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Abstract

The solar atmosphere is a highly dynamic and magnetically complex environ-
ment, where two of the key open questions are how the corona is heated to over
a million kelvin and how the solar wind is generated. Small-scale activities, such
as bright points, small jets, and spicules, are believed to play a fundamental role
in supplying energy and material to the corona. Although these energy releases
are subtle compared to large-scale events, they may be pervasive enough to con-
tribute significantly. Due to their transient and small-scale nature, observations
in high resolution, both spatially and temporally, are essential for understanding
the mechanisms underlying these small-scale energy releases and assessing their
role in sustaining the coronal temperature and driving the solar wind.

Along with the advancements in observational techniques, our understanding
of small-scale structures in the corona has significantly improved over the past few
decades. The launch of Solar Orbiter in February 2020 has further expanded these
opportunities. It follows a unique highly elliptical orbit, allowing it to observe the
Sun from as close as 0.28 au at perihelia and to capture the high-latitude views
of the polar regions (starting from 2025). Solar Orbiter carries ten instruments,
both in-situ and remote-sensing, including the Extreme Ultraviolet Imager (EUI)
for high-resolution imaging, the Spectral Imaging of the Coronal Environment
(SPICE) for spectroscopic analysis, and the Polarimetric and Helioseismic Imager
(SO/PHI) for magnetic field measurement, offering valuable data for studying
the small-scale dynamics in the solar atmosphere.

This thesis presents the results of two main investigations. The first study
is focused on the EUI brightenings in the quiet sun, the smallest transient EUV
brightenings that have been so far reported, based on the high-resolution ob-
servations from EUl. Three EUI brightenings are captured by both the High
Resolution EUV telescope (HRIguv, part of EUI) and SPICE in this study. The
detection of the EUI brightenings is almost at the limit of SPICE’s capability,
which means that the identification of these structures is only possible with the
assistance of HRIguv images. On the other hand, SPICE can provide the multi
thermal information of the brightenings. By combining both data sets, two of
these EUI brightenings with longer duration are found to be detectable at Ne vi11
temperature (0.6 MK). The signatures of all three brightenings are detected in
an O VI line (0.3 MK). It is also possible to investigate the thermal evolution of
one of these brightenings, where double peaks are observed in the light curves
of C 111 (0.06 MK) and O V1, while the only peak in the light curve of Ne vi1ir is
found between the two peak times of the intensities of the two transition region
lines. This suggests that the temperature of this brightening could increase from
the formation temperature of the C 111 line to that of the O VI line and then
to the Ne vIiI temperature (from upper transition region to low corona), and
then it cools down. These findings also lead to the conclusion that some EUI
brightenings could barely reach coronal temperatures. As part of this study |
also derive a model of the noise of the SPICE detectors. As these detectors are



conceptually very similar to those that will be used on future missions such as
the Extreme Ultraviolet Spectroscopic Telescope (EUVST) under construction
for the forthcoming Solar-C mission, these results will be applicable with only
minor adaptation.

The second part of this work is about the small-scale transients in the coro-
nal hole plumes. Plumes are the largely ray-like structures that could channel
magnetohydrodynamic waves and solar wind and are observed to host high-speed
propagating disturbances (PDs) and small-scale transients at their bases. Three
plumes are detected within an equatorial coronal hole by HRIgyv. At these plume
bases, from tens to hundreds of base brightenings are observed in the 30-min ob-
servation. Their properties (intensity, size, lifetime, shape and apparent speed)
are studied statistically. The results show that most of the base brightenings
are small-scale, short-lived and appear slightly elongated. These brightenings ex-
hibit complex motion, with most moving at speeds below 10 kms~! in the plane
of sky. Potential field extrapolation, based on magnetic field data obtained by
SO/PHI, is applied to de-project the apparent speed to the real velocity along
the magnetic field, which is still found to be significantly lower than, and hard to
reconcile with, the higher speeds observed in PDs at greater heights within the
plumes. Since a direct connection between base brightenings and PDs remains
uncertain, two possible explanations are proposed for the base brightenings: they
could be associated with wave-driven Type | spicules or result from interchange
reconnection events.

In summary, this study utilizes a diverse set of high-resolution observations
from Solar Orbiter to investigate small-scale structures in both the quiet Sun
and coronal hole regions. These data provide valuable insights into the charac-
teristics of these structures and the physical mechanisms behind them. Due to
the limitations of the data sets, certain aspects remain inconclusive in this work
and require further investigation with observations from multiple instruments. In
the last chapter | finally provide some considerations of how observations from
forthcoming missions such as EUVST and Multi-slit Solar Explorer (MUSE) will
be able to improve our knowledge of the events studied in this thesis.

Key words. Sun: activity — Sun: atmosphere — Sun: magnetic fields — Solar
Wind — Sun: UV radiation
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Zusammenfassung

Die Sonnenatmosphare ist eine hochdynamische und magnetisch komplexe Umge-
bung, in der es zwei zentrale ungeldste Fragen gibt: Wie wird die Korona auf iiber
eine Million Kelvin erhitzt und wo hat der Sonnenwind seinen Ursprung? Kleine
Aktivitaten wie Aufhellungen, kleine Jets und Spikulen spielen eine wichtige Rolle
beim Energie- und Materialtransport in die Korona. Diese Energieentladungen
sind zwar, im Vergleich zu groBeren Ereignissen, subtiler, kénnten jedoch ver-
breitet genug sein, um einen signifikanten Beitrag zu leisten. Aufgrund der Kur-
zlebigkeit und geringen Flache dieser kleinen Energieentladungen sind hochau-
flosende Beobachtungen, sowohl raumlich als auch zeitlich, unerl3sslich, um die
Mechanismen dahinter und somit und ihre Rolle bei der Aufrechterhaltung der
koronalen Temperatur und der Erzeugung des Sonnenwinds zu verstehen.
Durch Fortschritte an den Instrumenten zur Sonnenbeobachtung hat sich
unser Verstandnis der kleine Strukturen in der Korona in den letzten Jahrzehn-
ten erheblich verbessert. Mit dem Start von Solar Orbiter im Februar 2020
haben sich diese Mdglichkeiten nochmals erweitert. Solar Orbiter folgt einer
einzigartigen, stark elliptischen Umlaufbahn, die es ihm ermdglicht, die Sonne
aus einer Entfernung von 0,28 au im Perihel zu beobachten und die Polarregionen
in hohen Breitengraden zu erfassen (seit 2025). Die wissenschaftliche Nutzlast
von Solar Orbiter besteht aus zehn Instrumenten fiir Fern- und in-situ Beobach-
tungen. Zu den Fernerkundungsinstrumenten gehdren das Extreme Ultraviolet
Imager (EUI) fiir hochauflésende Bilder, das Spectral Imaging of the Coronal
Environment (SPICE) fiir spektroskopische Analysen und das Polarimetric and
Helioseismic Imager (SO/PHI) zur Magnetfeldmessung, die wertvolle Daten zur
Untersuchung kleinen dynamischen Prozessen in der Sonnenatmosphire liefern.
Diese Dissertation présentiert die Ergebnisse aus zwei Studien. Die erste
Studie konzentriert sich auf die EUIl-Aufhellungen in der ruhigen Sonne. Hi-
erbei handelt es sich um die kleinsten EUV-Aufhellungen, die bisher berichtet
wurden. Sie wurden mit Hilfe der hochauflésenden Beobachtungen von EUI un-
tersucht. Drei EUI-Aufhellungen werden in dieser Studie sowohl vom High Res-
olution EUV Telescope (HRIguv, Teil von EUI) als auch von SPICE erfasst. Die
Detektion dieser EUI-Aufhellungen liegt nahe der Auflésungsgrenze von SPICE,
was bedeutet, dass die Identifizierung dieser Strukturen nur mit Unterstiitzung
von HRIgyv-Bildern méglich ist. SPICE kann jedoch multitermale Informatio-
nen der EUl-Aufhellungen liefern. Durch die Kombination beider Datensitze
zeigt sich, dass zwei dieser EUI-Aufhellungen mit ldngerer Dauer bei Ne viiI-
Temperaturen (0,6 MK) nachweisbar sind. Alle drei EUI-Aufhellungen sind in
einer O vi-Linie (0,3 MK) nachweisbar. Es ist auch méglich, die thermische En-
twicklung eines dieser Ereignisse zu untersuchen, bei dem doppelte Spitzen in
den Lichtkurven von C 111 (0,06 MK) und O vi, beobachtet wurden, wihrend
eine einzige Spitze in der Lichtkurve von Ne viir zwischen den beiden Spitzen
der Ubergangsregion-Linien liegt. Dies deutet darauf hin, dass die Temperatur
dieses Ereignisses von der C 111-Linientemperatur iiber die O vi-Linie bis hin zur



Ne vii-Temperatur (von der oberen Ubergangsregion bis zur unteren Korona)
steigen konnte, um dann abzukiihlen. Diese Ergebnisse legen ebenfalls nahe,
dass einige EUI-Aufhellungen kaum die koronale Temperatur erreichen kdnnen.
Im Rahmen dieser Studie leite ich auch ein Modell fiir das Rauschen der SPICE-
Detektoren ab. Da diese Detektoren konzeptionell denen, welche bei zukiinftigen
Missionen wie dem sich im Bau befindlichen Extreme Ultraviolet Spectroscopic
Telescope (EUVST) fiir die bevorstehende Mission Solar C verwendet werden,
sehr 3hneln, werden diese Ergebnisse mit nur geringen Anpassungen anwendbar
sein.

Der zweite Teil dieser Arbeit befasst sich mit kleinen und vorriibergehenden
Ereignissen in Plumes, welche in koronalen Léchern vorkommen. Plumes sind
groBe strahlenartige Strukturen und kénnen magnetohydrodynamische Wellen
und den Sonnenwind kanalisieren. An ihren FuRpunkten lassen sich sehr schnell
ausbreitende Stérungen (propagating disturbances, PDs) sowie kleine vorriiberge-
hende Ereignisse beobachten. Drei Plumes wurden innerhalb eines dquatorialen
koronalen Lochs von HRIgyvy erfasst. An den tiefliegenden Teilen dieser Plumes
wurden in einer 30-miniitigen Beobachtung von mehreren Dutzend bis hin zu
mehreren hundert tief-liegende Aufhellungen (base brightenings) festgestellt. Es
wurde eine statistische Analyse ihrer Eigenschaften (Intensitat, GroRe, Lebens-
dauer, Form und Geschwindigkeit) durchgefiihrt. Die Ergebnisse zeigen, dass
die meisten base brightenings klein, kurzlebig und leicht langlich erscheinen.
Die base brightenings zeigen komplexe Bewegungen, wobei sich die meisten mit
Geschwindigkeiten von unter 10kms™" in der Bildebene der Sonne bewegen.
Mit einer potentielle Magnetfeldextrapolation auf Grundlage von SO/PHI-Daten
ldsst sich die scheinbare Geschwindigkeit auf die reale Geschwindigkeit entlang
des Magnetfelds entprojezieren. Die Geschwindigkeit ist jedoch immer noch
signifikant niedriger ist als die héheren Geschwindigkeiten der PDs in hdheren
Regionen der Plumes. Da eine direkte Verbindung zwischen base brightenings
und PDs unsicher bleibt, werden zwei mdgliche Erklarungen fiir die base bright-
enings vorgeschlagen: Sie kdnnten mit wellentreibenden Typ-I-Spikulen oder mit
Austauschrekonnexionsereignissen zusammenhangen.

Zusammenfassend nutzt diese Dissertation eine Vielzahl an hochauflésenden
Beobachtungen von Solar Orbiter zur Untersuchung von kleinen Strukturen sowohl
in der ruhigen Sonne als auch in einem koronalen Loch. Diese Daten liefern
wertvolle Einblicke in die Eigenschaften dieser Strukturen und die ihnen zugrun-
deliegenden physikalischen Mechanismen. Aufgrund von Einschrdnkungen in den
Datensatzen bleiben einige Aspekte in dieser Arbeit ungeklart und erfordern weit-
ere Untersuchungen, die Beobachtungen mit mehreren Instrumenten umfassen.
Im letzten Kapitel gehe ich schlieBlich darauf ein, wie die Beobachtungen kiin-
ftiger Missionen wie EUVST und der Multi-slit Solar Explorer (MUSE) unser
Wissen iiber die in dieser Arbeit untersuchten Ereignisse verbessern kdnnen.
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Chapter 1

Introduction

The Sun, our closest star, is a dynamic, evolving celestial object that has under-
gone significant changes since its early formation. According to stellar evolution
models, the Sun emerged from a cloud of gas and dust. It formed as a T Tauri
star (Hayashi 1961) and settled into its current G2 classification upon entering
the main sequence phase (Chapter 2.2 in Stix 2002). In approximately 5 billion
years, the Sun will leave the main sequence and enter a red giant phase, dra-
matically expanding in size (Sackmann et al. 1993). At the current stage of its
evolution, it is formed by a central core (where nuclear reactions powering the
star take place), a zone from about 25% to 70% of its radius where energy is
transported by radiation, and a zone reaching to the visible surface (the so-called
photosphere) where energy is transported by convection. The solar atmosphere
starts at the photosphere and extends outward, which is the main topic of this

thesis.



