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Cover figure:
3D rendering of a snapshot from the MURaM-ChE enhanced network
simulation. Shown is the temperature with increased contrast in the chro-
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Summary

The solar chromosphere is a highly dynamic and complex region of the solar atmosphere.
It plays an important role in the formation of many of the observed solar features, such
as, prominences, spicules, and �ares. In addition, the chromosphere provides the mass for
the solar wind. The chromosphere can be seen in many aspects as a region of transitions.
The plasma, which is mostly neutral in the photosphere, becomes partly ionized in the
chromosphere. The temperature starts to increase to values that are higher than in the
photosphere. The gas density decreases approximately exponentially. Filling almost the
entire space in the chromosphere, the magnetic �eld becomes dynamically important.
Many approximations that are valid in the photosphere such as local thermodynamic
equilibrium break down in the chromosphere. The change in physical conditions within
a relatively small height di�erence (typically 1�3Mm) leads to a highly corrugated
region. Interpreting observations of the chromosphere is thus challenging. Therefore, the
chromosphere is probably the least understood part of the solar atmosphere.

Nowadays the chromosphere can be observed at high spatial and spectral resolution
either from the ground with for example the Swedish-Solar-Telescope, from space for
example with the Interface-Region-Imaging-Spectrograph, or from stratospheric balloons
with for example the SUNRISE observatory. Interpreting the observations is di�cult due
to the complex nonequilibrium (NE) and nonlocal formation of chromospheric spectral
lines. Numerical simulations of the solar atmosphere can be a valuable tool to tackle this
di�culty. Within the last two decades, it became possible to include a comprehensive
set of physics in such models to treat the chromosphere with an unprecedented degree of
realism. Until recently, Bifrost was the only simulation code that was capable of simulating
the chromosphere. While present models of the chromosphere can produce features that
are very similar in structure and appearance to those seen in observations, there are still
discrepancies. For example, the line widths of simulated chromospheric spectral lines are
typically too narrow and their intensities are too faint compared with observations.

In this work, a simulation of the chromosphere is used that was computed with
the �Max Planck Institute for Solar System Research/University of Chicago Radiation
Magneto-hydrodynamics (MURaM)� code. MURaM is an radiaton-MHD (rMHD) code
and was recently upgraded to treat the physics of the chromosphere under non-LTE
(NLTE) and NE conditions. The new version is named chromospheric extension of MU-
RaM (MURaM-ChE). An important step in validating a numerical model of the solar
chromosphere is the forward modeling of spectral lines. To this end, important chromo-
spheric spectral lines from the simulation have been synthesized and were compared with
observations.

In the �rst project, a simulation of an enhanced network (EN) region was used. Under
the approximation of 1.5D radiative transfer (RT), the Mgii h&k lines from this simulation
have been synthesized. It was found that the line width is signi�cantly increased compared
to previous models. This is attributed to the magnitude of velocity variations along the
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Summary

line-of-sight (LOS), which is larger in the MURaM-ChE simulation compared to a similar
simulation computed with the previously used Bifrost code. The spatially averaged spectra
from the MURaM-ChE simulation compare well in terms of line width to the observations,
but the peak intensities of the Mgii h&k lines appear a bit too strong. The higher peak
intensity in the simulation is partly due to a higher magnetic �ux density in the simulation
than in the observation but also due to the 1.5D RT approximation, which is known to
overestimate the peak intensities.

In the second project, the e�ects of full 3D RT on the Mgii h&k spectra have been stud-
ied as well as correlations between spectral line properties and the underlying atmosphere
in the same simulation as in the �rst project. 3D RT is computationally more expensive
than 1.5D RT. The synthesis of a spectral line in a single snapshot from the simulation
can be as expensive as the rMHD simulation itself. The computations presented in this
project con�rmed, however, that 3D RT e�ects play an important role in the synthesis of
the Mgii h&k lines and must be taken into account. In particular, the di�erences between
3D and 1.5D RT are larger in MURaM-ChE than in the Bifrost model. Additionally, it was
found that correlations between spectral line properties and the underlying atmosphere
are valid, which were found by similar studies with the Bifrost model. The scatter in
these correlations is, however, larger in the more dynamic MURaM-ChE simulation. A
general �nding of the studies on the Mgii h&k lines is that in the MURaM-ChE model,
a reasonably good match of the line pro�les with the observations can be achieved at a
relatively moderate spatial resolution of the simulation of23•46 km(horizontal) and20 km
(vertical).

