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Abstract

Over the years, the study of Mg II h&k lines has transformed our approach to unraveling the in-
tricate structures and dynamics of the solar chromosphere. Since the middle of the last century
until space missions, our understanding has grown exponentially. The Interface Region Imaging
Spectrograph (IRIS) spacecraft is one of these missions that provided us with data that allowed
us to observe these lines. In this thesis, the focus is to investigate the temporal and spatial vari-
ations of Mg II h&k lines in the solar atmosphere. Additionally, we present a novel approach
for automatically determining the positions of the outer minima in the red and blue wings, line
emission peaks in the red and blue sides, and the central absorption cores in the spectroscopic

observations obtained by IRIS.

In Chapter 1, we offer a brief literature review of the multifaceted aspects of the Sun’s atmo-
spheric layers. The diverse structures of the chromosphere across the quiet sun, active regions,
coronal holes, and prominences and filaments are described. The narrative progresses through
a historical trajectory detailing the observations and research of Mg II h&k lines, highlighting
their formation, intrinsic properties, and significance as diagnostic tools for the chromosphere.

The Chapter concludes with an overview of the modelling of the Mg II h&k lines.

In Chapter 2, we delve into the properties of Mg II h&k lines within the Quiet Sun at the disc
centre. The emphasis is placed on comprehensive observations and data analysis, leveraging the
capabilities of the Interface Region Imaging Spectrograph (IRIS). Integral to the research is the
introduction of a novel algorithm for the automatic identification of Mg Il h&k spectral features,
which is used throughout the thesis. This algorithm is meticulously described, with insights into
its prerequisites, a comparison with pre-existing methods, and an assessment of the data quality

it yields using synthetic data.

In Chapter 3, we use the quiet Sun rasters at disc center spanning from 2015 to 2022 obtained
from IRIS. This research delves into the automatic examination of Mg II features, unraveling
both consistent correlations and temporal fluctuations within these complex line profiles. The
study’s driving aim is to discern the nuanced interplay among radiation temperatures, integrated
intensities, line widths, and the intensities of specific spectral features, all within the solar chro-
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mosphere. We aim to investigate the temporal variation of the averaged flux for all Mg II h&k
(2803.53 and 2796.35 A, respectively) features over time (the end of the 24" and the beginning
of the 25" solar cycles). We seek to derive information on the spectral features of the Mg IT h&k
lines in the solar atmosphere. We find that the intensity in kp, has a strong correlation with k3
and ky, intensities, and that the total line integrated intensity has a good correlation with feature
intensities for ky,, k3, and k.. The relationship between the line width and the intensities at k»,,
k3, and ky, 1s inverse. We also find that the average intensities in all five spectral features of
the k line at Sun centre remained roughly constant between the end of the 24/ solar cycle and
the beginning of the 25" solar cycle. Similarly, we find that the k/h line intensity ratio remains

constant over the same time period.

In Chapter 4, we use a high-resolution, single IRIS full-Sun mosaic of the Mg II k line on
February 24, 2019. The solar disc is divided into 20 concentric annuli. By averaging the pixel
values within each annulus, we streamline the data, mitigate local variances and facilitate an
analysis. This method results in 20 average line profiles, which form the cornerstone of our
final analytical endeavors. The study shows the relationships between u (the viewing angle on
the solar disc) and various solar atmospheric properties. A robust correlation is observed be-
tween u and properties like feature intensities of spectral features, total integrated intensities,
and temperatures at the ky,, and ky,, coupled with the intensity ratio k. All these parameters
decreased as u approached the solar limb. Conversely, parameters like line width, k; separation,
ky separation, velocities at k» separation, and depth at k3 exhibited an increase as the viewing

angle edged towards the limb.

Chapter 5 presents the conclusions, gives a summary of our findings, and discusses possible

plans for future work.
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Chapter 1

Introduction

The Sun, as the closest star to the Earth, serves as a natural, comparatively accessible, laboratory
for the development of understanding of the myriad complexities of stellar atmospheres more
broadly across the universe. One of the most challenging and intriguing aspects of solar physics
is the study of the chromosphere, the layer of the sun’s atmosphere confined between the photo-
sphere and the corona. The chromosphere is a realm of intense energy and magnetic activity, and
understanding its magnetic structure and thermodynamics is thus pivotal to understanding the
solar atmosphere. A significant stride in chromospheric studies has been made through the in-
vestigation of the Mg IT h&k lines, which are situated at wavelengths of 2803.5 A and 2796.4 A,
respectively (e.g., Leenaarts et al. [2013a,b], Pereira et al. [2013]), and which are among the
most vital radiators in the chromosphere. They are noted for their sensitivity to various chro-
mospheric parameters, making them instrumental to developing a deeper understanding of this
solar layer.

Historically, the examination of the visible spectrum has offered a window into the chro-
mosphere, while notable lines such as Ho and Ca II H&K have been invaluable in terms of
ground-based observatories gaining information on the structure and dynamics of this layer. Ex-
amining these lines has therefore offered insights into temperature distributions, magnetic fields,
and other intrinsic properties of the chromosphere. However, despite advances, the comprehen-
sive picture of the chromosphere remains mysterious.

Exploration of the Mg II h&k lines dates back to the middle of the 20th century. Some of
the earliest documented measurements of these lines were accomplished by means of a rocket-
borne spectrograph in a pioneering venture led by Durand et al. [1949]. However, although this
marked the beginning of such exploration, it was the work of Lemaire and Skumanich [1973]
that truly illuminated the potential of these lines. Their groundbreaking study derived variations
in the profiles of the Mg II lines that paved the way for more nuanced understandings of the chro-
mosphere’s structure. The study of these lines was further supported by various space missions
over the ensuing years. The OSO-8 and Skylab missions of the 1970s were revolutionary in this
regard, providing the first orbital datasets for Mg II h&k lines (Artzner et al. [1977]; Doschek
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and Feldman [1977]), which expanded the horizons of such study by offering observations free
from any impediments caused by Earth’s atmosphere. Another notable milestone was the Solar
Maximum Mission, which made pioneering polarization measurements of the Mg line profiles,
adding another layer of depth to understandings of chromospheric dynamics (Henze and Stenflo
[1987]).

However, despite these advances in knowledge, measurement of the Mg II h&k lines re-
mained sparse until the launch of the Interface Region Imaging Spectrograph (IRIS) as detailed
by De Pontieu et al. [2014]. IRIS, with its enhanced observational capabilities, reinvigorated
interest in these lines, offering an unparalleled dataset with the promise of access to the various
enigmas of the chromosphere.

This chapter discusses the intricacies of the Sun’s atmosphere, particularly the solar chromo-
sphere structure under various conditions, to emphasise the significance of Mg II h&k lines. It
then outlines the study of these from historical observations to their current role as crucial chro-
mospheric diagnostics and the subsequent modelling based on this. In the subsequent chapter,
comprehensive overviews of solar observations are then given, with a focus on the Mg Il h&k
lines, alongside details of the instruments used; the meticulous data analysis and calibration pro-
cesses required; the foundational algorithms pivotal to the current work; and an in-depth study
of these lines’ properties in the Quiet Sun area found at the disc centre. Chapter 3 then inves-
tigates the variation over the solar cycle of the h and k lines at the quiet sun centre before the
examination of these areas deepens in Chapter 4, which focuses on using mosaic observations
to analyse centre-to-limb changes in spectral line features. The final chapter, Chapter 5, then

concludes with a summary of the thesis overall and recommendations for future work.

1.1 The Sun’s Atmosphere

The Sun is the star that has been most carefully studied over the centuries, yet it continues to
fascinate and intrigue astronomers and physicists alike. The Sun’s atmosphere, the region ex-
tending from the visible surface or photosphere to the outermost layer known as the corona, has
long been the object of intense study due to its complexity and dynamic nature, and this study,
also known as solar physics, has important implications for understanding the Sun’s magnetic
field, solar flares, coronal mass ejections, and the impact of all such phenomena on the Earth’s
climate and solar-driven space weather.

The Sun’s atmosphere is a layered structure, with each layer exhibiting unique physical
characteristics and behaviours. These layers can be broadly divided into four regions, which are
the photosphere, the chromosphere, the transition region, and the corona, as shown in Figure
1.1.
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Figure 1.1: Variations in temperature and density across the solar atmosphere, sourced from a
static, semi-empirical, 1D model of the quiet Sun, are adapted from Vernazza et al. [1981].

1.1.1 The Photosphere

The photosphere, the visible surface of the Sun, and it is a part of the sun’s atmosphere where is
most of the Sun’s visible emissions, and the majority of solar radiation, originate. It thus serves
as a crucial boundary in the transition from the Sun’s opaque interior to its more permeable
outer layers. The base of the Sun’s photosphere is occasionally defined as being situated 100
kilometers under the level at which the optical depth at 7599 = 1 (Carroll and Ostlie [2017]). The
thickness of this layer is around 400 km, and its temperature is around 5,500 K (Brekke [2012]).

The features of the photosphere include granulation patterns, caused by convective currents
that transport energy from the solar interior to the surface. The “granules” are roughly 1,000
kilometres in diameter, and each lasts for only a few minutes (Zirin [1988]) due to the dynamic
nature of the Sun’s photospheric region. The granulation patterns develop as hot plasma rises
from the solar interior, emitting light as it cools and sinks back into the Sun’s depths in a contin-
uous cycle. The intricate movements caused by this convection and radiation generate the Sun’s
observable intensity and colour variations, and these have been the topics of several key studies
that have significantly advanced understanding of the photosphere: Schwarzschild [1975], for
example, delved into the intricate nature of photospheric granulation, offering insights into its
formation and dynamics.

The distinct granulation pattern that is observed on the photosphere results from the com-
plex interactions of convection currents below its surface. As hot plasma ascends, it brightens
the cell centres, while the descent of cooling plasma creates darker intergranular lanes. Within
the photosphere, a high-f plasma regime prevails, wherein the gas pressure outweighs mag-

netic pressure, enabling fluid motions to influence the magnetic field’s configuration. Buoyant
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magnetic flux tubes also ascend through the underlying convection zone, culminating in the
emergence of active regions (AR) at the photosphere’s surface (van Driel-Gesztelyi and Green
[2015]). These dynamic AR formations are accompanied by faculae or brightened patches that
are mainly observable at the limb created by reduced density due to magnetic field concentra-
tions. These density reductions unveil the slightly deeper and hotter atmospheric layer (Foukal
et al. [2006]), and when magnetic flux attains substantial strength, it manifests as magnetic pores,
inhibiting convective flows to form dark, cooler patches on the photosphere. These pores, under
certain conditions, can grow and converge, becoming the larger features commonly identified
as sunspots, whose origins lie in the footpoints of flux tubes (van Driel-Gesztelyi and Green
[2015]). Sunspots, as temporary regions of reduced temperature, are noteworthy features of
the photosphere, forming dark patches that are cooler than the surrounding areas that are often
linked to the Sun’s magnetic field. Sunspot observations over time thus offer information on the
solar activity cycle, which spreads over approximately 11 years and is associated with variations
in solar magnetic fields, sunspots, and overall solar irradiance.

The photosphere represents the Sun’s visible facade; as such, it plays a pivotal role in the
comprehension of fundamental solar properties. Its granular dynamics, spectral features, and
interaction with the solar magnetic field are therefore central to various facets of solar physics
research, and the photosphere’s intricate behaviours continue to captivate researchers seeking to
explore its complexities to enhance the field of knowledge regarding their nearest star and its

impact on the solar system.

1.1.2 'The Chromosphere

The chromosphere, the region situated immediately above the photosphere, is a dynamic layer
within the Sun’s atmosphere. This transition zone, which is around 1000 km thick, marks the
boundary between the photosphere and the outer solar atmosphere (Jess et al. [2015]), demar-
cated by a notable rise in temperature from photospheric levels of around 5,500 K to values
exceeding 20,000 K (Priest [2014]). The reason behind this temperature rise in the upper re-
gions of the Sun’s atmosphere remains a mystery. This rise may potentially be attributable to
several suggested causes. For example, it could be due to the dissipation of energy from mag-
netic or acoustic waves produced by photospheric convection and also through the process of
Alfvén wave-induced heating or the conveyance of mechanical energy along magnetic "chan-
nels" to the outer atmosphere (Srivastava et al. [2021]). The chromosphere also plays a pivotal
role in shaping the Sun’s overall behaviour, thus revealing several intricate physical processes.
Nevertheless, the chromosphere is a challenging region to observe directly due to its faint
emissions, and such study commonly requires specialised instruments and techniques. Spec-
troscopic analysis of the chromosphere can provide valuable insights into its properties, and
prominent spectral lines such as the Ha line at 6562.8 A; the Ca II H&K lines at 3968.5 A
and 3933.7 A, respectively; and the Mg IT h&k resonance lines at 2803.5 A and 2796.4 A, re-
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spectively, serve as crucial diagnostic tools in investigations of the chromosphere’s temperature,
density, and magnetic field characteristics. Such lines’ sensitivity to temperature stratification
allow researchers to study the dynamics within the chromosphere, alongside various additional
phenomena. The chromosphere’s relatively low density means that local thermodynamic equi-
librium (LTE) does not always apply there, making it an exception. LTE assumes that the local
properties of a gas determine the population of atomic energy levels and the radiation field. In
this model, the population of energy levels follows the Boltzmann distribution, and the radiation
field is described by Planck’s law, both of which are typical for a system in thermal equilibrium.
The chromosphere is an exception, however, as its relatively low density leads to departures from
the conditions required for LTE. The less frequent interactions between particles and photons in
such low-density areas, makes the assumption of LTE less applicable. This decrease in interac-
tions means that the radiation field does not significantly affect the population of atoms, which
considerably simplifies calculations. Consequently, the chromosphere exhibits distinct and com-
plex characteristics that are not fully explained by simple LTE assumptions. This necessitates
the consideration of non-local thermodynamic equilibrium (non-LTE) processes. Within the re-
sulting non-LTE framework, atomic level population densities can deviate from the conventional
Saha-Boltzmann LTE descriptions (Mihalas [1978]).

The chromosphere is also the region in which prominences and filaments come into play,
significant solar phenomena. Prominences, characterised by their substantial mass and density,
stretch above the solar surface, often forming loops or arcs. When observed on the solar disc,
they manifest as dark features, referred to as filaments. The study of prominences and fila-
ments thus reveals the important role of magnetic fields in structuring and supporting complex
structures (Labrosse et al. [2010]).

The chromosphere, as an intermediary layer between the photosphere and the corona, offers
crucial information about the Sun’s dynamic processes. Spectroscopic analysis of key lines and
the study of spicules, prominences, filaments, and eruptive events all contribute to developing
understanding of the chromosphere’s complex behaviours and their significant roles in the Sun’s

overall activity.

1.1.3 The Transition Region

The transition region, situated between the chromosphere and the corona, is of interest to solar
physicists due to its dramatic temperature increase over a relatively small spatial scale. While
the photosphere and chromosphere have temperatures in the thousands of degrees kelvin, this
thin region of about 200 km sees the temperature rise very quickly to 10® K (Shapiro et al.
[2019]). This abrupt temperature rise has puzzled researchers for decades, with many theories
being generated in an attempt to explain the underlying mechanisms of such an increase. One of
the leading theories suggests that the energy responsible for the temperature increase is derived

from magnetic reconnection, a process whereby magnetic field lines reconfigure and release
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energy. These reconnections occur due to the complex and intertwined magnetic fields that
characterise the transition region, and they release energy in the form of heat and kinetic energy,
potentially driving the observed temperature surge. However, the intricate interplay of magnetic
fields, plasma flows, and energy release mechanisms in this region mean that deciphering the
exact nature of the process presents a formidable challenge (Brooks et al. [2011]).

Observations of the transition region primarily rely on spectroscopic analysis of the spectral
lines emitted by ionised elements at specific wavelengths, as the formation of these spectral lines
is intricately tied to the physical conditions prevailing in the region. The high-resolution capa-
bilities of modern solar telescopes such as the Interface Region Imaging Spectrograph (IRIS)
have, however, revolutionised the process of accessing details from this region (De Pontieu et al.
[2014]).

1.1.4 The Corona

The solar corona has been described as one of the most captivating mysteries in solar physics.
The corona exhibits extreme temperatures that defy conventional expectations, with a tempera-
ture range of between 10 and 2 x 10° K, as well as very low density (Brekke [2012]). While
the photosphere and chromosphere register at thousands of degrees, the corona’s temperatures
soar to several million degrees, creating a paradoxical phenomenon known as the solar corona
heating problem.

The corona’s extreme heat has intrigued scientists for decades, sparking a multitude of hy-
potheses around the energy source responsible for the remarkable temperature increase. Some of
the most popular theories are magnetic reconnection and wave heating. Magnetic reconnection
is when magnetic fields change shape and release energy, which causes intense heating events.
Wave heating is when different types of waves travel through the solar atmosphere and deposit
energy as heat when they reach the corona (Cranmer and van Ballegooijen [2005]). The Parker
Solar Probe Mission’s explanation is gaining increasing credibility. According to them, coronal
heating in the Sun’s atmosphere can be attributed to two primary mechanisms involving magne-
tohydrodynamic (MHD) turbulence. The first mechanism involves the reflection and nonlinear
interaction of Alfvén waves propagating outwardly. The second mechanism is related to the
dissipation of quasi-2D turbulence, which originates from the magnetic carpet. The potential
impact of and interplay between such mechanisms remains the subject of ongoing investigation,
however (Zank et al. [2021]).

Observing the corona is an intricate endeavour due to its faint nature and its proximity to
the intensely bright photosphere. Total solar eclipses provide rare opportunities to witness the
corona clearly as it shines through the temporary darkness; however, the infrequent nature of
such occurrences renders this observation method impractical for the majority of visible light
corona studies. Recently, advances in solar telescopes and instruments have facilitated corona

observations outside of eclipse events, however. The Atmospheric Imaging Assembly (AIA) on
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the Solar Dynamics Observatory (SDO) (Lemen et al. [2012]) and the COR-1 and COR-2 coro-
nagraphs on the Solar and Heliospheric Observatory (SOHO) (Thompson and Reginald [2008])
have thus revolutionised understanding of the corona’s intricate structure and complex dynam-
ics. AIA and other similar instruments observe the Sun’s corona by using narrow band filters
that isolate specific wavelengths of light emitted by highly ionised elements in the chromosphere
and corona, excluding the brighter light from the Sun’s photosphere (Lemen et al. [2012]). Also,
there is the observational tool for this area is called a coronagraph. This specialised instrument
can be used in solar observations to block out the intense light from the solar disk, allowing
observation of the fainter outer regions of the solar atmosphere, such as the corona. This instru-
ment is thus essential for observing the corona in the visible part of the spectrum under normal
circumstances. It typically consists of an occulting disk or mask placed in the optical path of
a telescope to block direct light from the Sun’s photosphere, enabling the observation of the
extended and dimmer structures of the solar corona (Brueckner et al. [1995]).

The corona is characterised by several distinct features such as coronal loops, prominences,
and coronal mass ejections (CMEs). Coronal loops, often seen in UV and X-ray wavelengths,
are magnetic structures that arch gracefully over the solar surface and trace the magnetic field
lines of the corona, offering insights into the intricate magnetic topology of the region. Promi-
nences, known as filaments when seen against the solar disk, are cooler and denser plasma trails
suspended in the corona’s magnetic fields, and these structures provide a tantalizing glimpse into
the dynamic balance between magnetic forces and gravity. In contrast, coronal mass ejections,
which are violent eruptions of plasma and magnetic fields into space, are amongst the most ex-
plosive events in the solar atmosphere, and these phenomena can lead to space weather effects
when they interact with Earth’s magnetosphere (Webb and Howard [2012]).

Understanding the corona is therefore not only a key aim for solar physics but also of prac-
tical significance for space weather prediction and the development of technological infrastruc-
ture. Coronal mass ejections, solar flares, and other coronal events all influence the Earth’s
magnetosphere, potentially disrupting communication systems, navigation, and power grids,
making deciphering the mechanisms that drive coronal heating and influence coronal dynam-
ics of paramount importance (Gopalswamy [2006]). The solar corona nevertheless remains an
enigma despite the interest of solar physicists, though its extreme temperatures, intricate struc-
tures, and dynamic behaviours have inspired numerous hypotheses. Advancements in observa-
tional techniques and the development of sophisticated instruments have enabled the beginnings
of a deeper understanding of the corona’s properties and role in influencing space weather. How-
ever, there is still much to uncover in order to fully comprehend the Sun’s influence on the rest

of the solar system.
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1.2 The Quiet Sun

The study of the Sun is often focused on its active manifestations, such as sunspots, flares,
and coronal mass ejections (CMEs), rather than those events that occur in quiet Sun regions.
This is reflected in the fact that there is a loose definition which is that a quiet sun region is
where magnetic fields are weak, and thus its characterisation tends to differ across studies based
on their specific requirements. For example, the quiet Sun (QS) is denoted as those regions
with no polarisation signal in their synoptic magnetograms (Sanchez Almeida [2004]), which
suggests that while these regions have magnetic fields, these are too weak or disorganised for
easy detection through regular means. In such cases, the QS is thus composed of all regions
with network fields (NE) and internetwork fields (IN) over the entire solar surface.

NE are commonly seen in the boundaries and the vertices of the supergranule cells (Wang
[1988]). NE patches are the QS’s most prominent structures under polarised light, and these
last for between hours to days, with a total flux over the surface of the Sun of 10%3 to 10%* Mx
(Gosic et al. [2014]). While the shapes of the field elements change continuously, they typically
maintain recognisable coherence over a day of observation (Zirin [1985]). The magnetic flux
of network elements varies between 2 x 10'® and 3 x 10!° Mx: some of these move along the
boundary of the supergrain at speeds of 0.1 km/s in a process known as simple movement, while
others undergo marked changes over several hours, whether separating, combining with field
fragments of the same polarity, or cancelling out with field elements of the opposite polarity
(Wang [1988]).

Livingston and Harvey [1975] were the first to discover internetwork fields using the 512-
channel magnetograph at Kitt Peak. IN fields consist of elements of mixed polarities inside the
network that appear as small, isolated features with a total flux of around 106 to 10'® Mx. These
appear continuously within supergranular cells and move toward the NE, though their average
lifetimes are less than ten minutes, which means that many of them never exit the IN. Some do,
however, remain active long enough to reach the NE and transfer their flux there (Gosic et al.
[2014]). These IN fields move at a velocity of about 0.3 km/s towards the supergranule cell
boundaries (Wang [1988]).

In the quiet Sun , ephemeral regions, cancellation events, the network, and the internetwork,
are all related to the magnetic flux distribution. The main source of magnetic flux in the quiet
Sun has usually been considered to be the ephemeral regions. However, this is moot, as there is
also a significant contribution to the flux from the internetwork. Internetwork elements interact
with network patches, which in turn modifies the flux budget of the network through merging
processes or cancellation events. High spatial resolution magnetograms show that internetwork
magnetic elements continuously appear, emerge, disappear, and cancel over the quiet Sun sur-
face (Gosic et al. [2014]).
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1.3 The Solar Chromosphere

The solar chromosphere, which is situated above the photosphere and below the transition re-
gion, is a dynamic and complex layer of the Sun’s atmosphere that exhibits distinct spectral fea-
tures that offer valuable insights into various properties and behavior (Jess et al. [2015]). Among
these features, the Mg II h&k lines act as key diagnostic tools (Leenaarts et al. [2013a]). The
chromosphere’s temperature exceeds that of the cooler photosphere by several tens of thousands
of degrees Kelvin (Priest [2014]). This temperature inversion, known as the "chromospheric
temperature minimum region," is a challenging phenomenon, however, due to the counterin-
tuitive behaviour of the temperature gradient. The chromosphere is characterised by a myriad
of physical processes, including the interactions of magnetic fields, shocks, and waves, how-
ever, and such complex interactions are fundamental in driving the chromosphere’s dynamic
behaviours and contributing to its unique emission signatures (Barczynski et al. [2018]).