CHAPTER 1. INTRODUCTION

1.1 Solar atmosphere

1.1.1 Overview of the solar atmosphere

Charged particles in the solar atmosphere are under the effect of thermal pressure,
Lorentz force and gravity. Among them there are two internal pressures, i.e., the
thermal pressure, arising from the random motions of the particles, and the
magnetic pressure, originating from the Lorentz force the magnetic field applies
to the charged particles, influencing how plasma behaves in the presence of
magnetic fields. Due to the low resistivity in the solar atmosphere, the plasma
and the magnetic field are coupled to move together. Note that, the “movement”
of magpnetic field is a result of charged particles in motion, which create currents
that, in turn, generate the secondary fields that keep the magnetic flux constant.
When the thermal pressure dominates, the plasma modifies the magnetic field
with its motion. Otherwise, it follows the structure of the magnetic field. The
parameter describing their relation is called plasma 3, defined as the ratio of the
thermal pressure (P, = nkT, under the assumption of the solar atmosphere

being an ideal gas) to the magnetic pressure (Prag = B2/2u0):

Pth nkT

5 - P’mag - B2/2M0

(1.1)
where n is the number density of particles, T is the temperature, B is the
magnetic strength, k is Boltzmann's constant and pg is the vacuum permeability.

Figure 1.1 shows a plasma 3 model from Gary (2001), where the author
considered the magnetic field strength between 2500 Gauss and 150 Gauss. It
is clear that the solar atmosphere has high-3 regions: the photosphere and solar
wind acceleration region; low-3 regions: the transition region and the corona;
and an intermediate-$3 region: the chromosphere. This indicates that, the plasma
and magnetic field interact in different ways at different heights, structuring the
solar atmosphere.

An overview of the solar atmosphere can be found in Figure 1.2. Gener-
ally, the solar atmosphere is referred to as a "multi-layer" structure (from inside
to outside: the photosphere, the chromosphere, the transition region and the

corona), with each layer exhibiting distinct properties and observational charac-



1.1. SOLAR ATMOSPHERE

Plasma Beta Model

B B R AL B R AL B AL SR AL B R

Solar Wind
Acceleration Region

T T T

T T T
ol

102} Corono

SXT Limb Dot

UL R |
vl

Height (Mm)
o
SRR
|

Liiain

100 E
E Chromosphere E
| Photosphere 1
10_.I E
i i
1052l o el s el g el A stalL s ared i i
10”4 1073 1072 107! 100 10! 102

Beta (16mnKT/B2)

Figure 1.1: Plasma S as a function of height over an active region (introduced
later in this Section). The two side boundaries of the gray shaded region come
from the magnetic strengths of 2500 Gauss and 150 Gauss. This model is com-
pared with various data, shown in grey symbols and text. Image credit: Gary

(2001), reproduced with permission from Springer Nature.
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Figure 1.2: Structure of the solar atmosphere. From bottom to top are photo-
sphere, chromosphere, transition region and corona, each characterized by differ-
ent heights and temperatures. The observational phenomena in different layers
are connected by the magnetic field (see green lines). Image credit: SOLAR-C
webpage; NAOJ/JAXA, NASA!.

teristics, bridged by the magnetic field. However, this is just a schematic repre-
sentation showing observations at different wavelengths/temperatures. The idea
of "multi-layer" is a 1-dimensional perspective (i.e., along a field line), while the
actual solar atmosphere is more dynamic and highly structured by the magnetic
field.

The solar magnetic field is complex and highly variable, with magnetic con-
centrations occurring at different scales. It varies in strength, scale, and con-
figuration across different regions (see review by Wiegelmann et al. 2014) and

across the solar cycle (see review by Hathaway 2015). Generally speaking, there

Ihttps://solar-c.nao.ac.jp/en/science.html
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1.1. SOLAR ATMOSPHERE

are active regions, coronal holes and the quiet sun in the solar atmosphere. Ac-
tive regions are large concentrated areas of strong magnetic fields with opposite
polarities connected by large-scale loops. Coronal holes are regions with a preva-
lence of unipolar magnetic fields. Failing to find an opposite polarity nearby
to connect, the magnetic field there generally opens outwards, or more strictly,
only closes back to the solar surface over very large distances as there are no
magnetic monopoles. In the quiet sun, the magnetic field is much weaker, but
distributes in a structured way to form a network-like pattern with small-scale
concentrations.

The solar magnetic field is not only non-uniform but also dynamic. It is con-
tinually generated and restructured and interacts with surrounding plasma, with
material flows and energy transportation involved. All these will be introduced
again in more details in Section 1.1.3. The solar atmosphere, especially the low-
[ regime, e.g., the corona, is thus highly inhomogeneous, being structured by
the solar magnetic field. As a consequence, each "layer" cannot be well defined
based on height or heliocentric distance, but instead, depends more on their tem-
peratures and the emissions they produce. In the coming section, we will talk
about each region in detail, going from the photosphere to the chromosphere,
the corona and the so-called transition region, the very narrow interface between

the chromosphere and the corona.

1.1.2 From photosphere to corona
1.1.2.1 High-3: Photosphere

The photosphere is defined as the region where the optical depth 7500nm = 2/3
in visible light (500 nm) is reached (e.g., Zirin 1992). As the name implies, it
is the surface that can be observed by eye, due to its temperature and density.
The effective temperature of the photosphere is about 5800 K, which, according
to the black body radiation, allows it to efficiently emit in the visible spectrum
(Planck 1991). The photosphere has a typical density of 3.4 x 1077 gcm™3,
resulting in a mean free path (I = 1/kp, where k is the opacity and p is the
density) of photons, longer than the size of the structure they traveling through,

that they can escape. Below the photosphere, the photons can easily be scattered
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or absorbed in a short distance. Above the photosphere, visible light emission is
extremely faint compared to the photosphere, as more than 99.9% of the visible
light comes from the photosphere. Therefore, the chromosphere can only be
observed by eye when the emission from the photosphere is blocked, e.g., during
a total eclipse or when looking through very narrow filters centered on the core
of strong spectral lines (very high opacity) such as the Ha line of hydrogen
at 656.5nm. The corona, with its even lower density, is only observable under

similar conditions during total eclipses or when using a coronagraph.

The photosphere is commonly observed in visible light and presents many
features, such as the sunspots, the faculae and the granulation. Sunspots are
cooler (with a temperature of 3000-4500K), hence darker regions. A review
of their structures and physics can be found in Solanki (2003). Their lifetimes
are believed to be proportional to their maximum size (Gnevyshev 1938; Wald-
meier 1955). A typical lifetime of a sunspot (e.g., about 10 Mm in diameter)
is of several days, but large ones (reaching diameters of 60 Mm or more) can
exist for weeks and their numbers and locations change over a solar cycle (Hale
1908). They exhibit a central darker region called umbra surrounded by the
lighter penumbra. All these characteristics are related to strong magnetic con-
centrations. In the umbra, the magnetic field is so strong that it suppresses the
underneath convective flows, reducing the amount of energy transported from
the interior. Unlike the vertical field of the umbra, penumbral magnetic field
tends to turn over (Title et al. 1992; Lites et al. 1993) and allow convective
flows to partially convey energy out to the surface. Sunspots usually appear in
groups and reside in the regions with more dynamic magnetic activities called
active regions (Zwaan et al. 1985; Zwaan 1987; Harvey and Zwaan 1993), ap-
pearing as bright regions on the sun disk in X-ray and extreme ultraviolet (EUV;
10 nm to 120 nm) passbands. Unlike sunspots, faculae, much easier observed at
the limb of the solar disk (e.g., Auffret and Muller 1991; Sanchez Cuberes et al.
2002), are hotter than their surroundings and thus are brighter. They are also
a manifestation of relatively strong magnetic flux tubes (but smaller and weaker
than those forming sunspots) that by locally reducing the gas density, make it
possible to see through into the deeper, hence hotter, layers (Keller et al. 2004).

Granules are the cellular features (see panel (a) in Figure 1.3, also see obser-
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Figure 1.3: (a) Image of the quiet sun at photosphere, taken by the In-
ouye Solar Telescope at the wavelength of 450.4nm (covering an area of
30720 kmx30720 km). It shows the bright granules and the dark intergranu-
lar lanes. Image credit: NSF/AURA/NSO?, licensed under a CC BY 4.0; (b)
Image of the south-east quadrant of the Sun at the upper chromosphere, taken
by Solar UV Measurement of Emitted Radiation (SUMER) at the wavelength of
58.4nm (He 1). The chromospheric network can be seen in this image. Image
credit: SUMER Main Page®, prepared by I. E. Dammasch and K. Wilhelm.

vations in, e.g., Title et al. 1989; Wilken et al. 1997) representing the convective
motion at the top of the convection zone (see review by Nordlund et al. 2009).
Driven by buoyancy forces, hot material emerges from interior to the surface
to form the bright cells. Once the hot plasma reaches the surface, it spreads
outwards (horizontal flow) under the pressure gradient until encountering the hor-
izontal flow from another cell. There, the plasma gets cooler and denser due to
strong radiative loss and then sinks back, forming dark lanes (Stein and Nordlund
1998). Granules are small (with a typical linear size of about 1000 km (Roudier
and Muller 1986)) and can live for only 8-20min (Bahng and Schwarzschild
1961). They spread over the whole sun surface except for the sunspot regions
and are highly dynamic as the old granule cells are continuously pushed aside by

the emerging materials.

2https://nso.edu/gallery/gallery-images-from-the-inouye
Shttp://soi.stanford.edu/results/SolPhys200/Wilhelm /index.html
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Besides, the velocity maps of the photosphere reveal structures known as su-
pergranules, which have a spatial size of about 30-40 Mm and a longer lifetime
of a day or two (see review by Rieutord and Rincon 2010). They are related
to larger-scale and deeper convection, compared with granules. The horizon-
tal flow inside of the supergranular cells thus can push magnetic fields towards
the cell boundaries, forming the magnetic network that can be observed in the
chromosphere (see panel (b) in Figure 1.3). More details are discussed in Sec-
tion 1.1.2.2.

Another observational phenomenon in the photosphere is the 5 min oscilla-
tions (first observed by Leighton et al. 1962 and by Evans and Michard 1962),
which appear as a periodic motion and are a manifestation of pressure (p-mode)
waves (Ulrich 1970; Leibacher and Stein 1971). They are formed by the convec-
tion at or close to the solar surface, i.e., when materials rise up and sink down,
pressure disturbance is created and propagates in the form of acoustic waves.
This oscillation, in general, are evanescent in the photosphere and chromosphere
with only waves with periods of less than 3 min (acoustic cutoff frequency, Balm-

forth and Gough 1990) can propagate into the higher atmosphere.

1.1.2.2 Intermediate-3: Chromosphere

The chromosphere is located just above the photosphere and is approximately
2000 km thick. The lower boundary of the chromosphere is usually defined as the
height where the temperature reaches its minimum (~4000 K). Above that, the
temperature rises to 10000-20000 K, while the density drops roughly by a factor
of 107 in the chromosphere. Although the chromosphere is usually not visible in
white light due to its emission being too faint compared to photosphere, it can
be seen with the naked eye during total eclipses and appears to be red because
of strong emissions in the Balmer « line of hydrogen (Ha line at 656.5 nm).
Accompanying the strong magnetic field concentrations, sunspots are ob-
servable in the wavelengths that sample the lower chromosphere, e.g., Ha and
Ca 11 K and H lines. Besides, in these channels, one can see bright plages, the
chromospheric bright patches, around the sunspots (strong magnetic concentra-
tions) and can remain from days to weeks (Babcock and Babcock 1955). Away

from the active chromosphere, a bright web-like pattern (see panel (b) in Fig-
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ure 1.3) outlining the supergranular cells can be observed, called chromospheric
network (e.g., Leighton et al. 1962; Simon and Leighton 1964). It is bright
in Ha and EUV lines because the strong magnetic concentrations can channel
more energy into the chromosphere. Governed by the photospheric convection
motion, the chromospheric network changes over a timescale from a few tens of
hours to days (e.g., Simon and Leighton 1964; Janssens 1970; Livingston and
Orrall 1974). The chromosphere also show oscillatory motions, which exhibit a
prominent period of 3min (e.g., Lites and Thomas 1985; Abdelatif et al. 1986;
Deubner and Fleck 1990). They are strongly observed in sunspot umbrae, but
also in other regions of the chromosphere.

As can be already noticed at the edge of the solar disk at eclipses, the
chromosphere is dynamic with prominences and spicules. Prominences are dense
and cooler materials suspended above the surface by magnetic fields (see review
by Parenti 2014). They usually exhibit a loop-or-ribbon-like pattern above the
limb while they are called filaments when seen against the disk. Filaments look
like dark scars against the bright background. They are usually held by twisted
or sheared magnetic structures providing enough upward pressure to balance
gravity (Antiochos et al. 1994; DeVore and Antiochos 2000; Amari et al. 2000).
Spicules are jet-like structures that can potentially shoot up mass or energy into
the higher atmosphere. Their on-disk counterparts are called fibrils or mottles
(Rouppe van der Voort et al. 2007; Heggland et al. 2007). Typically, spicules
can be categorized into two types: type | spicules move more slowly and show a
back-and-forth motion (i.e., the material rising in them is seen to fall down again)
while type Il spicules have a higher speed and disappear rapidly (De Pontieu et al.
2007b). See Section 1.4.2 for more details.

1.1.2.3 Low-3: Corona

The corona is the outermost part of the Sun’'s atmosphere, characterized by
its extremely high temperature, ranging from 1 to 3-4 MK (and up to over
10 MK during flares), and low density (of highly ionized plasma) compared to
the lower layers. It is visible during total eclipses (or with an artificial eclipse in
the coronagraph), when different features can be seen out of the occulted solar

disk, e.g., closed coronal loops, cusp-like helmet streamers and ray-like polar
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plumes (Newkirk 1967). Note that, although the average corona is described as
a low-3 environment, its dynamic nature can create localized high-3 conditions.
Also, the plasma 3 in different regions, e.g., in active regions or quiet sun, could

also be very different (e.g., Schrijver and van Ballegooijen 2005).

