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Abstract

High resolution solar observations show the complexity of the tem-
poral and spatial structure of the magnetohydrodynamic (MHD)
wave motion, that makes the identification of the nature and prop-
erties of waves rather di Ccullt. In general, observations of waves in
solar magnetic structures are limited to the determination of one
single wave that turns out to be the most energetic one, i.e. hav-
ing the largest amplitude. Based on mechanical analogy of waves
in elastic media, it would be natural to expect the appearance of
other modes, too. However, these eluded the observers for many
years. The present Thesis aims to address this shortcoming and
propose new methods for wave identification.

In particular, in this Thesis, we are applying both the Proper Or-
thogonal Decomposition (POD) and Dynamic Mode Decomposi-
tion (DMD) techniques on solar observational data. These tech-
niques are well documented and validated in the areas of fluid me-
chanics, hydraulics, and granular flows, yet are relatively new to
the field of solar physics. While POD identifies modes based on
orthogonality in space and it provides a clear ranking of modes
in terms of their contribution to the total variance of the signal,
DMD resolves modes that are orthogonal in time, i.e. dilerent
modes cannot have identical frequencies.

The clear presence of the fundamental slow body sausage (n =
0) and kink (n = 1) modes, as well as the higher-order modes
(n  2) has been evidenced based on the POD and DMD analysis
of chromospheric H observation for sunspots with a circular and
elliptical cross-sectional shapes. Additionally to the various slow
body modes, evidence for the presence of the fast surface kink mode
was found in the circular sunspot.

Moreover, for a further analysis, the assumption of changing of the
boundary’s shape with time is considered on a long time period of
chromospheric HMI sunspot with a circular cross-sectional shape.



All the MHD modes patterns recovered from observations were
cross-correlated with their theoretically predicted counterparts and
we demonstrated that the higher-order MHD wave modes were
more sensitive to the changes in the umbral cross-sectional shape,
hence this must be taken into account for more accurate modelling
of the resonant modes of sunspots and pores.
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CHAPTER 1

Introduction

1.1 A brief overview of the history of solar sci-
ence

The Sun is a fascinating celestial object that has piqued people's curiosity
for thousands of years and it has been a source of scienti c attraction and
research. Despite centuries of discoveries related to the Sun, scientists are still
puzzled by a number of solar phenomena that still elude their full explanation.
The Sun is the primary source of energy in the solar system and, given its
proximity, it is the most studied star. The following historical overview has
been adopted from (Hufbauer, 1991; Hawking, 2002; Priest, 2014).

Solar observations have a long history, dating back to records of eclipses by
Chinese astronomers as early as 2000 BC. Possibly the rst record of sunspots
was made by Chinese astronomers about 800 BC, and later in 300 BC by the
ancient Greeks. Their observation of the dark spots was with no explanation.
The earliest mention of corona, which has the highest temperature in the solar
atmosphere, was on 22 December 968 during a complete eclipse and is credited
to Leo Diaconus, a Byzantine scholar.

The 17th century can be considered as a starting point for the study of
many of astronomical phenomena that helped in their interpretation and un-
derstanding. Galileo Galilei and Thomas Harriot made the rst observations
of sunspots with telescopes in 1610. Later, in 1612, Galilei began a more thor-
ough analysis of the solar spots, concluding that the Sun rotated about its own
axis based on the spot's apparent motion over the solar disc (see the left panel
of Figure 1.1). However, in the 18th century, the physical nature of sunspots
caused a lot of debate as they were assumed to be cloud-like formations or
thick objects in the solar atmosphere.