The formation of the Mg II h&k lines involves several complex radiative and collisional pro-
cesses. These lines are not formed in LTE due to their optically thick nature and the presence
of various physical processes in the chromosphere, and thus non-LTE modelling is necessary
to accurately interpret the observed line profiles and to extract valuable information about chro-
mospheric properties. In recent years, however, the use of IRIS satellite has significantly ad-
vanced our understanding of the chromosphere and its spectral features. IRIS’s high-resolution
spectrographs have enabled detailed observations of the Mg II h&k lines and their associated
profiles that have revealed many of the complex dynamics of chromospheric phenomena such
as spicules (small, jet-like features in the solar chromosphere) and fibrils (see 1.3.2). IRIS’s
capabilities have also allowed researchers to explore the temporal and spatial variations of these
features (Leenaarts et al. [2013a] and Leenaarts et al. [2013b]).

Studies utilising the Mg II h&k lines have broader implications for space weather predic-
tion and understanding of the Sun-Earth connection., however, as solar chromospheric activity,
including flares and prominences, may influence space weather conditions close to the Earth.
Investigating the chromospheric dynamics using spectral features such as Mg Il h&k lines thus
contributes to the ability to predict and mitigate potential space weather impacts on communica-
tion systems, satellites, and power grids (De Pontieu et al. [2014]). Building on its contribution
to such understanding, study of the solar chromosphere appears to be a vital step in the quest to
decode solar phenomena. This critical transitional layer, sandwiched between the photosphere
and the corona, serves as a window on the Sun’s complex magnetic activity, being the point
where the solar atmosphere becomes dominated more significantly by magnetic forces than gas
pressure (Priest [2014]), generating an array of fascinating phenomena. From the relatively
calm quiet Sun regions to the magnetic tumult of its more active regions, the chromosphere
exhibits varying characteristics across a range of solar features. This study thus seeks to delve

into its structure to observe the dynamic nature of its existence, which is shaped significantly by
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magnetic interactions and radiation processes.

1.3.1 Structure of the Solar Chromosphere in Quiet Sun Regions

The structure of the solar chromosphere in the quiet Sun regions is a subject of significant interest
in solar physics. These regions are characterised by their relatively weak magnetic fields as
compared to those seen in the active regions, which makes them an ideal site for studying the
fundamental properties and dynamics of the chromosphere. Understanding the structure of the
quiet Sun chromosphere is also crucial for unravelling the complex interplay between magnetic
fields, plasma dynamics, and energy transport in this crucial layer of the solar atmosphere.

The chromosphere’s structure in the quiet Sun regions has been revealed through various
observational and theoretical studies. One of the key challenges in studying the quiet Sun chro-
mosphere, however, lies in its intricate nature, which is characterised by a variety of tempera-
ture regimes, non-LTE effects, and complex magnetic field configurations. The chromospheric
temperature minimum region, for example, which is located at the top of the photosphere, rep-
resents a pivotal transition zone where the temperature undergoes a non-intuitive increase from
the cooler photosphere to the higher chromospheric layers (Vernazza et al. [1981]). Recent ob-
servations of the quiet Sun chromosphere have been greatly facilitated by the development of
instruments such as the IRIS satellite, and high-resolution observations of spectral lines such as
Ha, Call H & K, and the Mg II h&k lines all provide insights into the temperature, density, and
dynamics of the chromospheric plasma. These spectral lines showcase a range of behaviours,
including emission, absorption, and complex line profiles, that indicate the presence of complex
physical processes such as shock waves, magnetic reconnection, and chromospheric oscillations
(De Pontieu et al. [2014]). Numerical simulations and theoretical models have also been devel-
oped to contribute to the understanding of the structure of the quiet Sun chromosphere, while
magnetohydrodynamic (MHD) simulations have been used to capture the dynamic behavior of
magnetic fields and plasma in the chromosphere, shedding light on phenomena such as spicules,
fibrils, and wave propagation.

The role of magnetic fields in structuring the quiet Sun chromosphere is significant. Mag-
netic fields are believed to play a significant role in channelling energy and governing the tem-
perature distributions across the different chromospheric layers, while the small-scale magnetic
structures, often referred to as "magnetic elements", that are prevalent in the quiet Sun have
been linked to a range of chromospheric features as well as the formation of chromospheric
bright points (Solanki [2003]).

1.3.2 Structure of the Solar Chromosphere in Active Regions

Active regions are characterised by the presence of strong magnetic fields that influence the

behaviour of the chromosphere. Any magnetic field interacts with plasma, generating a range
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of phenomena and structures that provide insights into chromospheric dynamics. Within active
regions, the chromosphere then exhibits various unique features, including fibrils, penumbral
filaments, and umbral dots, all of which are directly related to underlying magnetic activity
(Frank et al. [1993]; Scharmer et al. [2002]).

Fibrils, slender thread-like structures that may be visible in chromospheric images, are a
hallmark of active regions. These also commonly align with the magnetic field lines, provid-
ing a visual representation of the intricate interplay between magnetic fields and plasma flows
in the chromosphere (Cauzzi et al. [2008]). Penumbral filaments are elongated structures sur-
rounding the sunspots’ darker central regions, the umbrae, and these filaments are believed to
be associated with convective motions and magnetic field reconfigurations within the penum-
bra (Schlichenmaier et al. [1998]). Umbral dots, bright structures found within the umbra of
sunspots, are associated with the convective motions that carry heat from the solar interior to
the surface. The interactions between magnetic fields and convective flows contribute to the for-
mation and evolution of umbral dots, highlighting the intricate relationship between magnetic
activity and chromospheric dynamics (Thomas and Weiss [2004]).

Understanding the structure of the solar chromosphere within active regions has significant
implications for the study of the Sun’s magnetism and energy transport processes. The interplay
between magnetic fields, plasma flows, and radiative processes in active regions offers insights
into the complex interactions that drive the dynamic behaviour of the solar chromosphere, and
investigating these phenomena thus enhances our understanding of the Sun’s magnetic activity,
its influence on space weather, and the broader implications of these factors with respect to both

solar and stellar physics.

1.3.3 Structure of the Solar Chromosphere in Coronal Holes

Coronal holes are intriguing regions on the Sun’s surface that exhibit significantly lower emis-
sion rates and densities as compared to the surrounding areas. These regions are associated with
open magnetic field lines that extend into interplanetary space, which thus allow the solar wind
to escape more easily. The structure of the solar chromosphere in coronal holes therefore offers
valuable insights into the interplay between magnetic fields, plasma dynamics, and the extended
solar atmosphere (Cranmer [2009]).

The structure of the chromosphere in coronal holes is closely linked to examination of the
underlying weaker magnetic fields and lack of strong plages or network concentrations. These
characteristics contribute to reduced chromospheric heating, which in turn impacts the coronal
structures above, and thus, magnetic field modelling and observations, such as those provided
by the Hinode satellite (Kosugi et al. [2007]), can be used to shed light on these complex mag-
netic configurations and their influence on chromospheric behaviour. The structure of the solar
chromosphere in coronal holes thereby provides a unique perspective on the interplay between

magnetic fields, plasma dynamics, and the extended solar atmosphere, while examining the re-
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duced chromospheric activity, distinct transition regions, and intricate magnetic configurations
all contribute to developing understanding of the behaviours of coronal holes and their impact

on the solar environment.

1.3.4 Structure of the Solar Chromosphere in Prominences and Filaments

The magnetic structures that rise above the solar surface exhibit unique characteristics that are
intimately tied to the chromospheric environment. While solar prominences are typically ob-
served as bright features above the solar limb, when they are observed on the solar disc, they
appear as dark features, known as filaments, due to absorption (Mackay et al. [2010]), as shown
in figure 1.2. Thus, the terms prominences and filaments refer to the same physical entities in
a manner solely dependent on position. Solar prominences are clouds of comparatively cool
(~ 10* K, approximately 100 times cooler than the general corona) and dense (~ 10° to 10'!
cm ™3, about 100 times denser than the general corona) gas suspended in the solar corona at the
height of 10* to 10> km above the chromosphere (Tandberg-Hanssen [1995]; Labrosse et al.

2 jonisation ratios of 0.2

[2010]). They have standard pressures of between 0.02 and 1 dyn cm™
to 0.9, and flow velocities of approximately 5 km s~! (Engvold et al. [1990]). A prominence’s
outer layer is referred to as the Prominence Corona Transition Region (PCTR) (Vial [2005]), and
this acts as an interface between the prominence and the corona: at this point, the temperature
rises from roughly 7,000 K to one million K (Parenti and Vial [2014]).

While prominences come in a variety of shapes and sizes, they can be classified into two
main types: quiescent and active regions (Zirin [1988]). Quiescent prominences are long-lived,
static, and varying in shape, though they tend to be much longer than they are wide. Their
lifespans range from a few days to several months, implying that they can remain in place for
several solar rotations. They are between 103 to 10* km thick, 10* to 10° km high, and 10*
to 10° km in length. Quiescent prominences have magnetic fields of between 3 and 30 G,
which are commonly weaker than the magnetic fields seen in active region prominences. Qui-
escent prominences located at high latitudes, within 30 degrees of the north and south poles, are
often referred to as Polar Crown prominences. Active region prominences are short-lived (com-
monly a few days or less), and these are associated with solar flares and other violent activities
(Kraskiewicz et al. [2016]), with lifetimes usually shorter than those of associated active regions
(Labrosse et al. [2010]). Active region prominences are more dynamic than quiescent region
prominences. CMEs and flares are usually associated with prominences of active regions that
are more dynamic than quiescent prominences (Tandberg-Hanssen [1995]).

Prominences and filaments are both directly linked to the magnetic field configuration in the
chromosphere. The magnetic field lines in the chromosphere play a pivotal role in supporting
and stabilising these structures against gravitational forces. These magnetic fields create a mag-
netic cage that contains the prominence material, preventing its rapid descent back to the solar

surface, which allows prominences to persist for extended periods; this process also offers valu-
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Figure 1.2: Left: A comprehensive portrayal of the entire solar disc, captured on July 17, 2002,
in H-alpha, reveals a diverse array of filaments distributed across distinct regions of the disc.
Right: Image acquired on November 25, 2011 (also in H-alpha) and offering a simultaneous
visualisation of filaments situated on the solar disc and prominences positioned above the solar
limb, Figure taken from Engvold [2015].

able insights into the dynamics of the chromosphere (Labrosse et al. [2010]). The role of the
chromosphere becomes particularly evident in the process of filament eruption, which involves
the ascent of a filament or prominence into the corona, leading to the release of large amounts of
energy and matter into the solar wind. The initial trigger for such eruptions often originates in the
chromosphere, where magnetic instabilities and reconnection events set the stage for eruption
processes. Observations of the chromospheric environment surrounding erupting prominences
can thus provide crucial insights into the physical mechanisms driving these explosive events
(Schmieder et al. [2015]).

1.4 Mg II h&k Lines

1.4.1 Overview

In the 1970s, the Solar research focus in the scientific community gravitated toward the use of
Mg II h&k lines, the ultraviolet spectral lines emanating from the Sun’s chromosphere, as the
sensitivity of these lines to variations in temperature, density, and velocity fields makes them
useful tools for investigating a range of solar activities, including solar flares. The progression
during this period of observational technology was critical to the understanding of Mg II h&k
lines, but it was the launch of the Skylab mission by NASA in 1973 that allowed solar observa-



CHAPTER 1. INTRODUCTION 14

tion instruments to be taken into space in a manner that significantly contributed to developing
understanding of the Sun’s chromosphere (Doschek and Feldman [1977]).

An important study conducted in the 1970s by Kohl and Parkinson [1976] significantly in-
creased understanding of the Mg II h and k lines in the solar atmosphere by developing an intri-
cate set of new measurements of these lines with uncertainties ranging from -20 to +12 percent,
an unprecedented level of precision at the time. This bolstered the robustness of the general un-
derstanding of these spectral lines, based on detailed observations of the Mg II doublet in quiet
solar regions, including a focus both at the centre of the solar disc and near the limb. These
valuable measurements thus not only created avenues for accurate modelling of these phenom-
ena but also facilitated crucial comparisons with Mg II h and k observations from other regions
and stellar bodies. After conducting an examination of the wavelengths and spectral intensities
of the inflection points in the Mg II h and k profiles, Kohl and Parkinson [1976] also discov-
ered that their results slightly exceeded the values given by Milkey and Mihalas [1974]. Despite
these variations, the researchers suggested that their work offered overall consistency in terms
of data as compared with that of Lemaire and Skumanich [1973], who had created a "k refer-
ence profile” in the inaugural study to identify variations in the structure of such profiles. One
intriguing discrepancy was, however, noted in the ratio between core intensity and minimum
intensity, which created a fascinating question for further investigation. Kohl and Parkinson
[1976] thus became one of the most important studies in the field, contributing substantially to
current comprehension of solar atmospheric processes and stellar characteristics.

In 1980, NASA launched the Solar Maximum Mission (SMM) to investigate the Sun during
periods of high solar activity, such as solar flares (Strong et al. [1984]). While the SMM focused
mostly on X-ray measurements, the mission helped advance the understanding of solar activity
and its effects on spectral lines.

Vernazza et al. [1981] then conducted pioneering work utilising Skylab observations of the
quiet Sun in the EUV wavelength range 40 to 140 nm. The researchers were able to derive
distinct chromospheric models for six observed brightness components, which revealed that
substantial integrated cooling rates are attributable to various elements and lines, including the
Ca Il infrared-triplet and resonance lines, the Mg Il resonance lines, H™, and L lines. Notably,
that study marked the first attempt to create a comprehensive set of models specifically for the
quiet Sun, offering a groundbreaking approach to understanding this crucial solar state.

In the 2010s, Further significant advancements were made using the Interface Region Imag-
ing Spectrograph (IRIS) mission, launched in 2013. IRIS was designed to observe the solar
chromosphere and the transition region (De Pontieu et al. [2014]), where the Mg II h&k lines
form. The spectrograph on IRIS did indeed facilitate detailed observations of these lines, con-
tributing significantly to current understandings of their formation and variations. At the same
time, theoretical models of the solar chromosphere have become more sophisticated, and im-

proved computational capabilities and modelling techniques have led to more accurate simula-
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tions of the dynamic nature of the solar atmosphere, including the processes contributing to the
formation and variation of Mg II h&k lines (Leenaarts et al. [2013a]).

The study of the Mg II h&k lines has made significant progress with the advancement in the
use of instruments like IRIS. A pivotal study by Schmit et al. [2015] utilised IRIS to explore
the intricate details of the Mg II h line. Their detailed examination revealed variations in this
spectral line across different areas of the solar disc, laying the groundwork for future studies by

highlighting the complex nature and significance of these spectral characteristics.

Following this essential research, Gunar et al. [2021],expanded upon these findings by in-
vestigating the Mg Il h&k lines’ variations from the center to the limb of the solar disc, utilizing
a comprehensive collection of full-Sun images from IRIS. This study provided average profiles
for the Mg II h and Mg 1II k lines, demonstrating how these profiles change from the center to
the edge of the solar disc (see, Fig. 1.3). They suggested that these profiles could be very useful
as standards for radiative transfer models, which are instrumental in examining various solar
phenomena like prominences and spicules in the chromosphere and corona.

Overall, study of the Mg II h&k lines has played an important role in the development of
understanding of the Sun’s atmosphere and the dynamics of prominences and filaments. From
their first use by Menzel and colleagues in the 1940s and 1950s to more recent studies by De

Pontieu et al. [2014] these lines have thus proven to be valuable tool for solar physics research.

1.4.2 Formation and Properties of Mg II h&k Lines

The Mg II lines are among the strongest lines in the Sun’s spectrum. They are also stronger
than the Ca II lines due to the abundance of magnesium in the Solar atmosphere. However,
these lines cannot be observed from the Earth because the UV portion of the spectrum in which
they emit does not reach the Earth, and astronomers must thus use platforms in space to capture
their details outside the Earth’s atmosphere (Pereira et al. [2015]). The formation of Mg II
lines in the chromosphere is complex, and a variety of studies have been carried out to develop
understanding of this complexity. One series of papers (Leenaarts et al. [2013a]; Leenaarts et al.
[2013b]; Pereira et al. [2013]) focused on the use of a four-level atom to model Mg II emission
characteristics. However, this this series of studies produced models of limited accuracy due
to the need for detailed radiative transfer computations in 3D, including partial redistribution
(PRD) effects, that were not practically possible at that time.

Complete redistribution (CRD) is an approximation that assumes that line scattering is inco-
herent, and that there is, therefore, no correlation between the photons absorbed and those emit-
ted. The CRD approximation hinges on the premise that the atomic levels involved in the line
transitions are disturbed by elastic collisions with other atoms to an extent sufficient to destroy

any detectable coherence between the absorbed and emitted photons. One of the key features of
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Figure 1.3: The top panel: the IRIS mosaic for the Mg II k line centre captured on October 20,
2019, with superimposed circles marking 10 equally divided areas and plotted against solar X
and Y coordinates in arcseconds. The bottom panel: the Mg II k line’s reference profiles from

zones a—j, where the x-axis measures the wavelength deviation (AA) in Angstréms, centered

on the Mg II k line, and the y-axis displays the specific intensity in W m_zsr_ll&fl. This

panel visibly demonstrates a gradual decline in intensities from the central disc a to the limb j,
showcasing how the Mg II k profiles’ shape changes with proximity to the disc’s centre (Gundar
et al. [2021]).
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CRD is that it renders the line source function constant across frequencies, greatly simplifying
both the analytical and numerical approaches to solving radiative transfer issues in these lines
(Sukhorukov and Leenaarts [2017]). Partial redistribution (PDR ) emerged from the evolution of
radiative transfer theory, which had originally assumed that the scattering in spectral lines was
coherent. However, this assumption could not account for all of the observed intensities, which
is what led to the CDR approximation (Sukhorukov and Leenaarts [2017]). However, as pointed
out by Nagirner [1987], in time, the accumulation of observations of ever increasing precision,
made it apparent that strong lines in the chromosphere do, in fact, show partially coherent scat-
tering. This implies that the frequency correlation between incoming and outgoing photons in
PDR is not arbitrary, and can be highly correlated, as seen in coherent scattering. For scattering
to be partially or entirely coherent, several criteria must be met (as discussed by Hubeny and
Mihalas [2014]). In stellar atmospheres with low density, like the solar chromosphere, the upper
atomic level in a line transition must be only minimally influenced by elastic collisions. This
limited effect is vital for maintaining the coherence of radiatively-excited sublevels throughout
the level’s radiative lifetime. For a line’s extinction to substantially outweigh continuum extinc-
tion, the line’s chemical element must be plentiful and primarily in an ionization state . The
line should be characterized either as a resonance transition or involve a transition with a lower
level that is metastable. Furthermore, most chromospheric lines require non-LTE descriptions,
which implies that the atom population density at any specific location cannot be determined by
local temperature and electron density alone. To address these challenges, inversion techniques
have been developed for deducing chromosphere properties in regions with conditions where
LTE doesn’t apply. However, modelling these redistribution functions and conducting non-LTE
inversions is very computationally intensive (Sukhorukov and Leenaarts [2017]).

Magnesium is one of the most abundant elements in the solar atmosphere, and its neutral
and singly ionised states provide a variety of spectral lines of substantial diagnostic potential
that stretch from the upper photosphere to the upper chromosphere, reflecting multiple vari-
ations in temperature, density, and velocity within the chromosphere. However, due to their
distinct oscillator strengths, the k line appears twice as strong as the h line. Thus, while mag-
nesium are composed of many lines, the Mg II h&k resonance doublet, at 280.27 and 279.55
nm, respectively, appear among the strongest, offering greater diagnostic value in terms of the
solar spectrum. Nevertheless, these have been under-observed due to their wavelengths being
in the centre of the UV range, which has precluded any ground-based observations. This issue
has been significantly overcome with the launch of NASA’s spacecraft Interface Region Imag-
ing Spectrograph (IRIS), a spacecraft fitted with a high-resolution UV imaging spectrograph
(<80 m A spectral resolution) and an Mg II k slit-jaw imager (4 A filter width) with a spatial
resolution of 0.4 arcseconds.

The IRIS spectrograph uses a spectral window for composition of its images, and even slight

differences in atomic structure between singly ionized calcium and magnesium thus provide
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important possibilities for simultaneous sampling of temperature and velocity diagnostics. As
the Ca II 3d” D levels are less energetic than the 4p? P upper levels of the h&k lines by about 1.3
eV, 4d> D — 4p? P triplet formation can be seen in the infrared. The Mg II 3d> D levels also exist
at roughly the same energy difference above the 3p? P levels as above the Mg II 352 S ground
state: hence, in the ultraviolet, a 3d2D — 3 sz triplet is formed, close to the h&k resonance
lines, overlapping with them in terms of wavelength.

Due to their high opacity, both Mg II resonance and 3d>D — 3p? P triplet radiation can be
seen to originate in the low-density chromosphere, suggesting that non-LTE radiative transfer
and PRD effects are critical for line formation. Previously, researchers had modeled Mg II lines
in a one-dimensional style using PRD, as documented by Milkey and Mihalas [1974], Uiten-
broek [1997], and Gouttebroze [1989]. This made interpreting the spectra from the IRIS mission
quite complicated. A more effective approach involved comparing the IRIS observations with
predictions from numerical simulations of radiation magnetohydrodynamics. Once this compar-
ison was made, researchers could derive observable quantities from the known properties of the

solar atmosphere, as detailed by Leenaarts et al. [2013a].

1.4.3 Mg II h&k Lines as Chromospheric Diagnostics

The Mg II h&k lines offer a sensitive gauge of temperature variations within the chromosphere
(Leenaarts et al. [2013b]), as these spectral lines are primarily formed in the chromospheric
layer, where the temperature exhibits a complex gradient. By scrutinising the shape, width, and
intensity of the Mg II h&k lines, astronomers can thus deduce not only the temperature at various
depths but also temperature changes across the chromosphere. Their sensitivity to temperature
is particularly useful in terms of understanding the thermodynamic processes occurring within
the chromosphere, as well as helping with the modelling of the atmospheric structure of the Sun,
and hence of other stars.

Utilising Mg II h&k lines to study magnetic fields in the chromosphere also offers crucial
insights into magnetic activity such as sunspots and solar flares. The polarization properties of
these lines, arising from the Zeeman and Hanle effects, can be analysed in depth as a way to map
the magnetic field topology within the chromosphere (Trujillo Bueno et al. [2011]). This is im-
portant, as understanding the magnetic field structure and its variation over time helps scientists
unravel the underlying mechanisms of various magnetic phenomena, which in turn provides a
deeper understanding of the magnetic behaviours of stars more generally. The Doppler shifts
observed in the Mg II h&k lines offer a further powerful tool with respect to measuring velocity
fields within the chromosphere. As these lines form in the chromospheric layer, any shift in
wavelength can be attributed to movements within that layer, such as waves, oscillations, and
bulk flows (De Pontieu et al. [2014]). Analysing these shifts therefore enables researchers to
study the dynamics of the chromosphere in detail, offering insights into a range of phenomena

such as shock waves, wave propagation, and energy transfer across different layers of the stellar
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atmosphere.

