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Abstract
This thesis investigates the relationship between the intensity contrast and the photospheric
line-of-sight magnetic field. The high resolution observations are from the Swedish Solar Observatory (SST), the Solar Dynamics Observatory (SDO), Atacama Large Millimeter Array
(ALMA) and the Interface Region Imaging Spectrograph (IRIS). The aim of this research is to
understand solar radiation better as it has been shown to largely influence Earth climate. From
analysis of the variations of this relationship between various spectral lines in both active and
quiet solar regions, one can find a correlation for the dependency of the line-of-sight magnetic
field. The power law yields a better model for the dependency than that of the logarithmic
model, by comparing the amount of data that was fitted with each of these. This opposes the
results of Kahil et al. 2017, whose work is central in this thesis.
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Chapter 1

Introduction
1.1

Motivation and Background

For billions of years, the Sun has been the primary source of life to everything on planet Earth.
It has provided guidance and knowledge, and without it we would not exist. As the Sun is our
closest star, it has been the object of research for curious minds and scientists throughout the
ages. By studying the Sun, a perfect example of the many billions of stars further away in the
Universe, we gain a broader understanding of the unknown stellar systems, light years away.
As a species, we have always created myths and stories about the elements of the sky. All the
lights had their purpose, both spiritual and practical. The Sun was no exception. By exploring
and understanding what is close, our journey further out in the Universe continues. When we
understand our closest star, we are better fit to explain all that lights up our night sky.
The Sun has several atmospheric layers, which we know much about. These atmospheric
layers are generally divided into three, from the photosphere which is lowest down, through the
chromosphere and to the corona. These are all a part of the outer convective zone of the Sun,
which we talk more about in section 1.5. There are still mysteries to unfold, but world’s leading
scientists are on the job. The chromosphere is a rather unknown part of the Solar atmosphere,
a part that has not been much studied, because of its complexity. Using data that few in this
world have layed eyes on, we will be looking at the intensity contrast over several wavelengths
(approximately) corresponding to multiple heights in the solar photosphere and chromosphere
of the Sun, and also relate this to the line-of-sight component of the underlying magnetic field
(i.e., from the low photosphere). The intensity contrast is in short the intensity at a certain
point, divided by the mean quiet Sun intensity.
From previous studies of the quiet Sun in the photosphere and the low chromosphere, there
seems to be a certain fish hook shape to the contrast plots, with increasing magnetic field.
We will in this thesis extend the previous works by studying a wider range of heights from
the low photosphere to the high chromosphere, thus, we will see if we can reproduce similar
plots for the lower layers or if the chromosphere displays vastly different behaviours. Through
numerical methods of fitting, we will try to find a function that is best fit to the data observed,
and hence see if there is a good way to theoretically understand how this would look in both
the Sun and other stars.
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A main reference to the work in this thesis will be the article by Kahil et al. 2017. In
this article they analyze multiple spectral lines at different wavelengths in the range of 214
nm to 525 nm (sampling atmospheric heights corresponding to the low photosphere to the
low chromosphere). By plotting the intensity contrast versus the photospheric line-of-sight
(LOS) magnetic field, they find a dependency through fitting functions. By comparing their
results to previous models and results(such as Title et al. 1992, Yeo et al. 2013, Kobel et al.
2011, Lawrence et al. 1993, Title et al. 1992), they are able to improve the current model
of the intensity contrast versus the photospheric line-of-sight magnetic field, with their more
accurate and higher precision observations from SuFI (SUNRISE Filter Imager) and IMaX
(Imaging Magnetograph eXperiment). By comparing the results in this project to theirs, it will
be informative to analyze both the similarities and dissimilarities in the data and the results.
The motivation for this thesis is to better understand the least researched solar atmospheric
layer, the chromosphere. This will be done through finding a connection and understanding
the magnetic field dependency of the irradiance/intensity. A hope is that by looking at these
variations in the Sun, it is possible to draw a correlation to natural climate variations in Earth’s
ecosystem. Thermal radiation from the Sun is the main source of energy on our planet. This
means that if this radiation is fluctuating, it could potentially have vast consequences for the
balance in climate on Earth.
The thesis is structured into five different chapters. In the introduction we go through the
underlying theory, important for understanding our research object, the Sun. The observations
chapter takes us through the different telescopes, observatories and optics that all were a part
of recording the data that is used for this project. In the methods chapter, various methods
are described, which all were a part of obtaining the results which are found in the following
chapter. In the results we analyse plots from various spectral lines, in both the quiet Sun
and from a sunspot. The results would not carry much significance without a discussion and
conclusion chapter next, where we dive into what could have been done differently, as well as
future research. With the outlook, we wrap it all up, to reflect on the whole process and thesis
and gain the bigger perspective of our results.

1.2

The Sun in General

This section is a short description of the general features of the sun, and is based on the work
of Priest 2014. The properties of the Sun in table 1.1 may be challenging to get a grasp of,
as small as we are as humans and as large as the Sun is, as well as many of these values.
For better perspective, we can compare the Sun to planet Earth. The Sun is approximately
109 times larger than Earth in radius and has 330,000 times the mass of the Earth. For light
travelling 1 AU from the Solar surface to reach Earth, it takes roughly 8 minutes. To be able to
accurately understand and know the age of the Sun, the mass-loss rate is the important factor
that allows us to predict both the past and the future of the Sun. The mass-loss rate of the Sun
describes how much mass the Sun loses per time unit, due to radiation.
Arcseconds are used when measuring distances in the sky. One arcsecond on the solar
surface can be converted to km by considering the distance of the Sun from the Earth. It can be
converted to km, as one arcsec is equal to 1/3,600 degrees or π/648, 000 radians, which again
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Table 1.1: This table displays the general physical properties of the Sun, as described by Priest
2014.
Property

Value

Age

4.6 ×109 yr

Mass

1.99 ×1030 kg

Radius

6.955 ×108 m

Mean distance from Earth

1 AU = 1.496 ×1011 m

Surface gravity

274 ms−2

Escape velocity at surface

618 kms−1

Luminosity
Equatorial rotation period
Angular momentum

3.86 ×1026 W (1033 ergs−1 )
26.24 days
1.7 ×1041 kgm2 s−1

Mass-loss rate

109 kgs−1

Effective temperature

5785 K

1 arcsec (= 1”)

≈ 726 km

is equal to 726 km. Depending on Earth’s eccentric orbit, this distance varies by +/- 12 km.
The composition of the Sun is fortunately still mainly hydrogen, about 92%. Fortunately
because more hydrogen means longer left to live. That in turn would be important to future
generations of living beings on Earth. The remainder, of about ≈ 8%, is mostly helium, with
small traces of other elements for example carbon, nitrogen and oxygen. Helioseismology has
been important in order to gain knowledge of the various solar interior layers. If we look at
figure 1.1 we get a good image of the solar interior, where helioseismology has been a key
factor in discovering what the figure displays. Gravitational and pressure waves are key tools
in this field, that provides compositional information about the body that it is coming from.
Based on several energy processes, the Sun’s interior is generally divided into three separate
parts. The first one is the core, where energy production from nuclear fusion takes place.
The second one is the radiative zone, where the energy produced in the core moves through
as electromagnetic radiation. The third zone is the convection zone. In this part of the Sun,
the energy is transported through convection, a process in which hot gas rises, gives off energy,
cools down and then lowers back down again. The solar atmosphere is located in the convective
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Figure 1.1: This figure shows the internal structure of the Sun, including the different layers. It
displays the internal structure of how energy is transferred, as well as which of these layers the
solar atmosphere is a part of. Source: NASA/Goddard

zone, as we can see from figure 1.1, and is divided into the photosphere, chromosphere and the
corona. Strictly speaking, the corona is above the solar surface, while the photosphere and
chromosphere are just below, which is visible in the figure.
Separating the radiative and convective zones is a small but strong shear layer, called the
tachocline. According to the Solar Dynamo Theory (Charbonneau 2014), this is where the
Sun’s large-scale magnetic field is produced, with the help of a dynamo. While the Sun’s
magnetic field still is a bit of a mystery to researchers, the Solar Dynamo Theory is a very
likely candidate in explaining the origin of the strong magnetic field of the Sun.
As mentioned before, it takes eight minutes for the photons at the surface of the Sun to
reach the Earth.With such short travel time for photons leaving the Solar surface and traveling
towards Earth, it comes as quite the surprise to most people when they hear how long it takes
for energy to travel from the solar core and to the surface of the Sun. It takes as long as 170,000
years and this is due to the extreme numbers of collisions that the photons are to have with the
atoms in the Sun on their way through the radiative zone. All of these collisions causes the
photon wavelength to increase from high-energy gamma rays in the core to visible light at the
solar surface.

1.3 Brief History of Solar Exploration

1.3

Brief History of Solar Exploration

Let us now have a look at the history of human exploration of the Sun. Again, our brief
recap will closely follow the works of Priest 2014, and more details may be found in the
aforementioned book.
The sky has forever been a compass for nomads, finding their way in this world. The Sun has
always been an essential part of this compass. The oldest recorded observations of the Sun
were eclipses dating all the way back to 2000 BC, by the Chinese. The Greeks would later
do this around 600 BC and they continued to be in the lead of astronomy, as Theophrastus of
Athens refers to ’Black spots’ on the Sun, already in 325 BC.
Up until this point, most people would view the Universe in a geocentric way, few daring to
think outside the box, in fear of religious persecution due to blasphemy. However, in 280 BC,
Aristarchus of Samos suggests that the Earth orbits the Sun and estimates the average distance
to the Sun to be roughly eight million km, more than five and a third AU. Despite the mention
of a possible heliocentric solar system, many continued to explain the motion of the Sun and
the Moon, based off of the idea of the geocentric Universe, with the Earth in the centre of
everything. Hipparchus was one among many who did this, in 190-125 BC.
Sunspots were continuously observed with the naked eye, for example by the Chinese, who
in 23 BC started to observe them systematically. Even after studying the Sun for centuries, observing sunspots and gathering knowledge of this big bright spot on the sky, there was still not
a concencus on the orbital movements of the astronomical objects in our solar system. While
Galileo Galilei met much resistance within the Church upon his support of the heliocentric
model in 1616, Copernicus’ book was banned from the Church the very same year. In his
book, Copernicus’ clearly states the belief that the heliocentric model is the correct one, as
Galileo had previously done. The ban lasted until 1835 (Solis 2013, Leveillee 2011).
The 1600’s came with plenty of discoveries and observations. In 1609, Kepler uses Tycho
Brahe’s observations to formulate his laws of planetary motion, as well as giving a Sun-Earth
distance of 22.4 million km. This is only ≈ 15% of one AU. He proposes the possibility of the
Sun having a magnetic field, to help keep the planets in their orbits. In England, sunspots are
recorded after a long forgotten period of their existence in the West. Only 35 years later they
seem to disappear almost completely for a period of 80 year, known as the Maunder Minimum
(Eddy 1976). This minimum has later been confirmed by examining carbon-14 and beryllium10 isotopes. By studying various isotopes, researchers are aware that the Maunder Minimum
was not the first of its kind. It seems that the Sun has minimas from time to time, when the
rotational velocity of the Sun slows down (Usoskin 2008).
In 1770 comes Euler’s correct calculation of the Sun - Earth distance of one astronomical
unit being equal to 150 million km. Then there is no new discoveries until the same year as
Norway’s constitution is signed, 1814. This is when Fraunhofer discovers most of the first 547
lines in the solar spectrum. The solar spectrum is the collection of electromagnetic radiation
that is emitted by the Sun. All of these lines can be observed when sunlight is passing through
a prism.
The mid to late 1800s are full of discoveries and important observations. The corona and
chromosphere are clearly seen, Schwabe discovers the eleven year long solar cycle by studying
numbers of sunspots, and the corona is for the first time in history photographed, showing a
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faint halo, during an eclipse. The relationship between magnetic fields and the solar cycle is
made and both the solar cycle and individual sunspots are understood at a much deeper level
than before. Previously sunspots had for a long time been speculated upon, and not understood
very well, until it was understood that they were an effect of the magnetic field that existed in
the Sun. Towards the end of this century, granulation is described by Langley, and Hale invents
the spectroheliograph.
The 20th century is by far the one with the most advances and discoveries in solar physics,
as observational methods were continuously developed and improved. Meanwhile, there were
already fundamental laws of physics to work with while explaining what they observed. One
of the bigger discoveries is the finding by Merrill 1926 and Russell 1929 of the dominance
of hydrogen and helium in the solar atmosphere, and then in the interior by Eddington and
Strömgren in 1932 (van der Kruit and Gilmore 2013).
Being aware of the dominant composition of the Sun can indicate a lot about the first
elements created in the beginning of the Universe. The reason for this is because the chemical
composition of stars could support existing stellar evolution theories, which again lead to the
great beginning of time and the elements then present. Knowing the chemical composition of
our Sun, we immediately gain knowledge of the Sun-like stars in the Universe. As our Sun is a
very average star, it means we then have a lead in understanding a majority of stars better.
The coronagraph gets invented by Lyot in 1930, allowing the viewing of the corona without
an eclipse present. This leads to many new observations of the corona, and from this discovery
there were many new theories regarding how the coronal heating occurs. This is a question that
90 years later remains unanswered.
In 1942 Alfvén sets up his theory for magnetic waves, which we today know as Alfvén
waves (Alfvén 1942). In the same year, radars are used to detect Solar radio emissions for the
first time. The inventions are on a roll and ten years later, in 1952, the magnetograph is invented
by Babcock. By 1955 he has discovered properties of the photospheric magnetic fields. In the
very same year, Parker releases major works on the dynamo and magnetic buoyancy (Parker
1955). Only three years later does he predict the existence of the solar wind, proposing the
model of the Parker spiral, as it is now known (Parker 1958).
After the first few years of the Apollo missions to the moon, Skylab (1973-1974) explore
in detail the corona in soft X-rays with its holes, loops and X-ray bright points. This is of great
importance as coronal loops are the basic structures of the solar corona, while the holes are the
polar regions of the Sun and tells us much about the temperature and radiation at these regions.
By 1980, Hickey et al. 1980 discover that the solar irradiance is varying, meaning that the solar
constant is in fact not constant. The solar constant measures the solar irradiance per unit area,
and was thought to be constant since it was estimated for the first time in 1828 (Dufresne 2008).
Before satellites were available technology for space research, it was difficult to observe the
small variations of the total solar irradiance (TSI), which is why it was thought to be constant.
The rest of the 80’s brings with it vast advances in the magnetohydrodynamics (MHD) theory
of equilibria, waves, instabilities and reconnection.
Throughout the 1990’s, the satellite Yohkoh reveals the dynamic nature of the corona and
the presence of magnetic reconnection in solar flares (Martens 2003). Meanwhile, SoHO (Solar
and Heliospheric Observatory; Pijpers 1997) produces a major increase in understanding, especially the rotation structure of the interior from the MDI (Michelson Doppler Imager; Antia and
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Basu 1999) instrument and the properties of coronal mass ejections from LASCO coronagraph
(Vourlidas et al. 1999). In the end of this decade, in 1998, the U.S. satellite TRACE (Transition Region and Coronal Explorer; Lenz et al. 1999) revolutionised our view of the corona, by
letting us see more details than ever before. The 2000’s are characterized by major discoveries
from new satellite missions, studying solar flares, coronal mass ejections and looking at links
between photospheric and coronal magnetic field changes.