During the 19th century, the newly developed spectroscopical techniques
led to a real revolution in the elds of solar and astronomical studies. The



Figure 1.1: Left panel shows the sunspot drawn by Galileo Galilei in 1612.
The right panel shows the active region on the Sun with dark sunspots.
Credit: Solar Dynamics Observatory (SDO)

modern space study is considered to begin with these observations and that
marks the beginning of the fundamental era for Solar Physics. In the 1830s, the
French physicist Claude Pouillet was the rst to de ned the Sun's energy out-
put as the “solar constant’. Besides monitoring sunspot activity, astronomers
went even further and investigated what is known as the sunspot cycle. The
sunspot cycle is de ned as the change in the number of sunspots that begins
at its lowest point, increases to a maximum of about 250 sunspots, and then
decreases back to its lowest point. Schwabe was the rst scientist to recognize
that the number of sunspots changes periodically in time (Arlt, 2014). In 1843
he established the 11-year sunspot period. In 1858, Richard Carrington and
Gustav Sporer discovered that the position of sunspots and their motion varies
with time and latitude. They showed that sunspots have a faster movement
over the solar surface when they are closer to the solar equator. Hence, Car-
rington concluded that our Sun has a di erential rotation. In 1959, Carrington
and Hodgson observed the solar are for the rst time.

In the beginning of the 20th century, research in the properties of our Sun
received a new impetus with the advancement of observational accuracy and
new observational facilities. The optical resolution of the observations had
increased as a result of the invention of a new kind of tower telescope by Hale
(190&). In the same year, using the Zeeman splitting of spectral lines in
umbral regions of sunspots, Hale (1968 was able to determine the magnetic
nature of the sunspots and found that sunspots had signi cant magnetic elds.
By the middle of the 20th century, major advances have been achieved in the
guantitative behaviour of solar phenomena using the newly formulated theory
of magnetohydrodynamics (MHD) by Hannes Alfvén (see. Alfvén, 1942). This
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theory describes how magnetic elds impact the dynamic of solar atmospheric
plasma (a detailed description of the MHD framework will be presented in
Chapter 2). In addition, the study by Parker (1958) predicted the existence of
the solar wind, which nowadays is one of the most studied parts of the helio-
sphere, given its impact on Earth. In 1962 Leighton et al. (1962) determined
that the surface of the Sun undergoes a periodic up and down motion, with
an average period of 5 minutes. These oscillations were explained in terms of
pressure-driven standing sound waves (@rmodes) that are able to penetrate
deep layers of the solar interior, making them an ideal tool for the seismo-
logical studies (helioseismology). In 1969, Jacques Beckers and Paul Tallant
made the rst detection of waves in the sunspot umbra (Beckers and Tallant,
1969). Since my Thesis deals with waves propagating in the umbral regions of
sunspots, a detailed review of the results related to these waves is presented
later in this Chapter.

1.2 Physical properties and the structure of the
Sun

Our Sun, located in the centre of the solar system, is an exceedingly inhomoge-
neous sphere of plasma. It mostly consists of H (8 and He (8%), with the
other heavier components, such as C, N, and O, accounting for less than %.1
Due to the high temperatures, the atoms are mostly ionised, especially in the
solar interior and solar corona, where temperatures can reach million degrees.
The Sun is characterised by the presence of a strong magnetic eld that drives
and controls the activity of the Sun's atmosphere, generating features such as
sunspots (Section 1.3), prominences, coronal mass ejections (CMES), spicules,
the solar wind, etc. The majority of the current section is based on work
by Aschwanden (2004); Priest (2014), and should be considered as references,
unless a di erent reference is stated.

The Sun has a mass of abou:99 10°° kg, which is about 330,000 times
the mass of the Earth. The Sun losses of its mass at a rate of abdut 1.5 1(°
kgs ! (Parker, 1958). The radius of the Sun is about 695.5 Mm, which is 109
times larger than the radius of the Earth. The gravitational acceleration at
the surface is 274 m &, which is 27 times grater that of the Earth, while the
mean density of the Sun, which ig€:4 10> kg m 3, is roughly equal to that
of the Earth (555 10° kg m 3). The average distance between the Sun and
the Earth is 149.6 million kilometres (1 astronomical unit), and light takes
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Figure 1.2: The structure of the Sun. The opaque inner layers are the core,
radiative zone, and convective zone, while the visible outer layers are the pho-
tosphere, chromosphere, and corona. The gure also shows some observable
solar atmospheric phenomena, such as solar ares, prominences, sunspots and
coronal loops. Credit:The Space Place Webpage of NASA

approximately 8 minutes to cover that distance (Capitaine et al., 2012). The
Sun has a di erential rotation, with an equatorial and polar cycle of 25-days
and 34-days respectively.

