrante et al. 2025). However, using Wien's law, this means
different atmospheric layers will emit radiation at distinct characteristic wavelengths
(Ball 2013). As such, observations conducted across multiple wavelengths offer a way
to explore different regions of the solar atmosphere and to examine how they interact
with one another. An example of using multi-wavelength observations of the different
solar layers is shown in Figure 1.3.

Although the solar atmosphere can be described in terms of temperature and density
strati�cation, its true complexity arises from the presence of magnetic �elds (Priest
1982). In the outer atmosphere, particularly in the corona, magnetic forces dominate
over purely hydrodynamic effects (Gary 2001). This makes the solar magnetic �eld a
central element in understanding the atmospheric structure and dynamics.

1.6 Magnetic Field of the Sun

The Sun's magnetic �eld fundamentally governs both the structure and the dynam-
ics of the solar atmosphere, as mentioned before (Howard 1967; Wiegelmann et al.
2014; Mackay et al. 2012). In contrast to the lower atmospheric layers, where gas
pressure and convection play a dominant role, the corona is characterized by a rather
low-density plasma in which magnetic forces dominate and dictate the behavior of the
plasma (Gary 2001). As a result, understanding the con�guration of the magnetic �eld
is essential to interpret coronal structures and their evolution. As mentioned in Sec-
tions 1.3 and 1.4, the magnetic �eld of the Sun is generated by the dynamo processes
operating in the solar interior. These are driven by the interplay between differential
rotation and convective motions (Schmitt 1993; Miesch 2005). The magnetic �eld then
emerges through the photosphere and extends into the solar atmosphere, where it
governs the structure and the dynamics of the corona (Gary 2001; Howard 1967). To
describe the interaction between plasma and magnetic �elds in a quantitative way, a
theoretical framework is required, which is conveniently provided by the theory of mag-
netohydrodynamics, see e.g. (Hotta et al. 2022; Moreau 1990).
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