1.4

Life of Our Sun

The Sun originated from a massive interstellar cloud that rotated and contracted until the inevitable collapse into a protostar, after spinning up . From protostar to main-sequence (MS)
star, the gravity and pressure gradients had to balance each other out, while a continued slow
contraction heated up the core, until temperatures reached high enough to begin the fusion of
hydrogen into helium. This in turn increased the luminosity to the point where the contraction
retired. The life of the Sun in the main-sequence will last for approximately ten billion years.
This is the amount of time required for all the hydrogen in the core to burn up and turn into
helium (Priest 2014).
Interestingly, the Sun is almost halfway through its main-sequence life, but there are certain obstacles that might change how it ends its life. Recent observations by Europe’s Gaia
Spacecraft suggests that the Andromeda galaxy will collide with the Milky Way in about 4.5
billion years from now (van der Marel et al. 2019). This is at the point where the Sun’s age will
be 9.1 billion years. Whether or not the collision will directly affect the Sun or primarily just
other parts of the Milky Way is still not entirely clear. What we do know, is that if anything or
anyone is still alive on the Earth at that time, they will be present to quite some fireworks on
the sky, lasting for a long time (Wall 2019).
In the scenario of the Sun being unaffected by the galactic collision, it will meet another
destiny. As the storage of hydrogen becomes depleted, fusion in the core will come to an end.
The fusion gets pushed to another layer, outside the original core, which in turn makes the Sun
expand. This process will turn the Sun into a red giant. Succeeding, it collapses on itself, as
the gravitational gradient is larger than the outward pressure gradient, and the Sun goes from
a stage as a red giant to a white dwarf, similar in size to planet Earth (Priest 2014). When it
becomes a white dwarf, it will live off of stored radiation until it cools down completely. A
white dwarf has no fusion in its core and is therefore reliant on stored-up energy. Once the
energy has worn off, it is thought that a white dwarf will crystallize and become a black dwarf.
Currently there are no discovered black dwarfs in the Universe, which indicates that a black
dwarf would take longer than the age of the Universe to form (Richmond 2017).

1.5

Solar Atmosphere

The Solar interior remains an unobserved part of the Sun. There has been obtained an understanding of how the interior operates and what it consists of through using helioseismology to
analyze the atmospheric layers and the surface of the sizzling star. Not only does solar research
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help us understand how stars in the Universe work, but it allows us to understand our own
history and future on this pale blue dot.
The Sun is in a state of hydrostatic equilibrium, which means it is neither expanding nor
contracting. Gas pressure is a dominating outward force in the Sun, but it is balanced by the
equally large, opposite directed gravitational force (Fraknoi et al. 2016).
In school books, the Solar atmosphere is often depicted as spherical shells with different
physical properties. The reality is that the lines and borders between the three regions are much
more diffuse than that and there cannot be drawn a line to divide them as sharply as teachers
often will say. If photons are free to escape directly into space, we are in what is defined as
the solar atmosphere (Priest 2014). The first and innermost layer is a very thin layer called
the photosphere. It is relatively opaque and has a mere depth of a few hundreds kilometers.
Optical thickness is a wavelength dependent measure of the transparency of a medium. Optical
thickness is known by the parameter τ, and τ << 1 defines an optically thin region, while
τ >> 1 is for an optically thick region. The photosphere has an optical thickness of less than
1, meaning that it is optically thick for the majority of the photosphere, apart form the weakest
spectral lines (Priest 2014).
The upcoming layer is the chromosphere, which has an original meaning of colored sphere.
The colored sphere origin of its name comes from when the solar limb radiates beautiful colors
at the beginning and end of an eclipse, just for a few fleeting moments (Stix 2004). The optical
thickness in this layer is less than that of the photosphere. It is optically thin in the near-UV,
visible and near-IR continua, but thick in the strong spectral lines.
The corona is the third and final layer of the solar atmosphere. It is most known for its
mysteriously high temperatures, which are still not fully understood. The layer stretches from
the solar surface and into the solar wind and heliosphere. The outer edge of the corona is what is
defined as the Alfvén radius. This is the point where the solar wind speeds and the Alfvén speed
is equal to each other. In other words, this is the point where the Alfvén-wave communication,
with the Sun, ends. Since the corona is the outermost layer of the Sun and hence the one
easiest to observe, even with the naked eye, it may come as no surprise that it is by far the most
optically thin atmospheric layer of the Sun. This includes the entire electromagnetic spectrum,
with the exception of radio waves and a few spectral lines.

1.6

Stokes Parameters

The Stokes parameters were defined by G.G. Stokes in 1852 (William Thomson 1911) and are
a way of describing the polarized state of electromagnetic radiation. The information regarding
the Stokes inversions are collected from Rubio 2018. The Stokes parameters consists of four
different parameters, often denoted either as I, Q, U and V, or S 0 , S 1 , S 2 and S 3 , each describing
a different polarization state. They are respectively described mathematically as (Serkowski
1962):
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S0 = I

(1.1)

S 1 = I ∗ p ∗ cos 2ν ∗ cos 2ξ

(1.2)

S 2 = I ∗ p ∗ sin 2ν ∗ cos 2ξ

(1.3)

S 3 = I ∗ p ∗ sin 2ξ

(1.4)

Where I∗p, 2ν and 2ξ are the spherical coordinates which correspond to a (three-dimensional)
vector in cartesian coordinates. I is total intensity of the wave, p is the polarization degree,
while ν and ξ are the angles of the coordinate system. S 0 is not the only Stokes parameters
utilized in this project, but it is of main interest as it is the total intensity.
With the full stokes parameter it is possible to calculate the line-of-sight magnetic field.
Since it is most common and reliable to use the photospheric line-of-sight magnetic field, it
is inferred from the full stokes parameter of a photospheric spectral line in the data set being
viewed.

1.7

Solar Irradiance

As a source for understanding solar irradiance, an article by NASA was used (NASA 2008).
Solar irradiance is merely the measurement of radiative energy from the Sun to the Earth,
and is commonly measured in Watt per square meter (W/m2 ). Per definition it is the amount of
light from one square meter, reaching another square meter within a second. We are looking
at the total solar irradiance (TSI), which is, as the name indicates, the total amount of radiative energy from the Sun, not just the energy that is radiated towards Earth. There is another
term to note, which is the solar spectral irradiance (SSI), which is the irradiance as a function
of wavelength. TSI mainly consists of radiation in the visible and infrared, but contains radiation over most wavelengths, even some X-ray EUV radiation. The different wavelengths
are absorbed by different parts of the atmosphere or the Earth’s surface. The most damaging
radiation, such as EUV, is usually absorbed by the Earth’s atmosphere, but can cause damage
to electronics in space. Despite changes in TSI, fortunately for everyone on Earth, the visible
and infrared radiation are the ones to vary the least.

1.8

Solar Magnetic Field

"It is known that all solar activity is an immediate consequence of the existence of a magnetic
field on the Sun."
- Michael Stix, The Sun: An Introduction (p. 305) Stix 2004
Since the solar magnetic field is of great importance to this research project, it goes without
saying that we need to dive deeper into understanding first. The reason why we need to understand the solar magnetism better is because we will be looking at the magnetic field line of
sight component (BLOS ) dependency of the intensity contrast in the high chromosphere. Similar research has been done by Kahil et al. 2017 in the high photosphere and low chromosphere.
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Despite less accuracy, we will be working with data where we compare the intensity contrast
pixel by pixel with the magnetic field data from lower in the atmosphere. This is simply due to
the data available and will be discussed further in chapter 5. For most of the data that we will be
using in this thesis, we are given the magnetic field strength and inclination angle, and then we
in turn calculate the photospheric magnetic field line of sight. But let’s look at the properties
of the magnetic field. this section will be based on the works of Priest 2014 (p. 25-30) and Stix
2004 .
The magnetic field is a vital component in dictating how particles move around, both in
the Sun and the plasma that is released from it. To understand the magnetic field and its force
better, it is helpful to view the differential Maxwell equations, in mks (metre kilogram second)
units (Priest 2014, p. 74):
∇ × B = µ0 j +
∇ · B = 0,
δB
∇×E =− ,
δt
ρ∗
∇·E = .
0

1 δE
,
c2 δt

(1.5)
(1.6)
(1.7)
(1.8)

where ∇× represents the curl operator and ∇· represents the divergence operator. µ0 is the
permeability of free space, while 0 is the permittivity of free space. c is the speed of light,
~ is
which can also be written as c = √10 µ0 . E~ is the vector field of the electric field and the B
the pseudovector of the magnetic field. ρ is the total electric charge density and j is the total
electric current density.
It has still not been proved where the magnetic field of the Sun originates from, but the
Solar dynamo theory is a likely explanation. According to the writings from Priest 2014 (p.
283) and Karak and Miesch 2018, it describes how the magnetic field is created by a dynamo
in the thin shear layer called the tachocline, as mentioned previously. The tachocline is at
the bottom of the convection zone. The conditions above the tachocline include a conductive
environment, with its high temperatures and density. This results in the magnetic field getting
frozen-in to the surrounding plasma. Furthermore, as the convection zone in the Sun is where
there is most differential rotation, the frozen-in magnetic fields gets dragged from East to West,
creating what is called toroidal fields or flux in both hemispheres. Alongside the toroidal flux
in the convection zone, buyoant force lines occur, a phenomena known as the Ω-effect Karak
and Miesch 2018.
Based off of centuries of observations (Wu et al. 2018), the Sun can be divided into two
parts, the quiet Sun (QS) and the active regions of the Sun. The quiet sun is viewed as the static
regions of the Sun, for which the magnetic fields are negligible (K. Shibasaki 2011). One may
view it as a symmetrical ball of plasma where properties do not vary or differ much. This means
that they only depend to a first approximation on the radial distance from the center. The active
Sun is a collection of non-static features on the sun, including sunspots, prominences, flares
and coronal mass ejections, which are existing because of the magnetic field. The Sun has an
eleven year long cycle that indicates how active the solar regions will be. The eleven year cycle
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is due to the magnetic field flipping - Magnetism strikes again! The less active periods will
be optimal for gathering important observations of the quiet Sun, which in turn can be used to
compare to the later active regions at another point in the solar cycle.
As stated, the Sun has an 11-year cycle of its magnetic activity. The most visible indicator
of the solar cycle is the sunspot relative number. It was first discovered by Schwabe in 1844
Hathaway 2015. The 11-year period indicates the time between one minimum to the following,
with a maximum in the middle. Another effect of the change in solar magnetism is the appearance of the polar crown. It is a change in the frequency of polar faculae and prominences.
Although there is an active and quiet sun, the radiation from the sun only varies by 0.1 percent
(Pap et al. 2012, p. 129). This is comparatively insignificant, when looking at other stars in our
galaxy, which pulsates, varies in size and even explodes. However, it does have an impact on
the fragile climate of Earth (Stix 2004).

1.9

Solar Activity Effects on Climate Change

Planet Earth is undeniably going through a climate change, where the average temperature is
on the rise (van Wijngaarden and Happer 2020). Climate change is caused by various factors,
where a possible candidate is the natural variations of solar activity. The link between Solar
Irradiance and climate change has been well studied already, such as the study by Gran 2008,
but a continued discussion is necessary since no physical factors are ever absolutely constant,
and everything is continuously changing.
When discussing the effects of solar activity on Earth’s climate, there are different topics
one could be thinking of. Long term, the ozone layer of Earth gets thinner as a result of
UV radiation from both the Sun and other distant stars, reaching Earth (Gehrels et al. 2003).
When the ozone is thinner, the upper stratosphere gets cooler. This means a higher temperature
contrast, which in turn causes larger irregularities in the atmosphere, also known as eddies. As
the temperature of the Earth rises, and the ozone gets thinner, there will be a higher occurrence
of extreme weather all around the planet (Choi 2013).
As a result of the industrial revolution in the 19th century, it has been difficult for researchers to measure the exact effects on climate from purely man-made causes and natural
variations, like solar activity and irradiance models (J.T. Houghton and Maskell 1996. Climate
change is the dance between incoming solar radiance, greenhouse gases in the atmosphere and
the amount of thermal gas let out of the atmosphere. If any factors that can alter the incoming solar irradiance changes, then one cannot intrinsically blame climate change on the minor
variations in solar activity.
There is a potentially positive side to climate change and the solar cycle activity. If the
Sun goes into another minimum then the low amount of sunspots and irradiation may help to
counteract climate change for the time being. Seeing as the Sun has cyclically had minimas
of its number of sunspots, it is not unlikely that we soon will observe this again. For the time
being we are in the middle of a quiet part of the solar cycle, with a low amount of activity. As
climate change is only accelerating on Earth, the small changes that the Sun may contribute to
in its high activity periods, might throw us off into a worse direction over the course of the next
five years, as we move towards the solar activity maxima (Earth Observatory 2003).
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Chapter 2

Observations
The observations for this thesis were done at three different telescopes and satellites; The
Swedish 1-m Solar Telescope (SST), Atacama Large Millimeter/submillimeter Array (ALMA)
and Interface Region Imaging Spectrograph (IRIS). In this section, all three will be discussed,
but with a heavier weighing on the SST.