Traditionally the Sun is divided into its interior and atmosphere, where only
the atmosphere can be observed in di erent wavelengths. The solar interior
consists of three regions: the core, the radiative zone and the convective zone.
The solar atmosphere consists of several regions, each with its own properties.
First, at the solar surface we have the photosphere, which is the visible thin
and relatively cool layer of the atmosphere, followed the chromosphere that
shows a slight increase of the temperature comparing with the photosphere,
but is very dynamic. At the top of the chromosphere we have a thin transition
region, where the temperature has a two orders of magnitude increase. Finally,
the multi-million degree corona extends from the transition region out into the
solar wind (see Figure 1.2).



1.2.1 The solar interior

The core of the Sun is the main source of solar energy, wheré&®6f the solar
energy is generated, due to nuclear fusion reactions. Here hydrogen atoms fuse
together to form helium and an enormous amount of energy. The core extends
from the center of the Sun to about 2% of its radius. The mass of the core

is approximately 3446 of the Sun's mass, whereas it is only98 of the Sun's
volume. The density of the solar core is approximately 150 times that of water,
tremendous pressures up to 265 billion bar, and temperatures up to 15 million
kelvin (K).

The radiative zone is the layer just above the core, and it extends up
to about 70% of the solar radius. The temperature and the density in the
radiative zone decrease dramatically as we go upward from the bottom to the
top, from about 7 million K to about 2 million K and 20 g/cm? to 0.2 g/cm?®.
Photons, that are generated in the core, take about 170,000 years to cross the
layer, where the layer is incredibly opaque. If this layer would be optically
thin, it would take only 2 seconds for photons to cross this layer (Mitalas and
Sills, 1992).

The convection zone is the top part of the solar interior, where the outward
energy transportation is dominated by convection. The convective motions can
be visibly recognised as granules and supergranules at the solar surface. The
convection zone extends from about 0 to 100% of the Sun's radius. As we
go upward from the bottom of the convection zone to the solar surface, the
temperature drops from 2 million K to about 6000 K.

1.2.2 The solar atmosphere

It is widely believed that magnetic dynamo e ects are responsible for creating
the solar magnetic inside the Sun due to electrical currents generated by the
ow of hot, ionized gases in the convection zone. Convective plasma motion
can lift up the magnetic eld taking it to the surface of the Sun, where it
emerges in the form of ux tubes of di erent intensity. Due to the di eren-

tial rotation of the Sun, the magnetic eld lines are twisted up like a coil.
The strong magnetic elds are responsible for the activities that appear in
the solar atmosphere, generating features such as solar ares, sunspots, solar
prominences and coronal loops. The solar atmosphere is the observable part
of the Sun and it is divided into four layers: photosphere, chromosphere, tran-
sition region, and corona (see Figure 1.2). These layers are mostly dispersed



according to density and temperature (See Figure 1.3). Moreover, the e ect
of the magnetic eld in the layers of the solar atmosphere varies from one to
another. The dynamical behaviour of the plasma can be understood in terms
of the so called plasma- parameter, that can be de ned as the ratio of the
plasma pressure to the magnetic pressure. The magnitude of this parameter
(relative to 1) also tells us whether pressure forces or magnetic forces are dom-
inant. In the solar photosphere plasma- 1, so the plasma motion is driven
mainly by pressure forces. In contrast, in the solar corona plasma- 1,
meaning that magnetic forces are responsible for the behaviour and evolution
of the plasma. Knowing the origin of the high temperature in the corona is
one of the most critical problems in solar physics (the coronal heating problem
Is one of the most acute unexplained problems in solar and stellar physics).

Most of the Sun's visible light is emitted from the photosphere, which is
the lowest layer of the Sun's atmosphere. The photosphere is a relatively thin
layer, around 500 km thick, and is the densest region of the solar atmosphere.
As we go upward, from the bottom to the top of the layer, the temperature
drops by around 2000 Kelvin and reaching the minimum temperature (See
Figure 1.3). The photosphere has some features that are related to solar mag-
netic activity or convection such as granules and sunspots. The granules are
the small convection cells that cover the Sun's surface, and the intergranular
lanes are the locations where the magnetic eld emanates to the surface. The
granules have lifetime of 1 to 20 minutes, and the diameters ranging from 0.3
to 2 Mm.