Finally, the Mg II h&k lines offer a window into the chemical composition of the chromo-
sphere. Through a detailed analysis of these lines, scientists can deduce the elemental abundance
of magnesium, as well as its ionisation state within the chromospheric layer. This information
is vital for constructing realistic models of the stellar atmosphere that incorporate essential de-
tails about its chemical makeup. Furthermore, such study provides an opportunity to compare
the chemical compositions of different stars and to correlate these observations with theories of

stellar evolution and nucleosynthesis (Asplund et al. [2009]).

1.5 Modelling Mg II h&Kk lines

The modelling of the Mg II h&k as doublet spectral lines, based on their importance in the study
of stellar atmospheres due to their intensity and provision of information from various layers in
the solar atmosphere, saw significant progress in the 1970s. Before this period, solar spectral ob-
servations had been seen as challenging due to the technological limitations, and early attempts
for modelling these lines had thus focused primarily on simple static or semi-empirical models.
During the 1970s, however, significant improvements in both observational capabilities, includ-
ing the advent of space-based observatories, and theoretical modelling methods led to a more
detailed understanding of these lines emerging. The development of more advanced radiative
transfer codes, such as those created by Mihalas [1978], provided a more detailed understanding
of the complex radiation-matter interactions that shape these lines, while improvements in mod-
elling techniques in the 1970s also allowed for the inclusion of important mechanisms such as
radiation damping and the quantum mechanical effect of partial redistribution, as highlighted by
Shine and Linsky [1974]. Radiation damping is a process by which spectral lines are broadened,
and occurs when the radiation emitted or absorbed by an atom affects the energy levels of that
atom. This effect is significant in certain conditions, such as when dealing with very intense
fields or in the vicinity of resonances. It is a critical factor in accurately modelling spectral lines,
as it influences both their shape and intensity. It is often seen as a spurious and undesired ef-
fect, which broadens resonance lines for small flip-angle excitation pulses (Schlagnitweit et al.
[2012]). Taken together, these advancements significantly improved both the predictive power
and physical understanding of Mg II h&k line formation, offering a foundation for more ad-
vanced work in the 1980s and beyond.

In the 1980s, the modelling of Mg II h&k was further developed, driven both by the avail-
ability of more detailed observational data and improvements in modelling capabilities. Key to
progress in this period was the launch of the Solar Maximum Mission (SMM) in 1980 alongside
the International Ultraviolet Explorer (IUE) satellite, which provided unprecedented access to
solar and stellar spectra, respectively, offering detailed data on Mg II h&k lines. Avrett and

Loeser [1984] were among those offering significant advancement in terms of understanding
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the solar atmosphere at that time. They developed a comprehensive, one-dimensional, semi-
empirical model of the solar chromosphere, which took into account non-LTE effects. The intro-
duction of multi-dimensional and time-dependent models also greatly improved understanding
of the dynamic nature of the stellar atmospheres, although such models did not become preva-
lent until the 1990s. In addition, advancements in computing power allowed for increasingly
complex radiative transfer models to be developed and used, and the introduction of models
that took into account non-LTE effects helped further refine understanding of Mg II h&k line
formation and its relationship to the physical conditions of the stellar atmosphere. Non-LTE de-
scribes situations where the assumption of local thermodynamic equilibrium is not met, leading
to departures from equilibrium conditions in the interaction between matter and radiation. The
non-LTE radiative transfer model is a computational framework that helps researchers simu-
late and understand how electromagnetic radiation propagates through a medium, and considers
departures from local thermodynamic equilibrium. These models are essential tools for inter-
preting observations and gaining insights into the behaviour of light in different environments.
Thus, the 1980s was a time of significant progress in both the modelling and understanding of
Mg II h&k lines, fuelled by improvements in both observational data and the related theoretical
models.

The 1990s saw further advancements in the modelling of Mg II h&k occur, and this played
a significant role in consolidating understanding of stellar atmospheres and solar physics at
that time. In this field, the decade was characterised by moves towards more complex, time-
dependent, and multi-dimensional models, as seen in the work by Carlsson and Stein [1992],
who pioneered time-dependent, non-LTE, 1-D models of the solar atmosphere that were capable
of capturing the complex dynamic behavior of the chromosphere. The modelling of Mg II h&k
lines was further enriched by the work of Uitenbroek [1997], which focused on a comparison of
synthetic profiles for Mg II h&k lines formed in the solar chromosphere under the assumption
of complete frequency redistribution. This work significantly enriched understanding of the Mg
IT h&k lines and their formation mechanisms, thereby contributing substantially to the field, yet
further advances in technology later allowed for more precise and extensive observations, such
as those from the SOHO spacecraft (launched in 1995), which in turn spurred further refinement
and sophistication in modelling efforts. The increasingly detailed datasets generated from such
missions helped validate and refine all of these models, and, overall, the 1990s was marked by
advancements in both observational and modelling capabilities, which significantly contributed
to the understanding of Mg II h&k lines and, by extension, the processes taking place in stellar
atmospheres.

In the 2000s, the modelling of the Mg II h&k lines as crucial diagnostics of solar chromo-
sphere conditions saw further significant advancements. This period was marked by a conver-
gence of improved observational data and increasingly sophisticated modelling techniques as

computational capabilities continued to expand.
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One significant contribution to this came from the utilisation of non-LTE radiative transfer in
various models, offering recognition that the conditions in the chromosphere are far from LTE.
The importance of non-LTE effects in modelling solar chromospheric lines was well-understood
even by the beginning of this period (Uitenbroek [2001]), but the coupling of such effects with
3D RMHD simulations was still in its infancy. During this decade, emphasis was also placed on
understanding the dynamics of the chromosphere, including the role of magnetic fields, and their
interplay in terms of shaping Mg II h&k lines. Researchers such as Carlsson and Stein [2002]
laid down further critical groundwork in this period, underscoring the importance of developing
dynamic models for chromospheric diagnostics. Thus, the first decade of the 21st century saw
an expansion of the frontiers of Mg II h&k line modelling, aided by new observational datasets
and sophisticated simulation capabilities.

During the 2010s, the modelling of the Mg II h&k lines has seen further significant advance-
ments, driven by a combination of improved observational capabilities and increasingly sophis-
ticated theoretical models. An early work in this decade was Labrosse et al. [2010], which fo-
cused on solar prominences, underscoring the significance of non-LTE modelling for capturing
the intricate details of these structures. The launch of the Interface Region Imaging Spectro-
graph (IRIS) in 2013 was a further turning point, however, offering unparalleled high-resolution
ultraviolet observations of the Sun that placed Mg II h&k lines at the heart of diagnostics. The
rich datasets from IRIS have thus served as a robust testing ground for ever-more sophisticated
models, enhancing understanding of the Mg II h&k lines. Among the most advanced studies
so far have been those by Leenaarts et al. [2013a], Leenaarts et al. [2013b] and Pereira et al.
[2013], who tapped into this resource to shed light on the formation of the Mg II h&k lines
in the solar atmosphere using 3D RMHD simulations in non-LTE scenarios, emphasising the
intricate interplay of magneto-hydrodynamics and radiation required to shape these lines. As
the field moved into the 2020s, approaches to understanding the chromosphere thus evolved
into more holistic patterns based on harmonising observations, simulations, and advanced data
techniques; the use of Mg II h&k lines, however, continues to be central to all such studies. In
one of the most recent contributions to this field, Gunar et al. [2022] studied the variation of
periodic illumination from the Sun’s surface and its affect on the Mg II h and k spectral lines
emitted from structures in the chromosphere and corona. Their study focused on how variations
in the incident radiation within the Mg II h&k lines influence the spectra derived from radiative
transfer models in prominence-like plasmas. They found two main factors influencing the Mg
IT h&k spectra: shifts in the incident radiation, crucial for simulating plasma illumination from

the solar disc, and the dynamics of line-of-sight within their models.



CHAPTER 1. INTRODUCTION 22

1.6 Previous Methods

Previous authors have developed various ways to study the shapes of the h and k line profiles
and to determine the spectral features of the kj/h; (outer minima), k2/hy (outer minima), and
ks/hs (central absorption core) spectral features. Schmit et al. [2015] used a nine-parameter
double-Gaussian model to fit a 3.4 A wide window centred on the Mg II h line using the MP-
FIT least-squares minimisation algorithm to derive a best-fit model (BFM). Their objective was
to establish a comprehensive measurement baseline and to conduct an initial analysis of the
observed structure and formation of the Mg II profiles as captured by IRIS. Kerr et al. [2015]
averaged the spectra along each of the 8 slit positions over time for the quiet sun area, as well as
averaging the centroid wavelengths of the quiet sun pixels and shifting the IRIS images to match
the AIA images as a way to analyse the potential diagnostic information in a flaring atmosphere
using the Mg Il h and k lines. Leenaarts et al. [2013b] used an extremum-finding algorithm, this
is the method that is implemented in IDL SSW under the name iris_get_mg_features_lev2.pro,
on a small spectral region (—40 < Av < 40 km s~ 1), discarding maxima whose absolute distance
to the line centre was larger than 30 km s~! to determine the remaining maxima and minima in
each line-core spectrum (see, Sec. 2.4.4). They thus developed a way to obtain the positions of
ka, k3, hy, and h3, but could not identify the positions of ki, ;. As h; and k; are formed lower
down in the atmosphere and can increase the range of altitudes over which the atmosphere can
be probed, the current work is thus intended to develop a novel algorithm to also obtain the

wavelengths and positions of /; and ;.

1.7 Conclusions

Over the years, the study of Mg II h&k lines has transformed our approach to unraveling the
intricate structures and dynamics of the solar chromosphere. Starting from the pioneering work
by Durand et al. [1949], and eventually the revolutionary data collected by space missions like
0OSO0-8, Skylab, and IRIS, our understanding has grown exponentially. This chapter has an
overview of the intricacies of the Sun’s atmosphere, with a special focus on the chromosphere.
We overviewed the vital role played by the Mg II h&k lines as chromospheric diagnostics, from
their historical significance to their current, indispensable status in the field of solar physics.
The focus is to investigate the temporal and spatial variations of Mg II h&k lines in the solar
atmosphere in order to better understand the varying physical conditions where these lines are

formed and to assess their impact on the chromosphere.



Chapter 2

Properties of Mg Il h&k lines in the Quiet
Sun at Disc Centre

The solar chromosphere performs a pivotal function in the transfer of energy and mass between
the photosphere and the outer corona. Understanding the properties and variations of chromo-
spheric features such as the Mg II h and k lines in the Quiet Sun area in the centre of the sun is
thus essential to developing insight into the complex processes occurring within this region. To
achieve such understanding, however, comprehensive and high-quality observations of the solar
chromosphere are required, which must be obtained using advanced spacecraft and instruments
specially designed to study various aspects of solar physics.

Observational tools for studying the sun have seen significant advancements since they were
first developed, resulting in a plethora of modern data sources. These sources encompass both
observatories located in space and those stationed on the ground, and these provide a range of
data that can be used in statistical analyses of the solar atmosphere as well as providing more
information about its properties in general. Each type of observatory has various advantages
and disadvantages in terms of providing data, however, depending on the outcome required.
For example, Earth-based astronomy imaging, while more cost effective, is constrained by the
passage of light through atmosphere, which can severely distort the resulting images, while
observatories positioned in space can gather data on infrared, x-ray, and gamma radiation, all
which are unable to penetrate through the Earth’s atmosphere without distortion.

This chapter offers a detailed examination of the spacecraft and tools utilised in this research,
particularly the Interface Region Imaging Spectrograph (IRIS). Its spacecraft were specifically
designed to provide high-resolution imaging and spectroscopy data related to the sun, making
them invaluable for investigating both the properties and variations of the Mg II h and k lines in
the Quiet Sun at both the disc centre and the centre-to-limb regions. As all the data presented in
this thesis was acquired from the IRIS spacecraft, a complete overview of it is thus provided. In
addition to discussing the capabilities, scientific objectives, and unique advantages of IRIS, this

chapter also delves into the crucial process of data selection and processing, a phase that was

23



CHAPTER 2. PROPERTIES OF MG II H&K LINES IN THE QUIET SUN 24

essential to guarantee the precision, dependability, and pertinence of the data employed in the
study.

The specific motivation for studying the quiet Sun, particularly at the solar disc centre, lies
in its pivotal role as a fundamental reference point for understanding solar behaviour and vari-
ability. First and foremost, observations at or close to the disc centre are free from projection
effects, and minimise the extent of plasma intercepted by the line of sight, with respect to ob-
servations that are made closer to the limb. In addition, daily disc centre rasters acquired by
IRIS provide a unique opportunity to observe the Sun with high spatial resolution over time,
enabling us to track changes in solar features such as magnetic fields, granulation patterns, and
chromospheric structures. This study allows for the investigation of short-term and long-term
variations in solar activity and dynamics, providing valuable insights into the underlying phys-
ical processes governing the Sun’s behaviour. Additionally, the Mg II lines serve as sensitive
diagnostic tools for probing the chromosphere where they are formed, allowing us to investigate
temperature, density, and magnetic field structure variations over time in this region. Therefore,
studying the quiet Sun at the disc centre, in conjunction with Mg II line observations, offers a

powerful means of unravelling the dynamic behaviour of the solar chromosphere.

2.1 Formation of Mg II h&k Lines

The Mg II lines are among the strongest lines in the Sun’s spectrum. These lines cannot be
observed from the Earth, however, as the full UV spectrum does not reach the Earth’s surface;
astronomers have thus begun to use platforms in space to capture these outside of the Earth’s
atmosphere (Durand et al. [1949]; Bates et al. [1969]; Doschek and Feldman [1977]; Staath and
Lemaire [1995]; Morrill and Korendyke [2008]; West et al. [2011]; Pereira et al. [2015]).

The formation of Mg II lines in the chromosphere is a complex phenomena, and a variety of
studies have been carried out to help understand this complexity. One such studies was the focus
of a series of papers (Leenaarts et al. [2013a]; Leenaarts et al. [2013b]; Pereira et al. [2013]),
that used a four-level atom to model Mg Il emission characteristics. However, that work failed
to produce an accurate model due to the need for detailed radiative transfer computations in 3-D,
including partial redistribution (PRD) effects, that were not practically possible at the time those
papers were written. More recent models do allow this, however, though in the initial models, a
one-dimensional description of radiative transfer was used in an attempt to address these issues.

Magnesium is abundant in the solar atmosphere, especially between the upper photosphere
and the upper chromosphere. Its neutral and singly ionised states thus provide a variety of
spectral lines with substantial diagnostic potential across these layers. The spectrum of ionised
magnesium is composed of many lines, with the two lines that form the Mg II h&k resonance
doublet, at 2802.7 and 2795.5 A, respectively, being among the strongest, and thus offering

significant diagnostic value to the solar spectrum examinations. However, these lines are under-
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observed due to their wavelengths lying in the centre of the UV range, which precludes ground-
based observation. This has been significantly addressed by the launch of NASA’s Interface
Region Imaging Spectrograph (IRIS), a spacecraft fitted with a high-resolution UV imaging
spectrograph (<80 m A spectral resolution) and an Mg II k slit-jaw imager (4 A filter width)
with a spatial resolution of 0.4 arcseconds, however (De Pontieu et al. [2014]).

Magnesium’s abundance is around 18 times that of calcium in the solar atmosphere, and
its related h&k lines also form higher in the solar atmosphere than their homologous Ca II
H&K lines. The abundance of magnesium is 3.98 x 1073, and the abundance of calcium is
2.19 x 107, relative to hydrogen (Leenaarts et al. [2013a]). The Mg II resonance lines have
been shown to form in a different region of the solar atmosphere than the Ca II lines, with the
latter regularly lacking emission reversals or display single peak profiles. In contrast, the former
always have double peak emission reversals when observed on the solar disc, except in the case
of sunspots (Morrill et al. [2001]). The strong asymmetry seen between the red and blue peaks
of the Ca Il H&K lines, thought to be a consequence of regression in acoustic waves into shocks,
is also much less pronounced in Mg h&k lines (Gouttebroze [1989]; Carlsson and Stein [1997];
Leenaarts et al. [2013a]).

The differences in atomic structure between singly ionised calcium and singly ionised mag-
nesium lead to significant differences in temperature and velocity diagnostics. As Ca Il 3d2 D
energy levels are lower than the 4p2 P upper levels of h&k lines by about 1.3 eV, this leads to
4d2 D-4p2 P Ca Il triplet formation in infrared. The Mg Il 3d2 D levels also exist at roughly the
same energy difference above the 3p2 P levels as above the Mg II 3s2 S ground state. Hence,
the 3d2 D-3p2 P triplet lines are formed in the ultraviolet, close to the h&k resonance lines and
overlapping with them in wavelength, as shown in Fig. 2.1.

Due to their high opacity, the radiation from the Mg II resonance and triplet lines can be seen
to originate in the low-density chromosphere, where non-LTE radiative transfer and PRD effects
are critical for line formation. Until recently, Mg II lines were modelled in 1-D using PRD,
with the results compared to observations by Milkey and Mihalas [1974],Uitenbroek [1997],
and Gouttebroze [1989]. Thus, the inversion of IRIS spectra to infer physical quantities such as
temperature, velocity, and intensity is a complex process best accomplished by comparing the
forward modelling of the spectra through numerical simulations of radiation magnetohydrody-
namics with observations and using such simulations to extract the quantities observed from the

physical quantities of the underlying atmosphere (Leenaarts et al. [2013a]).
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Figure 2.1: IRIS spectrum of Mg IT h&k lines at 2796 and 2803 A at the Sun’s centre (23 July
2019 04:25UT). The figure shows the location of the k1/h; (outer minima), ko/h; (outer minima),
and k3/h3 (central absorption core) spectral features.

2.2 Observations and Data Analysis

2.2.1 The Interface Region Imaging Spectrograph (IRIS)

NASA launched the Interface Region Imaging Spectrograph (IRIS) spacecraft on 27 June 2013.
IRIS is in a sun-synchronous orbit, and it is thus able to supply year-round solar observations
except for a brief period when the Earth blocks its view of the sun between November and
January. IRIS is designed to study the solar atmosphere’s interface region, which includes the
chromosphere, transition region, and corona. The spacecraft is composed of a 19-cm UV tele-
scope that feeds an imaging spectrograph with a slit-based dual-bandpass. The simultaneous
spectrum and slit-jaw images (see figure 2.2) supplied by IRIS are highly sensitive to cool and
hot plasma in the solar atmosphere, and spectra are taken by IRIS across three bands: the far-
ultraviolet (FUV1) from 1332 to 1358 A, the far-ultraviolet (FUV2) from 1389 to 1407 A, and
the near-ultraviolet (NUV) between 2783 and 2834 A, thus covering the Mg IT h&k in the chro-
mosphere and the Si IV and C II lines in the transition region. IRIS is equipped with a single
instrument that combines a slit-jaw imager (SJI) and a spectrograph, and the slit-jaw imager
captures solar radiation across four different passbands simultaneously; these are the C II, the
Si IV, the Mg IT k at 2796 A, and the Mg II h lines at 2803 A (De Pontieu et al. [2014]). To do
this, it uses spectral rasters that sample regions of up to 130 x 175 arcseconds across a range
of spatial coordinates (see table 2.1) (De Pontieu et al. [2014]). These images provide essential

contextual information for spectroscopic observations, while the spectrograph in turn records
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Table 2.1: Primary characteristics of IRIS (Taken form De Pontieu et al. [2014]).

Parameter Value

Primary diameter 19 cm

Effective focal length ~ 6.895 m

Field of view 175% 175 arcsec? (SJI)

0.33x 175 arcsec? (SG — slit)
130x 175 arcsec? (SG — raster)
Spatial scale (pixel) 0.167 arcsec
Spatial resolution 0.33 arcsec (FUV)
0.4 arcsec (NUV)
Spectral scale (pixel) 12.8 mA (FUV)
25.6 mA (NUV)

Spectral resolution 26 mA (FUV SG)
53 mA (NUV SG)

Bandwidth 55 A (FUV SJI)
4 A (NUV SIT)

CCD detectors Four e2v 2061 x 1056 pixels, thinned,
back-illuminated

CCD cameras Two 4-port readout cameras (SDO flight
spares)

Detector full well 150000 electrons

Typical exposure times 0.5 to 30 seconds

spectra across several key wavelength ranges, including the Mg IT h&k lines at 2803 A and 2796
A, respectively. The high spectral resolution and temporal cadence of these IRIS observations
thus allow for detailed analysis of the Mg II h&k lines, which is an essential feature of detailed
study of the solar chromosphere.

Overall, IRIS is a powerful tool for detailed investigation of the solar chromosphere and its
associated phenomena. Its high-resolution imaging and spectroscopic capabilities in particular
make it an ideal instrument for the study of Mg II h&k lines, providing valuable insights into

solar magnetic activity and its effects on the earth.

2.2.2 IRIS Observations

The Interface Region Imaging Spectrograph (IRIS) is a UV slit-spectrograph that also captures
slit-jaw images. The slit has a width of 0.33 arcseconds and a length of 175 arcseconds, of-
fering a spatial resolution of 0.33 arcseconds in the FUV and 0.4 arcseconds in the NUV. The
output IRIS FITS files are classified into four categories, depending on the level of data post-
processing, this work, however, focuses on Level 2 FITS files, as the data processing pipeline
used to produce Level 2 FITS files removes damaged pixels arising from dust on the detector,
performs any necessary corrections on a flat field with dark current, and calibrates the geometry
and wavelength based on a resting wavelength of Ni 12799.17 A (Pereira et al. [2018]).
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Figure 2.2: Slit-jaw image taken by IRIS (1400 A); the dark line represents the slit position
(Adapted from Zhang et al. [2019]).

The Mg II h&k line profiles in the solar chromosphere can vary significantly depending on
the different solar circumstances, as they can have one or more peaks. In quiet Sun regions,
these lines typically show a double-peaked emission with a central absorption feature, as shown
in Fig. 2.1. During solar flares, the lines can become more intense and broaden due to the
energetic events. In active regions with strong magnetic fields, the profiles can differ in width
and intensity. The variability in these line profiles is influenced by the temperature, density,
magnetic field strength, and dynamics of the plasma in the chromosphere, providing critical
information for understanding different solar phenomena (see, Levens and Labrosse [2019] and
Peat et al. [2021]).