In the third project, the Caii _854•2 nm spectral line has been synthesized. This
line forms in the lower to middle chromosphere and is widely used for magnetic �eld
measurements in the chromosphere. The line itself has an asymmetric shape whose origin
is under debate in the literature. On the one hand, the dynamic motions of the chromosphere
might lead to the asymmetry, on the other hand, it could be due to isotopic splitting as there
are six stable isotopes of calcium in the solar atmosphere. The width of this line could not
be reproduced in previous models, which typically resulted in too-narrow line pro�les.
It was found that both the velocities and the isotopic splitting contribute signi�cantly to
the observed asymmetric line shape. The spatially averaged line pro�le of Caii _854•2
nm computed from the MURaM-ChE simulation shows a relatively close match with an
observed line pro�le both in line width and asymmetry when the e�ect of isotopic splitting
is taken into account. The close match of the line width is, similar to the �ndings for the
Mg ii h&k lines, a result of the dynamic motions in the MURaM-ChE simulation.

This work contributes to the scienti�c literature in that it presents the �rst forward-
modeled spectra of the new chromospheric extension of MURaM. The improved match
with observations helps to interpret complex chromospheric spectral lines. Additionally,
the here presented �ndings demonstrate the need to properly model the large velocities in
the solar chromosphere, to account for horizontal RT e�ects in strong lines with consider-
able scattering, as well as to take the isotopic splitting into account for elements for which
multiple isotopes are present in the solar atmosphere.

Keywords: Solar atmosphere: (QB528), Solar chromosphere: (QB528), Radiative trans-
fer (175.25.R3), Simulation methods (541.15.S5), MURaM-ChE code

12



Zusammenfassung

Die Chromosphäre ist ein hochdynamischer und komplexer Bestandteil der Sonnenat-
mosphäre. Sie spielt eine wichtige Rolle bei der Bildung vieler beobachteter Sonnen-
phänomene, wie z.B. Protuberanzen, Spiculen und Flares. Darüber hinaus liefert die
Chromosphäre die Masse für den Sonnenwind. Die Chromosphäre kann in vieler Hinsicht
als eine Region von Übergängen betrachtet werden. Das Plasma, das in der Photosphäre
gröÿtenteils neutral ist, wird in der Chromosphäre teilweise ionisiert. Die Temperatur be-
ginnt, Werte zu erreichen, die höher sind als in der Photosphäre. Die Gasdichte nimmt etwa
exponentiell ab. Das Magnetfeld füllt beinahe den gesamten Raum in der Chromosphäre
und nimmt Ein�uss auf die Dynamik des chromosphärischen Gases. Viele Annahmen, die
in der Photosphäre gültig sind, wie z.B. das lokale thermodynamische Gleichgewicht, sind
in der Chromosphäre nicht länger gültig. Der Wechsel in den physikalischen Bedingun-
gen innerhalb einer relativ kleinen Atmosphärenschicht (typischerweise 1�3Mm) führt
zu höchst inhomogenen Strukturen. Die Interpretation von Beobachtungen der Chromo-
sphäre ist daher schwierig, weshalb die Chromosphäre das wahrscheinlich am wenigsten
verstandene Gebiet der Sonnenatmosphäre ist.

Heutzutage kann die Chromosphäre mit hoher räumlicher und spektraler Au�ösung
beobachtet werden, entweder von der Erde aus mit z.B. dem Swedish1 mSolar Telescope
(SST), von Weltraumobservatorien wie z.B. dem Interface-Region-Imaging-Spectrograph
(IRIS) oder von stratosphärischen Ballonen mit z.B. dem SUNRISE-Observatorium. Die
Interpretation der Beobachtungen ist jedoch aufgrund der komplexen Formierung chromo-
sphärischer Spektrallinien schwierig. Numerische Simulationen der Sonnenatmosphäre
können ein wertvolles Werkzeug sein, um diese Schwierigkeit zu überwinden. Im Laufe
der letzten zwei Jahrzehnte wurde es möglich, eine umfassende physikalische Beschrei-
bung in solchen Modellen zu berücksichtigen, um die Chromosphäre mit einem hohen
Grad an Realismus zu simulieren. Bis vor Kurzem war Bifrost der einzige Simulation-
scode, der in der Lage war, die Chromosphäre in dieser Art zu simulieren. Während die
gegenwärtigen Modelle der Chromosphäre in der Lage sind, Merkmale zu produzieren,
die sehr ähnlich in Struktur und Erscheinung zu denen in den Beobachtungen sind, gibt es
immer noch Unterschiede. Zum Beispiel sind die Linienbreiten der simulierten chromo-
sphärischen Spektrallinien im Vergleich zu den Beobachtungen typischerweise zu schmal
und ihre Intensitäten sind zu schwach.