2.1

SST

The information regarding the specifics of SST1 are collected from G. B. Scharmer and Petterson 2003 and Löfdahl et al. 2018.
The Swedish 1-m Solar Telescope was fully functioning in march 2002, and opened to
full aperture two months later the same year. The telescope is operated by the Institute for
Solar Physics of the Royal Swedish Academy of Sciences (Larsson 2019). It is located on the
island of La Palma, one of the Canary Islands of Spain, at approximately 2400 m altitude. This
chapter will take a closer look at the telescope, instrumentation, and the data that is used in this
project.
Despite this data not being the one recorded by me, on the trip to SST, I would like to tell
a personal story as told in the RoCS annual report of 2019 (RoCS 2019), of a day at SST:
"Doing observations at the Swedish 1-m Solar Telescope (SST) is synonymous with getting
up before sunrise and greeting the nighttime observers, as they make their way back from their
shifts. As solar observers, we have the privilege of watching sunrise every morning as we open
the telescope. Each and every morning the Sun will greet us, while its beauty only grows larger
for every passing day. After opening the telescope, breakfast will be indulged in the company
of each other, while the Sun can rise to full position. We make our way down to the basement
afterwards, where calibrations will be first on our task list. If the seeing is promising we will
spend most of the day in the basement, with some breaks in between for food, phone calls and
walks in the mountain.
1
The Swedish 1-m Solar Telescope is operated on the island of La Palma by the Institute for Solar Physics of
Stockholm University in the Spanish Observatorio del Roque de los Muchachos of the Instituto de Astrofísica de
Canarias. The Institute for Solar Physics is supported by a grant for research infrastructures of national importance
from the Swedish Research Council (registration number 2017-00625)
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When the optimal conditions arise, energies are flowing and everyone gets excited to hit
the record button. Since clear, lasting data is not an everyday occurrence, it definitely is the
highlight of the day, the days we get it. During a passing of clouds, we may close the telescope,
and work on our individual research to make time pass, until we are able to observe again. As
sunset gets near, we make our way up to the roof and lower the telescope and shut it down. We
drive down to the residencia under the dim, purple sky, reflecting over the sights of the day.
Dinner is served and an early night needed, to prepare for yet another sunrise at SST."
- Ingrid Marie Kjelseth (RoCS 2019)

Part of

Roque de los Muchachos Observatory

Location

La Palma, Canary Islands, Spain

Altitude

2,360 m

Built

2001

Main lens diameter

1.1 m

Aperture

98 cm

Angular Resolution

0.13 arcsec at λ = 6302Å

Focal Length

20.3 m

Mounting

Altazimuth mount

Tower elevation

15 m

Instruments

CRISP, CHROMIS, TRIPPEL

Fabry-Pérot-based tunable filters

Yes

Adaptive Optics

Yes

Table 2.1: This table displays general information about the SST and its instruments. Source:
Larsson 2019

2.1.1

Telescope Tower and Turret

In this section we will describe the telescope tower and turret of the 1-m telescope at the
Swedish Solar Telescope, with information from Löfdahl et al. 2018 and G. B. Scharmer and
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Petterson 2003.
If we turn to figure 2.1, we see an overview of how the telescope tower, the turret, the
vacuum system, and the primary optical setup of SST work together. On top of the tower, we
find the primary optical setup, where there is a 1.1-m silica singlet lens, with a 0.98-m clear
aperture, and two 1.4-m optical flat mirrors which has a thickness of ≈150-mm. The 1.1-m objective lens has a focal length of 20.3-m, a thickness of 82.4-mm at its center, all at a wavelength
of 460-nm. With possibly large temperature fluctuations as far up in the mountain as SST is
located, it has been important that the lens was made with a low-temperature sensitivity. This
entails a design with a low thermal expansion coefficient, which means that low temperatures
will not affect any physical aspects of the lens. The vacuum in the tower also helps mitigate
temperature fluctuations.
For best possible seeing-conditions (see section 2.1.5), the tower is elevated 15-m above
ground, for the least amount of moisture and disturbances near-ground. The main lens is retained in the telescope with the use of vacuum and air pressure, inside and outside the telescope,
respectively. As a safety measure, there is a metal cover that is placed on top of the lens at closing of the telescope, in case of vacuum failure.
In figure 2.1, we find the Schupmann corrector in part B, which comprises of a 305-mm
lens and a 300-mm mirror. Its main task is to correct for the chromatic aberration of the main
lens. The Schupmann corrector receives deflected light from the 60-mm field mirror at the
bottom of the tower, marked A in figure 2.1. The light is then sent off to the adaptive optical
elements, where the recording of data is done.
SST is equipped with an altitude-azimuth mount for moving the turret around. It is used for
tracking the Sun automatically throughout the day, without having to move anything manually.
The mount is able to rotate about two axes, giving it a smooth movement for observing. When
designed, it was all made to move as well as possible together, as a whole system, avoiding any
strong winds or disturbances to the observations.

2.1.2

Adaptive Optics

In this section we will discuss the adaptive optics (AO; Scharmer et al. 2003) of SST. AO is
used for reducing noise and perturbations from turbulent parts of the atmosphere, to correct
the distortion of the incoming wavefronts. This is done through data-acquisition where the
data is instantly used to shape a deformable mirror. The whole process is in place to undo the
perturbations made to the incoming light, when it travelled through the turbulent atmospheric
layer. If we take a look at figure 2.3, we understand the basic properties of the AO. At SST, the
AO is located as the first system on the optical table, next to the telescope tower, on the roof of
the observatory.
Let us start by looking at figure 2.2, where we see that after the light has passed the entrance
of the telescope, it first encounters the tip-tilt mirror (TM), a flat mirror which corrects for
image offsets in the horizontal plane. It is controlled by a system, the correlation tracker,
which measures the position of solar fine structures. This helps to stabilize the image before
it is passed onto the next mirror, the deformable mirror (DM). The DM is only of diameter 34
mm and corrects the wave-front of the image. Due to the small size, it has a high frequency,
which allows it to reduce seeing effects further and hence improve image quality. As we can
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Figure 2.1: This figure shows the main telescope tower, turret, vacuum system and primary
optical setup of the Swedish Solar Telescope (SST). Part A presents a field lens and field mirror,
part B presents the Schupman corrector, and part C presents the the adaptive optical system,
where the deformable mirror is located, alongside the tip-tilt mirror and the re-imaging lens.
Image courtesy of G. B. Scharmer and Petterson 2003.
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Figure 2.2: This figure presents the adaptive optics of SST, including both CRISP and
CHROMIS. As the light passes through the telescope, in the upper left of the image, it goes
through the different mirrors, and is split into a blue and red beam, the blue being sent to
CHROMIS and the red to CRISP. Setup schematics as defined by Löfdahl et al. 2018: "FL =
field lens, FS = field stop, TM = tip-tilt mirror; DM = deformable mirror; RL = reimaging lens;
DC = dichroic beamsplitter; DBS = double beamsplitter, CT = correlation tracker; AO WFS =
adaptive optics wavefront sensor; WB BS = wide-band beam splitter; FPI = FabryâPérot interferometer, LCs = liquid crystal modulators; P BS = polarizing beamsplitter, NB = narrowband,
WB = wideband, NBT = narrowband transmitted, NBR = narrowband reflected, PD = phase
diversity. Distances and angles do not correspond to the physical setup". Image courtesy of
Löfdahl et al. 2018.

17

18

Observations

Figure 2.3: This figure shows the essence of what adaptive optics are used for, in a very simplified manner. The red wavefront is perturbed and then the deformable mirroor will change its
structure to undo the atmospheric perturbations and pass on the corrected wavefront.* .
*

Image license and attribution: By 2pem - Own work, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=15279624

see from figure 2.2, the TM has a larger tilt-angle, than that of the DM. The angle of the TM
is about 60 degrees, while the DM is of about 30 degrees. The TM has a faster response time
than that of the DM, which is the reason that the TM manages all the large scale fluctuations
before the image gets passed onto the DM. Then the light passes through the re-imaging lens.
Once the light has passed these three elements, it reaches the dichroic beam-splitter (BS),
where it is divided into red and blue light beams, as we see from figure 2.2. The red beam
continues on to CRISP (section 2.1.3) while the blue one goes to CHROMIS (section 2.1.4).
In the red beam, there is a Shack-Hartmann wave-front sensor at the start, which has the main
task of measuring distortions of incoming beams, and therefore reducing the atmospheric noise.
The sensor produces images in the hexagon array which are matched up with the information
from the DM, and makes its predictions based off of a comparison with a reference image.
The AO is a very important part of making the image clear and possible to understand for
observers. However, it is not magical, and will not work under just any conditions. In section
2.1.5 we discuss this further.

2.1.3

CRISP

The information describing the CRisp Imaging Spectropolarimeter (CRISP) is from Scharmer
et al. 2008; G. B. Scharmer and Petterson 2003; Löfdahl et al. 2018. CRISP has a number of
prefilters that allow selection of a number of spectral lines, ranging from Mg I 5173 Åto Ca II
8542 Å. Photons entering the system passes through a prefilter wheel, where they are split into
two parts. ∼ 8% gets deflected towards the wide-band (WB) channel, while the remainding
∼ 92% goes towards the narrow-band (NB) channel. The photons directed to the WB channel
are absolutely necessary for the MOMFBD (Multi-Object Multi-Frame Blind Deconvolution;
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van Noort et al. 2005, van Noort et al. 2005, van Noort, M. J. and Rouppe van der Voort, L. H.
M. 2008; Lofdahl 2002) restoration. MOMFBD image restoration is based on the acquisition
of many images to measure and correct for the degrading effects of seeing. It works in addition
to AO and allows for increased image quality of the full field of view. The added benefit of
acquiring many images is that we achieve better precision by higher signal to noise (van Noort,
M. J. and Rouppe van der Voort, L. H. M. 2008).
The light that is guided into the NB channel, continues on to CRISP. CRISP is equipped
with a dual Fabry-Perot interferometer (FPI) based instrument, which includes two tunable
etalons. One of these is high resolution (HRE) while the other is low resolution (LRE). Inside
the etalons, we find two reflecting plates, parallel to each other. When light passes through, it
gets reflected several times, which results in the production of numerous transmission peaks.
The total transmission will be found at the center of the prefilter. To be able to sample light
from different locations and wavelengths, the FPI has to be tuned into a certain profile. for
some of the data used for this project include measurement of the 4 Stokes parameters. This
was achieved by using the liquid crystals that are placed behind the CRISP FPI. By modulating
the state of the liquid crystals, we can measure the polarisation state of the radiation. This is
converted into the 4 Stokes parameters in post-processing of the data. After the liquid crystals,
the beam is divided by a polarising beam splitter, dividing light onto the transmitted camera
and reflected camera. By measuring two opposite polarisation states simultaneously, seeinginduced polarization effects are minimised (van Noort, M. J. and Rouppe van der Voort, L. H.
M. 2008; Löfdahl et al. 2018).

2.1.4

CHROMIS

The information describing the CHROMospheric Imaging Spectrometer is from Löfdahl et al.
2018. CHROMIS was installed in 2016. The base of the spectrometer is a dual-Fabry-Perot
filter without polarimetry. Chromis operates in the blue beam (see figure 2.2) and can measure
spectral lines in the range 380-500 nm, for example the Ca II H and K lines and the Hβ line.
CHROMIS is especially designed for use with the Ca II H and K spectral lines, which are
formed in the chromosphere (Löfdahl et al. 2018).
It works by transmitting light with λ ≤ 500 nm through the dichroic beamsplitter (DC),
toward the double beamsplitter (DBS). The majority of the light gets reflected towards the
narrowband (NB) beam, while the rest gets transmitted towards the wide-band (WB) beam.
From the WB on, it is split into three channels; to the correlation tracker (CT) and to the two
wide-band (WB) cameras. The light reflected to the NB beam passes through a filter and this
is recognized as a FWHM Fabry-Pérot Interferometer NB transmission profile.
As mentioned, CHROMIS covers the Ca II H and K lines in one region, but covers also
the H-β line, with the set of prefilters used. For the first region, the data is collected as the five
separate 3-cavity NB pre-filters scan through the wide Ca II lines. In the meantime, CHROMIS
collects simultaneous WB-data through a single WB filter. The WB-data is important as context and support in image restoration. Another advantage of the WB data is measurement of
photospheric images. A good figure that aids in understanding the works of CHROMIS is
figure 2.2, which displays the entire adaptive optics system of the SST, including CHROMIS.
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2.1.5

Seeing

The source for understanding astronomical seeing is Tubbs 2003.
Seeing is a term that describes how good the seeing conditions during observations of any
astronomical object is. It is what determines if one will have any recordings of the observations
or not and it is a combination of several important factors. It really comes down to the turbulent
mixing in the Earth’s atmosphere and how this perturbs the image being viewed.
When light travels through space, it is unperturbed, as space is mostly a vacuum. Reaching
the Earth’s atmosphere results in corrugation by the incoming wavefronts. Once through the
atmosphere, it reaches ground-based telescopes, such as the SST. Depending on the amount of
perturbation, we may or may not be able to deduct useful and accurate information about the
Sun from this observed radiation.
The Fried parameter is what is used as a reference of knowing whether or not the perturbations are too large or not, to observe anything useful. It describes the optical transmission
through the turbulent part of Earth’s atmosphere. It is defined as
Z
h
i−3/5
2
r0 = 0.423k
Cn2 (z0 )dz0
(2.1)
Path

where k = 2π/λ is the wavenumber, Cn2 is the atmospheric turbulence strength and z0 is the
path of the radiation. The larger the r0 , the better seeing. In practice, r0 values above 20 cm
results in very good data and values above 10 cm can be useful. To get a good time series of
observations, we need the r0 value to be stable at high values without too much variations and
too long spells with low values (Fried 1978).