Figure 2.3 shows a profile in the quiet sun obtained by IRIS highlighting the variation of
intensity (intensities in DN, not calibrated) for both Mg II h and k lines and several other spec-
tral lines. The Mg II h and k lines that contain five locations, two peaks, the core between
these, and two other regions located in the wings of these lines, are those of most interest. Fig-
ure 2.4 shows two images that map the intensity of the Mg Il k and h lines. These maps reveal
a striking contrast between the internetwork—dark regions indicative of cooler, less active ar-
eas—and a surrounding network of brighter regions that signal more intense activity, possibly
associated with stronger magnetic fields or localised heating. The contrast between the network
and internetwork is not just visually salient, but is also indicative of significant variability in the
atmospheric conditions of the Sun’s chromosphere between these two regions. The significance

of these maps lies in their potential to provide insights into the physical conditions of the Sun’s
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Figure 2.3: A spectrum in Mg II h&k lines at 2803 and 2796 A taken from the sun disc centre
(on 23 July 2019 at 04:25:06) by IRIS. The blue line corresponds with the network, while the
orange line corresponds with the internetwork.

chromosphere, variations across different regions, and the processes that drive the dynamics of
the solar atmosphere. The horizontal orientation of the two dark lines in the images, simply
reflects the fact that the scanning was conducted in the y direction. The units used for the x and
y axes are pixel coordinates. We downloaded all of the data between 1/3/2015 and 8/9/2022,
with a particular emphasis on IRIS OBS-ID for the daily QS monitoring, which is 3882010194.
These observations focus on the following four targets: QS monitoring “A1”, AR tracking “B1”,
QS tracking “B2”, and the poles “C1”. Only the QS monitoring, “A1” was used for this study,

however.
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Figure 2.4: Intensity maps for the Mg IT h&k lines at 2803 and 2796 A. Image taken on 23 July
2019, from 04:25:06.
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2.2.3 Radiometric Calibration

Radiometric calibration is a critical process in remote sensing and solar observation in that it
helps ensure the accurate representation of the various physical properties and processes ob-
served in the solar atmosphere. The necessary calibration process involves multiple steps to
account for the instrument’s response variations across its field of view and temporal changes
in performance: these steps include correcting instrumental biases, subtracting dark current,
applying flat-field corrections, and performing gain calibration (Lemen et al. [2012]).

IRIS radiometric calibration utilised both pre-launch and in-flight calibration methods, with
the latter being ongoing. During the pre-launch calibration, the instrument’s performance was
characterised in a controlled laboratory environment using standard light, allowing determina-
tion of the instrument’s initial response function and the establishment of a baseline for in-flight
calibration (Tian et al. [2014]).

The ongoing in-flight calibration for IRIS involves monitoring the instrument’s performance
during its mission and regularly updating the calibration parameters (Tian et al. [2014]). IRIS
thus observes stable, well-known solar or celestial targets, such as quiet sun regions, the disk
centre, or solar limb to facilitate this in-flight calibration (De Pontieu et al. [2014]), a process
that benefits from the instrument’s design combining imaging and spectral data. The imaging
data provides high-resolution spatial information, while the spectral data offers insights into
the solar atmosphere’s physical properties, complementary functions that allow researchers to
cross-calibrate the instrument’s response using multiple independent measurements.

The IRIS data are given in counts or Data Number units (DN). To convert these to a flux
in physical units (e.g. erg s-1 sr-1 cm-2 A-1) one must perform a radiometric calibration.
Using the procedure detailed by Pereira et al. [2018] and Peat et al. [2021], radiometric cal-
ibration was carried out in Python for this study. The response function was obtained using
the iris_get_response.pro function from SolarSoft (SSW). The Python version of SS-
WIDL code that was written by A. Peat was used. He deconvolve the IRIS point-spread function
from the data in Python using a method similar to SSW’s iris_sg_deconvolve.pro. To
convert Data Number units (DN) into a measurable flux value (in units of erg s tem 2 A Tsr ],
the procedure employed was the ’iris get response’ function specific to time (referred to as
’iris_get_response’ function). When provided with the date and time of observation,

this function yields the parameters required for this transformation:

Flux <erg s_lcm_zA_lsr_]> = Flux(DN) . ,AEff Py (2.1)
E; -DN2PHOT_SG Pix; “Texp - Wilit

where E, (in ergs) represents the energy per photon, DN2PHOT_SG denotes the photon

count corresponding to each DN, Pix,, (in radians) specifies the size of the spectral pixels,

Pixy (in Angstroms) the size of the spectral pixels, A.rr (in cm™2) is the effective area, fexp (in

seconds) refers to the exposure time and Wy;;; (in radians) measures the width of the slit used.
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Figure 2.5: Spectrum measured at discrete points (blue line with dots). Filter window, W_L =
9, shown in the bottom left, illustrating the filter window’s length.

Radiometric calibration was thus applied over the entire dataset of interest.

2.2.4 Savitzky-Golay Filter

Data smoothing is a very popular pre-processing step for spectral data. Smoothing is the process
of applying numerical procedures to raw data to decrease noise, which is crucial when trying
to identify significant spectral features that may be hidden by noise. To smooth the data and
reduce noise in profiles, particularly in the wings (k;, and h,), a Savitzky-Golay (SG) Filter, also
known as digital smoothing polynomial filter or least-squares smoothing filter, was applied. The
SG filter performs polynomial fitting to segments of data known as frames, offering a method
that is particularly effective at smoothing noisy data, based on the length of the filter window.
This must be a positive odd integer and the order of the polynomial used to fit the samples must
be less than the window-length (Savitzky and Golay [1964]).

Figure 2.5 shows the process by which the Savitzky-Golay (SG) method, implemented
through the ’savgol_filter’ function from a Python package, smooths data by replacing the value
at the centre of each window with a value derived from fitting a polynomial to the data within
that window. This calculation occurs every nine consecutive points, with the fifth point (the
middle of the window) replaced with the calculated value across all nine points. For the initial

and final four points in the dataset, this package uses polynomial fit to estimate these values.
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2.3 Algorithm for Automatic Identification of Mg II h&k Spec-

tral Features

Studying the spatial and temporal variability of the Mg IT h 2803.53 A and k 2796.35 A lines
in solar observations is intended to allow the derivation of information on the spectral features
of the Mg II h and k lines in the quiet sun centre. This work thus developed a tool in Python
to support a novel approach to automatically determining the wavelengths and intensities of ki,
kay, k3, koy, ki, 1y, hoy, h3, by, and hy,, in the line profiles obtained by IRIS for the quiet sun
centre. To distinguish the red and blue sides of the local maxima and minima peaks, the subscript
r or v is added, where subscript v refers to the blue side and r refers to the red side. Focusing on
the Mg II k&k lines is important because the Mg II ions produce a number of spectral lines that
can be used to make diagnostics in the solar atmosphere. The Mg II h&k lines have complicated
line shapes with features that form at different heights in the solar chromosphere. In this spectral
line, different photons at different wavelengths are coming from different layers; thus, we are

probing different altitudes in the solar chromosphere.

2.3.1 Description of the Algorithm

The solar spectra of Mg I h&k lines all commonly show two emission peaks along with a central
absorption core and surrounding local minima. These characteristics are referred to as k»,/ks;,
k3, and ky,/k1, for the k line, with similar labelling used for the h line. An automated method was
thus established to determine the positions of these spectral features in the line profiles obtained
by IRIS at the quiet sun centre. At this stage of the work, only one raster was analysed, and
after completing this task, this was applied to an extended data set covering the duration of the
mission, to investigate temporal variations. Eventually the spatial variations over the full disc
should be investigated (see Chap. 3), however, and manual feature determination is not possible
due to a large number of spectra to be analysed (approximately 230 x 10°, which represents h
and k lines for the whole period). An algorithm was thus created to automatically determine the
positions of the k; and /| outer minima in wings, the k, and A, emission peaks, and the k3 and A3
central absorption cores that are labelled in Fig. 2.6 using the method for finding turning points.
The algorithm determines the number of peaks in the spectrum using a set of rules, and the
simple description of a typical h or k line profile thus contrasts with many of the more complex
observed profiles, which exhibit several peaks. Some line profiles varied from the five extrema
model (2 peaks and 3 minima); however, most line profiles exhibited a standard profile of blue
and red outer minima, blue and red emission peaks, and a central minimum.

Local minima and maxima are shown in Fig. 2.7 as orange points. The data in only the wings
was smoothed using the Savitzky-Golay (SG) method to reduce noise, and the window length

and the polynomial order were set to nine and two, respectively. All differences in intensity
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Figure 2.6: The k; and hy, k> and h», and k3 and A3 as shown on Mg II h&k line (Gosi€ et al.
[2018]).

(first derivative) between consecutive points across the line profiles were then calculated, and the
sign of each value assessed. After that, the differences in sign (the second derivative) between
each two consecutive points were noted in order to determine the turning points. Where a
difference in the sign between two consecutive points was found to be positive, this was deemed
a local minima, while where the difference in the sign was negative, a local maxima was defined.
Table 2.2 summarises the turning points and non-turning points: for each minimum turning
point, a positive result can be derived by taking the second difference while for the maximum
turning point, a negative result occurs when taking the second difference. When the second
difference for any non-turning point is tested, the result is zero, confirming its identity as a point
that is not of interest to this work (To find the second difference, we assume that the values are

equal, while the sign depends on the direction).

Table 2.2: Turning points and non-turning points with sign.

Signs of the first differences | Second difference result | Turning Point Type
Positive — Negative Positive minimum
Negative — Positive Negative maximum
Positive — Positive 0 Not a turning point

Negative — Negative 0 Not a turning point

As this method determines all peaks, while only five points are required for the determination
of any of the h or k lines, conditions to determine the differences between valid and non-valid
peaks were set. The standard deviation (sd) was thus used as a function to ensure that peaks with

a difference in intensity of less than one-third of the standard deviation were excluded.
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Figure 2.7: The Mg II h&k spectra for pixel location [30, 40] of these profiles are determined
from Fig. 2.4, offering a conventional line profile. The left panel shows the line profile of the k
line, while the right panel shows the line profile of the h line.

Finally, the line profile was divided into five regions, depending on the locations of the
various features, in order to remove any excess unwanted points. Where two points or more ap-
peared in the same region and the intensity difference between them was less than 1.45 standard
deviations, the following procedure was applied:

« for the outer minima, in the blue wing we simply keep the point of greatest wavelength,

while in the red wing, we keep the point at the shortest wavelength;
* In the line emission peaks, all points of lower intensity were removed;
* In the central absorption core, all points of higher intensity were removed.

Completing these processes produced the final results for line profiles. These were then stored
in a standardised format to allow the algorithm to recognise the five necessary features (2 peaks
and 3 minima) and their correct positions; based on this, any line profiles that still had more or
fewer than five points were thus excluded.

Figure 2.7 shows a “standard” profile with well-defined features, offering an example of a
spectral line plot for a single pixel in a raster of 9.1392 x 10* pixels. Due to the wide variety
of profile shapes, any of these features may be absent or impossible to distinguish in other
situations, however. Due to the vast number of spectra, an automatic method to reject plots with
more or fewer than five features (2 peaks and 3 minima) was applied, as seen in Fig. 2.8. The

number of rejected plots was 3.574 x 103, out of 9.1392 x 10* plots, or 3.9%.

Description of Tests

Two Parameters

As explained in Sec. 2.3.1, 0.3333 and 1.45 standard deviations were applied as the first and
second parameters, respectively. These parameters were selected after multiple tests across nine

raster files for the period between 2014 and 2022, with optimisation based on the percentage
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Figure 2.8: The spectra of the Mg II h&k of the pixel position [63, 15] of these profiles are
determined from Fig. 2.4, offering a complex line profile. The left panel shows the line profile
of the k line, while the right panel shows the line profile of the h line. These profiles are rejected

of rejected line profiles generated by changing the standard deviation value. The algorithm was
altered to find the lowest percentage of excluded line profiles at the first parameter, from 0.1
to 0.5 of the standard deviation, while the second parameter was tested from 0.3333 to 1.67
sd. The lowest percentage of excluded line profiles was thus found when 0.3333 or 0.4 was
used as the first parameter and 1.45 was used as the second. Table 2.3 shows the differences
between the percentage of rejected line profiles across nine raster files on changing the sd value
for the first parameter from 0.1 to 0.5; in each case, 1.45 was used as the second parameter.
As shown, nine raster files representing the beginning of each year of the target period were
selected, in addition to the basic raster file 23/07/2019, which was studied extensively in this
chapter. These were the files for 01/04/2014, 01/01/2015, 02/01/2016, 01/01/2017, 01/01/2018,
01/01/2019, 01/01/2020, and 01/01/2021. The proportion of excluded profiles was very close
among all selected raster files, indicating that the algorithm is consistent. At 0.3333 and 0.4, the
percentage of rejections is thus the least possible. The large number of profiles excluded in the
first file (iris_12_20140401_082121) appears to be due to a defect in images taken in the early
days of operation of the IRIS spacecraft.

Two criteria were used to select the best parameters: these were the number of excluded
profiles and the accuracy of the positions of features. In terms of the proportion of excluded
profiles, in some point files, this was lowest when one-third of the standard deviation was chosen
as the first parameter, while in others, it was lowest when 0.4 of the standard deviation was
chosen. Testing across multiple profiles, which is used to conduct a larger statistical study,
further suggested that the value of 0.4 sd reliably determines five points for each profile, but that
some of these may then not be in the correct locations.

The accuracy of the positions of features is defined by the lowest points on the curve before
the emission peaks in the wings of the line (both blue and red), the point of highest intensity
for emission peaks, and the point of lowest intensity for the central absorption core. Figure 2.9

illustrates an example of inaccuracy in feature positions, clarifying that the central absorption
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Table 2.3: Number and the percentage of excluded line profiles for nine raster files based on
changing the sd value for the first parameter from 0.1 to 0.5, with 1.45 as the second parameter.

Raster files 0.1 0.2 0.3 0.3333 04 0.45 0.5
iris I2 20140401 082121 3219 24409 23586 23517 23473 23509 23671
- - (35.22%) | (26.71%) = (2581%) | (25.73%) | (25.68%)  (25.72%) | (25.90%)
irls 12 20150101 030918 @ 11585 5177 4415 4307 4339 4530 4866
- B (12.68%) | (5.66%) = (483%) | (471%) | (475%)  (4.96%) (5.32%)
iris I2 20160102 035918 = 13542 6059 4851 4708 4724 4977 5490
- - (1482%) | (6.63%) = (531%) | (5.15%) | (5.17%)  (5.45%) (6.01%)
iris 12 20170101 065518 @ 12764 5072 3783 3624 3602 3853 4256
- - (13.97%) | (5.55%) | (414%) | (397%) | (3.94%)  (4.22%) (4.66%)
iris 12 20180101 052555 @ 15331 6559 5185 5002 4917 5185 5636
- - (1677%) | (T.18%) | (5.67%) | (547%) | (538%)  (5.67%) (6.17%)
iris 12 20190101 034650 @ 12626 5027 3445 3199 3080 3250 3748
- - (13.82%) | (5.50%) | (377%) | (3.50%) | (337%)  (3.57%) (4.10%)
iris I2 20190723 042506 = 14240 5408 3069 3733 3736 4001 4526
- - (1558%) | (6.02%)  (434%) | (408%) | (4.09%)  (4.38%) (4.95%)
iris 12 20200101 051202 @ 14779 5505 4081 3893 3899 4197 4713
- B (1617%) | (6.02%) = (447%) | (426%) | (427%)  (4.59%) (5.16%)
iris I2 20210101 052457 14166 5505 3011 3637 3512 3767 313
- - (15.50%) | (6.12%) = (428%) | (398%) | (3.84%)  (4.12%) (4.72%)

feature was not determined correctly: the algorithm should have chosen the point with the least
intensity, which did not happen. The reason for preferring 0.3 sd for the first parameter is thus
that it offers greater accuracy in terms of determining the correct locations of features in most
cases, particularly where the difference between the two emission peaks and the central line
absorption is larger than 0.3 sd and less than 0.4 sd.

Although these steps appear to effectively determine the spectral features of ky/h, and k3/h3,
the algorithm did seem to encounter more difficulty in accurately determining the positions of
k1, and hy, due to the relatively high noise at these two positions in the Mg II spectrum. Thus,
the algorithm was developed further to address this limitation by smoothing the data to avoid

noise across the wings of the profile.

Smoothing Data

The Savitzky-Golay (SG) method used in this work is among the best methods for data smooth-
ing. The core idea of the SG smoothing is to select the window size and polynomial degree
that best match the spectra of interest. This necessitates multiple tests to ascertain the optimal
window length and polynomial order for the data. In this study, the values 9 and 2 were selected,
respectively.

The optimal smoothing parameters were ascertained using two steps: 1) Calculating multiple
smoothed spectra with varying SG function parameters; and 2) Calculating the relative error
between the raw and smoothed data in each scenario.

- Calculating smoothed spectra with different parameters
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Figure 2.9: Mg II h line at pixel location [2, 37] using 0.4 as the first parameter and 1.45 as the
second. This is an example of inacurate determination of the position of /3.

Upon examination of the raw data, significant noise is apparent, particularly in the wings,
especially on the blue side of the k line and the red side of the h line. This noise’s effect is
observable in the histograms of the found wavelengths for each feature, which don’t align well
with a Gaussian distribution for either k1, or i1, primarily due to their positions as outer minima,
which introduce greater noise levels. The data smoothing’s primary objective was to minimize
the noise at these two sites, enabling the algorithm to precisely locate these points. Conse-
quently, this would produce wavelength histograms closely matching the Gaussian distribution.
Two criteria determined the optimal smoothing parameters: the number of excluded profiles and
the histograms’ Gaussian distribution alignment. We expect that small random factors may in-
fluence the wavelength at which k;,, and A, are found, and that this therefore should result in a
Gaussian distribution. By varying the window width from 1 to 9 and adjusting the polynomial
degree to values lower than the window width, the algorithm was assessed. Table 2.4 indicates
that the best options in terms of profile exclusion and Gaussian distribution alignment were (5,
0) and (9, 2). Figure 2.10 also shows that the green line, symbolizing window length 9 and
polynomial degree 2, mirrors the raw data closely. In contrast, the red line, denoting window
length 5 and polynomial degree 0, is less representative of the original data.

- Relative Error

To choose between (5, 0) and (9, 2) as the optimal smoothing parameters, multiple relative
error computations were executed, comparing the original data and the smoothed data for ky,,

kar, hy, and hy, features across eight random pixel sites. The calculation of the relative error
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Table 2.4: Table comparing various window lengths and polynomial orders in terms of the
number of excluded line profiles and whether the Gaussian distribution describes the wavelength
histograms for k1, and &y, adequately. Original raster file obtained by IRIS on 23 July 2019, at
04:25UT. A histogram’s classification as good or bad in the context of a Gaussian distribution
depends on how well the data’s distribution matches a normal distribution.

(Window length, Poly order) Number of excluded profiles The wavelength histograms for
kiv and hy, by Gaussian
distribution

0 3594 Very bad
3,0 3468 Very bad
3,1 3682 Very bad
3.2 3594 Very bad
5,0 5313 Good
5,1 10139 Very good
5,2) 2848 Very bad
5,3) 2785 Very bad
5.4 3594 Very bad
(7,0) 13555 Very bad
(7. 1) 31840 Very good
7.2 3744 Bad

7,3 3378 Bad
(7,4 2791 Very bad
7.5 2774 Very bad
(7, 6) 3594 Very bad
®.0 37548 Very bad
®,1) 64539 Very bad
®,2) 5304 Good
.3 4732 Good
©,49) 3136 Very bad
®.5 29012 Very bad

(®, 6) 2850 Very bad
®,7 2811 Very bad
®,8) 3594 Very bad
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Figure 2.10: Mg II h line at pixel location [2, 37]: The blue line is the original spectrum. The red

line shows mild smoothing with (5, 0). The magenta line represents more aggressive smoothing
with (7, 1). The green line developed using (9, 2) thus represents further smoothing.

between the original and smoothed profiles for emission peaks was conducted using the formula:

bs (Iore —1
Rew — (“ 5 (Jorg Sm)) % 100 2.2)

1 org

Here, R, denotes the relative error, I,,, represents the intensity of the original line profile,

and I, signifies the intensity of the smoothed line profile.

Table 2.5 reveals that the relative error for (5, 0) always surpasses the error for (9, 2), indi-
cating that (9, 2) is the optimal choice. Figures 2.11 and 2.12 display various spectra for h and k
lines from the pixel locations mentioned in Table 2.5, illustrating the accuracy of data smoothing
using (9, 2) and (5, 0), respectively. The x-axis signifies the wavelength in A, while the y-axis
denotes the intensity in erg s~! cm™2 A-lsr

Based on the relative discrepancies between the raw and smoothed data, the optimal smooth-
ing parameters were chosen.

The final algorithm was structured on the realisation of the following objectives:
* Data noise reduction through smoothing.
* Identification of all inflection points in the line profile.

* Removal of superfluous points (local minima/maxima).
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Table 2.5: Comparison of relative error between the smoothing parameters (5, 0) and (9, 2) and
the original data for k»,, ko, hy, and hy, features on eight random pixel locations.

Pixel
location Kav kar hay h2r
(0, 25) 4.53 % 10.68 % 8.32% 8.02 % 1.45 % 6.15 % 5.67% 3.63%
(53,177) 4.09 % 8.40 % 8.31% 10.57 % 0.08 % 3.42 % 4.55% 5.41 %
(0,38) 11.41 % 11.50 % 13.14 % 16.05 % 577 % 5.90 % 7.06% 9.87 %
(1, 34) 11.08 % 5.09 % 11.87 % 3.17 % 5.62 % 2.18% 6.06% 1.64 %
(40, 270) 7.54 % 14.64 % 891 % 12.85% 3.60 % 8.87 % 4.42% 6.67 %
3, 11) 10.60 % 12.32 % 9.95% 8.98 % 6.10 % 6.54 % 5.96% 3.29 %
(30, 427) 7.40 % 10.83 % 8.41 % 10.36 % 2.51 % 6.02 % 3.55% 5.61 %
(13, 150) 8.23 % 9.52 % 6.35% 11.40 % 3.85 % 4.93 % 2.03% 6.86 %

* Elimination of any consecutive point pairs with values below a third of the standard devi-

ation.

* Maintenance of a single point per region, following the profile’s division into five sections

based on feature positions.

2.3.2 Algorithm Requirements

The algorithm works well for both the Mg II h and k spectra that form in the photosphere and
the chromosphere. Each Mg II h and k line has a central absorption core surrounded by two
emission peaks, with outer minima surrounding both; the algorithm thus excludes profiles with
a single peak. This suggests that the algorithm can work with any spectrum in any region of the
sun, whether in the centre or at the edge of the sun as long as it has the same shape, with two
emission peaks, a central absorption core, and local minimums. The algorithm works only with
IRIS observations on the disc of the Sun in level 2 Fits file format. Such publicly available data
is readily obtainable from the IRIS website, and this work thus utilised a huge amount of data,
about 6 TB, to better represent IRIS observations of the centre of the solar disk for the period
from 2015 to 2022. Working with this huge data set required a machine with good computing
power and a large memory capacity to analyse and store it. Further, even with this in place, as it

takes about two minutes to run the code for a single raster profile, approximately four continuous
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Figure 2.11: Examples of Mg II h&k lines for original and smoothed data at four different pixel
locations. Blue line shows the original spectrum, and the red line is the smoothed data. The
smoothing parameters are 9 and 2 for window size and polynomial degree, respectively. The left
column represents the k line, while the right column represents the h line. Each row represents
a pixel location, with a, b, ¢, and d representing (0, 25), (53, 177), (0, 38), and (1, 34) of these
profiles are determined from Fig. 2.4, respectively.
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Figure 2.12: As for Fig. 2.11 with smoothing parameters 5 and 0, respectively.
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days processing is required to run the code for eight years’ data.

2.4 Data Quality Assessment

2.4.1 Applying Code to Synthetic Data

Synthetic data is one way of overcoming a lack of actual data for code testing by creating fake
data. The term "synthetic data" thus refers to any data created by a computer program and not
based directly on real-world events or phenomena. Random noise can also be included such a
dataset.