At the corona’s temperature, the dominating hydrogen and helium are almost
fully ionized, and the heavier elements, such as carbon, nitrogen, oxygen and
up to iron, are in their highly ionized states. Thus, the emission lines in the
corona mostly come from highly ionized, heavier ions. The discovery of these
lines helped to determine the concept of a hot corona, containing plasma at a
wide range of high temperatures (e.g., Grotrian 1939; Edlén 1945). This multi-
temperature corona is very well observed in images obtained in X-ray and EUV
band passes where it is clear that the corona varies spatially. Typically, it has
bright active regions, dark coronal holes and the rather calm quiet sun. All of
them, as mentioned, are rooted in the deeper atmosphere and closely related to

the magnetic field.

Active regions, associated with strong concentrations of magnetic fields, have
higher temperature than the surroundings and are thus brighter in X-ray and EUV
and far ultraviolet (FUV; 120 nm to 200 nm) channels. These regions are usually
characterized by large-scale closed loops filled with high temperature plasma
(Bray et al. 1991) and violent energy release, such as solar flares (see reviews
by Benz 2008, 2017) and coronal mass ejections (CMEs, see reviews by Chen
2011; Webb and Howard 2012). Differently, coronal holes are regions where the
magnetic field generally opens outwards. They typically appear near the polar
regions around the minimum of the solar cycle, but can also be found in low-
altitude regions throughout the cycle, even across the equator (Sanchez-Ibarra
and Barraza-Paredes 1992). Due to the open magnetic fields, plasma can easily
escape, leaving the "dark holes" with lower temperature and density. In fact,
coronal holes are considered as a source region of solar wind, crucial to the
space weather (e.g., Krieger et al. 1973; Zirker 1977, also see review Cranmer
et al. 2007). The quiet sun is generally governed by weak and small magnetic
elements. Despite its name, the quiet sun is very dynamic. As the magnetic field
is constantly influenced by the evolution and interaction of supergranules, it can

produce numerous small-scale events.
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Speaking of multi-scale energetic processes in the corona, the most astonish-
ing activities are large flares and CMEs. They are considered as the manifesta-
tions of the same process releasing magnetic energy (Webb and Howard 2012).
With the improvement of instrumental technique, more mini-eruptions and local-
ized intensity enhancement can be detected in the vicinity of active regions, quiet
sun and coronal holes, such as coronal jets (e.g., Shibata et al. 1992), coronal
bright points (CBPs, see review by Madjarska 2019) and microflares/nanoflares
(see Section 1.4). These events, although each one only releases a small amount
of energy compared with large-scale activities, could be an indispensable energy
source to the million-Kelvin corona if happening frequently enough (e.g., Parker's
braiding model, Parker 1972, 1983, 1988).

1.1.2.4 Transition region

Once the million degrees temperature of the corona was discovered in the mid
20th century, it became evident that there should also be regions at tempera-
tures between the chromospheric temperature of about 20000 K and the coronal
temperature. Later, the first 1-dimensional MHD models of solar loops did show
that such a rise would occur on very short spatial scales (e.g., Gabriel and Ma-
son 1982). Thus, the term "transition region" was introduced to describe the
narrow temperature region between the chromosphere and the corona at tem-
peratures around 10° K. In reality, when considering a 3-dimensional view of the
solar atmosphere, the transition region should be defined based on temperatures,
rather than height and not necessarily always connecting chromospheric to coro-
nal plasma. For instance, cold loops with their apex still at transition region
temperatures also exist (Dowdy et al. 1986).

The transition region is characterized by strong emission lines in the FUV
and EUV ranges. The lower transition region (2x10*K to 1x10°K) can be
observed in the Ly« line of Hydrogen (121.6 nm) and lines from lowly ionized
ions such as C 11 (133.4nm and 133.6 nm) and Si 111 (120.7 nm). At the higher
temperatures of the mid transition region (1x10° K to 3x10° K), the emission is
dominated by lines such as from C 1v (154.8 nm and 155.1nm), N v (123.9nm
and 124.3nm) and O v1 (103.2nm and 103.8 nm). Finally, in the upper transition
region (3x10° K to about 7-8x10° K), lines such Ne virr (77nm and 78 nm)
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can be found. A summary of prominent spectral lines observable in the transition
region in the EUV (10-120 nm) and FUV (120-200 nm) range together with their
formation temperatures can be found in Table 1.1 in Mariska (1992). Covering
a wide range of temperature, the transition region is significantly important for
investigating the coronal heating problem (see Section 1.3).

A variety of features are revealed in the dynamic transition region. In the
lower transition region, the chromospheric network is still visible, but gets more
and more diffuse with increasing height/temperature, possibly demonstrating the
rapid expansion of the magnetic flux tubes (Patsourakos et al. 1999). The tran-
sition region counterparts of chromospheric spicules are also confirmed as plasma
flowing at comparable velocities present in both images and Doppler maps (Tian
et al. 2014; Narang et al. 2016; De Pontieu et al. 2017). Besides, small-scale
transients are detected at transition region temperatures. For instance, explosive
events are high velocity (up to about 150 kms™') jets, often bi-directional, seen
in transition region lines (Innes et al. 1997). Dere et al. (1991) suggested that
explosive events are closely associated with magnetic flux cancellation and recon-
nection (also see Innes et al. 1997). Transition region blinkers are longer-lived
brightenings that occur both in the supergranule network and above the plage
and sunspot regions (Parnell et al. 2002). Instead of a local heating, blinkers
are possibly a result of increasing filling factor of emitting plasma (Priest et al.
2002a; Bewsher et al. 2002).

1.1.3 Magnetic field

The Sun has a global magnetic field, with numerous dynamic and complex inho-
mogeneities. The solar magnetic field is generated by a physical process called
the solar dynamo, which is driven by the plasma motion and electric currents in
the solar interior, particularly in or just under the convection zone (see review
by Charbonneau 2014). The solar dynamo model explains well some cyclical
observational phenomena like the 11-year sunspots cycle and the equator-ward
sunspots drifting (the butterfly diagram, see early discoveries in, e.g., Carrington
1858; Maunder 1904, also see review by Hathaway 2015). Under the effect of so-

lar rotation and convection flows, the twisted magnetic field eventually emerges
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Figure 1.4: Schematic illustrating the quiet sun magnetic field structure over a
vertical cross section. The arrows in the convection zone and photosphere show
convective flows. The magnetic field grows out from the network concentrations
and expands in higher atmosphere (solid lines) as a result of the drop in pressure
with height. Therefore, the magnetic canopy is formed (dashed lines). Image
credit: Wiegelmann et al. (2014), reproduced with under the terms of the CC

BY license.

at the solar surface (e.g., Parker 1955; Babcock 1961; Schou et al. 1998). And
this intricate magnetic field, is behind all the structures and dynamics in the
solar atmosphere.

Figure 1.4 provides a 2-dimensional schematic of the quiet sun magnetic field
through the lower atmosphere, demonstrating the two most common magnetic
field structures, the open flux (left) and the closed loops (right). Below the pho-
tosphere, large-scale convective flows push the small magnetic bipoles towards
the boundaries of supergranules, contributing to the concentrated magnetic flux
with a strength of kilogauss. The magnetic field expands with height as a result
of the decrease of gas pressure. Depending on the polarity of the nearby mag-
netic concentrations, it either bends over and connects back to the surface or

reaches another expanding flux tube, both forming a "

magnetic canopy", where
horizontal field is much stronger than vertical field (Solanki and Steiner 1990;
Schrijver and Title 2003). Below the canopy is an almost field-free sub-canopy

region (e.g., Trujillo Bueno et al. 2004; Orozco Suarez et al. 2007) dominated by
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shocks (e.g., Wedemeyer-Bohm and Woger 2008). On the other hand, it is the
canopy domain that represents the middle and upper chromosphere. There are
many features and events involving energy transfer in this region, including shock
waves, MHD waves and magnetic reconnections (e.g., Hansteen et al. 2006; De
Pontieu et al. 2007a). Once reaching the corona, the magnetic field shapes
the atmosphere and builds up and releases energy. Note that, the sub-canopy
and canopy domains, in reality, are not strictly separated, e.g., there could be a
smooth transition by small-scale loops. Also, the 3-dimensional magnetic field is

certainly more complex.

As described, the magnetic field in the quiet sun is a mixture of both open
and closed field lines rooted in the network concentrations. In the photosphere,
the magnetic field strength can locally reach 1000-2000 Gauss inside of the
network lanes while usually only a few hundreds Gauss in the center of the
network cells (e.g., Beckers and Schréter 1968; Tarbell and Title 1977). Using
Sunrise (Barthol et al. 2011) data, Lagg et al. (2010) reported that there are
also kilogauss magnetic elements within the network cells. Different from the
quiet sun, the active regions are dominated by very strong opposite polarities,
connected with longer and higher loops. In the center of a sunspot, the magnetic
field can be more than 2000 Gauss, even reach 4000 Gauss (Livingston 2002).
The coronal holes are characterized by prevalently open unipolar magnetic flux.
The average magnetic field strength in these regions varies from several Gauss

to a few tens of Gauss (Harvey et al. 1982).

Magpnetic fields are not static. Regardless of altitude or location, they ex-
change and transfer energy through interactions with one another and with the
surrounding plasma. As the solar magnetic field is constantly twisted by the
horizontal flows in the photosphere, the magnetic stress thus builds up in the
chromosphere and the corona and the stored energy has to be released by restruc-
turing the magnetic topology. This restructuring process, converting magnetic
energy into other forms of energy, such as thermal energy and kinetic energy, is
called magnetic reconnection. The magnetic reconnection processes are found
to be significant not only in the solar atmosphere, but also in other astrophys-
ical objects, like planetary magnetospheres, other stars, accretion disks and in

laboratories.
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Although magnetic reconnection is often described as a process of "breaking"
and "reconnecting" of magnetic field lines, this statement can be misleading
given that the divergence of the magnetic field is zero, so the magnetic field
should always be closed. Several models have been proposed to explain the
details of the reconnecting region, e.g., Sweet-Parker reconnection (Parker 1957;
Sweet 1958) and Petschek reconnection (Petschek 1964). Here, a 2-dimensional
model is introduced as a simplified example. Magnetic field lines with opposite
direction components get closer to each other under external forces. As a result
of the discontinuity in the magnetic field direction, a current sheet is generated
around the neutral line. In this region with strong current, the local magnetic
field is basically zero and the frozen-in condition of the charged particles breaks
down due to resistivity or other non-ideal effects, allowing particles to move
across magnetic field lines (this region is known as the diffusion region). The
magnetic field tends to form a new topology with lower energy. The newly formed
magpnetic field lines, being highly curved, have a strong outward magnetic tension
and can accelerate outflows under the slingshot effect. That is, the magnetic
energy is converted into kinetic energy. Magnetic reconnection processes can
occur in a quasi-steady way with a small inclination angle between field lines,
which are usually considered to be important for coronal heating (e.g., Parker's
braiding model, Parker 1972, 1983). It can also occur as sudden, intense events,
manifesting as solar flares and CMEs (e.g., CSHKP models, Carmichael 1964;
Sturrock 1966; Hirayama 1974; Kopp and Pneuman 1976).

In the photosphere, the measurement of magnetic field can be achieved by
using the Zeeman effect (Hale 1908). It is the effect for which certain spectral
lines are split into several components (splitting of the energy levels) when the
emitting atom is exposed to a magnetic field. This is due to the interaction
between the magnetic field and the magnetic moment of the atom, which causes
the splitting of energy levels corresponding to different magnetic quantum num-
bers (Jz) and affects the energy of the electrons in one of these sub-levels. The
degree of splitting is proportional to the strength of the magnetic field. Photons
emitted from transitions with AJz=1 and AJz=-1 exhibit opposite polariza-
tions. Without an external magnetic field, these transitions are degenerate and

have the same energy, leading to the emission of unpolarized light. However,
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when a magnetic field is present, the energy levels are split, causing these tran-
sitions to occur at different energies, resulting in polarized spectral lines. A
spectropolarimeter can detect the polarized light from the photosphere and the
strength and direction of the magnetic field can be retrieved. However, it is much
more challenging to measure the magnetic field in chromosphere and corona due
to the weak magnetic field strength and the wider thermal broadening due to
the high temperature. One substitute method is extrapolation (see Section 2.2.2
for more details), which makes use of observed magnetic field at photosphere as
the bottom boundary condition to calculate the 3-dimensional magnetic field by
solving the magnetohydrodynamic (MHD) equations (e.g., Sakurai 1989; Amari
et al. 1997; Wiegelmann and Sakurai 2021). The structure and evolution of the
magnetic field are essential to understand the physical processes of the observa-

tion phenomena.

1.2 The solar wind

The solar corona expands outward into space in the form of the solar wind,
which is a continuous flow of charged particles, primarily electrons and protons.
Solar wind travels outward through the solar system, carrying with it the Sun’s
magpnetic field, and plays a crucial role in shaping the space environment around
Earth and other planets. It eventually stops where the outward pressure of the
solar wind balances with the inward pressure of the interstellar medium, forming
the outer boundary of the heliosphere.

The idea of the solar wind originated from early observations of comet tails.
Biermann and Schliiter (1951) proposed that their directions are due to particles
streaming out from the Sun. Theoretically, Parker (1958) revolutionized solar
physics by proposing explanation for why the Sun must have a wind, a continuous
outflow of charged particles from the Sun's hot corona. Parker's main idea was
that the corona is so hot and energetic that its particles are not bound by the
Sun’s gravity, causing them to escape and form a supersonic, outward-flowing
wind. He also predicted that the Sun’s rotation would cause this wind to carry
the solar magnetic field in a spiral pattern. His prediction was, however, initially

controversial but later proved by direct observations from early missions, e.g.,
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(a) Ulysses First Orbit (b)

Ulysses Second Orbit c) Ulysses Third Orbit

Figure 1.5: Solar wind speed measurements from the Ulysses spacecraft over
three orbits around the Sun. Colors indicate the directions of the interplanetary
magnetic field (IMF), i.e., red for outward IMF and blue for inward IMF. The first
and third Ulysses orbits (panels (a) and (c)) took place at Solar Cycle 22 solar
minimum and Solar Cycle 23 solar minimum, respectively and the second orbit
(panel (b)) occurred at Solar Cycle 23 solar maximum. Image credit: McComas
et al. (2013) (©AAS. Reproduced with permission.