In dieser Arbeit wurde eine Simulation der Chromosphäre verwendet, die mit dem
"MURaM"-Code berechnet wurde. Muram ist ein radiativer magnetohydrodynamischer
(rMHD) Code und wurde kürzlich erweitert, um die Physik der Chromosphäre unter NLTE-
und NE-Bedingungen zu simulieren. Die neue Version heiÿt MURaM-ChE. Ein wichtiger
Schritt bei der Validierung eines numerischen Modells der Sonnen-Chromosphäre ist die
Berechnung von synthetischen Spektrallinien und deren Vergleich mit Beobachtungen.
Zu diesem Zweck wurden in dieser Arbeit wichtige chromosphärische Spektrallinien aus
der Simulation berechnet und mit Beobachtungen verglichen.
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Zusammenfassung

In dem ersten Projekt wurden, unter der Annahme von 1,5D Strahlungstransport,
die Mgii h&k Linien von der Simulation berechnet. Es wurder herausgefunden, dass
die Linienbreite signi�kant erhöht ist im Vergleich zu vorherigen Modellen. Dies wird
auf die in der Simulation vorhanden Geschwindigkeitsvariationen entlang der Sichtlinie
zurückgeführt, die in der MURaM-ChE Simulation gröÿer sind als in einer ähnlichen
Simulation, die mit dem zuvor erwähnten Bifrost-Code berechnet wurden. Die räumlich
gemittelten Spektren aus der MURaM-ChE Simulation vergleichen sich gut in Bezug
auf Linienbreite mit den Beobachtungen, aber die Intensitäten in den Peaks der Mgii
h&k Linien erscheinen etwas zu hoch. Die höhere Peakintensität in der Simulation ist
teilweise auf eine höhere magnetische Flussdichte in der Simulation im Vergleich zu
der verwendeten Beobachtung zurückzuführen. Aber auch der 1,5D Strahlungstransport
Ansatz ist dafür bekannt, die Peakintensititäten zu überschätzen.

In dem zweiten Projekt wurden die Auswirkungen von 3D Strahlungstransport auf
die Mgii h&k Spektren sowie Korrelationen zwischen Spektrallinien-Eigenschaften und
der zugrunde liegenden Atmosphäre in derselben Simulation wie im ersten Projekt un-
tersucht. 3D Strahlungstransport ist kostenintensiver als 1,5D Strahlungstransport. Die
Berechnung einer Spektrallinie in einem einzelnen Snapshot aus der Simulation kann so
teuer sein wie die rMHD-Simulation selbst. Die durchgeführten Berechnungen bestätigten
jedoch, dass 3D E�ekte des Strahlungstransports eine wichtige Rolle bei der Formierung
der Mgii h&k Linien spielen und berücksichtigt werden müssen. Insbesondere sind die
Unterschiede zwischen 3D- und 1,5D Strahlungstransport in MURaM-ChE gröÿer als
in dem Bifrost-Modell. Darüber hinaus wurde herausgefunden, dass viele Korrelatio-
nen zwischen Spektrallinien-Eigenschaften und der zugrunde liegenden Atmosphäre, die
in ähnlichen Studien mit dem Bifrost-Modell gefunden wurden, auch in der dynamis-
cheren MURaM-ChE Simulation gültig sind. Der Streuung in diesen Korrelationen ist
jedoch gröÿer in der MURaM-ChE Simulation. Eine allgemeine Erkenntnis dieser Un-
tersuchungen über die Mgii h&k Linien ist, dass in dem MURaM-ChEModell eine gute
Übereinstimmung der Linienpro�le mit den Beobachtungen bei einer relativ moderaten
räumlichen Au�ösung der Simulation von 23,46 km (horizontal) und 20 km (vertikal)
erreicht werden kann.