2.2

ALMA

Information about ALMA comes from Wootten and Thompson 2009.
Parts of the data used in this thesis came from the Atacama Large Millimeter/submillimeter
Array, an international radio telescope, also known as ALMA. It is located in the Atacama
desert in northern Chile, at 5000 m elevation. As the telescope is placed this far up from
ground level, as well as being situated in extremely dry conditions, it results in immaculate
atmospheric transmission, over a certain range of wavelengths, 0.3-10 mm. ALMA consists of
two different arrays, where one of them is reconfigurable over the grand scale of 150 m - 15 km,
in multiple patterns as well. The second array is the smallest one, which will only be consisting
of 16 antennas, whereas four of those are of the size 12 m, and twelve are 7 m in diameter. This
array will only stretch over ≈50 m. Since the first array, the largest one, potentially stretches
over ≈15 km, it consists of as many as 64 12 m antennas. Not only is ALMA well equipped to
gather high quality information about the Sun, but it also provides information of the atomic,
molecular and ionized gas from the rest of our solar system, the Milky Way and the nearby to
high-redshift Universe.
The data that is used in this project from ALMA is specifically from a Sunspot, on the date
of 22nd of April in 2017. It is of the spectral lines Ca II 8542 Å, Ca II K, Hα and Fe I 6103 Å.
These spectral lines are unique to the high chromomsphere. As mentioned, this is a rather less
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researched part of the solar atmosphere, and data of this quality has not been available at much
extent in the past.

2.3

IRIS

Information on IRIS2 is gathered from IRIS; De Pontieu et al. 2014. IRIS is used to observe the
Solar interface region, i.e. the outer parts of the Solar atmosphere. IRIS is able to provide us
with highly detailed information, previously unobtainable for mankind. The conditions in this
region has been very difficult to record, for any observers. In the past, rockets, balloons and
satellites were of frequent use to obtain the same type of information, but with a much lower
resolution than what IRIS is able to provide. From several newer telescopes, such as Hinode
and the ground-based instruments such as CRISP (Scharmer et al. 2008) at SST, and Interferometric Bidimensional Spectrometer (IBIS: Cauzzi et al. 2008) at Dunn Solar Telescope (DST),
researchers have now understood a set of parameters and settings necessary for observing the
interface region, which has been made use of in IRIS.
With these improvements and settings that have been understood from the telescopes and
instruments mentioned, IRIS has been able to capture the thermal evolution of plasma, ranging
from photospheric to coronal temperatures. All the while at the spatiotemporal resolution
needed to gather information in the interface region. Some of this data is part of this project. It
was recorded on the 22nd of April in 2017. IRIS gives us high resolution observations of the
QS.

2.4

Solar Dynamics Observatory

Information about the Solar Dynamic Observatory (SDO; D. Pesnell) has been gathered from
NASA, D. Pesnell. The mission is run by NASA and was launched on the 11th of February
in 2010. SDO is a semi-autonomous spacecraft, pointing at the Sun. With no perturbations
from Earth’s atmosphere, it allows for continuous recordings of observations of the Sun. It
carries with it three important instruments that allow SDO to measure the entire range of necessary properties to understand the Sun fully. These instruments are the Atmospheric Imaging
Assembly (AIA), the EUV Variability Experiment (EVE), and the Helioseismic and Magnetic
Imager (HMI). Both AIA and HMI were used to collect parts of the data that is analyzed in this
thesis, of the quiet-sun.

2

Acknowledgement: "IRIS is a NASA small explorer mission developed and operated by LMSAL with mission
operations executed at NASA Ames Research center and major contributions to downlink communications funded
by ESA and the Norwegian Space Centre." Lockheed Martin Solar and Astrophysics Laboratory.

21

22

Observations

Chapter 3

Method
3.1

Stokes Inversion

Although not personally performed, Stokes inversions are a crucial part when transforming
data into something usable. Therefore, this subsection will be dedicated to explaining how a
Stokes inversion is done. All information will be sourced from the lecture of Luis Bellot Rubio
(Rubio 2018). In this project we are not only looking at Stokes I, which describes the total
intensity of the Solar atmosphere, but we are using the full Stokes parameter for inferring the
photospheric line-of-sight magnetic field. This allows for calculating the LOS magnetic field
from the field strength and inclination angle.
An inversion is defined as “any interference of the physical conditions of the solar atmosphere based on the interpretation of observed Stokes profiles” (Rubio 2018). From the
definition of the radiative transfer equation (Rubio 2018),
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we clearly see how all of the Stokes parameters depend on each other, and all of them
are necessary to understand just a single one. To understand the Stokes parameters fully, one
will need a proper understanding of the atmospheric properties and tendencies first. Figure
3.1 presents various Stokes inversion techniques. A common method of inversion is the leastsquare method.

3.2

Contrast

In this section we will discuss how we calculate the intensity contrast, and we will be applying
the same method as Kahil et al. 2017. This method is based off of the following equation:
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Figure 3.1: A block scheme that presents the various inversion techniques. Image courtesy: S.
Jafarzadeh

IContrast =

I
,
IQS

(3.2)

where I is the intensity, and the IQS is the mean intensity in a QS region. Since we are working
with both QS and sunspot data, the calculations look slightly different in each case. In the
QS, it is sufficient to divide each single wavelength position intensity with the mean of the
individual wavelength position’s intensity, to gain the contrast. For the sunspot data, we are not
able to do the same, because there are hardly any QS regions to find the mean of. Therefore
we have to look through the values and find these specifically and then throughout the entire
wavelength sequence of intensities, we divide with the mean of the specific QS values we found
previously. For an active region, it is necessary to find a semi-QS region outside the sunspot
area from where you find a mean intensity value to divide with.

3.3

Mean versus Median

When processing and analyzing a set of data with many data points per x-value, there is the
question of either using the mean or median value to find approximation we are looking for.
The mean will provide us with the average value over a set number of bins or data points. The
median will provide the middle value of the set number of points that are being looked at. In
a model where there are a lot of points to consider, and where density is an important factor,
we have chosen to use the median value as an approximation in this project. Figure 3.2 shows
the comparison of the mean and median values for a set number of bins, on Fe I 6173, first
wavelength position. When there is a higher density towards the middle values, the median and

3.4 Fitting Functions
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Figure 3.2: This figure shows the comparison to the mean and median fitting of the data, as
well as the median with the various fitting functions to the right in the figure.
mean can be expected to look nearly the same. Over an entire data set this can not be expected
due to the variety in spectral lines and their wavelength positions.
There are several ways of calculating the mean or the median of a set of data. It is possible
to choose a set number of bins over either the x-axis or the y-axis values. With a set number
of points of y-values, the bins will vary in size, depending on the scatter point density of said
data. This method will create a mean or median that appears shorter than the extent of the
scatter points of the data. This is simply because when there is a varied scatter point density,
there is simply not enough data at all ends of the plot, to create a long enough median or mean.
The second method would be to decide on a bin width of the x-axis and then take the mean
or median of all scatter points in that bin. This would create bins of the same size, but with
data that varies vastly in its scatter plot density, the mean or median would become very noisy
towards the higher values of the x-axis, where there were fewer y-values, because the mean or
median would be of only a few values towards the end, as can be seen in figure 3.2. The results
in this thesis will be using the median, with the set y-value bins.

3.4

Fitting Functions

To be able to understand the intensity dependency of the magnetic field LOS, we need to use
fitting functions on the data. This allows us to find certain trends and better see how they
develop throughout the different wavelength positions of the spectral lines. There will not be
one fitting function that will work for all of the spectral lines in this project, since the data
varies greatly. Many functions were tested, but three came out significantly better than the
others. The different fitting functions that we will be using are the following: A general power
law function, defined as
P(x) = a · xb−1 + c,
(3.3)
a linear function, defined as
F(x) = d · x + e,

(3.4)
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and a logarithmic function, defined as
L(x) = f ∗ log(gx) + h.

(3.5)

In all of the equations above, the parameters a, b, c, d, e, f , g and h are all just constants
that will be determined by Python’s Curvefit function (The SciPy community 2019), depending
on the input data. In case of using two of the same fitting functions on one spectral line, the
parameters will be marked with their letter and then sorted numerically, such as a1 and a2.

3.5

Magnetogram Contour

We are using both QS data and sunspot data in this project. This means that in the sunspot
data, we have different regions, based off of the magnetic field activity of the region we are
looking at. In figure 3.3 we see the magnetogram of the sunspot that we are analyzing. Due to
high activity in our sunspot magnetic field data, the magnetogram is divided into three different
regions, namely the plage, penumbra and umbra. Normally, one could also include the quasiquiet region, which often overlaps to a great extent with the plage, however it is not included
in this analysis.
As a source for the information about the three different regions, the following information
is from Stix 2004 (chapter 9.5) and Tian et al. 2009. Usually, the terms penumbra and umbra
are especially used to describe different parts of a shadow. From this, the different parts of
a sunspot have gotten their name. The center part of figure 3.3 is what is called the umbra.
This is where the strongest magnetic field is located, and temperatures are lower and hence
causes lower light intensity, although this figure shows the opposite. The region that wraps up
the umbra, like a ring around it, is called the penumbra. The magnetic field is not as strong
here, which is why it appears with a higher intensity (appears darker in figure 3.3) due to
higher temperatures. The very outer regions, everything surrounding the penumbral ring and
the center umbra, is what we call the plage. In French, plage means beach, but in our case it
represents the warmest part of our image, which is the surroundings of the sunspot. This is the
outer edge where the magnetic field is much smaller than in its core.
An important note when looking at the contour and the regional values later decided upon,
is that they are all approximate values, based off of the image we are looking at in figure 3.3. For
the purpose of what we are doing in this project, it is sufficient, but it has potential to improve.
In order to find the boundaries between the different regions, we used a the contour plot of the
magnetogram of the sunspot data in figure 3.3. We are looking at the plage/superpenumbra,
penumbra and umbra. For the Sunspot data from SST we found the plage/superpenumbra to
range from 20-800, the penumbra from 700-1800 and the umbra from 1500-3350. These are
all values that are approximate. They are by no means absolute, and there is space for improvement. Finding these value frames came through creating the contour plot of the magnetogram
in figure 3.3. By changing these values slightly, for an improved model, it still would not
change the fitting of the sunspot data much.

3.5 Magnetogram Contour

Figure 3.3: This figure shows a contour plot of the magnetogram of the sunspot data from SST,
with the boundaries indicating the separation of the different regions, based off of magnetic
field strength. The image is divided into three regions; the plage, the penumbra and the umbra.
The center of the image, in colors orange/red is the umbra. The pink ring surrounding the
umbra is the penumbra. The darker parts in the rest of the image is the plage.
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Chapter 4

Results
In this chapter we are presenting the results obtained from analyzing the data described in each
section. Our aim in this work is to show the relationship between the photospheric magnetic
field and the intensity contrast in multiple heights in the photosphere and chromosphere. The
intensity contrast is calculated based on what is described in section 3.2. The magnetic field is
measured in the photosphere and therefore there is an uncertainty of the pixel to pixel comparison in the different heights in the atmosphere (due to the height differences). The uncertainty
will increase with height, but also largely depends on if it is a quiet Sun region or an active
region. In the sunspot the photospheric magnetic field is more vertical and stronger, reaching
higher up in the same spatial region, than in the quiet Sun. The reasoning for using the photospheric magnetic field throughout all of the analysis, is due to it being the most reliable source
of magnetic field measurements in the solar atmosphere. It would then be consistent to use
the same height of magnetic field in all the analysis in this thesis, for the sake of comparison.
Moreover, we are interested in the statistical behavior of dependency of intensity contrast to
the underlying magnetic fields in the different heights and solar regions.
In figure 4.1 the general sketch of a spectral line profile, for a hypothetical spectral (absorption) line, is presented. There are two parts to the spectral line profile, a blue and red
wing. The blue and red are the two sides around the line-core. The wavelength position at
the line-core is the highest reaching point in the atmosphere of a specific spectral line. The
different wavelength positions from the continuum to the line-core sample various heights in
the atmosphere, from the lowest to the highest (depending on the employed spectral line). The
wavelength positions in the red and blue wings sample similar heights, but not necessarily the
same. Therefore, in this work, we will only be analysing half of the spectral line profiles,
the blue wing of the spectra, which is marked with blue circles for the hypothetical spectrum
shown in figure 4.1.
We are calculating the intensity contrast for different spectral lines. Through several fitting functions, we also find a trend through the spectral lines, in the aim of quantifying their
dependency on the photospheric line-of-sight magnetic fields.
In the following sections we analyze several data sets, with the methods described above.
Each one includes its own independently measured level of magnetic flux (i.e., different solar
regions) and various spectral lines. There is both data from active (e.g., sunspot or plage) and
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Figure 4.1: This is a sketch that portrays a hypothetical spectral line profile, and the different
wavelength positions.
quiet regions.

4.1

Sunspot Observations from SST

This set of data is the recorded observations of a sunspot, close to disk center, observed by SST
at the 5th of September in 2016. The observations include three different spectral lines, also
the full Stokes photospheric measurements to infer the line-of-sight component of the magnetic
field. Since the field of view includes a wide-range of magnetic field strength, the boundary
between the different regions (based on the magnetic fields in the photosphere) are marked on
the scatter plots. However, with our data we did not have much of the quasi-quiet parts, so we
have only indicated the boundaries of three regions, namely, the plage, penumbra and umbra
(with vertical orange, blue and green lines, respectively, on all the scatter plots shown in this
section). The plage and the penumbra overlaps, while the end of the penumbra and the beginning of the umbra overlaps. These definitions are solely based on the photospheric magnetic
field values and can be different in the chromosphere, due to the magnetic field expansion with
height.
In the following subsections we will present the results of the analysis of the three different
spectral lines of this data set. It includes scans of Ca II 8542 Å, Hα and Fe I 6302 Å. The
photospheric magnetic field is the result of the full Stokes inversions of the Fe I 6302 Å.