Mariner Il launched in 1962 (Neugebauer and Snyder 1967).

The Ulysses mission (1990-2009) provided groundbreaking observations of
the solar wind, particularly from high solar latitudes, offering an unprecedented
view of the Sun's polar regions. Unlike previous missions, Ulysses followed an
orbit that allowed it to study the solar wind from both the equatorial and polar
areas. Figure 1.5 shows the solar wind speeds measured by Ulysses at both solar
minimum and maximum. It confirmed the existence of two distinct solar wind
components: a fast, steady wind originating from the polar coronal holes and a
slower, more variable wind from the equatorial regions. The solar wind is also
continuously monitored at L1, a stable vantage point near Earth by spacecrafts
like Wind (1994; Ogilvie and Desch 1997), Solar and Heliospheric Observatory
(SOHO, 1995; Domingo et al. 1995) and Advanced Composition Explorer (ACE,
1997; Stone et al. 1998).

Here are some commonly accepted facts about the solar wind: 1) The solar
wind is a continuous stream of charged particles, primarily electrons, protons,
and alpha particles, that flow outward from the Sun's corona; 2) The solar wind

travels at supersonic speeds, with two main types: the fast solar wind (around
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700-750 kms™!) and the slow solar wind (300-400kms™!); 3) The solar wind
carries the Sun’s magnetic field into space, forming the heliospheric magnetic
field in a spiral shape (the Parker spiral) due to the Sun's rotation; and 4) The
properties of the solar wind vary with the 11-year solar cycle, becoming more
turbulent and denser during periods of high solar activity. At solar minimum, fast
solar wind originates from polar coronal holes, while slow solar wind comes from
low-latitude regions (see Figure 1.5 panels (a) and (c)). At solar maximum, the
solar wind gets more irregular and variable, with both fast and slow solar winds

being emitted at all latitudes (see Figure 1.5 panel (b)).

Meanwhile, not all mysteries about the solar wind are clearly solved. Two
of the main open questions regarding the solar wind are those about its source
regions and its acceleration mechanism. Fast solar wind is believed to originate
from the coronal holes (e.g., Krieger et al. 1973; Zirker 1977), where the magnetic
field is generally open, allowing plasma to escape easily. Hassler et al. (1999)
reported the outflows within coronal holes to be associated with chromospheric
network junctions. Tu et al. (2005) suggested that the solar wind originates
from the height of 5-20 Mm above the photosphere in magnetic funnels. On
the other hand, the origin of slow wind is more complicated. For example, Nolte
et al. (1976) found that the slower wind may come out from smaller coronal
holes. Neugebauer et al. (1998) also reported the slow wind linking to the small
low-latitude coronal holes. Besides, the slow wind is suggested to originate from
coronal hole boundaries (Wang et al. 1998b; Neugebauer et al. 1998; Wang and
Sheeley 2006; Wang 2017), closed coronal loops (Wang et al. 1998a) or to be
associated with active regions (Kojima et al. 1992; Hick and Jackson 1995; Hick
et al. 1995).

Parker (1965) suggested that, purely driven by thermal pressure from the
million-kelvin corona, the solar wind can only reach up to the low-to-intermediate
speed as in observations. This suggests that the high-speed wind would definitely
require an extra energy input to be accelerated. Some models suggested this
acceleration is related to the propagating waves triggered by the photospheric
convection motions (e.g., Cranmer et al. 2007). This idea is supported by the
observations of spicules, jet-like structures dominating solar chromosphere, which

may transport energy into the solar wind (De Pontieu et al. 2009, 2011; Martinez-
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Sykora et al. 2018). Meanwhile, small-scale jets are frequently observed in the
polar coronal holes in both X-ray and EUV/FUV channels (Cirtain et al. 2007;
Paraschiv et al. 2015), indicating the role of magnetic reconnection in supplying
energy flux (e.g., Axford and McKenzie 1992). In Chitta et al. (2023b), a large
number of jets have been observed in coronal holes, generated through magnetic
reconnection and characterized by kinetic energy within the picoflare energy range
(picoflare jets). These outflows are believed to contribute hot plasma that helps

sustain the solar wind.

1.3 Coronal heating problem

As described in the previous chapters, the temperature has been found to in-
crease dramatically from about 5700 K in the photosphere to over 1 MK in the
corona. Figure 1.6 shows how temperature and density change along with the
height throughout the solar atmosphere as calculated from a 1-dimensional model
(which would be a reasonable representation of a large coronal loop) and it is
clear that both parameters change dramatically in the transition region. The
mechanism behind that, however, is not fully understood yet. This is the so-
called "corona heating problem", one of the most intriguing mysteries in solar
physics nowadays. This chapter will focus on how the corona's high tempera-
ture was discovered at the first place and introduce some of the possible heating

mechanisms.

1.3.1 Discovery of the corona’s temperature

Although the solar corona can be observed during total solar eclipses, its temper-
ature remained unknown for a long time. The first major clue about the corona’s
high temperature came from spectroscopic observations. In 1869, during a solar
eclipse, Charles Augustus Young and William Harkness independently discovered
a bright green emission line in the corona at 530.3 nm. However, the line could
not be identified with any known element at that time. Only after decades,
German physicist Walter Grotrian and Swedish physicist Bengt Edlén made a

breakthrough in determining that this line and another coronal line in the red
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Figure 1.6: Changes in temperature and density across different altitudes in the
solar atmosphere. Image credit: Gabriel and Mason (1982), reproduced with

permission from Elsevier.

at 637.4nm are coming from multiple times ionized iron, i.e., Fe x1v (530 nm)
and Fe X (637.4nm), which could only exist at very high temperatures (Gro-
trian 1939; Edlén 1943, 1945). These two lines are also dubbed as the coronal
green line and red line, and are the two strongest emission coronal lines at visible

wavelengths.

With the development of space-based instrumentation, the ability to observe
the Sun in the EUV and X-ray wavelengths from above the Earth atmosphere
greatly expanded our understanding of the corona. For instance, early missions
from the 1960s to 1970s like Orbiting Solar Observatory (OSO), and Skylab
in the 1970s provided detailed long-term observations of the corona in high-
energy wavelengths. These observations confirmed that the corona was filled
with hot, million-degree plasma. Skylab, in particular, provided some of the
first observations showing active regions and coronal loops filled with hot plasma
(Bray et al. 1991). It became clear that different regions of the corona could
reach temperatures of 1-3 MK, with some flaring regions getting even temporarily
hotter.
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1.3.2 Energy Requirements

The energy source required to maintain the corona at a high temperature has
to balance the energy loss by radiation and thermal conduction, and by the
solar wind in the coronal holes, while all these three energy rates (in units of
ergcm~?s7!) highly depend on the spatial location. The required energy rate
can be theoretically predicted using the Rosner, Tucker & Vaiana (RTV) scaling
laws (Rosner et al. 1978), which assumes hydrostatic loops with uniform heating
and no gravity. Combining these scaling laws with the ideal gas law, the heating

rate is found to strongly depend on the density Ego ocni/*

. A similar scaling
law of Ezo ocn? can be reached by simply considering only radiative loss, for

that the radiative loss rate can be written as:
Er ~n2A(T) (1.2)

where A(T) is the radiative loss function, depending on the temperature. In
the temperature range of 0.5-3 MK, A(T') can be approximated as a constant

2

10722 ergecm2s*. The heating flux (in units of ergcm™2s7!) at the base can

be derived as an integration of the volumetric heating rate over height.

Revisiting the 26 August 1992 observation from the Yohkoh soft X-ray tele-
scope (SXT; Tsuneta et al. 1991), which was reported by Aschwanden and Ac-
ton (2001), Aschwanden (2001) shows the spatial distribution of the heating
requirement by considering the balance between heating rate and radiative loss,
providing observational constraints for heating models. The heating require-

2571 for active regions, 1x10%-

2

ment is estimated to be 2x105-2x10% ergcm™
2x10° ergem™2s™! for quiet sun and 5x10°-1x10% ergcm=2s~" for coronal
holes. Their results are in agreement with the radiative loss reported by With-
broe and Noyes (1977) (see Table 1.1, where they list all the energy loss rates
in the chromosphere and corona and can be used as a benchmark for evaluating
heating models). What can be further seen in Table 1.1 is that in both the
active region and the quiet sun corona, the radiative loss and conductive loss are
comparable. Differently, the radiative loss is significantly lower compared to the
conductive loss in coronal hole regions due to the lower density and large solar

wind flux.
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Table 1.1: Chromospheric and coronal energy losses (ergcm™2s™'), used with permission of Annual Reviews, Inc., from

Withbroe and Noyes (1977); permission conveyed through Copyright Clearance Center, Inc.

Parameter Quiet sun Coronal hole Active region
Transition layer pressure (dyncm™?) 2 x 107! 7 x 1072 2
Coronal temperature (K, at r<1.1Rg) 1.1-1.6 x 10° 10° 2.5 x 10°
Coronal energy losses

- Conduction flux F. 2 x 10° 6 x 10* 10°-107

- Radiative flux F, 10° 10* 5 x 10°

- Solar wind flux F, <5 x 10 7 x 10° (< 109)

- Total corona loss F.+F,+F,, 3 x 10° 8 x 10° 107
Chromospheric radiative losses

- Low chromosphere 2 x 10° 2 x 10° > 107

- Middle chromosphere 2 x 10° 2 x 10° 107

- Upper chromosphere 3 x 10° 3 x 10° 2 x 10

- Total chromospheric loss 4 x 10° 4 x 10° 2 x 107
Solar wind mass loss (gcm™2s™ 1) <2x107" 2x107'% (<4 x107M)
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1.3. CORONAL HEATING PROBLEM

1.3.3 Heating mechanisms

The time scale of photospheric convection is 7. = I/vpn, where [ is the horizon-
tal scale (e.g., 1 Mm, considering the size of granules) and v,y is the velocity
of photospheric convection (of the order of 1-2kms™'). The Alfvén time is
74 = (2)L/va, where L is the loop length (e.g., typically ranging from a few
to several tens of megameters in the quiet sun and extending up to several hun-
dreds of megameters in active regions) and v4 is the Alfvén speed, the speed at
which the Alfvén wave propagates. The Alfvén speed va = B/, /pop is related
to the magnetic field strength B and to the plasma density p. po is the magnetic
permeability. By comparing 7. and 74, the coronal heating models are usually
categorized into DC (Direct Current) models and AC (Alternating Current) mod-
els. In DC models, a slow mechanical driver is required, so the coronal loops can
adjust to the changes in the photosphere quasi-statically. This can lead to the
misalignment of magnetic fields and produce current sheets and reconnection.
In comparison, if the photospheric driver changes too fast for coronal loops to
adjust to, disturbances are triggered to carry information into the corona, which
is usually by means of MHD waves. In both model types, many ways of how the
energy is transported and dissipated are proposed, but not all of them can be veri-
fied with observations. Here, | mainly talk about two representative mechanisms,
i.e., wave heating mechanism and nanoflare or reconnection heating mechanism.
More and more studies suggest that both mechanisms can contribute to heating
up the corona but not to the same extent in different regions, e.g., active regions,

quiet sun and coronal holes.

1.3.3.1 Heating by waves

Biermann (1948) and Schwarzschild (1948) were the first to attempt explaining
the high temperature of the corona with acoustic waves, generated by the hy-
pothesized turbulence in the convection zone, before the omnipresent p-mode
oscillation was first observed in 1970s. Once the acoustic waves propagate out-
ward, they encounter a density drop and steepen into shock waves. However,
the shock waves are found to mostly dissipate to heat up the chromosphere but
not to reach the corona. With UV spectroscopic data from OSO-8, Athay and
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White (1978, 1979) show that the flux of sound wave is no more than about
10* ergecm ™25~ which is 2-3 orders of magnitude smaller than the energy re-
quired to heat up the corona. De Moortel et al. (2000) showed that although
the acoustic waves can propagate into coronal loops, not enough energy flux is

carried for coronal heating.

As the solar atmosphere is highly magnetized, acoustic waves are then natu-
rally extended to MHD waves. Photospheric convection generates enough waves
(Narain and Ulmschneider 1996), but the challenge is in how the MHD waves can
propagate to the corona and efficiently dissipate there. MHD waves have three
modes, slow magnetoacoustic waves, fast magnetoacoustic waves and Alfvén
waves. The slow-mode wave easily grows into a shock wave and damps already
in the chromosphere. The fast-mode wave, however, is less influenced by non-
linear effects and can reach the corona. On the other hand, Hollweg (1978)
suggests that fast modes tend to reflect and refract in the lower atmosphere.
Some authors (e.g., Banerjee et al. 1998; Doyle et al. 1999) by studying the line
broadening from observations provided by the Solar Ultraviolet Measurements of
Emitted Radiation (SUMER; Wilhelm et al. 1995) and by the Ultraviolet Coro-
nagraph Spectrometer (UVCS), on board SOHO, reported that the Alfvén wave
has no such problem and can propagate into the corona. Moreover, the energy
flux carried by Alfvén waves can be estimated to be around 4x10% ergcm 2571,
sufficient for heating quiet sun and coronal hole regions and even some active
regions. However, Alfvén waves cannot efficiently dissipate in a uniform medium,
thus it requires other dissipation mechanisms like phase mixing or resonant ab-
sorption. It is worth mentioning that the problem of effective wave propagation is
only relevant when considering waves formed in the lower atmosphere, as waves

can also be generated directly in the corona.