In dem dritten Projekt wurde die Caii _854•2 nm Linie modelliert. Diese Linie
formiert sich in der unteren bis mittleren Chromosphäre und wird für Magnetfeldmes-
sungen in der Chromosphäre verwendet. Die Linie selbst hat eine asymmetrische Form,
deren Ursprung in der wissenschaftlichen Literatur umstritten ist. Einerseits könnten die
dynamischen Bewegungen der Chromosphäre zu der Asymmetrie führen, andererseits
könnte sie durch die Zusammenwirkung mehrerer Isotope verursacht werden, da es in
der Sonnenatmosphäre sechs stabile Kalziumisotope gibt. Die Breite dieser Linie konnte
in vorherigen Modellen nicht reproduziert werden, was typischerweise in zu schmalen
Linienpro�len resultierte. Es wurde herausgefunden, dass sowohl die dynamischen Bewe-
gungen des Gases als auch die Zusammenwirkung der mehreren Isotope signi�kant zum
beobachteten asymmetrischen Linienpro�l beitragen. Das räumlich gemittelte Linienpro-
�l der Ca ii _854•2 nm Linie, das aus der MURaM-ChE Simulation berechnet wurde,
zeigt eine relativ gute Übereinstimmung mit einem beobachteten Linienpro�l, sowohl in
Bezug auf die Linienbreite als auch auf die Asymmetrie, wenn mehrere Isotope berück-
sichtigt werden. Die gute Übereinstimmung der Linienbreite ist ähnlich wie bei den
Untersuchungen zu den Mgii h&k Linien, ein Ergebnis der dynamischen Bewegungen in
der MURaM-ChE Simulation.

Diese Arbeit trägt zur wissenschaftlichen Literatur bei, indem sie die ersten berech-
neten Spektren der neuen chromosphärischen Erweiterung von MURaM präsentiert. Die
verbesserte Übereinstimmung mit den Beobachtungen hilft bei der Interpretation kom-

14



Zusammenfassung

plexer chromosphärischer Spektrallinien. Darüber hinaus zeigen diese Ergebnisse die
Notwendigkeit, die dynamischen Bewegungen in der Chromosphäre richtig zu modellieren
und die horizontalen Strahlungstransport E�ekte in starken Linien mit beträchtlicher Streu-
ung zu berücksichtigen. Zudem sollten alle wichtigen Isotope eines Elements, die in der
Sonnenatmosphäre vorkommen, bei der Modellierung der Spektrallinien berücksichtigt
werden.
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1. Introduction

The Sun has fascinated mankind since antiquity, likely even earlier. The curiosity in-
volved in studying the bright shining star in the sky has led to signi�cant contributions to
knowledge ranging from understanding basic physical principles to our world picture of
the universe. In a way, the Sun can be seen as a common star. It was formed in a collapsing
molecular cloud, and approximately 4.6 billion years ago, the Sun began to fuse Hydrogen.
This evolutionary stage is called the main sequence based on the classi�cation of stellar
luminosities. The fate of every star is mostly set by its initial mass. As long as hydrogen
is fused stably, the star does not change signi�cantly in terms of its radius or luminosity.
However, not everything remains unchanged. The rotation of the star, together with other
motions in the convection zone, drives a dynamo that leads to the star being magnetized.
The magnetic �eld, in turn, leads the atmosphere of stars with outer convection zones,
stars like the Sun, to be dynamic. It is the interaction of the Sun's dynamic atmosphere
with the solar system that underlines the importance of studying the Sun still today.