4.1.1

Ca II 8542 Å

This section presents the intensity contrast of various wavelength positions in the spectral line
of Ca II 8542 Å versus the photospheric line-of-sight magnetic fields, observed with the SST.
The plots of the intensity contrast versus the line-of-sight magnetic fields are illustrated in

4.1 Sunspot Observations from SST
figures 4.3, 4.4, 4.5 and 4.6. These are the plots of the wavelength positions in the blue wing
of Ca II 8542 Å, marked with blue circles in figure 4.2. On top of each panel, the wavelength
position employed for that plot has been indicated. The spectral-line profile in figure 4.2 helps
us gain a better picture of the different wavelength positions that have been used in this project.
The plot in figure 4.6 corresponds to the center of the spectral line, whereas the top panel
in figure 4.3 to the shortest recorded wavelength studied in this spectral line. It is evident
from the scatter plots that the differences between one wavelength position to the next, are not
significant. The reason could be due to a small difference in average formation heights between
the images sampled by the consecutive wavelength positions. We also note that each images
(at a particular wavelength) sample a wide range of geometrical heights, though it is assumed
that the different wavelength positions here sample, on average, different atmospheric heights.
During the transition from continuum to the line-core, we notice that there are two major peaks
in the median value, at around BLOS ≈ 780G. What is common to all of the plots throughout
the sequence, is the decline in intensity contrast towards the higher BLOS -values.
Table 4.1 displays the values of the different parameters of the fitting functions that we have
used to fit to the median of the Ca II 8542 Å data. For definitions of the function parameters, see
section 3.4. With this data, it was most suitable to fit with a logarithmic function towards the
end of the plage region, a linear function throughout the penumbra and a power law function for
the umbra. As we see from the function expression of functions 3.3, 3.4 and 3.5, the parameters
a, b and c belong to the power law fit, parameters d and e belong to the linear fit and f , g and h
belong to the logarithmic fit. Both from the values of the parameters in the table, as well as the
plots we have been looking at, we see slight changes, depending on the wavelength position,
but the umbra fit with the power law remains the most similar throughout all of the plots, while
the linear fit changes angles and its tilt slightly in the penumbra. The logarithmic fit is the
one to completely change over the course of these plots, as we have two peaks in this short
sequence of eleven plots.
4.1.1.1

Summary of Ca II 8542 Å

A range of plots and figures provide a general idea of the developmental tendency for the
particular data analyzed. Still, a more organized possibility is to merge the multiple medians
of various wavelength positions, to be plotted versus the photospheric line-of-sight magnetic
field. For Ca II 8542 Å, the combined median value arrays are displayed in figure 4.7. The
median array evolves from a wavy variation into a somewhat linear trend, when evolving from
the continuum towards the line-core of the spectral line.
This is potentially a result that is repeated in the Hα spectral line medians too, since both
spectral lines sample approximately the same atmospheric heights in the photosphere and chromosphere, though the two lines have different properties.

4.1.2

Hα

This section presents the results if the intensity contrast versus line-of-sight magnetic fields
various wavelength positions of the Hα 6563 Å spectral line, at disk center, observed with SST.
The figures of the intensity contrast versus the photospheric line-of-sight magnetic field are
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Wavelength

Power Law Fit

Linear Fit

Logarithmic Fit

Position [Å]

a

b

c

d

e

f

g

h

8540.25

1.78 × 108

−1.69

1.84 × 10−1

6.63 × 10−5

0.934

+0.076

1.6 × 10−3

1.01

8541.055

1.65 × 108

−1.68

1.81 × 10−1

4.68 × 10−5

0.934

+0.070

1.9 × 10−1

0.68

8541.265

8.47 × 107

−1.58

1.68 × 10−1

5.36 × 10−5

0.935

+0.059

4.8 × 10−2

0.81

8541.405

2.75 × 107

−1.43

1.53 × 10−1

8.42 × 10−5

0.946

+0.033

8 × 10−3

0.95

8541.545

8.51 × 106

−1.27

1.35 × 10−1

1.28 × 10−4

0.962

−0.001

3 × 10−3

0.99

8541.65

1.70 × 106

−1.05

1.15 × 10−1

1.85 × 10−4

0.985

−0.045

5.5 × 10−2

1.13

8541.72

2.39 × 105

−0.79

9.59 × 10−2

2.43 × 10−4

1.00

−0.092

1.2 × 10−2

1.14

8541.79

6.22 × 103

−0.28

3.11 × 10−2

3.13 × 10−4

1.05

−0.14

4.5 × 10−4

0.75

8541.86

6.26 × 101

+0.40

−2.5 × 10−1

3.52 × 10−4

1.10

−0.16

1.0 × 100

1.98

8541.93

3.82 × 101

+0.99

−3.51 × 101

3.38 × 10−4

1.15

−0.15

9.1 × 10−1

1.91

8542.00

5.26 × 102

+0.99

−5.23 × 102

2.94 × 10−4

1.18

−0.13

1.1 × 100

1.82

Table 4.1: Values for the parameters of the fitting functions for the Ca II 8542 line for the
sunspot data.
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Figure 4.2: The spectral line profile of Ca II 8542 in the sunspot. The blue and red circles
represent the observed wavelength positions. Those marked with blue are analysed in this work.
The blue dot at the upper left corner of the plot is the wavelength position in the continuum.
The blue dot at line-center is the line-core of the spectral line.

shown in figures 4.9, 4.10 and 4.11. These are the plots of the wavelength positions of the
blue wing of Hα, which have been indicated in figure 4.8) with blue circles. The bottom plot
in figure 4.11 is the line-core of the spectral line, whereas the top plot in figure 4.9 is the first
wavelength position of Hα. All wavelength positions are shown on top of each scatter plot.
During the transition from left wing to the line center, we notice that there is a somewhat
smoothing of the median values, with a dip turning into a peak, at around BLOS ≈ 100 − 350 G.
Despite the dip turning into a peak, from the first recorded wavelength position and all through
to the line center, the Icont > 1 remains for BLOS = 0. What is common to all of the plots
throughout the sequence, is the decline in intensity contrast towards the higher BLOS -values.
Table 4.2 summarises the values of the different parameters of the fitting functions applied
to fit to the median of the Hα data. With this data, it was most suitable to fit with a logarithmic
function towards the end of the plage region, a linear function throughout the penumbra and a
power law function for the umbra, similar to what done for Ca II 8542 Å. As shown from the
expressions of the functions 3.3, 3.4 and 3.5, the parameters a, b and c belongs to the power
law fit, parameters d and e to the linear fit and f , g and h to the logarithmic fit. Both from the
values of the parameters in the table, as well as the figures, it is apparent that there are slight
changes, depending on the wavelength position. However, the umbra fit with the power law
remains the most similar throughout all of the plots, while the linear fit changes its tilt slightly
in the penumbra. The logarithmic fit is the one to completely change over the course of these
wavelength positions.
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Figure 4.3: Scatter plots of the intensity contrast as a function of line-of-sight magnetic fields
for the first three wavelength positions of the Ca II 8542 Åline, from the Sunspot data (left
panels). The red lines on the left panels connect the median of the binned values of the intensity
contrast. Panels on the right show the various fits (defined in the legends) to different parts of
the the median values (shown as red circles) from the left panel. The vertical lines depict
boundaries of the various magnetic regions (i.e., plage, penumbra, and umbra from the left to
the right, respectively) based on the photospheric magnetic fields.

4.1 Sunspot Observations from SST

Figure 4.4: Same as figure 4.3, but for the fourth, fifth, and sixth wavelength positions of the
Ca II 8542 Å line (for the Sunspot data), as indicated on top of the panels in the left column.
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Figure 4.5: Same as figure 4.3, but for the seventh, eight and ninth wavelength positions of the
Ca II 8542 Å line (for the Sunspot data), as indicated on top of the panels in the left column.

4.1 Sunspot Observations from SST

Figure 4.6: Same as figure 4.3, but for the tenth and eleventh (line-core) wavelength positions
of the Ca II 8542 Å line (for the Sunspot data), as indicated on top of the panels in the left
column.
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Figure 4.7: Variations of the median intensity contrast (of binned values) versus line-of-sight
magnetic fields for the various wavelength positions of the blue wing of the Ca II 8542 Å line.
4.1.2.1

Summary of Hα

Consequent plots and figures provide a general idea of the evolution of a trend, for the specific
data in question. However, an easier way to compare the trends from the different wavelength
positions (i.e., approximately corresponding to different atmospheric heights from the photosphere to high chromosphere) is to show all variations (from all wavelength positions) in one
summary plot. For Hα, the variations of the median value (median of binned values with a
constant width) are presented in figure 4.12. Interestingly enough, the medians evolves from
being quite curvy, into something closer to a linear function, when going form the continuum
towards the line-core of the spectral line. These are similar to those found for the medians of
Ca II 8542 Å in figure 4.7, though the different wavelength positions do not samle the exact
same heights (but close heights). We have studied these two chromospheric lines, for the sake
of comparison, since they have different formations and properties.

4.1.3

Fe I 6301 Å

In this section, the results for the intensity contrast of different wavelength positions of Fe
I 6302 Å versus line-of-sight component are presented. Following the method of previous
spectral lines, the results only include the analysis of the wavelength positions in the blue
wing of the spectrum, as shown in figure ??. The figures of the intensity contrast versus the
photospheric line-of-sight magnetic field are shown in figures 4.14 and 4.15. The bottom panels
in figure 4.15 represent the results for the line-core of Fe I 6301 Å, whereas top panels in figure
4.14 are for the first wavelength position (i.e., furthest position in the blue wing), located in the
continuum. During the transition from continuum to the line-core, we notice that there is not

4.1 Sunspot Observations from SST
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Figure 4.8: The Hα spectral line employed in the observations of the sunspot. The blue and
red circles show the observed wavelength positions. Those marked with blue (i.e., wavelength
positions in the blue wing) are analysed here.

Wavelength

Power Law Fit

Linear Fit

Logarithmic Fit

Position [Å]

a

b

c

d

e

f

g

h

6561.50

4.87 × 105

−8.48 × 10−1

5.28 × 10−2

5.31 × 10−4

1.49

0.023

0.0048

0.98

6561.80

2.36 × 105

−7.43 × 10−1

3.52 × 10−2

5.21 × 10−4

1.49

0.023

0.0099

0.97

6562.00

8.71 × 104

−5.98 × 10−1

6.49 × 10−5

5.12 × 10−4

1.48

0.022

0.026

0.95

6562.20

5.75 × 104

−5.37 × 10−1

−7.66 × 10−3

5.03 × 10−4

1.48

0.019

0.021

0.97

6562.40

4.55 × 104

−4.97 × 10−1

−2.20 × 10−2

4.90 × 10−4

1.49

−0.0013

0.12

1.05

6562.60

1.06 × 104

−2.95 × 10−1

−3.33 × 10−2

4.39 × 10−4

1.42

−0.052

0.27

1.30

6562.80

1.37 × 101

7.7 × 10−1

−1.93 × 100

3.70 × 10−4

1.28

−0.081

0.0068

1.10

6563.00

1.09 × 103

9.99 × 10−1

−1.08 × 103

3.46 × 10−4

1.27

−0.063

1.87

1.44

Table 4.2: Values for the parameters of the fitting functions for the Hα line for the sunspot
observations.

40

Results

Figure 4.9: Same as figure 4.3, but for the first three wavelength positions of the Hα line for
the Sunspot data), The wavelengths are indicated on top of the panels in the left column.

4.1 Sunspot Observations from SST

Figure 4.10: Same as figure 4.3, but for the fourth, fifth, and sixth wavelength positions of the
Hα line for the Sunspot data), The wavelengths are indicated on top of the panels in the left
column.
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Figure 4.11: Same as figure 4.3, but for the seventh and eight (line-core) wavelength positions
of the Hα line for the Sunspot data). The wavelengths are indicated on top of the panels in the
left column.

4.1 Sunspot Observations from SST

Figure 4.12: Median of intensity contrast of various wavelength positions (of the Hα line) as a
function of line-of-sight magnetic fields for the sunspot observations from SST.
much of a change at all to the median of the data. Unlike the two previous (chromospheric)
spectral lines, the Fe I 6301 Å samples the photosphere, which may be a factor that can cause
it to be different from the other two lines. What is common to all of the plots throughout
the sequence for the Fe I 6301 Å data, is the decline in intensity contrast towards the higher
BLOS -values. This was also observed for Hα and Ca II 8542 Å lines.
Table 4.3 presents the values of the various parameters of the fitting functions used to fit
the median of the Fe I 6301 Å data. With this data, it was most suitable to fit with a logarithmic
function towards the end of the plage region, a linear function throughout the penumbra and
another logarithmic function for the umbra. These are different when compared to those for the
other spectral lines in this data set. As shown in the expressions of functions 3.4 and 3.5, the
parameters d and e belong to the linear fit, and f , g and h to the logarithmic fit. Since there were
two logarithmic fits for this spectral line (on different magnetic regimes), the function marked
as "Logarithmic 1" in the plots of figures 4.14 and 4.15 then respectively have the parameters
f 1, g1 and h1, while "Logarithmic 2" have the parameters marked as f 2, g2 and h2. By seeing
the values in table 4.3, what is presented in the figures is only confirmed. It is found that there
is almost no significant change throughout the sequence (i.e., the wavelength positions). The
values do not stay constant, but there is no large changes of magnitude.
4.1.3.1

Summary of Fe I 6301 Å

As similar summary plot as for previous spectral lines is shown in figure 4.16 for the medians
of the scatter plots presented for the various wavelength positions of the Fe I 6302 Å line.
Unsurprisingly, the median values of the wavelength positions of Fe I 6302 in the blue wing
stay quite consistent, all the way from the continuum to the line-core. This could be because
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Figure 4.13: The Fe I 6301 Å spectral line. The observed wavelength positions are marked
with blue and red circles.

the Fe I 6302 Å is a photospheric line. This may explain its behaviour compared to the other
two spectral lines in this data set, Ca II 8542 Å and Hα. Although they show similar trends,
small differences are also observed. In addition, they pose different intensity contrasts.

4.2

Quiet-Sun Observations of photosphere and chromosphere from
SST

This data set was recorded on the 3rd of August in 2016, at SST, sampling a quiet region close
to the solar disk center. The observations include two different spectral lines, as well as the full
Stokes photospheric measurements to infer the line-of-sight component of the magnetic field.
The analysis will be based on the relationship between the intensity contrast and the line-ofsight magnetic field. In the following subsections we will present the results of the analysis
of the two different spectral lines of this current data set. It includes the lines of Ca II 8542 Å
and Fe I 6173 Å. The photospheric magnetic field is the result of the full Stokes inversions of
the Fe I 6173 Å. To better understand the relationship between the intensity contrast and the
photospheric line-of-sight magnetic field, fitting functions are applied to the data analysis. For
both Ca II 8542 Å and Fe I 6173 Å lines, the power law function portrays this relationship. The
definition for this function expression can be found in section 3.4. The parameter values of the
fitting function will be located in each individual section below for each of the spectral lines.