From the observational point of view, different wave motions have been
detected in the corona, such as periodic propagating disturbances, type Il spicule
oscillations and transverse waves. For instance, observations from SOHO and
Transition Region and Coronal Explorer (TRACE; Handy et al. 1999) show low-
frequency propagating disturbances in the corona, which are identified as slow-
mode waves (e.g., De Moortel et al. 2000; Verwichte et al. 2010). However, these

waves carry far too little energy to account for coronal heating. Type Il spicules
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are jet-like chromospheric structures, which can potentially provide energy and
mass supply into the corona (e.g., De Pontieu et al. 2009, 2011), but their role
in coronal heating is challenged by Klimchuk (2012). He suggested that only
a trivial fraction of hot plasma can be transported into the corona by spicules,
and, at the same time, the hot material cools down rapidly. Transverse waves
have been detected with observations from Coronal Multi-channel Polarimeter
(CoMP, Tomczyk et al. 2008) in coronal loops (Tomczyk et al. 2007; Tomczyk
and Mclntosh 2009). These CoMP waves show a very small velocity amplitude
of 0.5kms™?, thus do not carry enough energy. However, the amplitude could
be underestimated because of the low spatial resolution of CoMP. Mclntosh
et al. (2011) used high-resolution observations and found a much higher velocity
of about 20kms™! in these transverse waves, which supply enough energy for

quiet corona, but not enough for active regions.

1.3.3.2 Heating by magnetic reconnection

As described in Section 1.1.3, magnetic reconnection is a fundamental process
where magnetic field lines with opposite or partially-opposite directions restruc-
ture, releasing a large amount of energy. The main effects of magnetic recon-
nection involve 1) heating plasma by Ohmic dissipation; 2) accelerating plasma
to gain bulk kinetic energy and 3) accelerating high-speed particles. In addition
to its role in large-scale energy release like solar flares and CMEs, magnetic re-
connection also offers a compelling explanation for various small-scale flare-like
phenomena in the solar atmosphere. These events can be categorized according
to their thermal energy content. Large flares (e¢, = 10°°~10®3 erg) can be ob-
served in EUV and soft X-ray channels and can produce non-thermal emission
(hard X-ray). Microflares (e:, = 10>"~10% erg) are observable in EUV and soft
X-ray, such as X-ray bright points, X-ray jets and active region bright points.
Nanoflares (e, = 10%4-10%" erg) are observed in EUV with a temperature of
not more than 2 MK. Besides, as mentioned before, transients are also observed
in the transition region with a lower temperature, such as explosive events and
blinkers.

The importance of the small events lies in that both observations and theo-

retical models suggest that the occurrence of heating events follows a power-law
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Figure 1.7: Sketch of magnetic field tubes being twisted by the random-walk
motion of their footpoint at Z=0. Image credit: Parker (1983), (©AAS. Repro-
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duced with permission.

distribution, as N(E) o E~%, where E is the energy of an individual flare, —«
(o is positive) is the power-law index and N(E) is the event frequency. This
means that, small, low-energy events happen much more frequently than large,
high-energy events and if « is greater than 2, the total energy input in coronal
heating is dominated by the events on the low-energy side. In order to achieve
frequent enough heating events to heat up the corona, different models have been
suggested. Such models must not only ensure that magnetic energy is released
efficiently through magnetic reconnection, but also incorporate a general-enough

driving mechanism to produce a high frequency of events.

In Parker’s braiding heating model (Parker 1972, 1983, 1988), the random
walk of photospheric footpoints can tangle the magnetic fields to a non-potential
topology to store energy (see Figure 1.7). Naturally, current sheets are formed
to dissipate energy and reconnections happen, transferring magnetic energy into
both thermal and kinetic energy. Parker (1983) made an estimation of the energy
build-up rate by twisting magnetic flux tubes by random walk and found it to be
dW/dT = 10" ergcm~2s™!. Assuming that the footpoint motion is slow enough

to not break the accumulated stress for about 1 day, the dissipated energy is
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sufficiently high compared with nanoflare observations. Thus, the braiding model
is also called nanoflare model. The term "nanoflare" derives from the fact that
the energy they release is approximately nine orders of magnitude smaller than
that of the largest flares.

However, the braiding model is not the only one that produce nanoflares. For
example, Priest et al. (2002b) suggested a magnetic carpet model. The Sun's
surface is covered by small magnetic flux tubes that are constantly emerging,
evolving, and disappearing over short timescales (Schrijver et al. 1997) and ex-
tend into the chromosphere and corona, known as the magnetic carpet. The
magnetic fluxes linking different magnetic concentrations are considered sep-
arated by separatrix surfaces, which define the boundary between regions of
different magnetic connectivity. Thus, even only a simple displacement of foot-
points can produce opposite field on the two sides of the separatrix surfaces,
generate current sheets and produce uniform heating.

Another phenomenon that is an example of coronal heating are X-ray bright
points (XBPs). They are usually found in the corona above emerging polarities
or opposite polarities approaching each other and canceling, which is regarded
as a hint of reconnection. The flux cancellation and consequent XBPs can be
well explained with the converging flux model (Priest et al. 1994; Parnell and
Priest 1995). In a supergranular cell, magnetic flux emerges and shifts toward
the boundary, where it interacts with a flux concentration with the opposite
polarity. A null-point or separator develops when opposite-directed magnetic
fluxes approach each other closely. Therefore, reconnection occurs to form a
bright point, trigger outflowing jets (Shibata et al. 1992; Shimojo et al. 2007)
and cause the null point to submerge back into the photosphere. Actually, recent
studies have suggested that magnetic cancellations happen much more often
than previously expected, and thus could power the solar corona more efficiently
(Chitta et al. 2017; Priest et al. 2018).

1.4 Small-scale dynamic events

As mentioned above, small-scale dynamic events can provide vital insights into

the processes responsible for heating up the corona and heating/accelerating the
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solar wind. These events, though are individually small, occur frequently and
ubiquitously across the solar atmosphere. Thus, they could be one of the major
drivers of the energy transfer and transport. In this chapter, we introduce differ-
ent small-scale events from the observational point of view in the categories of
brightenings (localized temperature change or density enhancements) and jet-like
events (outflows). Note that, this categorization does not mean that brighten-
ings and jets are entirely separated physical processes. Actually, as already found
in the large-scale events, flaring events and eruptions usually accompany each

other.

1.4.1 Brightenings

CBPs are small and compact regions in the corona that emit enhanced radia-
tion. They were initially identified through X-ray observations (XBPs) and later
detected also in EUV wavelengths. XBPs were first described as small-scale
point-like features (Vaiana et al. 1973a) and are a case of hot low-lying magnetic
loops outside of active regions (Vaiana et al. 1973b). With the launch of SOHO,
observations of XBPs extended to FUV and EUV channels. Figure 1.8 panel (a)
shows an example observation from the Extreme-ultraviolet Imaging Telescope
(EIT; Delaboudiniére et al. 1995) onboard SOHO, where many bright points are
identified in a quiet sun region. Later, the high-resolution observations from
TRACE distinguished the EUV bright points as multi-loop structures. Finally,
imaging data from the Atmospheric Imaging Assembly (AlIA; Lemen et al. 2012)
on board the Solar Dynamic Observatory (SDO; Pesnell et al. 2012) and spectral
data from the Interface Region Imaging Spectrograph (IRIS; De Pontieu et al.
2014) revealed the evolution of the small-scale loops at different temperatures
(e.g., Kayshap and Dwivedi 2017).

Golub et al. (1977) reported that the linear size of XBPs as seen from Earth's
orbit, varies from 20" to 30", with a bright core of 5" to 10”. Using AIA data
(195A), Mou et al. (2018) followed the whole evolution of CBPs and found
them first emerging as small loops with a minimum length of 5" and evolving to
reach a size of up to about 60”. The average lifetime of CBPs also varies over

a relatively large range, from about 8 hours in X-ray wavelengths (Golub et al.
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Figure 1.8: (a) SOHO EIT image (195A, ~1.5MK) of a quiet sun region with
numerous CBPs identified and marked. Image credit: Zhang et al. (2001), repro-
duced with permission from Springer Nature; (b) Solar Orbiter HRIguv (1744,
~1MK) observed the smallest and weakest brightenings dubbed "campfires".
Image credit: Berghmans et al. (2021), reproduced with permission () ESO;
(c) Hinode XRT image (2-200A, >~1 MK) in negative color of the polar region
where a jet can be clearly observed (see the white arrow). Image credit: Cirtain

et al. (2007), reprinted with permission from AAAS.
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1974) to 20 hours in EUV wavelengths (Zhang et al. 2001). Habbal and Withbroe
(1981) estimated the energy loss rate of one CBP to be 1.4x10%** ergs™*. The
total energy losses of the CBPs studied in Pres and Phillips (1999) during their
lifetimes are from 4.5x10?% to 2.6x10%° erg, with the radiative loss contributes
only about 10%. CBPs are related to the magnetic flux of opposite polarities,
either newly-emerged or pre-existing. Both flux emergence and cancellation have
been found associated with the occurrence of CBPs. It is believed that two thirds
of the bright points appear above canceling magnetic elements, leading to the
idea of the converging flux model where the evolving flux consequently triggers

reconnection to produce CBPs (Priest et al. 1994).

CBPs are commonly distributed all over the Sun. In the statistics of 518
CBPs in Harvey et al. (1993), 60% were located in quiet sun regions, 34% in
coronal holes while the remaining 6% in active regions. Despite their locations,
some CBPs are found to be related to flaring and eruptions. Strong et al.
(1992) showed the large enhancement of X-ray emission of CBPs and outflows
with velocities of 300-1000kms™. Mou et al. (2018) also studied eruptive
activities, e.g., microflares, mini-filaments and mini-CMEs and highlighted the
role of reconnection between newly-emerged flux and existing magnetic field in

triggering the small eruptions.

Nanoflares are the weakest, coolest and least dense events in the flare family.
They are defined in Parker’s braiding hypothesis of 1988 to explain the coronal
heating. However, no observational proof could be found until the late 1990s,
not until after the launch of SOHO and TRACE. Due to their small-scale nature,
high sensitivity is definitely required for the study of nanoflares. Most of the work
was thus conducted with EIT/SOHO, TRACE or AIA/SDO. These observations
revealed that nanoflares are usually associated small loops, with a short lifetime
of a few minutes and have a typical temperature range of 1-1.5 MK. Since they
can barely reach up to 2 MK, usually no obvious signature can be detected in X-
ray wavelengths. Chae et al. (1999) also found accompanying outflows together
with the nanoflares. Berghmans et al. (2021) reported the smallest brightening
events that have been observed, the so-called "campfires", detected with the
EUV High Resolution Imager (HRIguv), part of the Extreme Ultraviolet Imager
(EUI; Rochus et al. 2020) on board solar orbiter (Miiller et al. 2020). Examples
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can be found in Figure 1.8 panel (b).

To study the contribution of nanoflares to the energy requirement of coro-
nal heating, many statistical studies have been conducted, resulting in different
power-law indexes of the distribution of heating events. For example, Krucker
and Benz (1998) found a power-law index (—a) smaller than -2 and Berghmans
et al. (1998) also concluded on a power-law index close to -2 (-1.9£0.1). Both
suggest that the majority heating energy is supported by small events. However,
Aschwanden and Parnell (2002) reported a power-law index of about -1.54. In
Joulin et al. (2016), a power-law index of -1.65 and -1.73 have been found for ac-
tive region and quiet sun, respectively. The disagreement, could be attributed to
the insufficient spatial resolution, narrow temperature range of the instruments
and different algorithms used for detecting events. It is pointed out by Pauluhn
and Solanki (2007) that the weak events can easily be missed in observations,
merging together as a background, which leads to a power law index too biased
towards positive values. Their simulation is consistent with the time series data
measured by SUMER with power-law index less than -2 (i.e., the largest heating

contribution is from the smallest events).

1.4.2 Jet-like events

If brightenings are considered as local plasma heating and can thus support the
hot corona, the potentially related mini-eruptions, usually in the form of jet-like
structures, are a candidate for supplying mass and energy to power both corona
and solar wind. Jets with both cool and hot plasma have been studied, e.g., Ha
surges (Roy 1973), EUV jets or surges (Schmahl 1981) and X-ray jets (Shibata
et al. 1992). Ha surges are mass ejection from the bright footpoint of flaring
events in the chromosphere. They move with velocities of 20-200 kms~* and can
last for 10-20min. EUV jets were first considered as the EUV signature of Ha
surges because of their spatial correlation (Schmieder et al. 1988) but this idea
was later challenged because their exact temporal and spatial correspondence is
not clear (e.g., Canfield et al. 1996). Results by Chae et al. (1999) also support
that EUV jets and Ha surges are not the hot and cool components of the same

plasma ejection, but EUV jets may have a similar formation process as X-ray
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jets, involving magnetic reconnection (Yokoyama and Shibata 1995, 1996).

From 1991 to 2001, the Yohkoh SXT had been providing continuous obser-
vations of the full disk of the Sun. It first unveiled the existence of the X-ray jets,
the eruptions accompanying XBPs. These jets can be found in active regions
(Berghmans et al. 2001), showing velocities varying from 10 to 1000 kms™*.
More often, they are seen emanating from coronal holes as the magnetic field
there is more vertical and open and thus can more easily release energy and
mass into space, contributing to the solar wind. Figure 1.8 panel (c) shows an
example of an X-ray jet from a polar coronal hole. These jets, dubbed polar
jets as they commonly appear in the large polar coronal holes, are found to be
related to the formation of plumes (Raouafi et al. 2008), which are the long,
thin, streamer-like features that extend from the coronal holes into the solar
corona. High-resolution observations show that plumes are embedded with fine

structures like bright points and small jets (so-called jetlets).