Sunspots are identi ed as dark spots with predominantly vertical magnetic
eld on the surface of the Sun that are cooler than the surrounding region (see
left panel of Figure 1.5). A more detailed description of sunspots will given in
Section 1.3.

In the following 1,500-2,000 km thick layer, the chromosphere, the tempera-
ture increases with height up to approximately 10,000 K at the top of the layer.
The magnetic eld becomes more inclined forming the magnetic network and
it is responsible for the existence of several phenomena in the chromosphere
such as prominences and spicules. On the Sun's surface, prominences are lu-
minous ionised gas eruptions that may stretch thousands of kilometres from
the chromosphere to corona (Buss, 1926). Spicules are de ned as dynamic jets
that stretch from the photosphere to the chromosphere (Tavabi et al., 2012).

At the interface between the chromosphere and corona, we have the ap-
proximately 100 km thick layer called the transition region. In this layer, the



Figure 1.3: The average variation of density and temperature with height in the
solar atmosphere based on the solar atmospheric model developed by Avrett
and Loeser (2008)

temperature increases dramatically from 10,000 K up to a million Kelvin.

The solar corona is the uppermost part of the Sun's atmosphere and extends
millions of kilometres outwards. The density of corona is 10 million times
less than that of the sun's surface, therefore corona appears signi cantly less
luminous than the Sun's surface. During eclipses, the corona is seen as a pale
halo of low density and high temperature as shown in the left panel of Figure
1.4. The solar corona shows a very strong magnetic structuring into coronal
loops of dierent lengths and thicknesses. Coronal loops are described as
magnetic arcs that originate and terminate in the Sun surface (see Figure 1.4).
The length of the coronal loops is depending on the activity region, where the
small active-region loops have a length in the range of 1 Mm to 10 Mm. The
length of the standard active-region loops is 100 Mm, and it extends to 1,000
Mm for giant arches. The aring loops have temperatures up to 10 MK, while
it is 2-3 MK in the active-region loops and1(® K for quiet, cool loops. The
corona is the birthplace of many very energetic phenomena, such as ares and
coronal mass ejections (CMESs) thanks to interconnecting magnetic elds of
di erent polarity. Each of such interaction (also called magnetic reconnection)
comes with a huge amount of energy and particle release that are expelled into
the interplanetary space.



Figure 1.4: The left panel shows the glowing white corona that can be seen
surrounding the Sun during a total solar eclipse, when the moon blocks out the
bright light of the Sun. The right panel shows coronal loops as seen in Extreme
Ultra Violet (EUV) 171 A Credit: The Space Place Webpage of NASA

1.3 Sunspots

Sunspots observations have played a signi cant role in the history and devel-
opment of solar physics, as they were the rst solar objects to be identi ed
using a telescope more than four centuries ago. The rotation of the Sun was
demonstrated with the help of the sunspots’ movement over the solar disc.
Furthermore, the rate of solar rotation was discovered to be di erential, since
sunspots rotate at a faster pace when they are nearer to the solar equator
than at higher latitudes. The 11-year sunspot cycle was discovered due to the
temporal uctuation of sunspot numbers. Sunspots appear preferentially at
heliographic latitudes of roughly 35° at the start of a sunspot cycle, while
they appear at latitudes of around 5° at the end of the solar cycle.

1.3.1 The Structure of Sunspots and their Properties

At rst glance, sunspots seem to be distinct darker spots on the Sun's surface,
however they are the most visible manifestation of the rather complex solar
magnetism. Their diameters vary from 3.5 Mm to more than 60 Mm, while
the largest spots are visible by the human eye (Solanki, 2003). Due to the
spread of the strong magnetic eld lines from the solar interior through the
surface, complex sunspot regions arise and the convection of plasma is inhib-
ited. Therefore, sunspots look darker and colder by a few thousand degrees
than the surrounding areas, hence they emit less energy (see Figure 1.5). The
lifetimes of sunspots are proportionate to their diameter, thus a spot with a
diameter of 10 Mm lasts 2 to 3 days, while one with a diameter of 60 Mm lasts
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