In this thesis, such synthetic data is utilised to determine how effective the algorithm is
at identifying the relevant spectral features (ky and hy, ky and hy and k3 andhs) of the Mg II
h and k lines. The extent of this is determined by the number of profiles excluded and the
algorithm’s ability to accurately pinpoint the correct position for these spectral features, with
the latter illustrated by a good representation of the Gaussian distribution being offered by the

wavelength histograms.

2.4.2 Building Synthetic Data

A double Gaussian model with nine parameters was developed to fit a window of width 1.945 A

centred around the Mg II h line (Schmit et al. [2015]) to generate synthetic data:

z<z>:a+b*|x_c|+d*<exp(%;f>2))_h*(exp(#;ﬁz)) 23

where the units for I, a, d, and h are DN, that for b is DN A*I, and that for ¢, f, g, j, and k

are A.

Using this equation for different parameters, seven original profiles with a line centre sur-
rounded by two emission peaks, both surrounded by two local minimums, were generated, as
illustrated in Figure 2.13. These seven profiles broadly reflect the different types of line profiles
that can be found based on relative differences in shapes and intensities of the five features. Each
of these seven profiles is then used to generate 9 x 10* further profiles to simulate a wide range of
observed profiles. A normal distribution is used to generate random values through two separate
distributions that output 300 values each for mean (centered around 0 with a standard deviation
of 1) and standard deviation (with a mean of 10 and a standard deviation of 3). For each of the
300 pairs of mean and standard deviation, 78 random values (corresponding to the number of
wavelength points across the line profile) are created and added as noise to an original intensity

profile. This results in a total of 9 x 10* unique profiles by combining the randomised mean and
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standard deviation values. The code was run only on the h line, though code performance for
the k line is expected to be at least as effective, if not better, as the k line is stronger than the h
line.

Figure 2.13 shows typical profiles generated by the nine-parameter double Gaussian model.
In the standard profile, the fit extrema are labelled as follows: /3 is the reversed core, the emis-
sion peaks are /7, and the minimum in the wings is /1, with the v and r subscripts corresponding
to the violet and red sides of the profile, respectively. Panels a, ¢, d, and f in Fig. 2.13 share
peaks that are identical in intensity while b, e, and g do not. The latter case thus offers more
chances of determining how robust the algorithm is in terms of determining the five desired
spectral features accurately under different conditions.

Examples of profiles created after adding random noise are shown in Fig. 2.14. Both positive
and negative noise values were added to the original profiles to make them more similar to the
real data from the sun captured by the IRIS spacecraft.

The current study examined only the Mg II h line at 2803.538 A, thus utilising the wave-
length array for the same observed values as obtained from IRIS, which offers a resolution of
25 mA with wavelengths ranging from 2802.565 A to 2804.510 A. A 1.945 A wide spectral
window centred on the Mg II h line was thus considered. We used the SG method here in the
same way as on the real data obtained from the IRIS spacecraft (smoothing only the wings de-
pending on a wavelength limit). The values nine and two were thus used for window length
and polynomial order, respectively, to smooth out the noise from the synthetic data, as shown in
Fig. 2.15.

2.4.3 Assessing Code Performance on Synthetic Data

This section assesses the effectiveness of the algorithm in terms of determining the desired spec-
tral features using synthetic data. The algorithm was tested by running it on each original profile
separately, resulting in varying results in terms of the number of excluded profiles. Figure 2.16
shows an example of the results for one profile (a) from among the seven original profiles cre-
ated that were each expanded to 9 x 10* profiles with the addition of different patterns of noise.
Adding noise randomly produced data with a range of mean values between 0 and 1 and a range
of standard deviation values between 3 and 10. Table 2.6 shows the average values for the num-
ber of excluded profiles after the code was run five times, each with a unique random noise seed,
resulting in varied line profiles for each time. In profiles (a), (c), (f) and (g), a close average of
excluded files, between 0 and 1%, was obtained: the exact values were 0.05%, 0.86%, 0%, and
0.01%, respectively. In contrast, figures of 2.24% for profile (b) and 4.99% for profile (e) were
obtained, while profile (d) was very extreme in terms of the average percentage of excluded files
at 51.17%. This high value occurred because this profile had a very low intensity, so that any
noise added to the profile has a large effect, making the profile more complex. Similarly, profile

(f) had high intensities relative to the other profiles, so any added noise had little influence, re-
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Figure 2.13: Seven double peak profiles panels using a nine-parameter double Gaussian model.
The legend at the top left of each panel presents the model parameters as per Equation ( 2.3).
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Table 2.6: Comparison of the number and percentage of excluded profiles among the synthetic
profiles is shown in Fig. 2.13. The first column shows the original files created with a nine-
parameter double Gaussian model from (a) to (g), while the second to sixth columns represent
the number of excluded profiles, with the relevant percentage given in parentheses. The final
column shows the average number and percentage of excluded profiles resulting from running

the code five times for each file in columns 2 to 6.
Number of excluded line profiles (Percentage of 90000 profiles)

Average
1 2 3 4 5

a 29 (0.03%) 49 (0.05%) 46 (0.05%) 44 (0.05%) 40 (0.04%) 42(0.05%)
b 2063 (2.29%) 2027 (2.25%) 2048 (2.28%) 2104 (2.34%) 1816 (2.02%) 2012 (2.24%)
c 913 (1.01%) 765 (0.85%) 906 (1.01%) 723 (0.80%) 540 (0.60%) 770 (0.86%)
d 46036 (51.15%) | 45545 (50.61%) = 47706 (53.01%) 45261 (50.29%) 45722 (50.80%) | 46054 (51.17%)
e 3974 (4.42%) 4478 (4.98%) 4358 (4.84%) 4696 (5.22%) 4961 (5.51%) 4493 (4.99%)
f 0 (0%) 0(0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
g 19 (0.02%) 6 (0.01%) 10 (0.01%) 7(0.01%) 21 (0.02%) 13 (0.01%)

sulting in no excluded profiles.

All wavelength and intensity histograms for each original profile were plotted as for the real
data for both h&k lines shown in Sec. 2.5; however, only the spectral features of the h line, A1,,
hyy, h3, hy,, and hy, were used. Each histogram was also fitted with a Gaussian distribution.
Figures 2.16 to 2.22 show that the Gaussian distribution offers a relatively good description
of the wavelength and intensity histograms. Although there were noticeable differences in the
number of bins between the synthetic and the IRIS-observed data when examining features #,,,
hy,, and h3, the code was successful in determining the spectral features based on it producing
the expected output. These differences mean the range of possible values for the parameters is
the same, but the resolution within the parameter space is higher for synthetic profiles.

The vertical red-dash line displayed on all panels in Figures 2.16 to 2.22 represents the
reference wavelength and intensity for each feature, as obtained from their values in the original
profiles before any noise was added (Fig. 2.13). In h»,, hy,, and h3, the wavelength histograms
are as expected, as these refer to the bins with the highest number of points; the noise has little
effect in these positions. In contrast, the noise in all seven original profiles shifted towards the
larger wavelengths in the /1, and towards the shorter wavelengths in the /.. This shift was
assessed by calculating the velocity of A, and h;, with respect to the difference between the
wavelength of the vertical line and the wavelength of the top of the Gaussian distribution, as
shown in Table 2.7. All the profiles are close in velocity, at almost less than 5 km s~! with the

exception of the original profile (d), which has a velocity of more than 16 km s~!, almost three
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Table 2.7: Velocities among the synthetic profiles in Fig. 2.13. The first column shows the orig-
inal files (a) to (g) created with a nine-parameter double Gaussian model. The second column
represents the velocity of A, and A, with respect to the difference between the wavelength of
the vertical line and the wavelength of the top of the Gaussian distribution.

Original profile ‘ Velocity (km s-1)
hlv hir

a -4 3.5
b -1.5 3.2
c -4.8 43
d -16.4 16.6
e -33 25
f 4.5 4.5
g 3.7 2.9

times the velocities of the other original profiles. Original profile (d) has a much lower intensity
than the other original profiles, the effect of noise is also very large in this profile, leading to a
more significant shift, which results in this large velocity as compared to other profiles.

Table 2.8 shows the wavelength and intensity values for the original seven profiles and the
actual value wavelength and intensity ranges for all spectral features in these profiles after the
addition of noise. By comparing the expected values with the histograms obtained from the
seven synthetic profiles, the values can be seen to be fairly close, except in the case of original
profile (d).

One indicator of algorithm accuracy is the width of the distribution associated with each
spectral feature. A narrower distribution suggests a higher level of precision in identifying spec-
tral features. In this work, we analyse the widths of the distribution of hy,, h3, hy,, hy,, and
hy, features to assess the algorithm’s accuracy in identifying these spectral characteristics. The
analysis of the widths in h,,, h3, and hy, features revealed widths of 0.03, 0.03, and 0.02 A,
respectively (see Fig. 2.16, left column). These narrow widths indicate that the algorithm has a
high degree of accuracy in locating these spectral features. The precise identification of h»,, h3,
and hy, lines suggests the algorithm’s robustness and its ability to discern subtle variations in
the spectral data. However, as depicted in Fig. 2.16, the widths for /1, and &, were found to be
0.1 A for both features. This broader width indicates that the algorithm’s accuracy in locating
these spectral features is relatively lower. The wider distribution suggests a relatively reduced
ability to precisely pinpoint the positions of the 4y, and &y, features. This lack of accuracy can
be attributed to the possibility that the outer wing features are situated beyond the boundaries of
the line profile.

Overall, the histograms indicated reasonably acceptable velocity calculations derived from
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Table 2.8: The original seven profiles’ wavelength and intensity values and their manually es-
timated ranges for all spectral features after the addition of noise. The first column shows the
original files (a) to (g) (as in Fig. 2.13) created with a nine-parameter double Gaussian model.

The units of the wavelengths (4) and intensities (/) are A and DN, respectively.
Profile | Profile
No. Type

A I A I A I A I A I

Original | 2803.09 20.28 2803.39 160.15 2803.54 52.30 2803.67 160.07 2803.97 19.87

Noise 2802.93 - 5-35 2803.36- 145-175 2803.51- 37-67 2803.64— | 145-175 @ 2803.81- 5-35
2803.25 2803.42 2803.57 2803.70 2804.13
Original | 2803.27 41.82 2803.59 223.10 2803.77 139.82 2803.84 150.15 2804.17 42.46
b
Noise 2803.11 - 27-57 2803.56- 208-238 2803.74-  125-155 2803.8- | 135-165  2803.01- 27-57
2803.43 2803.62 2803.8 2803.89 2804.33
Original | 2802.94 97.96 2803.32 221.38 2803.54 126.56 2803.74 220.71 2804.12 97.08
c
Noise 2802.78 - 83-113 | 2802.29- 206-236 2803.51- | 112-142  2803.71- | 206-236 2803.96- 82-112
2803.1 2803.35 2803.57 2803.77 2804.28
Original | 2802.82 19.19 2803.32 69.76 2803.54 46.01 2803.77 68.52 2804.24 17.84
d
Noise 2802.66- 4-34 2803.25 - 55-85 2803.48 - 31-60 2803.7 - 54 -84 2804.08 - 3-33
2802.98 2803.35 2803.59 2803.81 2804.4
Original | 2803.09 52.65 2803.39 137.07 2803.49 104.06 2803.69 371.40 2804.04 50.37
e
Noise 2802.93 - 38-68 2803.32- 122-152 280344-  89-119 2803.66- 356-386  2803.88- 35-65
2803.25 2803.43 2803.51 2803.72 2804.20
Original | 2802.94 55.33 2803.42 1194.82 2803.54 989.63 2803.67 1194.09 2804.14 54.60
f
Noise 2802.83 - 40-70 2803.37 - 1180 - 2803.5 - 975 - 2803.64 - 1179 - 2803.94 - 40-70
2803.15 2803.45 1210 2803.58 1005 2803.71 1209 2804.26
Original | 2802.99 91.17 2803.39 399.98 2803.59 13331 2803.72 212.44 2804.04 90.41
g

Noise 2802.83- 76-106 | 2803.36- 385-415 2803.56-  118-148  2803.68- | 197-227 | 2803.88- 75-105
2803.15 2803.42 2803.62 2803.77 2804.2
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the displacement of the peak of the Gaussian fit relative to the spectral feature values in the
original profiles. In addition, comparing the estimated values of wavelengths and intensity in
Table 2.8 with the histograms seen in Figures 2.16 to 2.22, the values in the histograms can be
explained well by applying the actual values in the table. Thus, the algorithm performs well in
terms of automatically determining the spectral features in the Mg II h&k lines; however, these

results may be less reliable for very noisy spectra.

2.4.4 Comparison with IRIS IDL Code

This section discusses the relative performance of the new algorithm against thatof the iris_get__
mg_features_1lev2 IDL procedure as described in Leenaarts et al. [2013b] and Pereira et al.
[2013]. A summary of the IDL algorithm, which aimed to identify the central reversal k3, h3
and line peaks ko, k2, hy,, ho,, of the h and k lines of Mg Il is thus offered below:

* Look for extrema in a range of +40 km s~! around the resting wavelength.

* Identify the line-centre (LC) velocity and seek a parabolic fit for a few spectral points
around the estimate to give the final line centre velocity. Outliers may be identified using
a Gaussian filter, and a normalized Gaussian kernel with a given standard deviation is
commonly used. These outliers are then passed through the LC fit process once more,

using the weighted mean of neighboring pixels as an initial estimate.

« Identify the LC intensity by looking for peaks within a range of 10 km s~!. The most
straightforward case involves taking the minimum between two maxima. For several min-
ima, the lowest is selected. If only one peak is identified within the 20 km s~! range,
the derivative method for blended peaks is used, taking a minimum of j—/{ (Pereira et al.

[2013]). Afterwards, a parabolic fit is created around the estimate.

* Calculate the positions of the peaks by performing cubic spline interpolation of the initial
estimates on a higher resolution wavelength grid. The initial estimates will be found
within £30 km s~! of the LC. Peaks that are separated by less than +10 km s~! are
discarded (inter-peak separation), while each peak’s position with respect to LC dictates
whether it corresponds to a blue or a red peak. Final velocity shifts and intensities for the

peaks are obtained from the interpolated spectra.

Pereira et al. [2018] discussed areas where the IDL code struggles to perform well. The
main issues appear to be related to cropped profiles with features incorrectly identified, which
is addressed to some extent by the steps described above that look for outliers, while in the
current Python code used in this study, the use of noise filtering is added as a further step to

remove outliers. The sign difference between consecutive points accurately identifies any points
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Figure 2.16: Histograms of wavelength and intensity for the h parameters of Mg II h line in
original synthetic profile (a) (Fig. 2.13). The green dashed line represents the Gaussian distribu-
tion, while the red vertical line represents the predicted wavelength from the original synthitic
profile. The legend at the top left for each panel shows the mean, the standard deviation, and the

width of the distribution.
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Figure 2.17: As with Fig. 2.16, but for original profile (b) from Fig. 2.13.
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Figure 2.18: As for Fig. 2.16, but for original profile (c) in Fig. 2.13.
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Figure 2.19: As for Fig. 2.16, but for original profile (d) in Fig. 2.13.
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Figure 2.22: As for Fig. 2.16, but for original profile (g) in Fig. 2.13.
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of inflection, while dividing the line profile into five regions allows removal of unwanted local
minima and maxima.

Both their method and our method aim to identify the main line features of the Mg II lines.
The former relies on a Gaussian filter and a cubic spline interpolation, allowing precise esti-
mation around the rest wavelength and increased resolution for peak positions. However, it
occasionally struggles with cropped profiles, sometimes misidentifying high-intensity points.
Conversely, our algorithm employs noise filtering to effectively remove outliers and uses the
sign difference between consecutive points to identify the locations of inflection points. More-
over, our algorithm identifies positions and intensities of #; and kp, allowing us to expand the
range of atmospheric depths probed. While our method seems more accurate in some situations,
especially in identifying k3 and managing complex profiles, the best choice might vary depend-

ing on the specific dataset and user requirements.

2.5 Results: Histograms

This work plotted all histograms for ky,,, k2, k3, k2, and k1, as well as hy,, hy,, h3, hy,, and hy,,
and fitted them to a Gaussian distribution. These plots contained ten local maxima and minima
for the Mg II h&k line profiles, with each having two plots (a and b). The x-axis in (a) represents
the wavelength, and the y-axis represents the total number of pixels in each corresponding wave-
length bin, as seen in Fig. 2.23, while the x-axis in (b) represents the intensity, and the y-axis
represents the total number of pixels in each corresponding intensity bin, as seen in Fig. 2.24.
To do fitting for every single pixel in the raster, particularly within the wings, we employed the
Savitzky-Golay (SG) filtering technique to minimise noise interference. The parameters chosen
for this process were a window length of nine and a polynomial order of two (see Sec. 2.2.4 and
Smoothing Data in Sec. 2.3.1). Additionally, for the construction of wavelength and intensity
histograms, we utilised the *matplotlib.pyplot.hist” function available within the Python library.

Figures 2.23 and 2.24 show the histograms of the wavelengths and intensities of the spec-
tral features of interest for all pixels in the raster as presented in Sec. 2.2.2, respectively. The
wavelength histograms are relatively well described by Gaussian distributions, and the spread
in wavelengths is clearly larger for ky,, ki, k1, and hy,, which may be expected due to their
lower intensities and can be attributed to the possibility that the outer wing features are situated
beyond the boundaries of the line profile. In Figure 2.23, most of the points are clustered on the
central part of the wavelength axis, as expected. Examining intensity in Fig. 2.24, the k1 & h
points are at lower intensities than k> & hy and k3 & h3, while the ky & hj points are the largest
intensities, again, as expected. The spreads of and differences in the k3, and k;, histograms sug-
gest variations in temperature and velocities of the chromospheric regions where these peaks are

formed (Pereira et al. [2013]), while the intensity histograms allow exploration of the relative



CHAPTER 2. PROPERTIES OF MG II H&K LINES IN THE QUIET SUN 59

contributions of different quiet Sun features to the total emissions seen in the Mg II lines.

The analysis of the widths for ky,, ky,, hyy, k3, h3, ko, hor and hy, wavelength distributions
shows values of between 0.03 and 0.09 A, respectively (refer to Fig. 2.23). These values suggest
that the algorithm is relatively accurate when it comes to identifying these particular spectral
lines. This accuracy in locating ky,, k2, hay, k3, h3, kp,, hy, and hy, underlines the algorithm’s
capability to recognise minor fluctuations in the spectral information. In contrast, Fig. 2.23
shows that the widths of the k;, and A, wavelength distributions were measured at 0.14 and
0.12 A, respectively. This shortfall in precision could be due to the outer wing features being
located outside the line profile boundaries, potentially due to their merging into the nearby con-
tinuum or being more affected by noise. The algorithm’s relative accuracy is judged by how
closely it identifies spectral lines, with a narrower FWHM indicating sharper, more precise de-
tection. Most detected lines show FWHM values between 0.03 and 0.09 A, indicating good
precision. However, a couple of lines have a broader FWHM (0.12 and 0.14 A), suggesting less
precision, possibly due to noise or blending with nearby lines. Therefore, "relatively accurate"

means the algorithm generally identifies lines precisely, with some exceptions.

In assessing the code performance for spectral feature detection, we observe that FWHM
of the measurements, as depicted in Fig. 2.23, approaches the uncertainty level of the code’s
detection ability, as determined by the FWHM of the test profiles illustrated in Fig. 2.16. The
test profile for Ay, (Fig. 2.16) exhibits a FWHM of 0.03 A, which establishes the range of un-
certainty for the code’s detections. In contrast, the FWHM of h;, derived from the observed
data, presented in Fig. 2.23, is recorded at 0.08 A. The proximity of this observed FWHM to the
uncertainty range suggests a decrease in the accuracy of the algorithm when detecting spectral
features. The accuracy of the algorithm in detecting spectral features decreases, perhaps because

the noise level is greater in the degraded synthetic features than in the actual data.

2.6 Conclusion

A new method for automatically determining the positions of the Mg II h&k spectral line fea-
tures has been developed. Synthetic data was generated using a nine-parameter double Gaussian
model (6.3 x 107 profiles) to test the accuracy and effectiveness of our algorithm in determining
these spectral features. The results that we obtained from the synthetic data histograms proved
the algorithm’s effectiveness in determining the spectral features of the Mg II h&k lines. In
observed data obtained from IRIS, the Gaussian distribution fitted the wavelength histograms
reasonably well, but not the intensity histograms, which were clearly asymmetrical and not well
fitted by the Gaussian distribution.
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Figure 2.24: Intensity histograms for the profile features of Mg II h&k lines in one raster as
obtained by IRIS on July 23, 2019. The dashed red line represents the Gaussian distribution.
The legend at the top left for each panel shows the mean, the standard deviation, and the width
of the distribution.
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In the next Chapter, we will investigate the temporal variation of the averaged flux for all
Mg II h&k features over the time period 2015-2022 representing the end of the 24" and the
beginning of the 25" solar cycles. We also will investigate the relationship between radiation
temperatures, total integrated intensities, and line widths, as well as their relationship to feature
intensities for all Mg II h&k lines.



Chapter 3

Variation over the Solar Cycle of the h
and k Lines at the Quiet Sun Centre

Within the near-ultraviolet (NUV) range of IRIS, the Mg II h&k lines are robust chromospheric
indicators that enable precise assessments of velocity and temperature across a range of chro-
mospheric altitudes. Previous investigations have explored correlations between these physical
parameters and distinct Mg II features, each associated with a specific altitude (see Table 4 in
Pereira et al. [2013]). The h and k lines have a common origin, although the k line’s oscillator
strength is twice that of the h line (Pereira et al. [2013]).

Gundr et al. [2022] published one of the most recent studies on the variation of periodic
illumination from the Sun’s surface and its effect on the Mg II h and k spectra emitted from
chromospheric and coronal structures. They examined how alterations in the incident radiation
within the Mg II h&k lines impact the spectra computed using models of radiation transfer in
prominence-like plasmas. Their findings revealed two key factors affecting the generated Mg
IT h&k spectra. The first factor involves shifts in the incident radiation, which are essential for
prescribing simulated plasma illumination originating from the solar disc. The second factor

relates to the presence of line-of-sight dynamics within their multi-thread configuration.

In this chapter we investigate the temporal variation of averaged flux taken at the centre of
the solar disc for all Mg II h&k features in the period 2015 to 2022. This period represents the
end of the 24™ and the beginning of the 25" solar cycle and is therefore a transitional phase.
Additionally, we examined the relationship between radiation temperatures, total integrated in-
tensities, line widths, and their connections to feature intensities across all Mg II h&k lines.
Section 3.1 gives an overview of the solar cycle and how it relates to chromospheric activity.
Section 3.2 presents an analysis of the variations in the Mg II h&k lines throughout the solar
cycle. Section 3.3 describes the data reduction process, and section 3.4, the algorithm used for
this analysis. In Section 3.5 some of the diagnostic information embedded in the Mg II h&k

lines is discussed, temperature, total integrated intensity, line width, and temporal variation.
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Section 3.6 discusses the findings, with Section 3.7 providing a concise summary of the work

and the conclusions drawn from the results.