Spicules, as introduced in Section 1.1.2.2 and 1.3.3.1, are dynamic, jet-like
structures that are typically found in the chromosphere and propagate higher up
towards the corona. For this reason, spicules are considered to be an important
candidate in establishing a connection between the chromosphere and the corona.
Spicules are of two types (De Pontieu et al. 2007b). Type | spicules are relatively
slow with a velocity of 20-50 kms~! and can exist for 3-7 min. They can be well
observed at the solar limb, needling into the hot corona and then falling down
back to the surface. Dynamic fibrils are similar structures but observed on-disk
(Hansteen et al. 2006). The type | spicules are usually believed to be caused by
the magnetoacoustic shocks generated by the magnetic flux concentrations and
global photospheric oscillation (De Pontieu et al. 2004; Hansteen et al. 2006; De
Pontieu et al. 2007a). As Type | spicules return back to the surface and they
have temperatures typically ranging from 5000 to 15000 K, their contribution to

coronal heating and solar wind should be minor.

! and

Differently, type Il spicules usually show a larger speed of 40-100 kms™
have a shorter lifetime of 1-2min. After that, they dissolve rapidly instead of
dropping back. They can also be detected as rapid blueshifted excursions (RBEs)
on disk (Langangen et al. 2008; Rouppe van der Voort et al. 2009). Previous

studies (e.g., Pereira et al. 2014; Henriques et al. 2016) found the signature of
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RBEs or type |l spicules being heated to at least transition region temperatures
and Henriques et al. (2016) also found EUV signatures of RBEs in AIA 304A
and 171A, indicating their relation with coronal heating events. The formation
of the type Il spicules is usually considered to relate to magnetic reconnection
processes (De Pontieu et al. 2007b; Langangen et al. 2008). The oscillations of
type Il spicules, as a potential evidence of propagating waves, are discussed in
Section 1.3.3.1.

1.5 Motivation of this thesis

Exploring the Sun does not only allow gaining knowledge of the Sun itself, but
also provides insight into what drives many of the dynamic processes within the
solar system and governs space weather which has significant effects on Earth. It
is also essential for fundamental science like stellar physics and plasma physics, as
it serves as a model for other stars and a natural laboratory for studying plasma
behavior.

Despite the many breakthroughs in solar physics over the past decades, there
are still unsolved mysteries. Two of the main open questions are the mechanisms
behind coronal heating and the formation of the solar wind. Small-scale events,
such as micro- and nano-flares, small jets and spicules are found to be crucial
because they can release substantial energy and mass into the corona. Despite
their localized nature, the collective contributions of these ubiquitous events may
provide the missing link to explain the million-kelvin corona and the high-speed
solar wind.

Considering that these events are extremely small in size, short in duration
and super dynamic, higher temporal and spatial resolutions are definitely required
to capture their formation and evolution. Many advancements in observational
techniques have been achieved in only a few decades. Skylab (1973-1974) pro-
vided the first detailed X-ray images, unveiling that the solar corona is packed
with plasma loops. The Japanese mission Yohkoh (1991) provided Soft X-ray im-
ages with a spatial resolution of 5" over the full sun and 2.5” over a selected field
of view. The full-disk images in EUV wavelengths were recorded by EIT/SOHO
(1995) with a spatial resolution of 2.5”. Launched in 1998, TRACE provided
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EUV imaging observations of parts of the solar disk with an unprecedented reso-
lution of about 1”. Stepping into the 21st century, more advanced missions, both
spacecraft such as Hinode (2006; Kosugi et al. 2007), SDO (2010), IRIS (2013)
and Parker Solar Probe (PSP, 2018; Raouafi et al. 2023) and ground-based ob-
servatories such as the 1-meter Swedish solar telescope (SST, 2002; Scharmer
et al. 2003), the 1.5 meter solar telescope GREGOR (2012; Schmidt et al. 2012)
and the Daniel K. Inouye Solar Telescope (DKIST, 2020; Rimmele et al. 2020),
have been utilized for providing more accurate observations (remote-sensing and
in-situ) in multiple wavelengths, which undoubtedly enhance our understanding

of the small-scale events.

More opportunities have been opened by the Solar Orbiter, which is a Euro-
pean Space Agency (ESA) and National Aeronautics and Space Administration
(NASA) mission, launched in February 2020. It is designed to study the solar
magnetized atmosphere from up close to the Sun and at different angles with
Earth-bound facilities and, later in the mission, from viewpoints high over the
ecliptic plane which will offer unprecedented views of the solar poles. Aboard
Solar Orbiter, the Polarimetric and Helioseismic Imager (SO/PHI; Solanki et al.
2020), the EUI and the EUV Imaging spectrograph (SPICE; SPICE Consortium
et al. 2020) are capable of respectively measuring the variation of the mag-
netic field (SO/PHI), the emission response arising from the solar chromosphere
and corona (EUI) and the evolution of the thermodynamic state of the plasma
(SPICE) thus providing the possibility of tracking the response of the plasma
to the field evolution and of establishing the relevance of the observed dynamic

events to the energetics of the solar corona.

HRI, in particular, has revealed the existence of ubiquitous brightening and
dynamics down to the temporal and spatial resolution of the instrument (e.g.,
Berghmans et al. 2021; Mandal et al. 2023). This confirms that the higher-
resolution observations can bring our understanding of solar dynamic events to
smaller scales and inspires more studies to be conducted. The main question is to
understand their physical characteristics, generation and evolution mechanisms

and possible contributions to powering the corona and solar wind.

This thesis work combines different types of data provided by Solar Orbiter,
specifically, EUV imaging data from EUI, spectral data from SPICE and magnetic
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field data from SO/PHI, to study small-scale dynamics in both quiet sun regions
and coronal holes. The scales of these events are likely to be close to the limits
of the observational capabilities of the instruments (EUl and SPICE), meaning
that they were largely unknown in detail until the data from Solar Orbiter were
examined. The goal is to collocate the studied events in the framework of
the various UV dynamic events present in the literature, to shed light on the
mechanism behind them (e.g., magnetic reconnection and waves), and to assess
their overall relevance to the energetic budget of the corona and its extension.
This enables a more comprehensive understanding of solar phenomena. It also
helps in the design of future observations with currently operating instruments,
e.g., AlA and the Helioseismic and Magnetic Imager (HMI; Scherrer et al. 2012)
(on board SDO), IRIS, DKIST and PSP.

The very small sizes and fast evolution of these events would also require
a significant evolution in EUV spectroscopic capabilities with respect to what
can be currently provided by instruments like IRIS, SPICE and EIS/Hinode.
A new generation of instruments is currently being built to answer this need.
The Extreme Ultraviolet Spectroscopic Telescope (EUVST) aboard the Solar-C
mission (Shimizu et al. 2020) will be able to scan over these events in seconds
and with a spatial resolution of 0.4” while being capable of simultaneously record
spectral lines formed over all relevant temperatures, from the 20000 K of the
chromosphere to the >10 MK of flaring plasma. At the same time, the Multi-slit
Solar Explorer (MUSE; Cheung et al. 2019; De Pontieu et al. 2020) will be able
to scan the regions of interest at even higher cadence, but on a limited number
of spectral lines. The work presented in this thesis also allows defining the kind
of observations EUVST and MUSE will provide to solve the science problems

treated here.
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Chapter 2

Instruments and
Methods

2.1 Solar Orbiter

Solar Orbiter is a pioneering space mission launched by ESA in collaboration with
NASA on 10 February 2020 04:03 UTC, with an Atlas V 411 rocket provided by
NASA. Its unique orbit takes it as close to the Sun as 0.28 au and will make it
possible to look at the Sun's poles from out-of-ecliptic vantage points (achieving
an inclination angle of 18° already in the nominal mission phase and 33° in the
extended phase), allowing for unprecedented observations of solar phenomena.
Solar Orbiter is planned for a nominal mission duration of 7 years, followed by a
three-year extended mission.

Its primary objective is to address the key scientific questions in solar physics
"How does the Sun create and control the Heliosphere — and why does solar
activity change with time?" A more detailed science overview can be found in
Miiller et al. (2013) and Miiller et al. (2020), where they also expand the main
scientific objective into four concrete questions:

1) What drives the solar wind and where does the coronal magnetic field
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originate?

2) How do solar transients drive heliospheric variability?

3) How do solar eruptions produce energetic particle radiation that fills the
heliosphere?

4) How does the solar dynamo work and drive connections between the Sun
and the heliosphere?
Solar Orbiter presents a distinctive advantage in addressing these challenges.
For example, the close proximity to the sun at perihelia and the high-resolution
instruments can provide evidences for small-scale features that potentially relate
to the coronal heating and solar wind. The combination of both in-situ data
and remote sensing data makes it possible to trace the solar wind back to the
Sun's surface. Solar Orbiter will also provide observations of the Sun's polar
regions and solar magnetograms recorded from a new perspective than from the
direction of the Earth for the first time.

For these purposes, Solar Orbiter carries as payload a suite of ten advanced
instruments that allow it to capture high-resolution images of the Sun and collect
data on its outer atmosphere and solar wind. Figure 2.1 illustrates the design of
the spacecraft and highlights the locations of the instruments onboard. There
are four in-situ instruments, the Energetic Particle Detector (EPD; Rodriguez-
Pacheco et al. 2020), the Magnetometer (MAG; Horbury et al. 2020), the Radio
and Plasma Wave analyser (RPW; Maksimovic et al. 2020) and Solar Wind Anal-
yser (SWA; Owen et al. 2020) and six remote-sensing instruments, the Visible
light and UV Coronagraph (Metis; Antonucci et al. 2020), the X-ray Spectrome-
ter/Telescope (STIX; Krucker et al. 2020), the Extreme Ultraviolet Imager (EUI;
Rochus et al. 2020), the Polarimetric and Helioseismic Imager (SO/PHI; Solanki
et al. 2020) and the EUV Imaging spectrograph (SPICE; SPICE Consortium
et al. 2020). In this section, | will introduce the three of them (EUI, SPICE and
SO/PHI) that provide most of the data that are used in this work.

2.1.1 EUI: The Extreme Ultraviolet Imager

The EUI instrument is designed to capture high-resolution images of the so-

lar atmosphere in EUV wavelengths. It consists of three telescopes, the Full
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SoloHI J

Figure 2.1: The Solar Orbiter payloads. Image credit: Miiller et al. (2020),
reproduced with permission (©) ESO.

Sun Imager (FSI) and two High Resolution Imagers, one covering the Lyman-a
(HRILy.) line and the other observing at Fe X line at 174A at EUV (HRIguv)
wavelengths. They observe at different spatial and temporal resolutions and
cover different temperatures from chromosphere to corona, enabling the thor-
ough investigation of multi-scale dynamics. All telescopes are designed to fulfill
the scientific requirements within limited space and weight constraints. EUI ap-
plies the novel complementary metal-oxide-semiconductor Active Pixel Sensors
(CMOS-APS) considering the power limitation and the radiation-heavy environ-
ments.

The characteristics of the telescopes are given below (A summary can be
found in Table 2.1):

FSI: The FSI applies a single off-axis mirror (Herschelian telescope). It is
designed with a large field of view (FOV) of 3.8°x 3.8° with an angular resolution
of about 9" (two pixels). It provides a good tolerance for the pointing of the
spacecraft. It operates in two primary EUV wavelengths, 30.4nm and 17.4 nm,

which are respectively dominated by the emission lines from He 11 and Fe 1X-X,
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Table 2.1: Characteristics of the telescopes of EUI

Parameters FSI HRIguv HRILya

Field of view 3.8°x 3.8° 1000" x 1000” 1000” x 1000”
Plate scale 4.44" 0.492" 0.514"
Maximum cadence 10s <ls <ls
Wavelength 30.4, 17.4nm 17.4nm H 1 Ly-o (121.6 nm)
Detector 3072 x 3072 2048 x 2048 2048 x 2048

observing both the transition region and the corona. The mirror has a Al-based
multi-layer coating with a dual band response with peaks centered at 30.4nm
and 17.4nm. The wavelength selection is then done by operating a filter wheel
with two types of filters. The Al/Zr/Al filter is used to select the 17.4nm peak
and the Al/Mg/Al filter for the 30.4nm one. The filter wheel can be placed
in an intermediate blocking position to protect the detector. Depending on the

observing modes required by the programs, the time cadence can go up to 10s.

HRIguv (Halain et al. 2015): The HRIguv is an off-axis Cassegrain tele-
scope, which has a two-mirror optical design. It has a FOV of 1000” x 1000”
focusing on localized, smaller-scale events and a periodic Al/Mo/SiC multi-layer
coating centered at 17.4nm (Fe 1X-X) to look into coronal phenomena. A filter
wheel is also used. Instead of switching wavelengths as for FSI, it provides re-
dundancy to the focal filter and does also protect the detector with a blocking
position. The "high-resolution" aspect of HRIgyv is one of its major strengths.
It has a pixel size of 0.492", which corresponds to a resolution over two pixels
of about 200 km when Solar Orbiter is at closest perihelia. HRIgyv can operate

at high imaging cadence of less than one second.