4.2 Quiet-Sun Observations of photosphere and chromosphere from SST

Figure 4.14: Same as figure 4.3, but for the first three wavelength positions of the
Fe I 6301 Å line for the Sunspot data), The wavelengths are indicated on top of the panels
in the left column.
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Figure 4.15: Same as figure 4.3, but for the fourth and fifth wavelength positions of the
Fe I 6301 Å line for the Sunspot data), The wavelengths are indicated on top of the panels
in the left column.

4.2 Quiet-Sun Observations of photosphere and chromosphere from SST
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Wavelength

Linear Fit

Logarithmic Fit 1

Logarithmic Fit 2

Position [Å]

d

e

f1

g1

h1

f2

g2

h2

6301.322

0.00025

1.089

0.017

0.0096

0.91

−0.56

0.14

3.50

6301.382

0.00031

1.096

0.018

0.0054

0.89

−0.52

0.26

3.57

6301.432

0.00035

1.085

0.028

0.0066

0.84

−0.49

0.56

3.78

6301.472

0.00030

1.061

0.038

0.0031

0.86

−0.48

0.41

3.59

6301.512

0.00026

1.051

0.048

0.0040

0.86

−0.49

0.27

3.46

Table 4.3: Values for the parameters of the fitting functions for the Fe I 6301 line in the sunspot.
As this data was fitted with two different logarithmic functions, we opted for calling them f 1,
g1, h1 and f 2, g2, h2, to distinguish between the first and second logarithmic fits.

Figure 4.16: The summary plot of all the medians for the various wavelength positions of the
blue wing of the Fe I 6301 Å spectral line.
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Figure 4.17: The spectral line profile of Ca II 8542 in the QS. It is color divided into two wings,
a blue and a red one. The colored dot represents the observed wavelength positions.

4.2.1

Ca II 8542 Å

This section describes the analysis of the intensity contrast of various wavelength positions of
the Ca II 8542 Å versus the line-of-sight magnetic field, all from SST. While the line consists
of 11 wavelength positions, only six of these in the blue wing, from the far wing (i.e., the nearcontinuum position) to the line-core, will be analysed in this section. As mentioned previously,
only looking at one wing of the spectral line profile, in figure 4.17, is because despite being
identical, the two wings portray similar height properties. The line-core is the highest reaching
point in the solar atmosphere, for each specific spectral line.
The Ca II 8542 Å line’s results are shown in figures 4.18 and 4.19. The scatter plot of the
specific wavelength position is shown in the left plot, with the median values in both plots,
and then the power law fit in the right plot. The fitting function quite vastly changes its shape,
within the ranges of how a power law function can change. It appears to change between both
sides of a linear fit. Table 4.4 summarizes the values of the parameters that make up the power
law fitting function to this data. While parameter b and c stay within certain value frames, a
is the one to greatly differ, from small values to much smaller ones at the fourth wavelength
position plot. Noticeably, the median values appears more scattered and noisy towards the
larger line-of-sight magnetic field values. This could be explained by the lack of density in
scatter points at higher magnetic field values. The lack in scatter points is likely the cause of
the varying median, which then again might be the reason there are such changes to the power
law fitting function.

4.2 Quiet-Sun Observations of photosphere and chromosphere from SST

Figure 4.18: Scatter plots of the intensity contrast as a function of line-of-sight magnetic fields
for the first three wavelength positions of the Ca II 8542 Åline, from the quiet-Sun data (left
panels). The red lines on the left panels connect the median of the binned values of the intensity
contrast. Panels on the right show the power-law fits (purple lines) to the median values (shown
as red points) from the left panel.
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Figure 4.19: Same as figure 4.18, but for the fourth, fifth, and sixth (line-core) wavelength
positions of the Ca II 8542 Å line (for the quiet-Sun data), as indicated on top of the panels in
the left column.

4.2 Quiet-Sun Observations of photosphere and chromosphere from SST

Wavelength

Power Law Fit

Position [Å]

a

b

c

8540.25

4.6 × 10−2

1.37

0.79

8541.20

7.2 × 10−3

1.60

1.01

8541.60

4.1 × 10−5

2.35

1.14

8541.76

5.0 × 10−6

2.72

1.11

8541.89

5.9 × 10−4

2.03

1.01

8542.00

2.2 × 10−4

2.14

1.07

Table 4.4: Values for the parameters of the fitting function on the Ca II 8542 line in the QS.
4.2.1.1

Summary of Ca II 8542 Å

Figure 4.20 is the compilation of all median values of the six wavelength positions of Ca II
8542 Å, in the blue wing. Noticeably, what appears to be noise in the upper regions of the BLOS
values are in fact the medians of the wavelength positions close to or at the line-core. The least
varying medians are the ones of the first few wavelength positions. The big difference between
these two groups are the atmospheric height at which they occur. It would from the figure seem
as though the higher up in the atmosphere, the more turbulent the intensity. As these are all in
the quiet-sun, they are fairly similar to each other and do not vary greatly, despite the structural
differences that are to be observed in them.

4.2.2

Fe I 6173 Å

This section analyses the intensity contrast versus the photospheric line-of-sight magnetic field
of Fe I 6173 Å, at disk center. The spectral line consists in total of 11 wavelength positions in
the current data set that has been used. These are ranging from the continuum to the line-core
and towards the continuum again. All of these wavelengths can be seen as colored dots in red
and blue in the spectral line profile in figure 4.21. The plots of the wavelengths from the blue
wing of figure 4.21 can be found in figures 4.22 and 4.23. These figures consist of a left and
right plot of the various blue wing wavelength positions. The left plot contains the scatter plot
of the data with the median, while the right plot contains the median with a fitting function. In
the case of Fe I 6173 Å, the fitting function is a power law function, in which the definition can
be found in section 3.4.
At first sight, the power law fits of the wavelength positions appears to stay the same
throughout all of the plots. If we look closer at the values of the y-axis we notice that at
one point the median graph reaches values as high as around 1.7 Icontrast , while the lowest peak
is around 1.12. The same change can be seen in the values in table 4.5, of the fitting parameters
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Figure 4.20: This figure presents the median values of all wavelength positions of Ca II 8542 Å
in the blue wing.

of the power law function. The fitting parameters drastically change from wavelength position
three to four. As values change, the wavelength positions are also reaching higher in the atmosphere, meaning that one would expect to observe a change at that point. Comparing the
parameters in table 4.5 with the ones in table 4.4 of Ca II 8542 Å, they are not very similar.
While Ca II 8542 Å is a spectral line reaching from the photosphere and throughout parts of the
chromosphere, the Fe I 6173 Å is a photospheric spectral line. This is a factor that can explain
the differences that are observed.

4.2.2.1

Summary of Fe I 6173 Å

A good perspective generally comes from being able to see the whole picture. That is also the
attempt of figure 4.24 which presents the medians of all the blue wing wavelength positions.
This allows for understanding the change from continuum to line-core much better. The small
bits of noise towards the higher magnetic field values appear to increase slightly towards the
line-core, as the wavelength positions are moving higher in the solar atmosphere. The medians
of Fe I 6173 Å are more consistent in their shape, compared to those of Ca II 8542 Å. This
could again be a factor caused by the specific atmospheric heights that these spectral lines are
to be found at.

4.2 Quiet-Sun Observations of photosphere and chromosphere from SST

Figure 4.21: The spectral line profile of Fe I 6173 Å for the quiet-Sun data. The blue and red
circles indicate the observed wavelength positions. Those marked with blue are analysed in
this work.

Wavelength

Power Law Fit

Position [Å]

a

b

c

6173.10

56.03

1.0015

−55.5

6173.19

165.3

1.0005

−164.8

6173.24

221.5

1.0003

220.9

6173.27

0.27

1.15

0.43

6173.31

0.05

1.37

0.78

6173.34

0.07

1.37

0.63

Table 4.5: Values for the parameters of the fitting function on the Fe I 6173 line in the QS.

53

54

Results

Figure 4.22: Same as figure 4.18, but for the first three wavelength positions of the Fe I
6173 Å line (for the quiet-Sun data), whose wavelengths are indicated on top of the panels
in the left column.

4.2 Quiet-Sun Observations of photosphere and chromosphere from SST

Figure 4.23: Same as figure 4.18, but for the fourth, fifth and sixth (line-core) wavelength
positions of the Fe I 6173 Å line (for the quiet-Sun data), whose wavelengths are indicated on
top of the panels in the left column.
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Figure 4.24: This figure displays the median values of the various wavelength positions of Fe I
6173 Å in the blue wing of the spectra.

4.3

Quiet-Sun Observations of photosphere and low chromosphere
from SST

All data from this section was recorded on the 6th of August in 2011, at SST, close to disk
center. The images and lines observed were Ca II H, Ca II wide-band and Fe I 6301 Å. Ca
II H and Ca II wide-band are filtergrams, while Fe I 6301 Å is a line-scan. The observations
also include the full Stokes photospheric measurements to infer the line-of-sight component of
the magnetic field, from the Fe I 6301 Å spectral line. The filtergrams are single time frames
of an image at just one wavelength position, while the Fe I 6301 Å spectral line consists of 13
wavelength positions. The reasoning behind analyzing this particular data set is because of its
similarities to those used by Kahil et al. 2017. By examining Ca II H, Ca II Wideband, and
Fe I 6301, the results are well fit for comparison to that of Kahil et al. 2017 results. In the
following sections there will be a focus on understanding the data of these images, and then
the comparison to other works will follow in the discussions chapter (5. All data in this section
has been fitted with a power law function, whose definition can be found in section 3.4.

4.3.1

Ca II H

The Ca II H filtergram is centered at 397 nm. This section will take a closer look at the
properties of this specific image. In figure 4.25 we observe the single wavelength position of
Ca II H. The figure is a combination of two plots, where one contains the scatter plot of the
data with the median, and the other displays the median with a fitting function. For this image
there is only one best fitting function, a power law. From the figure we see that the power law
fit is a very defining one, based off of the median of the data. Table 4.6 shows the different

4.3 Quiet-Sun Observations of photosphere and low chromosphere from SST

Figure 4.25: Scatter plots of the intensity contrast of the SST Ca II H at 397 nm (of a quiet-Sun
region)as a function of line-of-sight magnetic fields from SST Fe I 6301 Å observations. The
red line on the left panel depicts the median of the binned values of the intensity contrast. The
right panel shows the median points (shown as red points), with a power-law fit (the purple
solid line).
parameters of the power law fit. Comparing to such values of the Fe I 6301 in table 4.8 and of
the Ca II wide-band line values in table 4.7, we notice that they appear somewhat similar, but
have their own tendencies.

4.3.2

Ca II wide-band

As done for Ca II H filtergrams in the previous section, the Ca II wide-band image was also
recorded at SST for the same target. This section presents the analysis of Ca II wide-band
through figure 4.26, which includes two plots. The left plot contains the scatter plot of the
image data with the median, while the plot to the right contains the median with a fitting

Wavelength

Power Law Fit

Position [Å]

a

b

c

3970

0.273

1.24

0.471

Table 4.6: Values for the parameters of the fitting function on the Ca II H line in the QS.
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Figure 4.26: Same as figure 4.25, but for the Ca II wide-band images (for the quiet-Sun data).
Wavelength

Power Law Fit

Position [Å]

a

b

c

Ca II Wideband

0.587

1.09

0.008849

Table 4.7: Values for the parameters of the fitting function on the Ca II wide-band image for
the QS data.
function. As with all the data in this set, we have chosen to create a power law fit. Table 4.7
summarizes the values of the parameters of the power-law function fit to the wide-band image.
From the figure, the median shows a certain upswing in the beginning, from BLOS = 0. Due to
this, the power law fit was made from the values of BLOS = 100 and upwards. This is a feature
that is unique to the wide-band image. Looking back at figure 4.25, there is no upswing, and
hence the power law is fitted to the entire BLOS -range.

4.3.3

Fe I 6301 Å

This section contains analysis of the intensity contrast versus photospheric line-of-sight magnetic field of the spectral line Fe I 6301 Å, at disk center. From the Fe I 6301 line we have 13
wavelength positions. All of these are shown in the spectral line profile in figure 4.27. Since
both sides around the line-core contain similar properties, we will only be analyzing the eight
wavelength positions on the blue wing, from the continuum and including the line-core, in

4.3 Quiet-Sun Observations of photosphere and low chromosphere from SST

Figure 4.27: The spectral line profile of Fe I 6301 Å in the QS. It is color divided into two
wings, a blue and a red one. The colored dots represent the observed wavelength positions.

figures 4.28, 4.29 and 4.30. To aid in understanding the data better is a fitting function. For
consecutive data in this entire set, the power law function was seen as the best fit. The function
definition is found in section 3.4, while the parameters of the function are displayed in table
4.8. Analyzing the seven different plots, in the three figures, we notice that there is not great
change, throughout them. In fact, they look nearly the same. The shape looks very similar, but
if we study the values of the y-axis, we see that towards the last plot in figure 4.29, the values
are a lot higher than they were to begin with. When we reach the line-core of the spectral line,
in figure 4.30, we notice that the values on the y-axis are already on the decrease again. In table
4.8 we notice how parameter a and c varies greatly, while b stays within reasonable limits. The
biggest leap in the b value is seen when we are closing into the line-core of the spectral line.

4.3.3.1

Summary of Fe I 6301 Å

Despite the table being of great value to directly understand the parameters of the fits, it is still
difficult to visualize the comparison of these medians. Figure 4.24 illustrates comparison of
all medians of the wavelength positions of Fe I 6301 Å. The speculations of a rise in medians
towards the middle of the wavelength range is denies, as we see from the figure that wavelength
positions that reach the highest are those of the line-core and closest to the line-core. What this
information is telling us is that the higher in the atmosphere of the Sun, the larger the intensity
is. This may just be another speculation, but that is the trend that shows in this figure.

59

60

Results

Figure 4.28: Same as figure 4.25, but for the first three wavelength positions of the Fe I
6301 Å line (for the quiet-Sun data), whose wavelengths are indicated on top of the panels
in the left column.

4.3 Quiet-Sun Observations of photosphere and low chromosphere from SST

Figure 4.29: Same as figure 4.25, but for the the fourth, fifth and sixth wavelength positions of
the Fe I 6301 Å line (for the quiet-Sun data), whose wavelengths are indicated on top of the
panels in the left column.
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Figure 4.30: Same as figure 4.25, but for the the seventh (line-core) wavelength position of
the Fe I 6301 Å line (for the quiet-Sun data), whose wavelength is indicated on top of the left
panel.