3.1 Overview of Solar Cycle and Its Influence on Chromo-
spheric Activity

The solar cycle is a periodic variation in solar activity that lasts approximately 11 years. The
Sun undergoes alternating phases of reduced solar activity (solar minimum) followed by height-
ened solar activity (solar maximum). The cycles are accompanied by characteristic waxing
and waning of solar phenomena such as sunspots, solar flares, and solar prominences (see e.g.,
Hathaway [2010]). Sunspots are well-known characteristics of solar activity, visible as darker
regions on the sun’s surface (photosphere) where the magnetic field is concentrated. The solar
cycle plays a pivotal role in influencing the behaviour of the Sun’s atmosphere, particularly the
chromosphere, which lies between the photosphere and the corona, and is a transitional region
crucial for understanding the energy transfer mechanisms from the Sun’s interior to its outer
atmosphere. Solar prominences are another form of chromospheric activity influenced by the
solar cycle. These are large loops of magnetic fields filled with relatively cooler plasma, and
appear as bright structures against the solar disc or as dark filaments when observed at the limb
of the Sun (Tandberg-Hanssen [1995]). The influence of the solar cycle on the chromosphere
has consequences for space weather and consequently for the Earth. Solar flares and other chro-
mospheric activities can lead to geomagnetic storms, affecting satellite operations, power grids,
and even causing the auroras (Northern and Southern Lights) to be more vivid as well as fre-
quent (Gonzalez et al. [1994]). Solar Cycle 24 began in December 2008, peaked in April 2014,
and ended in December 2019, while Solar Cycle 25 commenced in December 2019 (Li et al.
[2015]), with its peak projected in 2025 (Prasad et al. [2022]).

Our study predominantly focuses on the large-scale structure by averaging all the pixels for
each raster file, thereby giving a perspective that is primarily relevant to the quiet Sun at the disc
centre over solar cycles. It is correct that individual datasets capture the variance in solar struc-
tures. The distinction between network and internetwork regions and their random mixture may
be important, depending on the specific objectives of the analysis being carried out. However,
the methodology we adopted emphasises average behaviour, making our results more represen-
tative of the quiet Sun. This means that variations on a finer scale, and the interactions between
the network and internetwork, might not be as prominently reflected in our conclusions. When
interpreting our findings, it is essential to bear in mind that our focus is on average behaviour
and the large-scale structure. Future studies will delve deeper into these finer-scale variations to

provide a more detailed understanding.
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3.2 Analysis of Mg II h&k Line Variations over the Solar Cy-

cle

The Mg II h&k lines correspond to wavelengths of 279.6 nm and 280.3 nm respectively, and
serve as valuable spectral indicators for studying variations in solar activity over the solar cycle
and originate from the chromosphere. The Mg II h&k lines are sensitive to both thermal and
magnetic conditions in the chromosphere, making them particularly useful for investigating the
complexities of solar behaviour (Leenaarts et al. [2013b]).

During solar maxima sunspots are abundant and often accompanied by brighter regions
known as plages, where magnetic activity is concentrated and thus implying intense chromo-
spheric activity. The Mg II h&k lines are often enhanced in plages, indicating higher tem-
peratures and increased magnetic activity (Fontenla et al. [2016]). During less active phases,
the Sun’s magnetic field is less complex, and chromospheric activity is present at lower levels.
Increased temperatures typically lead to higher intensities; however, an excessively high temper-
ature can paradoxically decrease this intensity. This phenomenon is particularly observable in
plages, where the temperature range facilitates an augmentation in the population of Mg II ions
in their optimal energy states. Such a condition enhances the emission strength of photons in the
h and k lines. The chromosphere plays a significant role in coronal heating, a process still only
poorly understood. What is known is that the exchange of energy between the chromosphere
and the corona varies throughout the solar cycle, affecting the temperature and density of the

corona.

3.3 Data Reduction

IRIS FITS files are categorized into four groups based on the level of data postprocessing, and
our current emphasis is on Level 2 FITS files. Managing an overwhelmingly large dataset within
the rapidly expanding universe of big data is daunting, especially in complex fields that require
precision and sophisticated understanding. Our dataset covers the period from 2015 to 2022,
consisting of raster files that serve as digital snapshots, capturing specific variables for each day
of the year, resulting in 365 raster files annually. Each raster file contains over 9 x 10* profiles,
with more than 4.5 x 10* assigned to each h and k line. Particular emphasis has been placed on
the IRIS OBS-ID for the daily QS monitoring A1, which is 3882010194 (see Fig. 3.1). The mag-
nitude of this data poses significant challenges for effective analysis and interpretation. While
storage simply requires more space and more efficient memory structures, drawing meaning-
ful conclusions from the complexity of the raw data is challenging without some form of data
reduction. This is a strategic process designed to transform this enormous repository of in-
formation into something amenable to analysis without losing information crucial for accurate

interpretation.
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Figure 3.1: An SDO/AIA image of the sun shows a detailed view of the sun’s surface on January
11, 2022, with a highlighted blue box indicating the targeted area for the slit jaw raster image.
Accompanying information includes observational details, raster data, dimension of raster, step
cadence, and the FOV.

The data reduction process starts with the elimination of ’bad pixels’, defined as those with
either zero or negative intensity values. These bad pixels add to the noise in the data, obscuring
meaningful signals and making it increasingly difficult to isolate relevant information. Once
these are excluded the pixels for each h and k line are averaged (the average here is a process
that combines all pixel values across a whole raster, producing one spectrum per day), effectively
condensing the information contained in the individual pixel data points to a single average
value for each line, thereby simplifying the overall structure without sacrificing the essential
characteristics of the dataset. This results in dual (h and k) line profiles for each raster file.
These line profiles represent the averaged over the FOV (averaged in spatial domain) valid data,
providing a streamlined version of the original raster files that can be more easily manipulated
and analysed. Given our specific interest in tracking temporal variations in the line profiles at
the centre of the Sun, any loss of spatial resolution does not compromise the soundness of this

approach.

3.4 Description of the Algorithm

The algorithm is designed to deal with the large data set spanning eight years, from March 1,
2015, to August 9, 2022, as described in Sec. 3.3. The algorithm is designed to address the
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9 x 10* profiles in each raster file, each of which represents a single day’s worth of data. The al-
gorithm calculates two reduced profiles for each raster file (one each for the h and k lines). This
data reduction is effective enough to obviate smoothing of the averaged data, a process that was
used in Sec. 2.3 when analysing single raster files. However, this approach lacks utility when
the objective is to investigate spatial variations of the spectral lines. Addressing the challenge of
processing a vast number of profiles across the entire period requires a meticulous approach to
data handling and analysis. This process begins with the invocation of FITS files, each contain-
ing valuable spectral information, including the intensities for both the k and h lines. To ensure
the integrity and accuracy of the data, the first step of the method involves excluding bad pixels,
which often occur at the beginning and end of each file, thereby preventing them from skewing
the results. Following the cleansing of the data, an averaging function is applied to the remaining
valid pixels to synthesise the information into an (average) intensity value that is representative
of each line. This procedure is applied to all years, with each raster file corresponding to a one-

line profile per day.

While analysing the IRIS Mg IT h&k quiet sun data at the disc centre spanning the entire IRIS
mission, we encountered a calibration issue with the IRIS data. A perplexing dip in the intensity
of the h and k lines was observed around January 1, 2022. After reaching out to the IRIS team
with our concerns regarding the potential intensity calibration issue, it was identified that there
indeed was an issue with the calibration. Thankfully, this was recently addressed by the IRIS
team. Consequently, the latest radiometric calibration data and routine (iris_get_response.pro)
in SSW were updated on May 26, 2023.

3.5 Mg II h&k Lines Diagnostics

The Mg II h&k lines serve as an invaluable diagnostic tool for assessing and interpreting many
chromospheric properties, thereby understanding of the solar chromosphere’s underlying be-
haviour. These lines are integral to the study of factors such as temperature fluctuations, total
integrated intensities, line widths, and temporal changes across different scales.

In this section, we discuss the relation between the radiation temperatures, the total inte-
grated intensities, and line widths, as well as their relation to each spectral feature. we only
present results for the k line as results for the h line are very similar. we reduced the volume of
data by averaging all the pixels (~ 9 x 10* pixels) for each of the 2644 raster files (these repre-
sent the number of days observed during 8 years, which is the entire target period) to produce
separate profiles for h and k. The results presented here are mostly relevant to the quiet sun at

the disc centre (not filtering out brighter regions) .
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3.5.1 Temperatures

Understanding the intricate relationship between gas temperature and radiation temperature in
the solar chromosphere is crucial for unraveling the mysteries of the Sun’s dynamic atmosphere.
In a study by Pereira et al. [2013], 3D radiative magnetohydrodynamic simulations of the solar
atmosphere were used to explore this relationship, with a particular focus on synthetic Mg II
h and Mg II k line profiles. This investigation sheds light on the temperature dynamics of the
middle chromosphere, where the k; and h, peaks are formed, and how radiation temperature
can serve as a proxy for gas temperature in these regions, provided an absolute calibration of the

IRIS spectra is performed.

The Planck function describes the spectral radiance of electromagnetic radiation at all wave-
lengths from a black body at a given temperature. We use the Planck function to describe the
intensity of sy or ko because these spectral features can be approximated to form under condi-
tions close to LTE, where the source function couples to the local gas temperature via the Planck

function.

One fundamental aspect highlighted by Pereira et al. [2013] is the challenge associated with
using the line cores’ intensities to infer gas temperatures. This limitation arises from the devi-
ation of the source function in the line core from the Planck function. However, in the middle
chromosphere, where the k> and h; peaks emerge, a stronger coupling between gas and radia-
tion temperatures is observed. This observation forms the basis of the study’s main finding that
radiation temperature gives an accurate estimation of the gas temperature at the heights where
the k> and &, peaks are formed. This insight can significantly enhance our understanding of the
solar chromosphere’s thermal structure.

The temperature sensitivity arises due to the dependence of atomic level populations on
temperature, following the Boltzmann distribution. Observations of these lines can thus provide
important temperature diagnostics for the chromosphere, which has approximate temperatures
ranging from 4100 K (see Avrett [1995]) to peaks of 25,000 K in some regions. Models by
Leenaarts et al. [2013b] detail how the line profiles change with temperature, thereby enabling
precise profile-to-temperature mapping.

The series of studies published in IRIS papers by Leenaarts et al. [2013a,b], Pereira et al.
[2013], highlight that in the middle chromosphere, the source function remains linked to local
atmospheric conditions, allowing the intensity of k2 or h2 peaks to be transformed into radiation
temperature. This is based on the understanding that the source function aligns with the Planck
function under the conditions of blackbody radiation and LTE. The direct relationship between
peak intensities and temperature was further validated by research findings from Leenaarts et al.
[2013b]. Consequently, we used the Planck function given below to calculate the middle chro-

mosphere’s radiation temperature
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Figure 3.2: Scatter plots of the relationship between the temperature for &y, peak intensity (K)
and intensities at all spectral features (erg s~! cm™2 A~! sr1).
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Here A represents the wavelength corresponding to k3, or Ay, (2796.35 or 2803.53 A), Iis
the intensity associated with k», or hy,, h denotes Planck’s constant, k stands for Boltzmann’s
constant, and ¢ represents the velocity of light. This equation allows for the estimation of radia-

tion temperature, a key step in evaluating the middle chromosphere’s thermal conditions.

Figure 3.2 provides a visual representation of the relationship between temperatures and
the intensities of spectral features. Temperatures are obtained by applying the peak intensities
detected by the algorithm to the Planck function. While some scatter is observed in ki, and
k1,, there is a strong correlation between temperature and intensity for kp,. These correlations
help us estimate the temperature at the middle of the chromosphere, where the k> and h; peaks
originate. This knowledge assists in comprehending the intricate thermal dynamics within the
solar chromosphere.

The scatter plots in Fig. 3.3 show how the temperature for k,, changes over time. They show
that the averaged solar flux remains consistent during the period from the 24™ to the 25% solar
cycle. Despite this overall stability, fluctuations were observed in 2015 and 2016, coinciding

with the decline of peak solar activity.
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Figure 3.3: The variation of the middle chromosphere’s radiation temperature for the period
2015-03-01 to 2022-09-08.

3.5.2 Total Integrated Intensities

Unlike more complex approaches, such as line profile analysis, which can yield higher-resolution
details about the atmospheric structure and dynamics, focusing on integrated intensities simpli-
fies the computational models.

The quiet Sun is a region that encompasses many distinct phenomena. Our goal was to un-
derstand the complexities of this region as a whole without distinguishing between the different
phenomena involved. In pursuit of this goal we have chosen to focus on one essential parameter:
the total integrated intensity. Our objective is to unravel the connection between this parameter
and specific spectral features, particularly k;, k>, and k3, to gain insights into the behaviour of
the quiet Sun. At this stage we do not differentiate between the distinct phenomena within the
region, such as the network and internetwork phenomena, opting instead to consider the total
integrated intensity for each raster file as our primary metric. This is illustrated in Fig. 3.4 which
shows the correlations between feature intensities and the total integrated intensity for all spec-
tral features.

Figure 3.4 shows the strong correlation between the intensities of all spectral features (ky, ko,
and k3) and the total integrated intensity. This correlation is particularly pronounced in the case
of ks, k3, and ky,. These findings suggest that these specific spectral features are closely tied to

the total integrated intensity, which further suggests that they indicate underlying processes that
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Figure 3.4: Scatter plots of the relationship between the total integrated intensity and the inten-
sity of each spectral feature.

have a significant contribution to the total energy emitted by this region of the Sun.

While results presented Figs. 3.4 and 3.2 show robust correlations, it should be remembered
that contributions to the total integrated intensity come from many sources, including network
and internetwork processes. Further investigation is needed to separate out the individual con-

tributions from the underlying processes.

3.5.3 Cumulative Sum of the Intensity

The cumulative sum of the intensity is a running total of intensity values across a dataset. This
method sequentially accumulates the intensity values from one spectrum end to the other, dis-
playing a sum of the intensity at each point that has been accrued from the beginning to that
specific point. This can help reveal how the intensity is distributed across different parts of the

line. In this work, the term is used to describe the cumulative distribution of intensities across
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the different contributing wavelengths (see Fig. 3.5).

We used the function given below to calculate the cumulative sum of the intensity

i=N—1

1

Lo =Y, ((%H —Ai)- (5) (I +Ii)) (3.2)
i=0

Where A; and A, are the wavelengths at the i and (i + 1) positions, respectively. ; and

I;1 1 are the intensity values corresponding to the wavelengths A; and A; 1, respectively.

The procedure involves integrating the intensity across all wavelengths, and then determining
what fraction of the total intensity lies below any particular wavelength. The cumulative sum of
the intensity is used in the analysis of the Mg II h&k lines to quantify their variation with time,
either through direct observations or via synthetic spectra generated from models.

Figure 3.5 shows an example line profile for the Mg II k line and its corresponding cumula-
tive sum of the intensity, which plots the cumulative intensity against wavelength to show how
much of the total intensity comes from a particular range of wavelengths. It therefore reflects
the underlying distribution of the wavelengths in the spectrum. The wavelengths corresponding
to the 12% and 88% levels on the cumulative sum of the intensity were identified, which allows

us to compare this with the FWHM of a Gaussian line profile.

3.5.4 Line Widths

One important parameter in the diagnosis of plasma conditions using the Mg II h&k lines is the
line width. The line width is affected by many factors including thermal motions, non-thermal
velocities, and pressure broadening, and therefore summarises the contributions from many dif-
ferent underlying physical conditions (Jej¢ic et al. [2017]). Line width diagnostics on the Mg
IT h&k lines are typically performed through spectral fitting procedures. Increasingly detailed
radiative transfer simulations (e.g., Pereira et al. [2013]) have significantly advanced our un-
derstanding of how these lines are formed. This has enabled more sophisticated modeling and
more accurate diagnoses of the underlying solar processes the lines and their individual features
indicate.

Beside the temperature and the total integrated intensity information, we used the quantile
method to calculate the line width. To do this, we first calculated the total integrated intensity,
then found the wavelength values corresponding to the total intensity values at 88% and 12%
of the total integrated intensity. The difference between the two wavelength values is taken
as a representation of the line width. In the case of a purely gaussian profile, this measure is
equivalent to the theoretical FWHM (Ruan et al. [2018]). Figure 3.6 demonstrates that the width

of the Gaussian profile accurately corresponds to the standard FWHM. We used the cumulative



CHAPTER 3. VARIATION OVER THE SOLAR CYCLE 73

CDF .
88%TI e
® 12%Tl e

—

200000

150000

100000

50000

CDF Intensity k [erg s™* cm™2 sr™1

2795.6 2795.8 2796.0 2796.2 2796.4 2796.6 2796.8 2797.0
Wavelength [A]

Figure 3.5: An example of a cumulative intensity distribution for the k line intensity. The green
and orange points correspond to the wavelength at which 12% and 88% of the total intensity
have been accounted for. The small panel represents the Mg II k line profile, taken from the
averaged raster obtained on September 12, 2015, corresponding to the presented cumulative
sum of the intensity.
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Figure 3.6: A theoretical Gaussian profile demonstrates the precision of the quantile method
that determine the full width at half maximum. By identifying the positions at the 12% and 88%
intensity points marked in green and orange, respectively.

sum of the intensity to find the total integrated intensity, and the linear interpolation function to
find the wavelength values that correspond to 88% and 12% level of the cumulative sum of the
intensity.

The relationship between the line width and k»,, k3 and kp, shows an inverse correlation,
while there is no correlation with &y, and &y, intensities (see Fig. 3.7). A likely explanation for
the lack of correlation between line width and intensities in k;, and kj, is that the line width
is primarily determined by the line profile shape and intensity at wavelengths where the line
formation processes are different from what is happening at those positions in the wings. The
bottom-right panel in Fig. 3.7 also shows that there is an inverse correlation between the line
width and the total intensity for the k line. The observed broadening of the line width to increase
with increasing intensity does not seem to be temperature-dependent. Instead, it seems that the
measurements at lower intensities are predominantly influenced by noise rather than by a reliable

correlation.

3.5.5 Temporal Variations

In this section, we review the variation of the averaged flux of the quiet Sun at the Sun’s centre
over the period from 2015 to 2022, which marks the end of Solar Cycle 24 and the beginning

of Solar Cycle 25. Here, we examine the relationships between the feature intensities of Mg II
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h&k lines for all spectral features and time. We also investigate the relationships between time

and the ratio of total intensity for k over h.

The quiet Sun is a useful baseline or reference point for understanding solar activity since it is
aregion devoid of significant solar disturbances. To assess changes in the quiet Sun’s behaviour,
we examined the averaged flux at the Sun’s center. The scatter plots in Fig. 3.8 show that the
averaged flux is stable throughout the end of the 24™ solar cycle and the beginning of the 25™
solar cycle, although there is some scatter in 2015 and 2016 since this period was the end of the
maximum solar activity. In Figure 3.9, the scatter plot shows that the ratio of the total intensity
for k over h is also stable throughout the period. Also, the ratio is more scattered in 2015 and
2016. In general, little activity in that region, although in 2015 and 2016 at the end of solar max
it could be expected that there will be more variations. Figure 3.8 also shows the intensities k1v
and k1r exhibit so little variation over years and then noticeably jump around January 2019 and
then return to remain a little variation over remained years. This jump seems puzzling and raises
curiosity about its causes. Could there be an issue with the calibration? Perhaps like the ones
we encountered at the beginning of the IRIS data analysis, as we mentioned in Sec. 3.4.

Our findings are good for understanding how these features evolve during the transition from
one solar cycle to the next, although the task has computational complexity. Each raster profile
took approximately two minutes to process, making it necessary to allocate around four days to

analyse the entire dataset.

3.6 Discussion

The Mg II h&k lines’ fundamental formation characteristics in the solar atmosphere exhibit a
complex formation behaviour that extends from the upper photosphere to the upper chromo-
sphere. There is a wide range of resulting line shapes due to the differences in temperature,
density, and velocity in this region, and due to how changes in solar activity over time affect

different layers of the solar atmosphere in different ways.

In this work, we were able to build an efficient algorithm that can accurately deal with
double-peak profiles. Our algorithm is able to determine the position of spectral features of the
Mg II h&k lines (the outer minimum in the wings, emission peaks, and central absorption core)
with great accuracy, according to a set of rules (see Sec. 2.3). Our algorithm determines the
outer minimum in the wings (k;/h1) in addition to the emission peaks (k2/h;) and the central
absorption peaks (k3/h3). The algorithm works well for the Mg II h&k spectrum that forms in
the photosphere and the chromosphere at the Sun’s centre. Each Mg II h&k line has a central
absorption core between two emission peaks, with outer minima flanking both. Our algorithm

excludes profiles that have a single peak. Therefore, it will work with any line profile in any
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Figure 3.8: The variation of intensities for all Mg II k features for the period 2015-03-01 to
2022-09-08.
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Figure 3.9: Scatter plot of the relation between the ratio of the h and k total intensity for the
period 2015-03-01 to 2022-09-08.

region of the Sun if it has a similar shape with two emission peaks, a central absorption core,
and well-defined minima on either side of the line profile.

As noted by Pereira et al. [2013], a constraint on the minimum temperature of the gas is
provided by the radiation temperature of the k, or hy peaks. The temperature we obtain from
peak intensity at k», and the feature intensities for all spectral features, especially k3 and ky,, are
strongly correlated, as shown in Fig. 3.2. There is a correlation between peak intensities and
the temperature of the atmosphere at their T = 1 peak heights. The temperatures we found are
less than 6000 K; these findings are consistent with those of Pereira et al. [2013], who found a
correlation between the radiation temperature (7,,,4) and the gas temperature (7,s), even though
there is more scatter at temperatures below 6000 K. While the radiation temperatures in their
work cover a much broader range, but their investigation spanned a broader temperature range
as they were examining the entirety of solar chromospheric phenomena in their simulation.

In the study by Pereira et al. [2013], it was found that while the source function at the k3 and
h3 cores of these lines is decoupled from local atmospheric conditions, indicating independence,
there remains some level of coupling to these conditions at the k» and h; levels situated in the
middle chromosphere. This relationship allows the conversion of the intensity at these peaks
into radiation temperature, serving as an effective proxy for gas temperature at their formation
heights. The conversion process is straightforward for synthetic spectra but requires absolute
calibration for IRIS data. The study also indicates that instrumental smearing has a minimal

effect on the correlation between measured and actual temperatures, mainly affecting extreme
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intensity values above 7 kK, with the correlation at the &, peak being slightly more influenced

due to the narrower range of 7,,4.

To further understand the details of solar spectra and what processes are responsible for
their formation, we analysed the line widths of the spectral profiles. Examining the contribution
of wavelength ranges with the quantile method, as described in Sec. 3.5.4, we investigated the
relationships between line width values and spectral feature intensities. Figure 3.7 illustrates our
findings and shows the patterns and correlations observed for line widths and spectral feature
intensities. Of note is the concentration of line widths between 0.64 and 0.72 A. One of the
most significant observations is the negative correlation between line width and the intensities
of the spectral features kj,, kp,, and k3. As line width decreases, the intensity in these spectral
features tends to increase. This inverse relationship suggests that narrower lines are associated
with more prominent spectral features, highlighting the intricate relationship between line width
and spectral feature intensity. In contrast, no correlations were observed between line width and
the intensities at ky,, and k;,. One plausible explanation for this lack of correlation lies in the
spatial distribution of features in the outer wing. The outer wing features, represented by ky, and

k1, are located at positions that may fall outside the bounds of the line profile itself.