HRIrya. (Schiihle et al. 2011): The HRIwya channel is an off-axis Gregory
telescope. Similar to the optical design of the HRIgyv, it has two mirrors, which
apply Al/MgF2 coatings to efficiently reflect the 121.6 nm light. One entrance
filter and one focal filter are used for avoiding the contamination of visible,
infrared, EUV and X-ray light. It has the same FOV of 1000” x 1000”and

similar plate scale and temporal resolution as HRIguv.
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2.1.2 SPICE: The Spectral Imaging of the Coronal En-

vironment

The SPICE instrument is a high-resolution imaging spectrometer covering a va-
riety of EUV spectral lines, ranging from 70.4nm to 79.0 nm and from 97.3nm
to 104.9nm. As each line has a certain formation temperature, these lines are
found to be emitted between the top of the chromosphere and the low corona,
with a temperature from 10000 K to 2 MK. Two iron lines among them are se-
lected for flaring plasma with a higher temperature of about 10 MK. A summary
of the SPICE spectral lines can be found in Table 2.2, which shows, for each
line, the emitting ion, the wavelength and the formation temperature, together
with an indication of the intensity of the signal they produce (intensity as photon
numbers per pixel per second detected by SPICE) for both active regions and
quiet sun (Curdt et al. 2001, 2004). The entire detector can be read out or just
selected spectral bands can be read out. In addition, it can be decided whether
to retrieve the full spectral profile or to only return the intensity integrated along
the wavelength onboard. These spectral profiles provide more detailed informa-
tion on the plasma state than broad band imagers. In fact, from retrieving the
intensity, the position and the width of these profiles, it is possible to obtain
information about temperature, density, line of sight (LOS) velocity, unresolved

thermal and non-thermal velocity and elemental composition.

The optical design of SPICE can be found in Fludra et al. (2013). It con-
sists of a single-mirror telescope, a spectrometer entrance slit and a diffraction
grating. The image passing through the slit is diffracted and finally captured on
two separate detectors, one for the short wavelength band (SW: 70.4-79.0 nm)
and another for the long wavelength band (LW: 97.3-104.9nm). A schematic
showing the SPICE FOV with the size of the detectors and slits can be found as
Figure 2.2, Each APS detector has 1024 x 1024 pixels, spatially (along Y axis)
longer than the slit size (~800 pixels including the square alignment apertures,
the so-called dumbbells at both ends). Since the slit length is about 14’ including
the dumbbells (the part without is about 11’ long), the pixel size along the slit

-1

is about 1” pix~'. Along the wavelength, each window is about 9 nm wide in

total, giving a spectral dispersion of about 0.009 nm pix~*. SPICE has two types
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Table 2.2: Characteristics of main spectral lines observed by
SPICE, taken from SPICE Consortium et al. (2020); repro-
duced with permission (©ESO.

Intensity* [ph pix~* s™']

lon )\[A] log T'[K] AR s
H1 1025.72 4.0 883.5 372.2
Cu 1036.34 43 17.6 21.1
Cur 977.03 4.5 563.7 312.1
Sv 786.47 5.2 31.6 3.4
O1v 787.72 5.2 56.1 6.0
Ov 760.43 5.4 59.5 1.9
O vi 1031.93 5.5 8268.2 139.0
O vi 1037.64 5.5 2951.3 66.19
Ne vI 1005.79 5.6 15.4 0.3
Si vt 1049.25 5.6 75 -
Ne viin 770.42 5.8 63.9 7.8
Mg viimr  772.31 5.9 9.2 -
Mg 1x 706.02 6.0 3.0 0.9
Fe x 1028.04 6.0 10.1 47
Mg x1 997.44 6.2 1.7 0.6
Si x11 520.67 6.3 31.2 2.5
Fe xviii  974.84 6.9 6.9 -
Fe xx 721.55 7.0 1428.2 -

*Intensity refers to the number of photons detected by SPICE
for both active regions and quiet sun. The solar flux applied for
simulating detected intensity is from Curdt et al. (2001) and
Curdt et al. (2004). Fe xX intensity was measured in a M7.6

flare.
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Figure 2.2: SPICE FOV diagram. Image credit: SPICE Consortium et al. (2020),
reproduced with permission () ESO.

of slits, i.e., the narrow slits with width of 2"/, 4”and 6” and the wide slit, or
slot, being 30" wide. The slot is 14’ long as it does not have dumbbells at each
end.

SPICE data are arranged into a four dimensions array, as (X, Y, wavelength,
time). One or more of these dimensions could be singular depending on the
observation mode. For example, a whole region scanning can cover a large region
on the solar surface, but has to sacrifice the temporal resolution. A sit-and-stare
observation have a high time cadence, which can go up to a few seconds. But
since the slit position on the Sun is fixed, it can only capture a region as narrow as
the slit width. The exposure time and number of scanning steps can be adjusted
to meet the specific requirements of a research project, optimizing the balance

between temporal resolution, data coverage, and signal level.

2.1.3 SO/PHI: The Polarimetric and Helioseismic Im-
ager

The SO/PHI instrument is designed to measure the magnetic field of the Sun'’s

photosphere. It plays a crucial role in understanding the Sun's magnetic field

43



CHAPTER 2. INSTRUMENTS AND METHODS

evolution, its influence on solar activity, and its impact on space weather. As the
first polarimeter that measures the field of the Sun from outside of the Earth-
Sun direction, SO/PHI also provides an unique opportunity to combine with
other telescopes in Earth’s orbit (e.g., HMI) or on the ground (e.g., DKIST) for
stereoscopic observations.

SO/PHI functions as an imager, mapping the continuum intensity, which is
regarded as emitted from the photosphere. In each pixel, SO/PHI samples the
Fe 1 line (6173A) for the Doppler velocity and the polarization state (four Stokes
parameters). The Stokes parameters are afterwords used for retrieving the vector
magnetic field, in the form of (B, 7, ¢), where B is the magnetic field strength,
~ and ¢ are the inclination and azimuth of the magnetic field, representing the
field direction. The Fe 1 line profile is sampled at 6 wavelengths and because
of the unique trajectory of Solar Orbiter, its speed towards or away from the
Sun can shift the line. Thus, a LiNbO3 tunable Fabry-Perot etalon is applied
to compensate with the speed. All images are recorded on a 2k x 2k CMOS
detector.

SO/PHI is composed of two telescopes with different FOV: the Full Disc
Telescope (FDT) with a large FOV covering the whole Sun disk and the High Res-
olution Telescope (HRT) with an angular resolution (2 pixels) of about 1” pix~*.
The FDT has a FOV of 2° with an angular plate scale of 3.75”. The HRT has
a FOV of 0.28°x0.28° and an angular plate scale of 0.5”. It is pointed into the
same direction as HRI to observe the photosphere while HRI observes the overly-
ing chromospheric and coronal structures at the same time to build connections

between them.

2.2 Data diagnostics Methods

2.2.1 Differential Emission Measure

The Differential Emission Measure (DEM) method is a diagnostic tool for un-
derstanding the thermal structure of optically thin plasma. Based on observed
emissions, it can provide information about how the plasma is distributed across

temperatures. The emission measure (EM) is, by definition, a total measure
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of emission integrated over a volume of plasma and based on this, the DEM
is a temperature dependent function that describe the EM in a certain (small)
temperature range (Phillips et al. 2008), which can be expressed as:

d(EM)

DEM(T) = == (2.1)

In the low corona and transition region, EUV/FUV emission lines are gen-
erally the result of electron collisional excitation followed by spontaneous de-
excitation while at greater heights (lower densities) radiative excitation becomes
also important. In both cases, due to its low density, the coronal plasma is gen-
erally considered to be optically thin and all emitted photons can travel outwards
to reach the observer (there are exceptions for the case of very strong lines like
H 1 Lyman-a 121.6 nm and C 111 97.7 nm at low heights). Thus, the intensity of
the emission from a k-times ionized element X from a transition from level j to

level 7 can be written as:

hvj; +k
[ji :[os 471' qu;nx’jdl (22)

where n}kj is the number density of k-times ionised atoms of the element X
which are excited to the upper level j, h is Planck’s constant, v;; = he/)ji is
the frequency of the emission and Aj; is the Einstein coefficient, describing the
probability per unit time that the ion in the excited state j will spontaneously
decay to state i. The intensity is a result of the emission from each volume

element along the LOS being integrated together.

n}kj is hard to measure directly, but can be written as:

+k 4k
ntk = BX.j Ny nx nH (2.3)
X = "tk e :
nx

nx Ny MNe

where, ng and n. are the number densities of hydrogen and electrons, respec-
k

J/n}k is the excited fraction of the ion X to the level j, n%*/nx

tively. n
is the k-times ionization fraction of the element X and nx/ng is the relative
element abundance of X (Ax = nx/ng) with respect to hydrogen. Under the

assumption of ionization equilibrium, meaning that ionization and recombina-
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tion processes have reached a steady state for each ion at a given temperature,
all these atomic data are provided by atomic databases such as the CHIANTI
database (Dere et al. 1997; Landi et al. 2013). This assumption is usually justifi-
able for static or quasi-static plasma, but can break when rapid changes happen.
The contribution function G;;, which considers the excitation and de-excitation

process that contribute to the formation of a line, is then defined as:

thk 4k

hvj; x.;n 1
Gii= A Ji JNX p, 24
J Ay n}k Nx Xne ( )

Putting together Equations 2.2 to 2.4, the emission intensity can be re-described
in the form of:
Iji = Gijnedl (25)

los
In general Gj; is a function of the electron temperature 7. and of n.. In the
case of allowed transitions, assuming the balance between collisional excitation
from the ground state g and spontaneous decay from an excited state j, and
that the major ion population is in the ground state, it can be demonstrated as:
k
nXy Cyj

=n. -2 2.6
A, (2.6)

Tk
nx

where Cy; is the coefficient for collisional excitation from the ground state g to
the excited state j and Aj, is the Einstein coefficient from j to g. Combining
Equations 2.4 and 2.6, and considering that the ionization fraction n}k/nx is
predominantly a function of temperature, the contribution function is essentially
only dependent on temperature and peaks at a certain temperature, which is
the so-called formation temperature of the line having that G;;. Moreover, con-
sidering that ng ~ 0.85n. in a fully ionized coronal environment, Equation 2.5
becomes:

I=085[ G(T)ndl (2.7)

los
Meanwhile, the EM over a unit area in an optically-thin environment can be

written as:

dl
EM = - ngnedl = /aneﬁdT (2.8)

which, when there is an unique relation between electron density and temperature
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(e.g., a constant pressure plasma), can be combined with Equation 2.1 to give:

dl
DEM(T) = nne (2.9)

The physical meaning of DEM can be understood as the LOS sum of n?
within the temperature bin [T,T+dT]. Putting Equation 2.7 and Equation 2.9

together, the emission intensity can again be expressed as:

I= / o DEM(T)G(T)dT (2.10)

This implies that, in principle, from the intensities I measured from the
observation of several allowed lines covering a wide temperature range and the
contribution functions G(T') of these lines calculated from an atomic database,

the DEM(T) can be obtained as a result of an inversion problem.

In the case of DEM analysis of observations from wide-band instruments
(e.g., EUIl and AIA), the contribution function is replaced with the channel
response function K (7'), which also considers the sensitivity of a detector or
instrument channel to the line emissions contributing to the signal recorded by
the instrument, as a function of wavelength R(\). The response function can

be written as:

K(T) = /0 T GO T)R(O)dA (2.11)

where G(, T') involves the atomic process of all the plasma emitting at a certain
temperature range while R()) is the instrument-wavelength response (Boerner
et al. 2012).

Practically, there are three different methods to retrieve a DEM, i.e., Gaussian
DEM (Warren and Brooks 2009), linear or multi-linear DEM (Young 2005a,b,
2018) and Markov-Chain-Monte-Carlo (MCMC; Kashyap and Drake 1998) DEM.
The first two assume the shape of the DEM to be in a Gaussian or multi-linear
form while MCMC DEM does not require a certain functional form of DEM but

repeatedly compare models to data for the best fitting.
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2.2.2 Magpnetic field extrapolation

As mentioned in Section 1.4, the direct measurement of magnetic fields becomes
increasingly difficult when moving up from the photosphere into the chromo-
sphere and corona. Therefore, magnetic field extrapolation is a compensative
technique to calculate the coronal fields from the measurements made at the
solar surface.

The corona is a plasma 8 < 1 region due to its low density. This means that
the magnetic pressure is much greater than the gas pressure so the magnetic field
tends to arrange itself in a stable configuration that minimizes magnetic energy.
This gives us the force-free assumption where the Lorentz force vanishes. It
generally seems to work well in the corona. The extrapolated magnetic fields
have been shown to compare well with coronal structures in observations, either
with 2-dimensional imaging observations (e.g., Régnier et al. 2002; Régnier and
Amari 2004; Schrijver et al. 2008) or with 3-dimensional loops reconstructed
from stereoscopic observations (e.g., Feng et al. 2007). Deriving from Maxwell’s
equations and considering the case of perfect conductivity, a static force-free

magnetic configuration can be expressed as:

ixB=0 (2.12)
V x B = 1 (2.13)
V-B=0 (2.14)

where B is the magnetic field, j is the electric current density and po is the

vacuum permeability. From Equation 2.12 and 2.13 one can have:

i= LoB (2.15)
fo

where « is called the force-free parameter. When o = 0, the force-free field is
in its minimum energy state without electric currents, also known as a potential
field. When « is a constant number everywhere in the volume, it is a linear
force-free field and otherwise, a nonlinear force-free field when « is variable.

An extrapolation can be done globally or locally. For example, the potential-

field source-surface (PFSS) model is a global potential extrapolation usually
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assuming a source surface, which is usually at about 2.5 Rn where the magnetic
fields either close back to the solar surface below or extend outwards radially
(e.g., Schatten et al. 1969; Wang and Sheeley 1992; Riley et al. 2006). A
synoptic map of the (measured) magnetic field data at the solar surface is used
as a bottom boundary. Only the radial photospheric magnetic field is required
for the potential field extrapolation.