Sunspots, dark patches on the solar surface, are direct manifestations of the existence
and time evolution of the magnetic �eld in the Sun's interior and atmosphere. The number
of Sunspots on the solar surface follows a roughly 11-year cycle (Schwabe 1844, Wolf
1852). The associated time variation in the Sun's magnetic �eld follows a roughly 22-year
cycle in which the polarity of the magnetic �eld �ips, that is, the north and south poles are
exchanged. Most Sunspots have lifetimes from hours to days (Solanki 2003), indicating
that near the surface and in the heliosphere the magnetic �eld is highly time variable.
Imprints of the magnetic �eld on the solar atmosphere can be seen during a solar eclipse.
While the moon obscures most of the solar disk, a large-scale structure becomes visible
surrounding the Sun, the solar corona. In its simplest form it can look like iron �les aligned
by a dipole magnet, but it can be much more complex. From the corona on, the solar
magnetic �eld permeates the whole solar system, it interacts with the Earth's magnetic
�eld and shields us from the interstellar medium at the very outskirts of the solar system,
the heliopause.

A more detailed view during an eclipse reveals yet another part of the solar atmosphere.
A thin red ring, caused by HU emission, sometimes accompanied by irregular loop-like
structures, called prominences, that extend further out. Named after its colorful appear-
ance, the chromosphere can be seen as the interface between the lower solar atmosphere
and the corona. Early observations during solar eclipses indicated dynamic processes on
time scales of a few minutes (see e.g., Roberts 1945).

Being between the photosphere and the corona, the chromosphere is a place between
multiple extremes. In the lower solar atmosphere, the dynamics are mostly dominated by
the forces in the plasma through oscillations and turbulent convection, except in regions of
very strong magnetic �elds, such as Sunspots. Above the photosphere, the plasma density
decreases approximately exponentially. In the chromosphere, the magnetic �eld begins
to prevail over the dynamics. Consequently, the chromosphere is rather corrugated and
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displays considerable �ne structure. The source of the chromospheric �ne structure is
not the only thing about the chromosphere that is not well understood. For example, the
HU emission at the solar limb requires temperatures higher than predicted by radiative
equilibrium estimations. This increase of temperature in the chromosphere, without a
detailed understanding of the heating mechanisms, is referred to as the chromospheric
heating problem (see e.g., Carlsson et al. 2019).

Studying the chromosphere is based on observations of strong spectral lines that form
in this relatively thin part of the solar atmosphere. There are, however, only comparatively
few spectral lines that are strong enough to sense the properties of the plasma in the
bulk of the chromosphere. Some of these lines are in the optical part of the spectrum
and are thus accessible from ground-based telescopes. Prominent examples are hydrogen
HU, helium 10830Å, Caii H & K, and the Caii infrared triplet lines some of which
can be observed for example with the CRisp Imaging SpectroPolarimeter (Scharmer
et al. 2008). Although ground-based telescopes have numerous advantages, they are,
in addition to the restricted atmospheric window, limited by seeing conditions. An
alternative are sounding-rocket experiments or balloon-borne observatories such as the
SUNRISE mission (Solanki et al. 2010, 2012, Barthol et al. 2011, Solanki et al. 2017),
which combine the advantages of ground and space-based observatories, including also
spectral lines in the ultraviolet (UV) such as Mgii h&k. The Interface Region Imaging
Spectrometer (IRIS) satellite (De Pontieu et al. 2014), launched in 2013, is currently the
main source of Mgii h&k observations and of other lines in the UV.

Sophisticated models of the solar atmosphere are needed to interpret observations of
ever-increasing spatial and temporal resolution. The ultimate goal of these models is
the prediction of features comparable with observations in their spatial appearance but
also in their observed spectrum. The semi-empirical models of Vernazza et al. (1981,
VAL models) or Fontenla et al. (1993, FAL models) use a one-dimensional geometry
and are aimed to reproduce temporally and spatially averaged conditions on the Sun.
Pioneered by Nordlund (1982) there exist nowadays simulations that aim to model the solar
atmosphere in three-dimensional geometry, including a convection zone. Comprehensive
simulations must include the interaction of radiation with matter. The equations describing
the interaction between light and matter were developed earlier (see e.g., Mihalas 1978) but
to reproduce the complexity observed in the solar atmosphere requires a numerical solution
of these equations. This is computationally expensive in accordance with the nonlocal
and nonlinear nature of RT. The simulations of Carlsson & Stein (2002) are well-known
examples that include the radiation-matter interaction rather completely but are restricted
to one-dimensional geometry. Bifrost (Gudiksen et al. 2011) is a three-dimensional rMHD
code capable of modeling the solar atmosphere, including a convection zone, and contains
prescriptions for a NE treatment of RT in the chromosphere. To compare spectra resulting
from the model with observations, the computed spectra have to undergo a postprocessing
step from the simulation output. Bifrost models were used in literature to study line
formation in the solar chromosphere for a range of chromospheric spectral lines (see e.g.,
the series formation of IRIS diagnostics). While the Bifrost simulations reproduce the
overall shape of observed features, there are discrepancies in the details of the computed
spectra. For example, the predicted spectral lines are too narrow and too faint when
compared with observations (Carlsson et al. 2016).