3.7 Summary and Conclusions

This preliminary analysis of all quiet Sun rasters at disk center obtained between 2015 and
2022 demonstrates there is a wealth of information that can be obtained from the complex Mg
I line profile shapes by studying their key features automatically. Our research examined key
features of these complex line profiles and found both correlations and temporal variations. Our
primary objective was to explore the intricate relationships between radiation temperatures, total
integrated intensities, line widths, and spectral feature intensities in the solar chromosphere.
We found that the temperature correlates strongly with k3 & k»,, intensities, but the correla-
tion with ky, & kj, intensities shows more scatter. The total integrated intensity and the feature
intensities for kj,, k3, and k», are well correlated. There is no relationship between &, & ki,
and the line width, but the line width has an inverse relationship with k,, k3, and ky, intensities.
We also investigated the temporal variation of Mg IT h&k lines between the end of the 24™ and
the beginning of the 25™ solar cycles. We found that at this period, the averaged flux remained

constant.

In the next chapter, We will focus on mosaic observations to study the centre-to-limb varia-

tions of the spectral line features by applying our algorithm to the whole Sun’s disc.



Chapter 4

Mosaic Observations

The Interface Region Imaging Spectrograph (IRIS) is one of the most advanced tools for ad-
vancing our comprehension of the solar atmosphere, having made significant contributions to
understanding the structure and dynamics of the Sun. Among IRIS’s various capabilities, per-
haps its most remarkable is the generation of full-Sun mosaics, which extend beyond individual
snapshots of the solar state to offer comprehensive, high-resolution maps that have allowed
scientists an unprecedented view of the Sun’s many layers, from the photosphere to the upper
chromosphere.

Creating a full-Sun mosaic is a complex procedure, however. To achieve this, IRIS collects
a series of high-resolution images, each focusing on a particular portion of the Sun that are then
meticulously stitched together to form a comprehensive map. The result is a mosaic that reflects
the different layers of the solar atmosphere, offering a detailed multifaceted view that is invalu-

able for researchers in this area.

This chapter extends the work established in chapter 3 by focusing on the entire solar disc.
More specifically, it examines the centre-to-limb variations of spectral line features for the Mg
IT h&k lines, which are particularly useful as diagnostic tool with respect to determining the
conditions in various layers of the Sun’s atmosphere. To illustrate this, the chapter examines an
IRIS mosaic captured on February 24, 2019, which corresponds to the solar minimum period
marking the end of the 24™ solar cycle. Section 4.1 offers an overview, outlining the significance
of centre-to-limb observations in solar atmosphere and referencing existing studies to offer con-
text for the current research. Section 4.2 then presents the temperature minimum region of the
solar atmosphere. In Section 4.3, the focus is on the formation heights of the Mg II lines for
the spectral feature ky, while section 4.4 provides an overview of the data used in this study,
specifically the IRIS Full-Disc Mosaic, offering details of the data selection and reduction pro-
cess. Section 4.5 presents Mg II k line profiles for 20 different annuli. Section 4.6 focuses on
centre-to-limb variation of the Mg II h&k lines, with a focus on features such as intensities, line

widths, total integrated intensities, temperatures, velocities, and depth k3. Section 4.7 thus offers
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a discussion of these data, highlighting various interpretations and implications of the findings
presented throughout the chapter, and section 4.8 rounds up the chapter by offering a summary

and conclusions.

4.1 Introduction to Centre-to-Limb Variation

The study of centre-to-limb variation in the solar atmosphere plays a role in the analysis of
Mg II h&k lines, as well as helping facilitate understanding of the three-dimensional structure
of the solar chromosphere, an aspect that is important for accurate interpretation of data and
for advancing understanding of chromospheric properties and dynamics. The phenomenon of
centre-to-limb variation is related to the ways in which solar radiation propagates through the
chromosphere, with the term "centre-to-limb" referring to the gradient of solar radiation as mea-

sured from the centre of the solar disc to its edge, or limb.

One of the most pronounced manifestations of centre-to-limb variation is limb darkening,
which causes the solar disc to appear darker at the edges and brighter at the centre. CLYV, in-
cluding the phenomenon of limb darkening, occurs because of how the observer’s line of sight
changes when looking at different parts of the solar disc. When you look directly at the centre of
the Sun, your line of sight penetrates deeper into the solar atmosphere, reaching layers that are
hotter and denser. These layers emit more radiation, making the centre of the solar disc appear
brighter.

As your line of sight shifts towards the edge, or limb, of the solar disc, the angle of obser-
vation changes. This angle means the light comes from progressively higher layers of the Sun’s
atmosphere as you move to the limb. These higher layers are the photosphere and, above it, the
chromosphere, where the temperature initially decreases with altitude before increasing again in
the chromosphere. However, the key point for limb darkening is that the layers from which most
light reaches the observer at the limb are cooler and less dense than those viewed directly at the
center. This change occurs because the opacity of the solar material varies with wavelength and
height, causing the depth at which the solar radiation effectively comes from (often referred to
as the optical depth 7=1 layer) to be located higher in the atmosphere at the limb compared to
the center. The cooler higher layers emit less intense radiation, causing the limb to appear darker
than the center (Pierce and Slaughter [1977]).

Such study of Mg II h&k lines is itself pivotal in terms of supporting understanding of
chromospheric activity, as these lines are sensitive to temperature and magnetic field variations.
However, accurate modelling of the Mg II lines requires a deep understanding of centre-to-
limb variations in the solar chromosphere to enable more precise diagnostics of the state and

variability of the chromosphere across various solar cycles (e.g., Schmit et al. [2015] and Gundr
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et al. [2021]).

4.1.1 Importance of Centre-to-Limb Observations

The utilisation of centre-to-limb observations in solar atmosphere ushered in a paradigm shift
in the understanding of the solar atmosphere, particularly with respect to the chromosphere. By
encompassing the variations observable from the centre to the limb of the solar disc, researchers
can instead access three-dimensional perspective, and this multi-angular approach may be in-
strumental in unpacking the complexities of chromospheric properties and dynamics.

The significance of Mg II h&k lines in this context thus cannot be overstated. As they orig-
inate from the chromosphere, these absorption lines act as robust diagnostic tools that permit
scrutiny of physical conditions, such as temperature gradients, flow velocities, and magnetic
field strengths (Leenaarts et al. [2013b]). The sensitivity of Mg II h&k lines to these variables
also adds new constraints on the chromosphere’s three-dimensional structure. Unlike prior one-
dimensional models, the resulting three-dimensional models can account for variations in chro-
mosphere properties (Leenaarts et al. [2012]), as three-dimensional models are more appropriate

for representing the intricate heterogeneity seen in chromospheric conditions.

4.1.2 Previous Studies and Findings Methods

The study of Mg II h&k lines has evolved over time, with researchers adopting various ap-
proaches to examine these to better understand the conditions of the solar atmosphere. Previous
studies have primarily employed two methods to examine the centre-to-limb variation of Mg 11
h&k lines, observational techniques and numerical simulations. Observationally, spectrographs
mounted on space telescopes, such as IRIS, have thus been used to obtain high-resolution data
across the solar disc.

Numerical simulations provide another avenue for understanding centre-to-limb variation
behaviours. Radiative transfer codes have thus been used to simulate the Mg II h&k lines un-
der different atmospheric conditions, while state-of-the-art models often incorporate complex
physical processes such as Non-Local Thermodynamic Equilibrium (non-LTE) effects, 3D ge-
ometry, and, when coupled with MHD calculations, magnetic structures (e.g., Leenaarts et al.
[2013a,b]). These simulations offer an insight into the physical processes driving centre-to-limb

variation and facilitate the refinement of observational diagnostics.

The studies on the center-to-limb variation of Mg II h&k lines, combining observational
techniques with IRIS and numerical simulations, have provided crucial insights into the dynam-
ics of the solar atmosphere. Observations have shown variations in line intensity across different
solar regions, revealing the complex atmospheric conditions (e.g. Schmit et al. [2015] and Gunér

et al. [2021]). Numerical simulations, considering non-LTE effects and magnetic structures,
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have helped explain these variations, shedding light on temperature distribution and magnetic
field impacts. These findings deepen our understanding of the solar atmosphere’s structure and
behaviour, and help interpret temperature gradients, intensity changes, and magnetic field con-
figurations across the solar disc. We expect that the centre-to-limb variation indicates a decrease
in intensity due to limb darkening effects and cooler temperatures towards the solar limb, illus-

trating intricate atmospheric interactions and energy transfer processes within the Sun.

Scientific exploration of the Sun has seen significant advances as the use of tools such as
IRIS has progressed, however. One of the most contributions to this field was by Schmit et al.
[2015], whose research primarily utilised IRIS to delve into the deeper characteristics of the Mg
IT h line. Their rigorous analysis identified variations of this line across the solar disc and its
various regions, which established a foundational platform for subsequent researchers to build
on, based on their unveiling of the intricate nuances of these spectral features in a manner that
has shed light on their importance and their multiple implications in the field of solar studies.

Building on this foundational work, Gunar et al. [2021] published a recent study on the
centre-to-limb variations of Mg II h&k lines based on the use of a carefully curated set of full-
Sun mosaics obtained from IRIS. The study thus provided disc-averaged reference profiles for
Mg II h and Mg I1 k lines, illustrating the ways in which these profiles vary from the solar disc’s
centre to its limb. They also concluded that these reference profiles should serve as valuable
boundary conditions for radiative-transfer models, aiding the study and understanding of various
solar structures such as prominences, spicules, and similar features in the chromosphere and

corona.

4.2 The Temperature Minimum Region of the Solar Atmo-

sphere

The Sun’s atmosphere is a complex and multi-layered structure formed of the photosphere, chro-
mosphere, transition region, and corona, with each layer contributing unique characteristics and
behaviours to the overall structure. The temperature minimum region, is located 500 km above
the photosphere (Vernazza et al. [1981]) between the photosphere and chromosphere. Despite
the obvious intuitive expectation, the Sun’s temperature does not consistently decrease as the
measurement point moves away from the Sun’s "surface" or photosphere, where temperatures
average around 5,500 K. Instead, in the temperature minimum region, temperatures dip to ap-
proximately between 3,800 and 4,100 K at the limb, and disc centre, respectively, before esca-
lating again, quite dramatically, across the chromosphere and corona to values ranging from tens
of thousands to millions of K (Avrett and Loeser [2008]). This perplexing thermal behaviour has
led to the temperature minimum region becoming the subject of numerous studies and subject to

intense scrutiny, primarily because it serves as a pivotal transitional zone between the relatively
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well-understood, cooler photosphere and the much hotter outer layers of the Sun’s atmosphere.

4.3 Formation Heights of Mg II Lines for Spectral Feature k;

The spectral features k; and & refer to the outer minima of the profiles in the Mg II h&k lines,
respectively. Understanding the formation heights of these spectral features can thus provide in-
sights into the physical properties and dynamics of the regions of the atmosphere in which they
form. Both k; and h; features are usually formed at heights about 500 kilometres above the pho-
tosphere (Vernazza et al. [1981]), and the formation of these lines is typically modelled using
non-local thermodynamic equilibrium (non-LTE) radiative transfer simulations. Such simula-
tions indicate that formation heights are influenced by multiple factors, including temperature
gradients, densities, and the presence of magnetic fields (Carlsson et al. [2016]). Observations
from space-based telescopes such as IRIS have provided invaluable data in terms of calibrating
and validating these models (De Pontieu et al. [2014]).

One intriguing aspect of the formation heights of Mg II k; and & lines is their sensitivity
to magnetic fields. In magnetically active regions, such as sunspots and solar flares, formation
heights can thus vary considerably. Magnetic fields affect both the temperature and density
structure of the chromosphere, thus altering the heights where spectral lines are formed (Carls-
son et al. [2016]), which makes the Mg II k; and h; spectral features useful tools for probing
magnetic activity in the chromosphere. Understanding the resulting dynamic effects is thus cru-
cial for the study of various solar phenomena, including chromospheric heating and solar flares,

which can be estimated based on these lines’ significant variations.

4.4 Data

4.4.1 1IRIS Full-Disc Mosaic

On a monthly basis, with the exception of eclipse seasons, IRIS runs an ambitious full-disc
survey program that delves into six spectral ranges. These spectral ranges encompass a range of
lines such as the Mg Il h and k, C II 1334 and 1335, and Si IV 1393 and 1403. This involves
the joining of a series of meticulously planned raster scans, each with a different pointing, that
collectively span the entirety of the solar disc. This requires 184 pointings, taking up around
18 hours of dedicated observation time (Schmit et al. [2015]). In order to track changes in the
instrument’s sensitivity during its operational period, full-Sun mosaics are mostly created. To
achieve this goal, these observations are compared with data collected at the same time by the
Solar EUV Experiment or SORCE/SOLSTICE II, which is carried out on the Thermosphere
Ionosphere Mesosphere Energetics and Dynamics (TIMED) spacecraft (Wiilser et al. [2018])
and was described by Woods et al. [2005]. The core of IRIS’s observational methodology is the
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64-step raster scan. This operation uses steps of 2 arcseconds each and 2 s exposure time at each
slit position. The spatial region that the resulting raster scan covers is roughly 175 arcseconds
in height, which corresponds to the height of the spectral slit, and 128 arcseconds in width,
which mirrors the raster’s range. At each steps, IRIS captures two distinct perspectives, based
on recording both the Far Ultraviolet (FUV) and Near Ultraviolet (NUV) spectra. The exposure
durations for these snapshots range between 1 and 2 seconds, and this is a testament to the
speed of IRIS’s data acquisition capabilities (Schmit et al. [2015]). However, the true value of
this work lies in the post-observation data processing. The collected raster scans, each offering
a piece of the necessary jigsaw, are reassembled into three-dimensional data cubes after data
collection. These data cubes are identified using coordinates (X, Y, lambda), where X and Y
map the spatial dimensions of the solar disc, and lambda extends into the spectral dimension. In
essence, these data cubes thus offer a comprehensive snapshot of the entire solar disc, with each

dimension capturing a unique facet of the Sun’s behavior.

4.4.2 Data Selection and Data Reduction

We utilise high-resolution data from a single IRIS full-Sun mosaic for the Mg Il k line, obtained
on February 24, 2019, as shown in Fig. 4.1, corresponding to the period of solar minimum,
which is the end of the 24" solar cycle. The selected IRIS full-Sun mosaic takes the form of a
massive dataset with more than 6 x 10° pixels.

One of the first steps in the data reduction process is the exclusion of bad pixels, that is, those
with intensity values that are either zero or negative. Such values are generally considered to be
faulty pixels, data transfer issues, or other anomalies, and removing these bad pixels is important,
as they can introduce errors and inaccuracies into all subsequent stages of data analysis. The
second step is that the sun’s disc was divided into 20 concentric annuli based on the sun’s radius,
as shown in Fig. 4.2. For each of the 20 identified annuli, all the pixel values within that annulus
were averaged to help reduce local variations and anomalies and to generate a smoother and
more representative line profile. This step also further reduced the data volume, transforming
the millions of individual intensity measurements into a set of 20 average values by annulus.
Finally, a single line profile was obtained for each annulus, forming the primary data products

used in the final analysis.

4.5 Mg II Kk Line Profiles for 20 Annuli

To study the spatial variations of the Mg II k line across the solar disc, the disc was divided into
20 concentric annuli of equal width, approximately 49 arcseconds, allowing for a comprehensive
analysis with consistent spatial resolution. This configuration supported examining the k line’s
variations, not just at the solar centre or limb but across various intermediate distances. The

inner and outer radii for each of these annuli, labelled a-t, are detailed in Table 4.1. A single
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Figure 4.1: The IRIS full-disc mosaic captured on February 24, 2019, which coincided with
the solar minimum phase at the end of the 24™ solar cycle. This image represents the Mg II k
averaged spectral window.
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Figure 4.2: The IRIS full-disc mosaic captured on February 24, 2019, divided into a set of circles
that delineate 20 distinct zones, each designated with the letters ’a’ through ’t’.
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averaged profile was used for each annulus, as represented in Figs. 4.3 and 4.4. Rather than
examining individual spectral lines from various points within an annulus, an averaged profile
was computed over the entire annulus to reduce local fluctuations or anomalies that might skew
the data.

Table 4.1: A compilation of the inner and outer radii (in arcseconds) for the 20 annuli featured
in Fig. 4.2, each of nearly uniform width of approximately 49 arcseconds.

a b c d e f g h i j
Inner 0 49 98 147 196 245 294 343 392 441
Hinn 1 0.998 0.995 0.989 0.98 0.968 0.954 0.937 0.917 0.893
Outer 49 98 147 196 245 294 343 392 441 491
Hour 0.998 0.995 0.989 0.98 0.968 0.954 0.937 0.917 0.893 0.866
k 1 m n o P q r S t
Inner 491 540 589 638 687 736 785 834 883 932
Hinn 0.866 0.835 0.8 0.76 0.7 0.661 0.6 0.527 0.437 0.312
Outer 540 589 638 687 736 785 834 883 932 981
Hows 0.835 0.8 0.76 0.7 0.661 0.6 0.527 0.437 0.312 0

4.6 Centre-to-Limb Variation of Mg II h&k Lines

The current work sought to study the variation of the Mg II k line over the sun’s disc based on

the angular position on the solar disc () as given by the equation

-G

where R denotes the Sun’s radius, and r; is the radius of the outer annulus.

With this metric in place, the investigation moved to the relationship between u and the
atmospheric properties outlined in Table 4 of Pereira et al. [2013]. These properties span several
aspects: the velocity k, mid-chromospheric velocity (peak separation), the temperatures (k, peak
intensities), and the intensity ratio for k.

The line of sight velocity for the k, peak separation measures the shift in wavelengths be-
tween the peak separation for k» and the reference wavelengths at 2796.35 A. Here, the equation
from Pereira et al. [2013]

AL

y= %c 4.2)

where v represents the mid-chromospheric velocity, AA is the difference in wavelength between
k», and ks, and Ag represents the reference wavelength for the Mg IT k line at 2796.35 A.

One of the previous studies conducted by Pereira et al. [2013] focused on correlating veloc-

ity shifts observed in photospheric lines with atmospheric vertical velocities at specific heights,
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Figure 4.3: Averaged profiles of the Mg II k line for each of the annuli labelled ‘a’ to ‘t’, as
illustrated in Fig. 4.2. Moving from left to right, the orange data points represent ki, ky,, k3,
kzr, and k1 re
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Figure 4.4: As Fig. 4.3.
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defined relative to a base height where the optical depth is unity at 500 nm. Photospheric lines
were analysed to identify their formation heights, and the lines grouped based on these heights
into eight bins, over which their velocity shifts were averaged to obtain better statistical accu-
racy. The analysis encountered challenges in precisely matching line formation heights to atmo-
spheric velocities due to the corrugated nature of the line formation regions and the influence of
line blends at extreme velocities. Results across 37 snapshots showed generally good agreement
between observed velocity shifts and atmospheric velocities, despite larger-than-expected shifts
attributed to oscillations in the simulation. This variance highlights the complex dynamics influ-
encing velocity measurements at different atmospheric heights and underscores the potential of
the methodology, despite its sensitivity to the number of lines analysed and their susceptibility

to blending.

With respect to the temperatures gauged using k» peak intensities, the method used here was
to utilise Planck’s function for k,. This choice to use k», was supported by its slightly higher
intensity as compared to kp,-.

The intensity ratio for k, can be measured using an equation, as noted by Pereira et al. [2013]:

_ Ik2v - Ik2r
Lioy + Iior

According to Pereira et al. [2013], this ratio offers an insightful way to determine the sign of

% 4.3)

velocity above the point where 7=1 (at k, wavelength), thereby allowing a deeper comprehen-

sion of velocity distributions.

The bright grains observed in the Ca Il H2v and K2v regions are most pronounced when the
layer above their peak formation heights is a downward movement (Carlsson and Stein [1997]).
Similar patterns are seen in the Mg II h&k spectral lines, which display more pronounced emis-
sion peaks due to their shorter wavelengths and greater opacity. Given the nearly symmetrical
nature of line formation around the central wavelength, it is anticipated that a rising motion
above the height at which emission peaks form would result in the red peaks being more pro-
nounced than the blue, which would enable the intensity ratio of the blue to red peaks to serve as
a tool to assess the mean velocity within the upper layers of the chromosphere (Leenaarts et al.
[2013b]).

In addition to the atmospheric properties noted above, the investigation of solar properties
was extended to probe the correlation between u and several other parameters, including line
width, total integrated intensities, and the separations between ky (Ag1, — Ax1y) and ky (Ao, —
Miov), as well as the depth at k3. Specifically, the Dy equation,
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Loy + oy

as notably utilised in Schmit et al. [2015] was applied to capture the depth of the A3 line in

D=1 (4.4)

the solar atmosphere, and they found that the averaged depth at which the h3 core reverses is
negatively correlated with the magnetic field. In this research the aim was to understand how
these variables are interconnected and how they contribute to the overall structure of the sun’s

chromosphere.

4.6.1 Feature Intensities for All Spectral Features

As part of the ongoing investigation into the sun’s atmospheric properties, the feature intensities
across all spectral features demand further attention. Specifically, the focus of this study was
on the centre-to-limb variation of the Mg II k line, as showcased in Fig. 4.5, which references
an array of spectral features referred to as ky,, k2, k3, kp,, and kj,. One observation emerging
from this dataset is the consistent trend across all these spectral features for intensity to decrease
as the observation moves closer to the solar limb. A slight drop in intensity was also observed
at the disc’s centre, where p = 1, which suggests that there may be unique conditions in the
disc’s centre that warrant closer scrutiny. The observed drop is likely due to the selection of an
overly small region in annulus "a", resulting in an average that is either noisier or dominated by
brighter emissions. Figure 4.5 illustrates also the discernible fluctuations across t =1 to u =

0.866, which represent annuli "a’ through ’j’ in Fig. 4.2.

Our findings align closely with the research presented by Gunar et al. [2021], which metic-
ulously examines the centre-to-limb variations in Mg II h&k lines using an extensive collection
of full-Sun mosaics sourced from IRIS. Their analysis, particularly illustrated through the jux-
taposition of Mg II k profiles across various solar zones, corroborates our observation: both
studies observe a consistent trend of diminishing intensity when moving from the solar disc’s
centre towards its limb. This parallel in outcomes underscores the reliability of the observed

phenomenon across different spectral features and datasets.

In Figure 4.5, the Mg Il k line exhibits a centre-to-limb intensity decrease (the limb darkening
referred to earlier), which is less pronounced for the k| spectral features. This slower decrease
for ki suggests that these wings, formed deeper in the chromosphere, may be more optically
thick and thus less sensitive to the viewing angle. The source function’s decoupling from the
Planck function because of the chromosphere’s non-LTE conditions, means that intensity does
not directly correlate with temperature, which explains why higher and hotter chromospheric

layers do not necessarily appear brighter towards the limb.
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Figure 4.5: Plots demonstrating how the feature intensities for all spectral features are influenced
by viewing angle, u.

4.6.2 Line Width

Alongside exploring the spectral features, this study extended its investigation to the centre-to-
limb variation of Mg II k line with respect to line width. The methodology for calculating the
line width used is detailed in Sec. 3.5.4. This is presented in Fig. 4.6.

