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Abstract

Intense magnetic waveguides in the solar photosphere, such as pores
and sunspots are ideal environments for the propagation of guided
waves. However, modelling these photospheric waveguides with
varying background quantities such as plasma density and magnetic
field has thus far been very limited. Such modelling is required
to correctly interpret MHD waves observed in pores and sunspots
with resolved inhomogeneities such as light bridges and umbral
dots. Theoretical descriptions of waves are very sensitive to the
way density is distributed and configuration of waveguides. Current
theoretical models assume a homogeneous distribution of plasma
parameters and magnetic field. High resolution observations of
the last decade show that these assumptions are very crude and
alterations from this ideal setup are expected to have a major effect
on the property of waves. One major impediment in extending
the existing theoretical modelling to more realistic situations was
the complexity of the mathematical framework in which waves are
investigated.

The aim of my research presented in this Thesis is to address
this shortcoming and propose analytical and numerical techniques
for wave identification in the presence of inhomogeneous magnetic
waveguides. Here, we provide two various types of models that
can be used to investigate slow MHD modes in solar photospheric
flux tubes in the presence of local equilibrium density, pressure and
magnetic field inhomogeneity. In all studied cases, the equilibrium
profile inhomogeneity is represented by a local circular enhance-
ment or depletion whose strength, size and position can change.

First, we investigate the propagation characteristics and the spa-
tial structure of slow body eigenmodes in a magnetic flux tube
with circular cross section. For analytical progress we assume that



the model has constant plasma-�, assuming that only the plasma
equilibrium density has a spatial dependence.

Later, the constant plasma-� model (which is a rather restrictive
approximation) is relaxed and results of the modification of the
properties and morphology of slow body modes are investigated
considering a case where not only the equilibrium density as func-
tion of coordinates, but also equilibrium pressure and magnetic
field, in line with observations and numerical modelling. Analyt-
ical progress was made by considering that the plasma pressure
and density vary following the same dependency on coordinates,
meaning that we are dealing with a constant sound speed, i.e.
isothermal equilibrium. Given the complexity of the problem, the
task was addressed numerically via the Fourier-Chebyshev Spectral
method (FCS), as well as Galerkin Finite Element method (FEM),
respectively. The radial and azimuthal variation of eigenfunctions
is obtained by solving a Helmholtz-type partial differential equa-
tion with Dirichlet boundary conditions for slow body waves.

The inhomogeneous transverse equilibrium density profile results in
modified eigenvalues and eigenvectors. In particular, a modification
in the equilibrium density distribution leads to a decrease in the
eigenvalues and the spatial structure of modes ceases to be global,
as the modes migrate towards regions of lower density in the case
of the constant plasma-� model. Comparing the homogeneous case
and the cases corresponding to depleted density enhancement, the
dimensionless phase speed undergoes a significant drop in its value
(at least 40%). In contrast to the density enhancement, the slow
body modes investigated here preserve their morphology.

Our investigations can be considered as a very first step in study-
ing the properties of waves in sunspots and pores in the presence
of local inhomogeneities in the form of umbral dots (UDs) and
light bridges (LBs). Multistructure density distributions (as ob-
servations show) can often be replaced by a resulting structure
that adequately captures the effects of multiple UDs present in the
sunspot umbra. This means that the equilibrium density inhomo-
geneity profile is represented by a single local density inhomogene-
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ity, which simulates the UDs observed in the sunspot umbra region,
assuming that they are placed close to each other. Furthermore,
the LB observed in sunspots can be modeled by a single local den-
sity inhomogeneity that separates the sunspot umbra region. The
more complex the shape of the density inhomogeneity, the spatial
structure of the higher-order slow-body modes will be modified de-
pending on the considered density shape and the cross-sectional
configuration of the waveguide. As a result, the pattern of possible
waves loses the high-degree of symmetry one can meet in homoge-
neous cases, especially for higher-order modes, which means that
the pattern is no longer global and, therefore, cannot be easily
identified. Local wave observations in sunspots may be a way to
identify the location and size of density inhomogeneities in the um-
bra region.