In this work, I use a model of the solar atmosphere simulated with the recently
developed MURaM-ChE code to forward model chromospheric spectral lines. This is a
crucial step in validating the model. The previous coronal extension of MURaM (Rempel
2017) has been used to study the chromosphere and corona under the assumption of local
thermodynamic equilibrium (LTE). This includes the modeling of �ares (Cheung et al.
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2019), solar camp�res (Chen et al. 2021), line Doppler shifts (Chen et al. 2022), and
coronal loop turbulence (Breu et al. 2022).

The chromospheric extension includes a NE treatment for hydrogen ionization and
NLTE modeling of radiative line losses.

This thesis is structured as follows. In the rest of Chapt. 1 I will provide the necessary
background to this work. Followed by this, I present in Chapt. 2 forward modeled spectra
of the Mgii h&k lines in the 1.5D RT approach. Chapt. 3 deals with 3D RT e�ects in
the forward modeled Mgii h&k spectra and correlations between spectral features and
atmospheric properties. In Chapt. 4, results of the Caii _854•2 nm line are presented.
After this, a summary, conclusions, and an outlook are presented in Chapt. 5.
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1.1. The Sun

In this section, I will brie�y describe the interior (Sect. 1.1.1) and atmosphere (Sect. 1.1.2)
of the Sun to provide the necessary context for this thesis. After this, I will provide some
background on chromospheric diagnostics that are relevant to this work. For the general
structure of the Sun and its atmosphere I refer to Priest (2014). A schematic overview of
the Sun's structure is presented in Figure 1.1.

1.1.1 Solar interior

The Sun is an almost perfect sphere consisting mostly of hydrogen and helium. Consisting
of plasma, there is no well-de�ned solar surface as on a rocky planet like the Earth. The
solar radius ofR� � 6•957� 105 km(Seriu & Wu 2008) can be measured for example from
the intensity pro�le at the limb of the Sun. With a mass of" � � 1•98� 1030 kg the Sun's
average density is onlyd� –mean� 1400 kg m� 3, that is only slightly higher than water. The
density pro�le and the structure inside the Sun is, however, not homogeneous but depth
dependent. In the innermost core (A � 0•2 R� ) the density, pressure, and temperature are
high enough to fuse hydrogen atoms to helium. The energy is released in the form of
electron neutrinos and gamma rays. Because the neutrinos hardly interact with the solar
interior they can escape unhindered into space. This means any solar neutrinos that we
can detect on Earth were produced approximately eight minutes before in the deep interior
of the Sun. Photons interact with the surrounding matter and it can take several105 years
until they reach the surface. WithinA � 0•7 R� the energy is mainly transported through
radiation towards the outer layers of the Sun. Above this radiation zone, there is a transition
between solid body rotation in the inner part of the Sun and the layer above. This layer is
called tachocline and is just below the convection zone which rotates di�erentially. The
shear between the two layers is an important candidate for the driving of the dynamo that
generates the Sun's magnetic �eld. In the convection zone, the plasma rises in large cells.
At the top of the convection zone, the plasma cools via radiation and sinks again.

1.1.2 Solar atmosphere

The solar atmosphere can be schematically subdivided into the photosphere, chromo-
sphere, transition region, and corona. The di�erent parts should not be understood as
clearly separated layers that only change as a function of radius. Instead, they show de-
tailed �ne structure as a result of convection, magnetism, and propagating wavefronts. In
the following, I describe these atmospheric components in the order they occur from the
bottom of the atmosphere upwards.