The data reveals a reverse trend in the behaviour of line width as the viewpoint moves from
the solar centre to the limb, with the line width appearing to increase as the viewpoint approaches
the limb. Remarkably, there is a discernible drop in line width intensity at the disc’s centre where
u=1, however. This drop might stem from choosing a region that is too small in annulus "a",
which leads to an average characterised by increased noise or dominated by not quiet emissions.
Figure 4.6 also shows that the line width values fall within a narrow range, between 0.52 and

0.69 A, and there is also a slight fluctuation in line width from u = 1 to u = 0.866.

The broadening of the Mg II k line from the solar centre to the limb, as depicted in Fig. 4.6,
is predominantly influenced by opacity broadening, where the line’s optical thickness increases
due to the longer path length of observation through the atmosphere at the limb.

The left panel of Fig. 4.7 shows the findings related to k| separation, which range between 1
and 1.4 A. These values cluster into five specific groups: The first group contains only annulus
u = 0.998; the second represents annuli i = 0.995 to u = 0.76; the third is annuli 4 = 0.7 to u
= 0.6; the fourth encompasses annuli ¢ = 0.437 and pu = 0.312; and the fifth is solely annulus
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Figure 4.6: Variation in line width across different positions on the sun’s disc (u) for all profiles
presented in Figs. 4.3 and 4.4.

u =0, as shown in Fig. 4.2. We assume this is due to the spectral resolution of the instrument
and the discretisation of wavelength. All annuli within a group show identical separation values,
implying homogeneity within these groups. As the viewpoint moves closer to the limb, the
difference in the wavelengths tends to increase, highlighting a strong correlation with the angle
Wu.

The right panel of Fig. 4.7 illustrates into the k, separation, characterised by values rang-
ing from 0.28 to 0.46 A. As with kj, these also form five distinguishable groups, though there
are a different number of annuli within each group. Again, as observed in kj, the differences
in the wavelengths within each group are identical, indicating consistency in solar atmospheric
behaviours for this parameter. Once again, as the viewpoint transitions toward the limb, the k;

separation values rise, revealing a sustained correlation with .

4.6.3 Total Integrated Intensities

In addition to the examination of line width and other spectral features, this research also studies
the centre-to-limb variation for the Mg II k line with a specific focus on total integrated intensi-
ties. Figure 4.8 shows that a strong correlation emerged between the angular position y on the
solar disc and the total integrated intensities. Specifically, the total integrated intensities increase
as the viewpoint moves closer to the sun’s limb. As with line width and other spectral features, a

drop is observable in total integrated intensities at i=1. Finally, Fig. 4.8 also reveals noticeable
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Figure 4.7: As Fig. 4.6, where the left panel represents the k| separation while the right panel
represents the kp separation.

fluctuations starting from the annulus labelled u =1 to u = 0.866.

4.6.4 Temperatures

The analysis of centre-to-limb radiation temperature changes in the Mg II k line for &y, and
ko, features adds another parameter to the study of the solar chromosphere. The methodologies
for calculating these temperatures were outlined in Sec. 3.5.1. In Figure 4.9, the left panel
is dedicated to the temperatures for k1, which are formed approximately 500 km above the
photosphere, as referred in Sec. 4.3. These radiation temperatures lie within the range of 3,950
to 4,350 K. The right panel is dedicated to the temperatures for kp,, which is formed in the
mid-chromosphere, which range between 4,850 and 5,200 K.

Across both panels, a strong correlation was observed between the angular position ¢ and
the temperatures for ki, and k,,. Overall, temperatures decrease as the viewing angle moves
towards the limb. There is a slight drop in temperatures for k,, and a more pronounced drop for
kyy at u=1. Finally, Figure 4.9 illustrates the temperature fluctuations starting from yt =1 to u
= 0.866 that parallel the variability previously noted in line widths.

The decrease in radiation temperature for both k1, and &y, features as a function of u towards
the limb, observed in Fig. 4.9, is indicative of the complex interplay between the chromosphere’s
thermal structure and the geometry involved in solar observation. While it is true that the kp,
feature forms higher in the chromosphere where temperatures are generally higher than the tem-
perature minimum, the observed temperature decrease towards the limb can be attributed to
several factors. Firstly, the angle of observation affects the path length through the chromo-
sphere, and thus the light we observe comes from different heights and at different angles. As
u decreases, the line of sight through the chromosphere becomes more oblique, meaning we
are observing through more of the cooler upper layers and less of the hotter lower layers, lead-
ing to a net decrease in observed temperature. Moreover, the assumption of LTE becomes less

valid at these greater heights and more oblique angles. In non-LTE conditions, the intensity
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of radiation does not directly translate to local gas temperature, making it challenging to infer

temperature from kp, intensity for lower u’s. Instead, the radiation we detect is increasingly

influenced by scattering processes, rather than the local temperature. Therefore, the decrease

in inferred temperatures towards the limb in the observed Mg II k line features is a result of

both the observational geometry and the departure from LTE conditions at higher altitudes in

the chromosphere.

4.6.5 Velocities

To support ongoing research on solar atmospheric properties, this study also investigates the

centre-to-limb variations in the Mg II k Line, focusing on two important parameters: the veloc-

ities of kp separation and the intensity ratio of k.
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Figure 4.10: As in Fig. 4.6, the left panel represents the velocities of ky separation while the
right panel represents the intensity ratio of the blue and red peaks.

Figure 4.10 presents the relevant findings in two panels. The left panel illustrates the veloc-
ities of ky separation, essentially quantifying the shifts in wavelengths between peak separation
for ky and the corresponding reference wavelength at 2796.35 A. The difference in wavelength
positions between two emission peaks provides us with a measure of the mid-chromospheric
velocity gradient (refer to Table 4 presented in Pereira et al. [2013]). The plot shows that the
velocities for k, separation fall within a range of 30 to 49 km s~ (positive velocities correspond
to upflows).

Interestingly, the data points in the left panel can be classified into five distinct groups, each
representing a series of annuli on the solar disc. The first group represents the annuli from p =
0.995 to u = 0.866; the second encompasses the annuli ¢ = 0.835 and u = 0.8; the third includes
all annuli from u = 0.76 to u = 0.437; while the fourth is solely the annulus y = 0.312, and the
fifth is the annulus pt = 0. We believe this may result from the instrument’s spectral resolution
and wavelength discretisation. All annuli within a given group exhibit the same velocities, and
as the viewpoint moves towards the solar limb, these velocities display a positive correlation

with angle u, increasing consistently.

The right panel of Fig. 4.10 deals with the intensity ratio for k>, which is vital for determining
the sign of the velocity above the point where 7=1 (at k; wavelength). As with the k, separation
velocities, a strong correlation can be observed between u and the intensity ratio for k,, though
in this case, the intensity ratio for k, decreases as the viewpoint moves towards the limb. Some
fluctuations in the intensity ratio for kofrom annulus g = 0.995 to annulus ¢ = 0.835 may also
be observed.

4.6.6 Depth k3

This study also investigated the average reversal depth of the k3 core, as shown in Fig. 4.11,

which illustrates the strong correlation between the angle p and the depth of k3. More specifi-
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Figure 4.11: As Fig. 4.6, based on the average reversal depth of the k3 core

cally, as the viewpoint moves towards the limb of the solar disc, the k3 depth increases congruent
with the trends observed for other spectral features; this thus confirms the robustness of the re-
lationship between viewing angle and atmospheric depth. However, related observations also
generate some more confusing findings, including fluctuations in the k3 depth starting from u =
0.995 to p = 0.893.

4.7 Discussion

In this study, variations in the Mg II k line across the solar disk were investigated by correlating
the angular position with various atmospheric properties. Specifically, the k, mid-chromospheric
velocity (peak separation), radiation temperatures indicated by ki, and ky,, the k; intensity ratio,
line width, and total integrated intensities were investigated alongside the k| and k; separations
and the depth at k3.

In the analysis illustrated in Fig. 4.5, a uniform trend emerged across all spectral features,
namely k1, k2, k3, kp,, and ki, with the intensity decreasing as the viewpoint approaches the
limb of the sun. This finding is consistent with the results from Schmit et al. [2015], which
demonstrated negative centre-to-limb trends in the intensities of &, h», and h3. However, there
are differences between the current data and that used by Schmit et al. [2015]. The current ap-
proach involved averaging all pixels within an annulus, while Schmit et al. [2015] focused on

the variations of the Mg II h line across different, structurally distinct regions of the Sun. These
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different approaches may potentially result in different implications for each study. In addition,
while this work investigated the correlations between the intensities of all spectral features in
the Mg II k line and the angular p, Schmit et al. [2015] limited their study to the correlations
between u and hy,, hy,, and h3.

In Figure 4.7, a notable correlation between t and both separation k| and separation k, can
be observed. As the viewpoint moves closer to the sun’s limb, the separation for both k; and k;
increases: the range of difference in wavelengths for separation k is between 1 and 1.4 A, while
for separation k», it falls between 0.28 and 0.46 A. These observations are consistent with those
presented by Schmit et al. [2015], which both strengthens the validity of the current observa-
tions. Our findings also align with those of Gunar et al. [2021], who observed that the widths of
the profiles increase closer to the solar limb. In their study, they used 12 IRIS full-Sun mosaics
and filtered out brighter regions to mitigate the impact of local variations attributed to on-disc

solar features and to attain reduced levels of uncertainty.

Figure 4.9 shows a strong correlation between p and the radiation temperatures for the spec-
tral features k,, and k,,, such that as the viewpoint moves closer to the sun’s limb, the temper-
atures for these features decrease. The right panel clearly shows that the radiation temperatures
for ky, range between 4,850 and 5,200 K, lower than might be expected for temperatures in the
mid chromosphere, however, which, according to Vernazza et al. [1981], should be between ap-
proximately 6,000 and 7,000 K. The left panel shows that the radiation temperatures for &y, lie
in the range of 3,950 to 4,350 K. These features are formed in the lower chromosphere, approx-
imately 500 km above the photosphere, and the results overall align closely with the findings
of Vernazza et al. [1981], who suggested that minimum atmospheric temperatures at 500 km
above the photosphere should be between 4,100 and 4,500 K. The current observations could
thus indicate the minimum temperature region of the solar atmosphere, an assumption corrobo-
rated by the work of Avrett and Loeser [2008], which indicated that minimum solar atmospheric
temperatures lie between 3,800 and 4,100 K.

Figure 4.10 illustrates the intricacies of the centre-to-limb variations in the Mg II k line,
with a particular focus on the velocities of k, separation and the intensity ratio for k. The find-
ings reveal a robust correlation between the increase in the velocities for k, separation and the
viewpoint approaching the limb of the sun, whereas the intensity ratio for k, exhibits a decline
with the same movement. The left panel of Fig. 4.10 details the observations of velocities for
k> separation, which can be observed to lie within a range of 30 to 49 km s~!. These findings
thus show agreement with the results presented by Pereira et al. [2013], where velocities were
seen to range between 5 and 45 km s~!. The slight deviation in the current observations from

the earlier set can be attributed to the limitations of the current dataset, which focused on only
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20 profiles to represent the average of all pixels within each annulus depicted in Fig. 4.2. As
shown within the right panel, investigation into the intensity ratio revealed values exclusively in
the positive domain, specifically between 0.03 and 0.11. This again falls within those identified
by Pereira et al. [2013], who specified a range of between -1 and 1, with minor differences again
attributable to the limited focus on the 20 profiles representing the average for all pixels in each
annulus. The intensity ratio for k; is particularly vital for interpreting velocities above z(7=1).
According to research by Leenaarts et al. [2013b], a stronger blue peak corresponds to down-

flowing material above the peak formation height, whereas a stronger red peak suggests upflows.

Figure 4.11, highlights a correlation between the angular position on the solar disc and the
depth of k3. Specifically, the depth of the central core increases as the viewpoint moves towards
the solar limb. The depth values for the relevant observations lie between 0.36 and 0.43, well
within the range of 0 to 0.8 presented by Schmit et al. [2015]. The minor differences between
the current results and those previous results can thus be attributed to limitations in the current
dataset. The methodology we adopted entailed averaging pixels within a given annulus, whereas
Schmit et al. [2015] looked at how the Mg II h line changed over different Sun structural regions.

All figures exhibit a remarkable similarity that warrants closer examination: the fluctuations
observed across annuli ’a’ to ’j’. These variations seem to stem from their location within the
region spanning from £30 degrees on the solar disc, corresponding to u values ranging from
1 to 0.866. Here, u is calculated using the equation u = cos(0). These fluctuations could be
the result of many factors. Firstly, intrinsic variability in the chromospheric conditions, such
as changes in temperature, density, or magnetic field strength, can cause fluctuations in the ob-
served intensity ratio. Additionally, instrumental effects such as noise, calibration errors, or
variations in sensitivity across different annuli may also contribute to these fluctuations. Fur-
thermore, atmospheric turbulence or other dynamic processes in the solar atmosphere could
introduce temporal or spatial variations in the intensity ratio, again leading to the fluctuations in

the observations.

4.8 Summary and Conclusions

A high-resolution, single IRIS full-Sun mosaic for the Mg II k line, captured on February 24,
2019, was used. The sun’s disc was then divided into 20 concentric annuli, and the pixel values
within each annulus were averaged to reduce the final data volume, remove local variations, and
make the data easier to analyse. The data reduction process thus delivered a set of 20 average
line profiles which were the primary data products used in the final analysis.

The study showed the relationships between u (the viewing angle on the solar disc) and

various solar atmospheric properties. There was a strong correlation between pt and feature in-
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tensities for all spectral features, total integrated intensities, and temperatures at the k1, and k»,,
as well as with the intensity ratio, k,: all of these properties reduced as the viewing angle moved
closer to the solar limb. The results also showed a strong correlation between u and several
other sets of properties: line width, k| separation, k; separation, velocities at k, separation, and
the depth at k3. Unlike the first group of properties, however, these parameters demonstrated
increases as the viewing angle moved towards the limb.

For instance, this work determined a uniform trend of decreasing intensity in spectral fea-
tures as the focus approaches the sun’s limb, consistent with Schmit et al. [2015]. Furthermore,
a notable correlation between u and separations (k; and kp), temperatures (ki,, k2,), velocities

for kp separation, and the depth, k3 was observed.



Chapter 5

Conclusion

5.1 Conclusion

In this thesis, we have investigated the temporal and spatial variations of Mg II h&k lines in
the solar atmosphere in order to better understand the varying physical conditions where these
lines are formed and to assess their impact on the chromosphere. The investigation commenced
with the first chapter emphasising how the study of Mg II h&k lines over time has reshaped our
strategy towards decoding the complex structures and movements of the solar chromosphere.
This transformation in understanding began with foundational research by Durand et al. [1949],
followed by significant findings by Lemaire and Skumanich [1973], and was further facilitated
by the invaluable data amassed by space missions like OSO-8, Skylab, and IRIS.

In Chapter 2, we introduced a novel method designed for automatically identifying the po-
sitions of the Mg II h&k spectral line features, which are ky,,, k2, k3, k2, k1, as well as their
counterparts in the h line, hy,, hy,, h3, ha,, and hy,. To gauge the precision and capability of
this algorithm, we created synthetic data using a nine-parameter double Gaussian model, en-
compassing roughly 630,000 profiles. We demonstrated that the algorithm is able to accurately
derive the positions in wavelength and intensity of the five spectral features for a wide range of

h and k line profiles, as long as they contain a central reversal and two peaks.

A preliminary analysis conducted on a single IRIS raster file has the potential to extract a
wealth of information from the intricate Mg II line profile shapes by analysing their essential
features. The dataset under consideration, which amasses around 1.5 x 10°® MB, represent IRIS

observations of the solar disc’s centre spanning roughly eight years.

The specific focus on the quiet Sun, particularly at the solar disc centre, stems from its crucial
role as a fundamental reference point for comprehending solar behaviour and variability. Daily

disc centre rasters afford a unique opportunity to observe the Sun with exceptional spatial resolu-
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tion over extended periods, enabling us to monitor changes in solar features including magnetic
fields, granulation patterns, and chromospheric structures. This longitudinal study facilitates the
exploration of short-term and long-term variations in solar activity and dynamics, yielding valu-
able insights into the underlying physical mechanisms governing the Sun’s behaviour. Moreover,
the investigation of Mg II lines is of paramount importance in unravelling the complex processes
within the quiet Sun, especially at the disc centre. Serving as sensitive diagnostic tools, these
spectral lines allow us to probe the chromosphere where they originate, providing insights into
variations in temperature, velocity, and intensity over time. Consequently, the study of the quiet
Sun at the disc centre, coupled with observations of Mg 1II lines, offers a potent avenue for un-
ravelling the dynamic behaviour of the solar chromosphere and understanding the fundamental

physical processes driving solar variability.

In Chapter 3, our exploration delved into the temporal variation of the averaged flux of all
Mg II h&k features spanning the years 2015 to 2022. This timeline notably coincides with the
concluding phase of the 24™ solar cycle and the beginning of the 25" solar cycle. Additionally,
we probed into the relationship among radiation temperatures, the total integrated intensities,

and the line widths and their association with the feature intensities of all Mg II h&k lines.

Through this examination, it was ascertained that there exists a robust correlation between
the temperature and the k3 & ky, intensities. However, the correlation involving &y, & ki, inten-
sities was found to have more variance. A well-defined correlation was observed between the
total integrated intensity and the feature intensities for k»,, k3, and kp,. The line width did not
exhibit any significant relationship with ky, & ki,, but displayed an inverse association with ky,,,
k3, and k», intensities. Lastly, upon studying the temporal changes in Mg II h&k lines over the
transition from the 24" to the 25™ solar cycles, the data indicated that the average flux remained

relatively stable throughout this period.

In Chapter 4, the primary objective of this study has been to investigate the center-to-limb
variations in spectral line characteristics through the use of mosaic data. Our technique has been
applied to the entire disc of the Sun in order to achieve this research goal. The study utilised a
high-resolution, single mosaic of the full-Sun in the Mg II k line, which was acquired on Febru-
ary 24, 2019, using the IRIS instrument. The disc of the sun was partitioned into 20 concentric
annular regions, and the average pixel values inside each annulus were computed in order to
decrease the overall data volume, eliminate localised changes, and facilitate the analysis of the
data. The procedure of data reduction resulted in a collection of 20 average line profiles, which

served as the main data products utilised in the final analysis.

The study examined the correlations between the viewing angle on the solar disc (u) and
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certain solar atmospheric parameters. A significant correlation was observed between u and the
feature intensities for all spectral features, total integrated intensities, and temperatures at the
positions ki, and kp,. Additionally, a correlation was found between p and the intensity ratio
ky. Notably, all of these properties exhibited a decrease as the viewing angle approached the
solar limb. The findings additionally demonstrated a strong correlation between the parameter
mu and many other sets of characteristics, line width, separation of k;, separation of k», veloc-
ities at the separation of k3, and the depth at k3. In contrast to the initial set of attributes, these

parameters exhibited increments as the viewing angle approached the limb.

5.2 Perspectives

As we reflect on the findings and implications of this study, there are many questions that re-
quire further research and investigation. The following perspectives aim to delineate potential
directions, unanswered questions, and emergent themes that can guide subsequent studies and

expand the horizons of our understanding in this field.

In Chapter 2, a novel method was introduced to determine the positions of the Mg II h&k
spectral line features. This algorithm determines both the wavelength and intensity positions
of the five spectral features across a broad spectrum of h and k line profiles, provided they en-
compass a central reversal by two peaks. However, it would be better to develop it to be able
to handle all line profiles of different shapes, e.g., profiles with just one peak or with three or
more peaks. A pressing priority is to make this algorithm publicly accessible, particularly for
those keen on double-peak profiles, by integrating it into the Python library. One limitation of
our current algorithm is its fixed division of the side profile into five segments based on the
location of the outer minimum in the wings, emission peaks, and central absorption core. This
fixed segmentation approach may lead to the exclusion of potentially useful files. Hence, there
is a compelling need to enhance the algorithm’s flexibility in defining these parts, ensuring that
each profile is partitioned into five unique parts regardless of variations in profile shapes or
wavelength shifts. This flexibility will mitigate the impact of shifted profiles towards shorter or

longer wavelengths, ensuring a more comprehensive and accurate analysis.

In Chapter 3, our exploration delved into the temporal variation of the averaged flux of all
Mg II h&k features spanning the years 2015 to 2022. In this study, solar phenomena in the
chromosphere, e.g., network, internetwork, and plage, were not taken into account because the
average intensity was taken for each raster file. Therefore, it is good to expand this study to
include these structurally distinct regions of the solar atmosphere and investigate their temporal

variation for all Mg II h&k features during the period.
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In Chapter 4, we employed a high-resolution, single mosaic of the full-Sun captured in the
Mg II k line on February 24, 2019, using the IRIS instrument. The aim was to explore the
centre-to-limb variations in spectral line characteristics by analysing mosaic data. However, it is
suggested that future research endeavours expand upon this study by incorporating several mo-
saics from various years spanning the period from 2015 to 2024. This expansion would enable a
comprehensive investigation into the spatial variation of physical properties such as temperature,
intensity, and line width. Additionally, there is a need to examine the temporal changes occur-
ring during the 24th and 25th solar cycles to gain deeper insights into the evolving dynamics of

the solar atmosphere over time.

In the course of the recent research, constraints in time permitted an exploration of only a
subset of the abundant data available, with a primary focus on the IRIS dataset. The potential
wealth of information in the HMI and AIA datasets, integral components of the Solar Dynamics
Observatory (SDO), remained untapped. Recognising this limitation, an essential avenue for
future research would be integrating the analyses from IRIS data with the datasets of AIA and
HMI. Notably, the IRIS mosaics FITS files already contain data from these instruments that is
fully co-aligned and complements nicely the IRIS data. By doing so, the aim is to gain a more
profound understanding of the variations present between distinct magnetic features. The goal
is to find significant differences between e.g. active region pixels and the averaged properties
extracted from the rest of the analyses. For instance, by selecting the highest magnetic field in-
tensity values in HMI, a selection criterion could involve isolating only those pixels displaying
heightened magnetic field in HMI and simultaneously exhibiting high intensity in one of the
AIA channels. The specific AIA channel to be employed for this purpose would require care-
ful deliberation. Once these pixels are meticulously chosen, the subsequent step would involve

leveraging them for an in-depth analysis of the IRIS data.

An imperative future goal entails conducting an in-depth comparison between non-LTE ra-
diative transfer simulations and our findings. The amalgamation of these models with our obser-
vational dataset is paramount for achieving a comprehensive understanding of the solar chromo-
sphere. Additionally, contextualising the analyses facilitated by our tool, which adeptly handles
large datasets, within these simulations is crucial. Given the intricate formation processes of
spectral lines, directly inferring temperature structures or velocity fields from line shapes is
challenging. Hence, accurate elucidation of these line profiles necessitates reliance on the re-

sults from the models.

One of the future goals is also prominence modelling, in which we would explore the com-

plex dynamics of solar prominences by comparing observational data with numerical simula-
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tions. It would look into how prominences form, their shape, and the structural features seen
at different wavelengths, like H-alpha, UV, and EUV. It would also look at how they change
and evolve over time, including oscillations, eruptions, and lifecycles. Additionally, various
magnetic configurations and plasma properties associated with prominences will be examined
, validated numerical simulations through spectroscopic and imaging diagnostics will be con-
ducted, and future directions for advancing prominence modelling techniques and enhancing

observational capabilities will be discussed to further our understanding of these solar features.
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