These intriguing findings have significant ramifications for optimis-
ing modal structures that may be viewed, compared, and correlated
in observational data as well as for constructing and organising
modes in circular structures.
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CHAPTER 1

Introduction

1.1 A synopsis of the Sun's history and forma-
tion.

For thousands of years mankind has been fascinated by the Sun, a magni�-

cent celestial object that has attracted scienti�c interest and inquiry. Despite

centuries of solar-related discoveries, a large number of solar phenomena con-

tinue to confound scientists and several questions regarding their nature and

evolution remain unanswered. The �rst solar eclipse documented by modern

humans in 800 BC marked the beginning of the exploration of the Sun. With

the advent of telescopes, solar studies received a new impetus. Using the avail-

able optical advances, Galileo Galilei (1564-1642) developed his telescope that

was able to perform a thirty-times magni�cation. With the help of this in-

strument he was able to observe "imperfections" on the surface of the Sun,

which he labelled as sunspots. As he observed a clear translational movement

of sunspots across the solar disk, he concluded that the Sun rotates. In the

19th century solar spectroscopy introduced by William Herschel opened up a

novel investigation pathway for celestial bodies (including the Sun) and he was

the �rst scientist to detect infrared radiations in 1800. One year later, Johann

Willhelm, detected solar ultraviolet radiation.

Nowadays, extensive studies are conducted using a myriad of high-resolution

ground-based telescopes (e.g. Swedish Solar Telescope (SST), Vacuum Tower

Telescope (VTT), Daniel K. Inouye Solar Telescope (DKIST), etc.), and space-

based telescopes (e.g. Solar and Heliospheric Observatory (SOHO), Interface

Region Imaging Spectrograph (IRIS), Transition Region and Coronal Explorer

(TRACE), Solar-B (Hinode), Solar Dynamic Observatory (SDO), Solar Or-

biter, etc.) in an attempt to understand the intricate aspects of mechanisms
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Figure 1.1: A schematic picture of the solar interior (the core, radiative zone,
and convective zone) and its atmosphere (photosphere, chromosphere, tran-
sition region, and corona). The picture also displays several solar transient
atmospheric events, including sunspots, solar �ares, prominences, and coronal
loops Priest (2014a).

that control the processes of variability and activity of the Sun. Over the

years, these studies have accumulated extensive and important information

regarding di�erent aspects of the Sun, such as its structure, the role of the

magnetic �eld, the connectivity of various regions in the solar atmosphere, the

generation and evolution of large and energetic phenomena across many spa-

tial scales, its activity, etc. However, these studies have not provided adequate

and enough information to allow a comprehensive understanding of the physics

behind di�erent phenomena of the Sun that occur at very small scales.

The Sun is a massive ball of plasma compressed by its own gravitational

attraction. It mainly comprises hydrogen (91:7%) and helium (7:3%) atoms.

In addition, about 1% of the remaining structure consists of heavier elements

such as carbon, nitrogen and oxygen Priest (2014a). Due to high temperatures

in the Sun, the matter is found in the plasma state (the fourth state of matter),

which is an ionized gas whose behaviour is controlled by electromagnetic �elds

and that shows collective motion. The movement of the plasma generates

strong electric and magnetic �elds and corresponding electric currents. Unless

a separate reference is speci�ed, the majority of the current section is based

on work by Aschwanden (2004); Priest (2014b), and should be regarded as

references.

Broadly speaking the regions in the solar visible atmosphere can be clas-

si�ed as belonging to the quiet or the active Sun. The quiet Sun is de�ned
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as a plasma ball that is static, spherically symmetric, whose properties vary

based on radial distance from the centre and for which the magnetic �eld is

negligible. Conversely, the active Sun has a signi�cant magnetic �eld that re-

sults in a range of transient phenomena, such as sunspots, prominences, solar

�ares and coronal mass ejections (CMEs), as shown in Fig. 1.1. The sunspots

are located in the photosphere which are regions where intense magnetic �elds

emerge to the solar surface. They have a reduced surface temperature and tend

to be darker than their surroundings, due to magnetic �eld �ux concentrations

that inhibit convection. Prominences are bright, large, gaseous features an-

chored in the photosphere on the surface of the Sun, and further extend in

outward direction into the Solar corona, often in a loop shape. Solar �ares

are sudden energy explosions induced by magnetic �eld line interactions near

sunspots. Coronal mass ejections occur at the location of topological reorgan-

isation of the magnetic �eld of the solar corona and are associated with an

immense amount of particle and radiation emission into the solar wind and

the interplanetary space.

Figure 1.2: Schematic diagram of the inner layers of the Sun. Credit: Priest
(2014a).