Photosphere From the top of the convection zone, the photosphere extends to roughly
400 km in altitude. Within this height range the atmosphere cools from� 6000 K to
4000 K. This part of the atmosphere is of special importance as most of the radiation is
escaping from there with a spectral power maximum at a wavelength of500 nm. From the
light emitted in the photosphere the e�ective temperature) e� , Gravity, radius, rotation, and
chemical composition of the Sun can be obtained. The inference of the chemical abundance
of the Sun (see e.g., Asplund et al. 2009) and other stars is of high importance for studying
the chemical evolution of the Universe in a cosmological context. Observations of the
photosphere show a center-to-limb variation (CLV) where the solar disk appears brighter
in the center of the disk than at the limb. This is because light rays pointing toward the
solar limb travel a larger distance through the atmosphere. Therefore, only the higher
cooler layers of the photosphere are visible, resulting in a decrease in intensity. The CLV
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Figure 1.1: Schematic overview of the Sun. The image shows a composite image of
di�erent layers of the Sun. The interior consists of the core, the radiation zone, and the
convection zone. The photosphere begins where the solar plasma becomes almost fully
transparent, and the energy can escape in the form of radiation. The chromosphere begins
above a temperature minimum in the photosphere. After a gradual temperature increase
in the chromosphere, the temperature rises to millions of kelvin in the corona. In this
outermost layer of the solar atmosphere hot loop-like structures are visible which can be
birthplaces of the solar wind and coronal mass ejections. Image credit: NASA/Goddard.

e�ect is more pronounced in the blue than in the red part of the spectrum due mainly
to the temperature dependence of the Planck function. The photosphere itself is not
homogeneous but shows small granular structures resulting from the convection cells.
The left panel of Fig. 1.2 shows an example of the granulation pattern observed in the
wing of the Caii K line with the CHROMospheric Imaging Spectrometer (CHROMIS)
instrument at the SST (Scharmer et al. 2003). The darker web-like structure is called
intergranular lanes. There are small bright features inside the intergranular lanes, which
are called bright points. Here the magnetic �eld can reach values of up to1-2 kG. The
convective motions result in asymmetric line pro�les which can be used as an indicator
for convection in other stars.

During high-activity phases of the solar cycle, the convective patterns are accompanied
by dark patches, called Sunspots. These features are direct indicators of the solar magnetic
�eld interacting with the solar atmosphere. In Sunspots, the magnetic �eld is strong enough
to suppress the convective motions. The lack of e�ective heat transport inside a Sunspot
leads, therefore, to lower radiative intensities. An example of a Sunspot observed in the
Fei 6302Å spectral line with the Solar Optical Universal Polimeter (SOUP) instrument
at the SST is shown in the right panel of Fig. 1.2. In the center of a Sunspot, called the
umbra, the magnetic �eld is almost vertical. The umbra is surrounded by a �lamentary
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Figure 1.2: Left: Granulation pattern in the QS and the enhanced magnetic network. The
image was observed in the wing of the Caii K line with the CHROMIS instrument at the
SST. Image credit: Vasco Henriques and Ainar Drews (ITA, University of Oslo). Right:
Sunspot in an active region. The observation was taken with the SOUP instrument at the
SST. Image credit: Göran Scharmer, Kai Langhans, Mats Löfdahl (ISP/Stockholm).

structure called the penumbra, which is less dark and harbors a more horizontal magnetic
�eld. There exist also other features, which appear darker than the surroundings, called
pores. These features have no penumbra. Sunspots and pores are embedded in regions
that show mean magnetic �elds of� 100 G, which are formed in intense �ux tubes. These
regions are called plage and appear bright in HUobservations higher up in the atmosphere.
An example can be seen in a full disk observation taken by Global Oscillation Network
Group (GONG) instruments in Fig. 1.4.

The quiet Sun (QS) is the area on the solar surface outside of plages, pores, and
Sunspots. There are however strong magnetic �elds harbored in the QS. The magnetic
network exists at the boundaries of supergranular cells, which reach diameters of up to
30 Mm. In the network, the magnetic �eld is organized in �ux tubes with �eld strengths
of the order of kG. Inside the supergranular cells, the magnetic �eld is organized in the
internetwork. For a recent review of QS magnetic �elds see Bellot Rubio & Orozco Suárez
(2019).