Wavelength

Power Law Fit

Position [Å]

a

b

c

6301.23

1.34 × 102

1.00

−133

6301.28

2.78 × 101

1.00

−27.1

6301.32

1.70 × 10−1

1.15

0.622

6301.36

7.41 × 10−2

1.23

0.757

6301.41

4.85 × 10−2

1.31

0.809

6301.45

5.99 × 10−3

1.64

0.946

6301.49

7.64 × 10−4

1.94

1.01

6301.54

2.55 × 10−3

1.73

0.881

Table 4.8: Values for the parameters of the fitting function on the Fe I 6301 line in the QS.

4.4 Plage Observations from ALMA, IRIS, and SDO
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Figure 4.31: This figure shows the plot of the median values of all wavelength positions of Fe
I 6301 Å in the blue wing of the spectra.

4.4

Plage Observations from ALMA, IRIS, and SDO

These time frames were all captured on the 22nd of April, 2017. This data sets consists of
different time frames from several instruments, including observations with ALMA band 6
(1 mm), SDO/AIA 170 nm, SDO/HMI continuum and IRIS Mg II slit-jaw. The photospheric
magnetic field was inferred from the Stokes observations with HMI from SDO. The relationship
between the intensity contrast and the line-of-sight magnetic field is inspected in the same way
as previous section, for all these filtergrams. Several images recorded at different times are
compiled in order to reach better statistics.
In figures 4.32, 4.33, 4.34 and 4.35 four different plots of various images are shown from
ALMA, SDO/AIA, IRIS, and SDO/HMI, respectively. Because of the relatively smaller number of pixels in these images (compared to those from SST), all figures are compilations of 14
time frames combined, for better statistics and more accurate results. The plot on the right side
of each figure is the median of all of the time frames put together, as well as a fitting function.
As a general pattern, we notice that the linear fit works well in the higher magnetic-field region,
for all of the images at different wavelengths.
All are fitted with a linear function only, which follows the equation below:
f (x) = e · x + d

4.4.1

(4.1)

ALMA 1 mm

This section presents the intensity contrast of the 1 mm filtergram from ALMA versus the
SDO/HMI photospheric line-of-sight magnetic field, recorded close to disk center. This data is
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Figure 4.32: Scatter plots of the intensity contrast of the ALMA band 6 (of a plage region)
as a function of line-of-sight magnetic fields from SDO/HMI. The red line on the left panel
indicates the median of the binned values of the intensity contrast. The right panel shows the
median points (shown as red circles), with a linear fit (the blue solid line).

a collection of 14 time frames, that have been combined for a statistically better model. The
results of this analysis consists of one plot in figure 4.32, displaying a scatter plot of all the
data from the 14 different time frames, a median in both plots and a linear fitting function in
the right plot. The parameters for the fitting function of the 1 mm line from ALMA, plotted in
figure 4.32, can be found in table 4.9. In this case the linear fit works quite well for the slow
decrease in intensity contrast, from the small peak at around BLOS ≈ 300G towards the end. If
we look at the specific values of the linear fit, in table 4.9, they can be compared to the other
filtergram fits. The parameters in tables 4.10,4.12 and 4.11), are of the fitting functions for the
other filtergrams in this data set. Through the comparison, it becomes clear that the fit is very
similar throughout the various filtergrams, as the results appear very similar.

Linear Fit
Parameters:

d

e

Values:

−1.55 × 10−4

1.08

Table 4.9: Values for the parameters of the fitting function on the ALMA 1 mm line for the
plage observations.

4.4 Plage Observations from ALMA, IRIS, and SDO
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Figure 4.33: Same as figure 4.32, but for the intensity contrast from the SDO/AIA 170 nm.

4.4.2

AIA 170 nm

This section shows the intensity contrast of the 170 nm filtergram from SDO/AIA versus the
SDO/HMI photospheric line-of-sight magnetic field, for the same dataset as observed with
ALMA band 6. The data here is also a combination of 14 different time frames of the same
image. The results are shown in figure 4.33, where we have a scatter plot of all the data from
the 14 different time frames, as well as the median in both plots (the red line in the left panel;
the red small points in the right panel), and a linear fitting function in the right plot. The parameters for the fitting function of the 170 nm filtergram, plotted in figure 4.33, can be seen in
table 4.10. In this case the linear fit works well for the slow decrease in intensity contrast from
the small peak at around BLOS ≈ 500G to the end. The fit was made from BLOS ≈ 300G,
which is why it is not even better of a fit to the second part of the median array that appears to
be relatively linear. Similar to what was mentioned in the previous paragraphs, the other filtergrams in the same data set appears to have quite similar values in terms of their fitting functions.

Linear Fit
Parameters:

d

e

Values:

−7.94 × 10−4

1.81

Table 4.10: Values for the parameters of the fitting function on the AIA 170 nm filtergram.
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Linear Fit
Parameters:

d

e

Values:

−6.78 × 10−4

1.55

Table 4.11: Values for the parameters of the fitting function on the IRIS Mg II slit-jaw images.

Figure 4.34: Same as figure 4.32, but for the intensity contrast from the IRIS Mg II slit-jaw
images.

4.4.3

IRIS Mg II

In this section we analyze the intensity contrast from the Mg II filtergram from IRIS versus
the SDO/HMI photospheric line-of-sight magnetic field. In this sense, similar to the previous
sections for this quiet-Sun dataset, the scatter plot represents many combined time frames, at
one wavelength position. This data contains 14 time frames of the same field of view of the of
Mg II slit-jaw image. Figure 4.34 shows the scatter plot of the complete set of 14 time frames,
as well as the median in both plots, and a linear fitting function in the right plot. The parameters
for the fitting function of the Mg II line from IRIS, plotted in figure 4.34, are shown in table
4.11. Looking at the median plot, the median appears a lot more inconsistent towards the end,
with the higher line-of-sight magnetic field. Overall, with these changes in values, the linear
fit was in this case the better option when fitting this data. Due to the slight peak at around
BLOS ≈ 300G, the fitting function was chosen to reach from that point on towards the end. If
we look at the specific values of the linear fit, in table 4.11, and compare these to the other
filtergrams in this data set, in tables 4.9,4.12 and 4.10), the fit is very similar, but we notice
small variations.

4.5 Quiet-Sun Observations from ALMA and SDO
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Linear Fit
Parameters:

d

e

Values:

−4.70 × 10−4

1.19

Table 4.12: Values for the parameters of the fitting function on the SDO/HMI continuum images of the plage region.

4.4.4

HMI Continuum

This section represents the results for the intensity contrast of the SDO/HMI continuum versus
the photospheric line-of-sight magnetic field of the plage region. The continuum data is a
combination of 14 different time frames of the same field of view. The results are displayed in
figure 4.35, where we have a scatter plot of all the data from the 14 different time frames, as
well as the median in both plots and a linear fitting function in the right plot. The parameters
for the fitting function of the continuum filtergram, plotted in figure 4.35, are summarized
in table 4.12. In this case the linear fit works quite well for the rapid decrease in intensity
contrast from the small peak at around BLOS ≈ 300G towards the end. The intensity contrast of
the continuum appears to be more directed downward, compared to the other filtergrams in this
data set. However, only by comparing the fitting parameters is it possible to fully know whether
or not one function is decreasing more than another or if it is just simply a result of different
axis values. If we look at the specific values of the linear fit, in table 4.10, and compare these to
the other filtergrams in tables 4.9,4.10 and 4.11), it would appear that the only filtergram with
less decrease than the continuum, is the one for the 1 mm from ALMA. Otherwise, the fits are
not very different and on the grand scale they are quite similar in size, variation and trend.

4.5

Quiet-Sun Observations from ALMA and SDO

These observations were taken on the 22nd of December 2016, by ALMA and SDO, of a
quiet-Sun region at the solar disk center. The photospheric line-of-sight magnetic fields were
calculated from the SDO/HMI observations of the same region, which are used in all scatter
plots. This data set contains only filtergrams, comprising of 20 different time frames each
(to increase the number of data points). Figures 4.36, 4.37, and 4.38 show three plots from
ALMA at 3 mm, SDO/AIA 170 nm line, and SDO/HMI continuum, respectively. As they are
all compilations of 20 time frames, this results in better statistics and more accurate results.
All figures consist of a scatter plot of all time frames, a median and the fitting functions, in
two separate plots. The power law fit has been applied for the majority of the line-of-sight
magnetic field values, while the linear fit is only used for higher values of BLOS . Both function
expressions are defined in section 3.4. In the following sections, the results from all of the
filtergrams will be described and compared.
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Figure 4.35: Same as figure 4.32, but for the intensity contrast from the SDO/HMI continuum
images.

4.5.1

ALMA 3 mm

This section consists of the analysis of the intensity contrast of the 3 mm filtergram from
ALMA versus the SDO/HMI photospheric line-of-sight magnetic field, of the 20 different time
frames, for the quiet-Sun region. All of the 20 time frames have been combined into the two
plots in figure 4.36. The left plot presents the scatter plot of all the data from all time frames,
with the median of this data in both plots and the two fitting functions in the right plot. As
can be viewed in the figure, the power law fit was fitted to the entire sequence, while the linear
fit more towards the upper limit in BLOS values. The parameters for the fitting functions of
the 3mm line from ALMA, plotted in figure 4.36, can be seen in table 4.13. Something worth
noting when looking at the values is that they have all been rounded up to only a few decimals.
This means that even though parameter b appears to be equal to 1, it is in fact not the exact
value of b. Had this been the case it would have meant that the power law fitting function would
have been just a constant. Parameters d and e are very different to the same linear parameters
of the fits in the plage observations from ALMA, SDO and IRIS, in section 4.4, in the sense
having a positive d value, rather than a negative one.

4.5.2

SDO 170 nm

This section exhibits the results for the intensity contrast of the 170 nm filtergram from SDO
versus the SDO/HMI photospheric line-of-sight magnetic fields, of the 20 different time frames.
All of the 20 time frames have been combined into the two plots in figure 4.37. The left
plot displays the scatter plot of all of the combined time frame data, with the median of the
combined data is plotted in both plots and the two fitting functions are shown in the right plot.
The fitting functions that have been applied to this data are the same as in previous sections,
a power law function and a linear function. The parameters for the fitting functions of the
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Linear Fit

Parameters:

a

b

c

d

e

Values:

267

1.00

−266

6.73 × 10−5

1.06

Table 4.13: Values for the parameters of the two fitting functions on the ALMA 3mm line in
the quiet-Sun region.

Figure 4.36: Scatter plots of the intensity contrast of the ALMA band 3 (of a quiet-Sun region)
as a function of line-of-sight magnetic fields from SDO/HMI. The data points come from 20
frames from different times during the observations. The red line on the left panel indicates the
median of the binned values of the intensity contrast. The right panel shows the median points
(shown as red data points), with a linear fit (the blue solid line) and a power-law fit (the purple
line).
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Power Law Fit

Linear Fit

Parameters:

a

b

c

d

e

Values:

0.43

1.37

−0.14

0.00453

1.98

Table 4.14: Values for the parameters of the two fitting functions on the SDO 170 nm filtergram
in the quiet-Sun region.

Figure 4.37: Same as figure 4.36, but for the intensity contrast from the SDO/AIA 170 nm.
170 nm line from SDO, plotted in figure 4.37, can be found in table 4.14. Something worth
noting when looking at the values is that they have all been rounded up to only a few decimals.
Parameters d and e are both quite a bit larger than those of the linear fit of the 3 mm ALMA
filtergram, in table 4.36. This linear fit proves to be a lot steeper in its increase.

4.5.3

SDO Continuum

This section presents the intensity contrast of the SDO/HMI continuum versus the SDO/HMI
photospheric line-of-sight magnetic field, from the 20 different time frames of the same quietSun region as observed with ALMA band 3. All of the 20 time frames have been combined
into the two plots in figure 4.38. The figure is divided into two parts, the left being the scatter
plot of all time frames with the median, while the right plot is with the median and the two
fitting functions. For this filtergram, the power law and the linear fits were found as the best
functions. The parameters for the fitting functions of the continuum from SDO, plotted in
figure 4.38, have been listed in table 4.15. As previously mentioned in paragraphs above, the
values in the table have all been rounded up to only a few decimals. The linear parameters, d
and e, are very similar to the 3 mm filtergram from ALMA fitting parameters, than those of the
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Linear Fit

Parameters:

a

b

c

d

e

Values:

−94.7

0.99

95.6

9.89 × 10−5

0.98

Table 4.15: Values for the parameters of the two fitting functions on the SDO/HMI continuum
in the quiet-Sun region.

Figure 4.38: Same as figure 4.36, but for the intensity contrast from the SDO/HMI continuum.
170 nm SDO filtergram. Viewing figure 4.38 it could appear that the scatter is mirrored around
intensity contrast of one, but the median disproves this initial idea. The scatter of the median,
in the plot to the right has more varied scatter points, than for the median of the 170 nm SDO
filtergram, but again not too dissimilar from the 3 mm ALMA filtergram median.
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Chapter 5

Discussion and Conclusion
After a broad look at observational properties of several data sets, it is time to take a step back
and compare the results on larger scales. To begin with, we will compare the collected medians
of each data set, discussing the meaning and properties responsible for their shape. We will go
through each data set at a time, as done in the results chapter. There is then an upcoming section
where the results are compared to those of Kahil et al. 2017 directly. This is an important factor
in this work, to understand the differences and similarities and discuss why we chose a different
fit than they did.

5.1

Comparison of variations at various wavelengths

In chapter 4 we went through each and every spectral line and filtergram. At the end of each
section we also compared the medians of various wavelength positions of each spectral line for
a each observing target, to compile all medians of one spectral line into one figure each. This
made it possible to easier notice changes throughout the wavelength positions. The idea of this
section is to bring that to the next level, by comparing different spectral lines for each solar
region (three wavelength positions from each line). This will provide useful information of the
changes that happen even in just a single region, and it highlights the differences between the
spectral lines within it. As for the filtergrams, they will also be included, but only as a single
median, as the data only contained a single image of them. In the following, the comparison
for each dataset is separately provided.