The Sun's ability to have a tremendous impact on the highly advanced and
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Figure 1.3: Galileo Galilei's drawing of a sunspot in the 1612 (left panel). The
active zone of the Sun with its dark sunspots is depicted in the right panel.
Credit: Solar Dynamics Observatory (SDO).

technology-based human world is another important aspect for which the Sun

is studied. Magnetic �elds and energetic particles are constantly being trans-

ported in the outermost layer of the solar atmosphere. Storm conditions in the

solar atmosphere can, therefore, carry radiation and energetic particles from

the Sun to Earth, impacting satellites used for communication, power grids

and other ground-based technology. Therefore, in order to avoid dangerous

repercussions on our technology, it is imperative that we comprehend the pri-

mary mechanics underlying energetic solar activity events. Stated di�erently,

research on the solar atmosphere facilitates a more profound comprehension

of the processes governing space weather phenomena and the circumstances

surrounding near-Earth space.

1.1.1 The structure of the Sun

The Sun, generally speaking, can be divided into two natural parts, the interior

and its atmosphere, each with very distinct physics. The solar interior is the

region of the Sun that is shielded from our view, while the atmosphere is

de�ned as the region where light can escape and, therefore, it can be studied

in a much more detailed way.

The solar interior (for a schematic picture, see Fig. 1.2) is the location

where nuclear reactions take place and where the magnetic �eld is gener-

ated. The core is the hottest region of the Sun (and the whole solar system),

with a radius of about 0:25R� from the centre. The core has a temperature

T = 1:5 � 107 K and a density of � = 1:6 � 105 kg m � 3. At this high
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temperature and density, hydrogen nuclei interact by nuclear fusion to form

helium, a mechanism that releases massive amounts of energy. This energy

travels outwards towards the outer layers of the Sun. As the distance from

the center of the core increases, there are signi�cant changes in the properties

and characteristic behaviors of the Sun. Enveloping the core is the radiative

zone that has a temperature of about 7 million K. The energy emitted from

the core is transported through radiation (hence the name of this region) and

it passes through the radiative zone incredibly slowly as photons can travel

only a few millimetres before they are absorbed, later released. Therefore, a

photon could travel through the radiative zone for as long as 50 million years.

The radiative region of the Sun extends to distances of about0:7R� . With

the increase of the distance from the core the density of the plasma also de-

creases. At the top of the radiative zone the density reaches a lower value and

the energy starts to be transported by convection and the region where this

transport mechanism is dominant is called the convective zone that extends till

the surface of the Sun. Hot and dense material is convected towards from the

top of the radiative zone towards the surface, and in this journey the plasma

cools down and becomes less dense. Convective cells reaching the solar surface

become visible and they form the granular network we can see in white light

observations. Convection also transports the magnetic �eld that is generated

in the solar interior by dynamo e�ects to the surface and becomes visible as,

e.g. sunspots and pores.

The solar atmosphere is the region that can be sampled by observing the

radiation emitted by the plasma in various wavelengths. This radiation is ob-

served either as emission or absorption lines in the electromagnetic spectrum.

Traditionally, the atmosphere is divided into four regions, each with their own

distinctive properties. First, we have the dense and relatively cool photosphere

(with a thickness of about 500 km) that is dominated by the granular motion

and is the layer where the emerging large-scale magnetic �eld becomes visible

(discussed in detail later). At these heights, the magnetic �eld is mostly verti-

cal. In this region the temperature reaches its minimum value (approximately

4,300 K).

The chromosphere is the next layer of thickness of about 1500-2000 km

where temperature rises steadily to about 20,000 K (see Fig. 1.4) and it can be

considered as one of the most dynamic regions of the solar atmosphere. The

chromosphere is also the location where the plasma is changing from being
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Figure 1.4: Variation of the temperature and density with height in the solar
atmosphere (Priest, 2014a).

partially ionised to fully ionised, from optically thick to optically thin and

from being pressure force-driven to magnetic force-driven. 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. Prominences are luminous ionised gas eruptions (when seen on

the limb) that may stretch thousands of kilometres from the chromosphere

to corona Nakariakov and Kolotkov (2020), Kerr (2023). When seen on the

solar disk, these features are called �brils. Spicules are de�ned as dynamic

jets that stretch from the photosphere to the chromosphere Bose et al. (2021),

Srivastava et al. (2023).