Chromosphere The chromosphere is, in many respects, a complicated and unresolved
part of the solar atmosphere. It remains the missing puzzle piece to resolve open questions
in solar physics, such as the mass and energy transport through the atmosphere as well
as the heating of the same. After decreasing to a minimum value of) min � 4–000 K
in the photosphere, the temperature increases again with height. This is in contrast to
the radiative equilibrium assumption, where the temperature is expected to decrease with
distance. The name chromosphere was given because of its red color produced by HU
light, which is visible during a solar eclipse around the disk (Lockyer 1868). While the
emission of the HU light requires a certain temperature, observations of the CO bands
suggest that at chromospheric heights, extremely cool gas coexists (Solanki et al. 1994).
The chromosphere extends approximately up to� 3 Mm above the photosphere, although
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Figure 1.3: Left: Observation of spicules near the limb of the Sun. The image was
observed with the SOUP instrument at the SST in red wing of the HU line. Image credit:
Luc Rouppe van der Voort (ITA, University of Oslo). Observation: Oystein Langangen
(ITA, University of Oslo). The picture has been adapted. Right: Observation of �brils in
the HUspectral line observed at the SST. Image credit: Michiel van Noort and Luc Rouppe
van der Voort (ITA, University of Oslo), adapted. The picture is a still from a movie and has
been adapted. Both images were taken fromhttps://est-east.eu/solar-gallery
with permission.

this upper boundary is extremely variable, ranging from a thousand km to up to 10 Mm
above the solar surface. Observations of the �ne structure during an eclipse indicate the
irregular shape of the chromosphere, which changes over a time scale of minutes (Roberts
1945). From the photosphere upwards, the plasma density decreases approximately
exponentially with a scale height of� 100 km. At chromospheric heights, the magnetic
pressure decreases less rapidly with height than the plasma pressure (Solanki & Steiner
1990), and therefore, the magnetic �eld becomes dynamically important. In astrophysics,
the ratio of gas to magnetic pressure is expressed by

plasmaV =
gas pressure

magnetic pressure
• (1.1)

In the chromosphere the plasmaVcoe�cient changes fromV ¡ 1 to V Ÿ 1. In addition,
in the chromosphere, the plasma becomes partly ionized, in contrast to the photosphere,
where the plasma is mostly neutral. The change of the above-mentioned quantities within
the chromosphere makes it a highly complex environment that is challenging to interpret.
For example, the exact mechanisms that heat the chromosphere are only poorly understood.
Withbroe & Noyes (1977) estimated that some4–000W m� 2 are needed to heat the quiet
chromosphere.

Possible explanations are that the chromosphere is heated through the dissipation of
acoustic and MHD waves and small-scale jets, called spicules. These features can be
observed in the wing of the HU line and are best visible towards the limb. An example
observation taken with the SOUP instrument at SST is shown in Fig. 1.3a. They can reach
heights of up to6 Mm and can have speeds of up to100 km s� 1. They are considered
to play an important role in the mass and energy balance of the upper solar atmosphere.
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Figure 1.4: Full disk observation of the chromospheric HUline at6563Å. The observation
shows di�erent features of the chromosphere. The quiet chromosphere is absent of any
stronger magnetic �eld concentrations and makes up roughly90%of the chromosphere.
In contrast, the active chromosphere shows brighter structures. There are also larger
scale darker structures visible on the disk. They are called �laments and consist of cool
chromospheric gas which is supported by the magnetic �eld against gravity in the low
corona. O� the limb more irregular structures are visible. They are the counterparts
of �laments on the disk but seen from the side and are called prominences. Data were
acquired by GONG instruments operated by NISP/NSO/AURA/NSF with contributions
from NOAA.

However, their exact formation mechanism is still under debate. For a recent review on
spicules, see for example Carlsson et al. (2019).

In the core of the HU line, the chromosphere shows long thin structures called �brils.
They are believed to trace the chromospheric magnetic �eld which connects opposite
polarities. They can have widths of0•7 Mm to � 2 Mm and an average length of11 Mm
with lifetimes of10� 20 min. In the QS, they seem to arch over supergranular cells. An
example of �brils is shown in Fig. 1.3b. Smaller dynamic �brils appear in the QS and are
called dark mottles. They are believed to be the on-disc counterpart of spicules.

There exist also large-scale structures of chromospheric plasma that reach coronal
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