5.1.1

Sunspot Observations from SST

This section presents the comparison of median values of all spectral lines in this data set. The
data includes the spectral lines of Ca II 8542 Å, Hα and Fe I 6302 Å, in the photosphere and
chromosphere, at disk center. In chapter 4 we discussed and analyzed the medians of each
spectral line individually. To better understand the dynamics of a highly active region on the
Sun, it is very useful to be able to compare these median values of the three different spectral
lines. From each spectral line, the median of the first, middle and last wavelength position in
the blue wing has been chosen to be displayed in this comparative plot, in figure 5.1. What
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Figure 5.1: This figure presents three medians of every spectral line in the sunspot data set.
The wavelength positions are the first, middle and last of the blue wing from each spectra. The
lines in this plot are the Ca II 8542 Å, Hα and Fe I 6302 Å.
figure 5.1 displays is one plot consisting of 3 wavelengths positions from each line. What is
immediately apparent, is that all of the spectral lines follow a similar pattern.
The median values of the individual intensity contrasts are on the decrease, most starting
out around the value of 1, and ending at a value between 0.2-0.4. Most of the median arrays
are following a wavy motion, with a few exceptions. The exceptions visible in the plot do not
all belong to the same spectral line, which then indicates that this is not related to one spectral
line in particular. However, the two median arrays that stick out the most, both belong to the
line-core of Ca II 8542 Å and Hα. This could point at more turbulent intensities as we go
higher up in wavelength position and therefore higher up in the atmosphere. The line-core of
Fe I 6301 Å follows the same trend, with its line-core median being higher in intensity, than
for its continuum and middle wavelength position.

5.1.2

Quiet-Sun in photosphere and chromosphere from SST

This section displays the median values of all spectral lines in this data set. The set includes
the spectral lines of Ca II 8542 Å and Fe I 6173 Å, in the photosphere and chromosphere, at
disk center. Previously we analyzed the medians of each spectral line individually. Now we
will compare the properties of the two spectral lines in this data set, with each other. This is to
better understand the dynamics of the quiet-sun. From each spectral line, we have plotted the
median of the first, middle and last wavelength position in the blue wing, in figure 5.1. Figure
5.1 presents one plot consisting of 3 wavelengths positions from each line, in total six median
arrays.
There are certain medians that look similar to each other in this plot, but there is no grand

5.1 Comparison of variations at various wavelengths

Figure 5.2: This figure displays three median arrays for three different wavelength positions of
each one of Ca II 8542 Å and Fe I 6173 Å.
commonality between them all. They all have a somewhat similar increase in intensity, with
various degrees of increase. The Ca II 8542 Å represents the dominant medians in the upper
part of the plot, with the most noisy behaviour and highest intensity contrasts. The line-core
median of Fe I 6173 Å is reaching intensity contrasts similar to all those of the Ca II 8542 Å.
The lower the wavelength, the less noisy the medians seem to get.

5.1.3

Quiet-Sun in photosphere and low chromosphere from SST

This section presents the comparison of median arrays of the intensity contrast versus the photospheric line-of-sight magnetic field, of three images. These observations were made at SST
and are all at disk center. The images that are analyzed are the filtergrams Ca II H and Ca II
wide-band and the spectral line Fe I 6301 Å. The filtergrams only contribute to one median
array each, in figure 5.2, and the Fe I 6301 Å spectral line contributes with three median arrays,
which are the first, middle and last wavelength positions of the blue wing of the line spectra.
The last is therefore the line-core of Fe I 6301 Å.
Combined, the medians appear very scattered and with largely different intensity contrast
values. The one to differ the most is the Ca II H median, which reaches far higher values
of intensity contrast than any other medians in this figure. The next median in line is the
line-core of the Fe I 6301 Å, while the remaining medians of Fe I 6301 Å and that of Ca II
wide-band are together at a lower level, than the two initial ones. With the past sections of
results, it is unsurprisingly the chromospheric line that reaches the highest value. Interestingly
enough, the photospheric line-core of Fe I 6301 Å is the succeding median array in terms of
intensity contrast values. This is interesting because up until this point in the research of the
past sections, it would appear that the higher up in the solar atmosphere that a spectral line is
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Figure 5.3: This figure displays the median arrays for three different filtergrams and wavelength
positions of Ca II H, Ca II wide-band and Fe I 6301 Å, respectively.

located, the higher and more turbulent is the intensity contrast. This is not always the case as
the Ca II wide-band median is located in the midst of the lower medians, with the first and
middle wavelength position medians of Fe I 6301 Å.

5.1.4

Plage Observations from ALMA, IRIS and SDO

This section analyzes the relationship between the various medians of filtergrams in the plage
region. These include the 1 mm ALMA image, the 170 nm AIA image, the Mg I IRIS image and the SDO/HMI continuum image. Since these are 14 combined time frames of one
wavelength position each, there is only one median array for each of them, resulting in a figure
5.4, containing four medians. The plage region is an interesting one, as it is a surrounding part
of a sunspot, but not a part of it. And nor is it a quiet-sun region. This makes it fascinating
to see how the results are, and if it is similar to the other regions of the sun, and if so, which.
Turning the attention to figure 5.4, there is a discussion to be had. The 1 mm ALMA median
and the SDO continuum median both appear very flat, with a slow decline, while the 170 nm
AIA median and Mg II IRIS median have large peaks compared to the first two. Looking back
at the other comparative plots of medians in chapter 5, there is not much of a similarity to be
found with the current data set and results. At most, the decreasing lines of the 1 mm ALMA
and the SDO continuum medians can be compared to the sunspot medians, but with much less
of a decrease.

5.1 Comparison of variations at various wavelengths

Figure 5.4: This figure displays the median array for each filtergram in the plage data set.
Each filtergram is a collection of 14 time frames combined, so that the median is statistically
improved.

5.1.5

Quiet-Sun Observations from ALMA and SDO

This section presents the comparison of median arrays of the intensity contrast versus the photospheric line-of-sight magnetic field, of three images. These observations were made by
ALMA and SDO and are all in the QS at disk center. The images that are analyzed are the
filtergrams 170 nm and the continuum from SDO, and the filtergram 3 mm from ALMA. Each
filtergram is the combination of 20 different time frames of the same image, to improve the
accuracy of the models. The filtergrams only contribute to one median array each, in figure
5.2, which means that the figure contains three median arrays. Since this is QS data, one could
expect the medians to be somewhat similar trend-wise to the previous QS medians. At first
glance at figure 5.5, one of the medians stick out like a sore thumb. The median of the SDO
170 nm filtergram immensely larger than the 1 mm ALMA and SDO continuum medians. For
this exact reason, the second plot of figure 5.5 is the median comparison of the 1 mm ALMA
and SDO continuum medians only. The line-of-sight magnetic field is very small compared to
all other data in this project, but there is a noticeable noise in the median values from around
LOS ≈ 200G. This noise could be due to the lack of data density towards higher LOS values.

5.1.6

Comparison of various magnetic regions

This section discusses the collected summary plots used for comparison of the different medians of the data, in chapter 5. Throughout the analysis in this entire thesis, it has been touched
upon what the trend might be. Through the comparison of the spectral lines both to themselves
and others, we have come to a new understanding of intensity contrast, its motion through the
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Figure 5.5: This figure displays the median array for each filtergram in the quiet-sun data
from ALMA and SDO. Each filtergram is a collection of 20 time frames combined, so that the
median is statistically improved.
solar atmosphere and the relationship with the photospheric line-of-sight magnetic field.
In the sunspot data in figure 5.1, all of the medians follow a decreasing wavy motion, as
the magnetic field increases. The biggest wavelength positions of the different spectral lines,
are located towards the top of the plot, with the highest intensity contrast values. Already
here, the idea of a higher intensity with increased atmospheric heights, grew. What this figure
also confirmed, was the motion of all wavelength positions in the presence of a very strong
magnetic field, such as a sunspot. It could be an indication that if the region is strong enough,

5.2 Comparison with Kahil et al 2017 Fe I
magnetically, this has such a large impact on the spectral lines that they all conform to a similar
pattern or motion. This gets intensified when viewing the part of the figure that would represent
the umbra, the region of the sunspot with the highest magnetic field. This is approximately from
BLOS > 1800G. What we see is the most uniform structure and trend in the entire plot, where
all median values are following the same shape.
Except the plage data in figure 5.4, the rest of the medians for all of the quiet-sun data is
moving in very similar shapes, despite the variations in intensity contrast between them. They
can all be found in figures 5.3, 5.2, and 5.5. They all follow a very slow increase, very much
accordingly to the power law fit that was applied for most of them. These are all different
lines and filtergrams, but they are being affected in a way that appears to be the same. Another
common factor is the noise-like disturbances in the medians as they reach higher BLOS values.
This is most likely due to most of the data having its scatter point density in the lower magnetic
field values, and much fewer values towards the higher magnetic field regions.
The plage medians of figure 5.4 together with the sunspot data stood out from the rest of
the results. The commonality between these two are not directly the shape of their medians, but
the fact that they are located in more active regions of the Sun, than that of the QS. What both
data sets share, of these in the active regions, is the fact that all medians come to a decrease
in intensity contrast values, as the magnetic field is increasing. This is the opposite of what
happens in the QS regions, as observed above. One important factor to also keep in mind when
doing these comparisons, is that the data has been observed using different instruments from
various observatories. This can account for some errors or dissimilarities.
Another factor that could cause false results is the photospheric line-of-sight magnetic field.
With the current method of inversing the full stokes parameter from a photospheric spectral
line, we also apply this magnetic field directly to the spectral lines that are not present at the
same atmospheric height. Instead we are comparing pixel-to-pixel of the line-of-sight magnetic
field to the intensity contrast at various atmospheric heights. The inaccuracy of this method depends on the strength of the magnetic field. In active regions, sunspots especially, the magnetic
field is much stronger, and even originating from the photosphere, it will move far more vertically before curving back down, than the weaker field of the QS. The weaker field has less
vertical motion and moves far more in the horizontal plane. This leads to the possibility of QS
analysis of chromospheric lines especially to be incorrect.

5.2

Comparison with Kahil et al 2017 Fe I

One of the aims of this project was to get familiar with the works of Kahil et al. 2017 and do
similar research on other data sets. One set of data in particular is very similar to the one they
have used in their paper. It is the SST QS photosphere and low chromosphere observations
recorded on the 6th of August in 2011. The importance of this data set is that these images are
comparable, in terms of atmospheric heights, with those studied in Kahil et al. 2017. In their
paper they analyze spectral lines from different instruments than those that have been used to
collect this similar data. This indicates that the data is not fully comparable, due to differences
in the telescopes and satellites, but it will allow for an understanding and indications of the
similarities within the same atmospheric heights.
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Figure 5.6 presents the medians of the different images from the QS data from SST, of
Ca II H, Ca II wide-band and Fe I 6301 Å, and a similar plot taken from Kahil et al. 2017
for comparison. It is important to notice the differences of these plots. The QS data from this
thesis has a much smaller line-of-sight magnetic field range and the range on the y-axis is much
smaller as well. This means that the QS SST data, that is used for comparison with the Kahil
et al. 2017 results, has less of intensity contrast. With these differences in mind, looking at
figure 5.6, there is an undeniable similarity in the shapes of the binned values in both plots.
The indistinguishable fish-hook shape of the medians are found in the plot of the QS SST data,
confirming the corresponding characteristics of the two.
Kahil et al. 2017 discuss the reasons for why they came to the results that they did. One
of the factors they mentioned, were high resolution data, different than that in previous studies
that they were comparing their own results to. High spatial resolution observations of the
Sun show larger variation in intensity than in low resolution. For example, there exist very
bright small scale structures that get smeared out, causing a lower contrast, in low resolution
observations. Furthermore, the Planck function is steeper at smaller wavelengths which result
in higher contrast between regions of different temperature
In the paper of Kahil et al. 2017 they find a better fit through a logarithmic function than
with a power law function, even though that the power law has been a widely popular choice
in much literature before (e.g., Schrijver et al.1989; Ortiz and Rast 2005; Rezaei et al. 2007;
Loukitcheva et al. 2009). In most of the fitting done to the data in this project, the power law
function was the one that overall fit best to most of the spectral lines. However, in the study
by Kahil et al. 2017, they concluded with the logarithmic function being a better fit, due to
their data being of higher quality than previous models. None of our comparable data to that of
Kahil et al. 2017 was fitted with a logarithmic function. Rather, in our case the power law came
out as the better model to fit all, while in some cases the logarithmic function was identical to
the power law function.

5.3

Outlook

"We keep moving forward, opening new doors, and doing new things, because we’re curious
and curiosity keeps leading us down new paths."
- Walt Disney
The main aim of this thesis was to understand the total solar irradiance better, by analyzing the relationship between the intensity contrast and the photospheric line-of-sight magnetic
field. Through five different data sets, we have found similarities and trends, as well as unique
features to specific regions of the Sun. In the case of the results in this thesis, the power law
function was the superior fit of the logarithmic function used by Kahil et al. 2017. However,
the interesting part is understanding how the line-of-sight magnetic field could be influencing
these similarities and trends. It would appear as though the magnetic field strength determines
whether or not the intensity contrast is decreasing or increasing. In our case it decreased for
large magnetic field values.
The following step would be to compare these results to simulations. The density and tem-

5.3 Outlook

Figure 5.6: This figure serves to compare the results of Kahil et al. 2017 in the upper plot, with
the results of the similar data used in this project. The upper plot is directly credited to Kahil
et al. 2017, where it was taken from. The plot shows all binned contrast for the wavelength
positions in the QS. The lower plot from this thesis similarly shows the medians of the intensity
contrasts of the wavelength positions of Fe I 6301 Å and of the Ca II H and Ca II wide-band
filtergrams, in the QS. The colors of the lines represent the different wavelength positions that
are shown in the upper left panel in both plots.
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perature simulations at the same heights could make it easier to understand the intensity plots
in these existing results. By understanding how the photospheric line-of-sight magnetic field
governs and affects the total solar irradiance is in turn very important for predicting irradiance
models of the Sun. This is particularly important for climate modelling of Earth, where the
total solar irradiance is a factor that could be of significance. In future work, going further into
the topic of climate modeling based off of the total solar irradiance model, would be possible.
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