At the interface between the chromosphere and corona, we have the tran-

sition region which is a very thin layer (approximately 100 km thick), where

the temperature has a very steep increase from a few ten thousand to million

degrees Kelvin (see Fig. 1.4). Finally, the corona is the layer that extends well

into the interplanetary space. The corona cannot normally be seen in visible

light because of the dazzling light of the photosphere, except in eclipses or with

coronagraphs (in which a masking disk is used to eliminate the photospheric

emission). Early observations of the visible spectrum of the corona revealed
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bright emission lines at wavelengths that did not correspond to any known

materials. The true nature of the corona remained a mystery until it was de-

termined that coronal gases are heated to temperatures greater than 1,000,000

K. At these high temperatures both hydrogen and helium (the two dominant

elements) are completely stripped of their electrons. Only the heavier trace

elements like iron and calcium are able to retain a few of their electrons in this

high temperature and are able to produce the spectral emission lines that were

so mysterious to nineteenth century astronomers.

The peculiar variation of the temperature with height shown in Fig. (1.4)

constitutes the foundation of what is known as thecoronal heating problem,

one of the biggest mysteries surrounding our Sun. The nature of the processes

that heat the corona, maintain it at these high temperatures and accelerate the

solar wind is still unknown. Usually temperatures fall as you move away from a

heat source (like in the case of the solar interior), however as Fig. (1.4) shows,

over a relatively short distance, the temperature suddenly rises to extremely

high values. For this behaviour thermal energy must be continually supplied

to maintain such temperature against radiative cooling. Several mechanisms

have been suggested as the source of this heating, however a de�nite answer

as to what mechanisms act in the solar atmosphere to provide the necessary

heat still eludes the scientists. Broadly speaking the proposed mechanisms

are divided into AC heating mechanisms (basically heating by transferring the

kinetic energy of waves into heat) and DC mechanisms (the transformation of

magnetic energy into heat). Nowadays there is wide consensus that coronal

heating is a complex process where both AC and DC mechanisms act to main-

tain the high temperature of the plasma. As such, the coronal heating problem

remains one of the most challenging questions in solar physics Nicholeen et al.

(2022), De Pontieu et al. (2022), Sigalotti and Cruz (2023), Shi et al. (2024)

and Enerhaug et al. (2024).

The solar magnetic �eld is one of the most important physical quanti-

ties that controls the dynamical and thermodynamical state of the plasma, as

well as its stability. In the solar chromosphere and corona the magnetic �eld

determines the structure and the behaviour of the plasma. High resolution

observations in the corona are able to provide evidence for the intricate struc-

turing of the magnetism. It is clear that the magnetic �eld in these regions is

not di�use, instead it tends to accumulate into entities of di�erent sizes (e.g.

magnetic �ux tubes, coronal loops, etc.). In general we can talk about two
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types of regions, depending on whether the magnetic �eld lines are open and

connect to the interplanetary �eld (coronal holes) or closed over the surface, so

that �eld lines form arches with their two endpoints in the photosphere, with

small-scale energetic features (X-ray bright points) scattered over all the Sun's

surface. Closed regions are in fact composed of myriads of coronal loops, with

a wide range of dimensions, densities and temperatures.

1.2 Magnetic structures in the solar photosphere:

pores and sunspots

The research presented in this Thesis deals with the properties of waves in

photospheric magnetic structures, such as magnetic pores and sunspots. Al-

though the magnetism in the solar photosphere is not as complicated as in the

case of other solar regions, its relative simplicity o�ers the chance to study

them better.

Sunspots are large, transient, tubes of magnetic �ux located in the pho-

tosphere whose intricate structure appear not just due to their uneven dis-

tribution of magnetic �eld and density, but also due to "invisible" external

forces that are responsible for their dynamic behaviour. Sunspots are magnetic

structures whose transverse shape changes over time, in�uencing the type and

characteristics of waves that propagate along (and across) these structures.

The transversal shape of a realistic waveguide is far from being regular such

as a circle. They have reduced surface temperature and tend to be darker

than the surrounding areas due to magnetic �eld �ux concentrations that in-

hibit convection. The sunspots consist of a dark central part named umbra

(with more vertical magnetic �eld) and a brighter and striated part with more

inclined magnetic �eld surrounding the umbra known as penumbra (see Fig.

1.5). The actual temperature of sunspots is, on average, 3,800 K, while that of

the photosphere is 5,800 K (Jess et al., 2015). Sunspots �rst appear in the pho-

tosphere as little darkish spots with no penumbra. These features are known

as solar pores (smallest �ux tubes) (Solanki, 2003). Pores increase in their size

and can get closer together over time. When a pore becomes large enough (in

diameter, typically around 3,500 km), a penumbra begins to form. Pores are

located along the dividing lines between larger sunspots. The strength of the

magnetic �eld in sunspots can be measured (using, e.g. the Zeeman or Hanle
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