Although a potential field extrapolation is mathematically simple and it is
fast to compute the magnetic structure of a relatively quiet region or to provide
the large-scale connection between the solar atmosphere and the heliosphere
(global magnetic field modeling), it is not satisfactory for modeling active regions
precisely because it assumes the free energy in the modeling volume is zero. A
comparison between global potential field and observations indicates the difficulty
in modeling coronal loops (Schrijver et al. 2005; Sandman et al. 2009).

For a non-potential force-free field, o can be calculated as:

ala,y) = po g (2.16)
z0

where j.0 and B, are the vertical components of the electric current and mag-

netic field at the surface (z = 0). j.o can be expressed as:

(2.17)

In a linear force-free field, o is constant and thus can be estimated as the average
of a(x,y) over the whole region. An alternative way is to compute models with
different « and compare the magnetic field lines with the corresponding emission
observations to figure out the best fit (e.g., Carcedo et al. 2003; Wiegelmann
and Sakurai 2021).

A non-linear force-free field contains more details of the magnetic field and
is also closer to the real configuration. However, it relies heavily on high-quality
vector magnetogram data, which encounters the azimuthal 180° ambiguity prob-
lem. The transverse component of the magnetic field vector has a directional
angle, called the azimuth. The measurements of magnetic field derived based on
the Zeeman effect does not uniquely determine the azimuthal direction, i.e., if

the azimuthal angle is measured as 6, both 6 and 6 + 180° are possible solutions.
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Thus, careful disambiguation, e.g., minimizing the total magnetic energy should

be applied before the data is used for extrapolation.

A force-free field can be a good assumption in the corona, but not always
in the photosphere (3 > 1) and the chromosphere (8 = 1). In the lower layers
of the Sun, the Lorentz force remains finite and needs to be compensated by

plasma forces like the plasma pressure gradient and gravity force.

This is taken into consideration in a magneto-hydro-static (MHS) model,
which assumes no plasma flows and the forces are temporally independent. This
is a valid assumption when the inertial term (pdv/dt) is much smaller than
the Lorentz force, i.e., when the plasma flow velocity is much lower than the
Alfvén speed. In regions with slow plasma flows, such as in the photosphere
(flow velocity is in the order of 1-2kms™!), the dynamic effects are negligible.

Therefore, Equation 2.12 becomes:
jxB=Vp+pV¥ (2.18)

where p is the plasma pressure, p is the mass density, and W is the gravitational
potential. Same as the non-potential force-free models, a linear MHS model
requires thorough estimation of «, which usually depends on the comparison with
the observed emission and a non-linear MHS needs the accurate measurement

of the magnetic field vector.

2.2.3 Error estimation

In any measurement or observation, there are potential sources of error that can
impact the accuracy and precision of the results. Understanding these sources
and making error estimation is crucial for data analysis and for improving the
reliability of the results. In this thesis, the uncertainty of the observed intensity
is estimated by considering the photon noise, the readout noise and the dark
current, with one or more of them maybe bring negligible for specific telescopes.
As each of them contribute to the total noise independently, the combination of
all error aspects is then calculated by adding them up in quadrature (square root

of sum of squares).
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2.2.3.1 Photon noise

Photon noise is a fundamental type of noise that occurs in any light detection
process, which originates from the discrete nature of the photons. The photon
flux emitted by the light source is not constant but with a random fluctuation.
This temporal randomness of their arrival at the detector results in a statistical
variation of the number of photons that hit the detector in a certain time interval,
which is the photon noise.

Photon noise is characterized by Poisson statistics as the arrival of each pho-
ton can be regarded as an independent, discrete and random event. Therefore,
the uncertainty of N, the number of photons collected (intensity), is approx-
imately v/N. The more photons per second are emitted by the light source
that reach a detector pixel, the greater the signal registered by that pixel is,
and thus the larger uncertainty it has. As a result, the signal-to-noise ratio
(SNR = N/v/'N = +/N) improves as the square root of the signal.

Photon noise is an inherent property of the detection process and cannot
be eliminated by improving detector technology. However, increasing exposure
time or measuring stronger (emission) lines to collect more light can reduce its

relative effect.

2.2.3.2 Readout noise

Readout noise is a type of noise inherent to electronic detectors, particularly
charge-coupled devices (CCDs) and CMOS detectors. It occurs during the pro-
cess of reading and digitizing the electrical signal generated by photons hitting
the detector. For example, both CMOS and CCD detectors use light-sensitive
components to convert light intensity (photons) into electrical signals (electrons)
and this electron charge will be afterwards transferred into a voltage signal. After
that, this voltage signal is amplified and the resulting analog signal is digitized
into a digital value representing the light intensity. This acquisition chain is
bound to introduce noise.

Different from CCDs, where the signal collected by each pixel is transferred
to a common amplifier, each pixel of a CMOS has its own amplifier, which

enables faster readout process and lower energy consumption, but could, at the
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same time, introduce higher readout noise. Unlike photon noise, readout noise
is independent of the signal itself. Thus, it can have a more noticeable impact

when the signal level is low while is usually neglected in the case of strong signals.

2.2.3.3 Dark current

Dark current is the background electric current that can always be detected even
when the detector is not exposed to light. It originates from thermal excitation
of electrons within the sensor pixels. Also, these thermal electrons, as well as the
electrons generated by photons, are collected, converted and amplified together
by the detector, causing noise in the signal, the so-called dark current. It is
regarded as a base level of noise and can significantly reduce the signal-to-noise
ratio in a weak signal detection.

The thermal origin of the dark current makes it sensitive to the operating
temperature of the sensor. During operation, the build up of thermal energy can
result in more hot electrons being excited and collected. That is why cooling
detectors and protecting them from the hot environment is important to improve
the image quality. Another aspect that matters in estimating dark current noise
level is the exposure time, as the dark current is usually given in the form of the
number of electrons that build up in each pixel in each time unit. The longer

the exposure is, the more thermal electrons are collected.
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Chapter 3

Brightenings in the quiet

sun

The content presented in this chapter builds on the publication "Imaging and
spectroscopic observations of extreme-ultraviolet brightenings using EUl and
SPICE on board Solar Orbiter" on Issue Astronomy and Astrophysics, Volume
673, as Article A82 in May 2023. This work was carried out based on discus-
sions with L. Teriaca, R. Aznar Cuadrado, L. P. Chitta, S. Mandal, H. Peter,
U. Schiihle, S. K. Solanki, F. Auchére, D. Berghmans, E. Buchlin, M. Carls-
son, A. Fludra, T. Fredvik, A. Giunta, T. Grundy, D. Hassler, S. Parenti and
F. Plaschke.

3.1 Introduction

As discussed in Section 1.7, Parker’'s nanoflare model is commonly accepted as
an efficient way to heat up the corona to a sufficiently high temperature by small
flares triggered from magnetic reconnection. It also implies that, maintaining
corona temperature involves processes occurring at smaller spatial scale and

shorter temporal scale. Therefore, to support this idea observationally, it is
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essential to detect small-scale transients that appear frequently enough across
the solar surface to provide most of the energy required to maintain the coronal

temperature.

The launch of Solar Orbiter greatly advances the ability to observe small-scale
solar structures, enabling detection down to finer spatial scales than previously
possible. The smallest transient EUV brightenings, firstly reported by Bergh-
mans et al. (2021), were observed by HRIguv, part of the EUI instrument (see
Section 2.1.1). The data they analyzed were taken on 30 May 2020, during
the commissioning phase of Solar Orbiter, which was 0.556 AU from the Sun.
At this distance, HRI achieved a spatial resolution of 400km. In the 4-min
observation with 5s cadence, 1467 brightenings were identified to conduct a
throughout statistical analysis. In Berghmans et al. (2021), these brightenings
are called "campfires" for public outreach. Although this name nicely expresses
their brightness enhancement in the observations, it cannot show the physical
nature of these structures in a scientific sense. Thus, | hereafter use the name
"EUI brightenings" to refer to these small-scale EUV brightening detected in EUI

observations.

The EUI brightenings are characterized by their small scale. They generally
exhibit two distinct morphologies, i.e., dot-like and loop-like structures. The
largest events have a projected area of a few Mm? and the loop-like brightenings
extend no more than 4 Mm in length. These brightenings are also short-lived,
with most lasting only a few tens of seconds, while the longest events reach the
observation limit of approximately 200s. The statistical results show that both

the projected area and duration exhibit power-law distributions.

As the magnetic reconnection process plays an important role in the nanoflare
heating model, studies have been conducted to search for the connection between
the EUI brightenings and their magnetic structures and activities. Berghmans
et al. (2021) compared the location of the EUI brightenings to imaging obser-
vation from HRILy, and found that most of the EUI brightenings located at the
boundaries of chromospheric network, where strong magnetic flux concentrates.
By analyzing the underlying magnetic features with data from SO/PHI, Kahil
et al. (2022) demonstrated that most EUI brightenings are associated with mag-

netic flux cancellation at the footpoints of small loops. However, what they
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also found is that around 25% of the EUI brightenings studied lack clear signs
of magnetic activity in the photosphere, suggesting that other heating mech-
anisms may be at work. Panesar et al. (2021) further identified connections
between EUI brightenings and opposite-polarity magnetic features using data
from HMI (Helioseismic and Magnetic Imager, Scherrer et al. (2012)). Using
MHD simulations, Chen et al. (2021) suggested that most brightening events,
which resemble the observed EUI brightenings, are primarily driven by magnetic
reconnection. The link between EUI brightenings and magnetic field activities
implies that these brightenings may share formation and evolution mechanisms

with larger-scale events such as flares.

Another key factor in understanding whether small-scale events contribute to
coronal heating is the capability of establishing their temperature. Observations
from a broad band imager (e.g., AIA (Atmospheric Imaging Assembly, Lemen
et al. (2012)) and EUI) carry some temperature information for that each pass-
band usually has a dominating line formed at a certain temperature. However,
the temperature information obtained based on this is not completely accurate
due to that the imagers work by combining the emission from all lines in their
passbands. Thus, the DEM method is usually applied to calculate the emission
(in the units of cm ~® K™!) integrated over the LOS in each temperature bin
(Hannah and Kontar 2012; Cheung et al. 2015). DEM analysis using data from
AIA has shown that the DEM-weighted temperatures for EUl brightenings and
similar small EUV brightenings, peaking at log T'[/K] = 6.12, are close to typical
coronal temperatures (Chitta et al. 2021a; Berghmans et al. 2021).

Although the DEM method with broad band imaging data is effective and
commonly used to determine temperature profiles of coronal structures across
various scales, it does have uncertainties due to assumptions regarding the spec-
tral response of broadband imagers. For example, Guennou et al. (2012) found
that the DEM inversions of AIA data may be biased toward 1 MK in multi-
thermal plasma, which may account for the 1 MK temperatures derived for EUI

brightenings using this technique.

Spectrometers can provide more accuracy in temperature diagnostics for
their spectral resolution. Previous studies have investigated small solar phe-

nomena, such as bright points, small jets, and explosive events, by utilizing
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spectral lines formed at different temperatures within the transition region and
corona, recorded by various spectrometers. For example, Innes et al. (1997),
using data from SUMER, concluded that explosive events are bidirectional jets
driven by magnetic reconnection. Teriaca et al. (2004) detected mass flows
within transition region small structures through the non-Gaussian profiles of the
O v1 (103.193nm) line. Tian et al. (2008) explored cool and hot elements in an
EUV bright point using ten spectral lines. These studies have provided valuable
insights into the complex transition region and corona. Similarly, spectroscopic
data are also helpful in exploring the thermal properties of EUI brightenings.
In this chapter, | will discuss about the analysis of EUI brightenings with both
imaging and spectral data, with the EUl (HRIguv) and the SPICE instruments
simultaneously observing the same solar region in 2021 during Solar Orbiter’s

cruise phase.

3.2 Overview of observations

To study the temperature characteristics of EUI brightenings, | search the si-
multaneous observation of EUl and SPICE for brightenings identified in HRIgyv
FOV that are also captured by SPICE. Table 3.1 shows the overview of the data
sets used in this study. Data applied here are from two sections of the spacecraft
orbit, taken from 23 February 2021 and 12/13 September 2021, respectively.
All times in Table 3.1 are the starting time of each observation. The EUI data
analyzed are part of the EUl data release 5.0, and the SPICE data of the SPICE
data release 3.0°. The overviews of the HRIgyv FOV in both data sets are
displayed in Figure 3.1.

Solar Orbiter was 0.53 au away from the Sun with a separation angle from
the Earth-Sun line of about 140° on 23 February 2021 when data set 1 was
obtained. HRIgyy observed from 17:13:25 UT to 17:20:59 UT with a time
cadence of 2s at the wavelength of 17.4nm. The high angular image scale of
HRIguv (0.492” pixel ™) corresponds to the 2-pixel resolution of about 380 km

on the Sun at this heliocentric distance.

Ihttps://doi.org/10.24414/2qfw-tr95
’https://doi.org/10.48326/idoc.medoc.spice.3.0
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CHAPTER 3. BRIGHTENINGS IN THE QUIET SUN

Around this time, SPICE observed in both context raster and high-cadence
small rasters modes. The two context raster observations started from 15:44:00 UT
(opening context raster) and 17:33:43 UT (closing context raster), respectively.
Each context raster was a 192-step scanning over a wide range on the Sun in
4" steps, with a 4” (about 1500 km on the Sun) slit and a 20's exposure time at
each position. Between the two context rasters, small rasters with only 3-step
scanning were obtained from 16:50:31 UT and 17:23:31 UT every 20s with a
4.7s exposure time. The slit width was also 4” and for every step the slit reposi-
tioned also by 4”. Along the SPICE slit, the image scale is 1.098” pixel~* (about
420 km pixel ™).

On 12 and 13 September 2021, when Solar Orbiter had a heliocentric distance
of 0.59 AU and an angular separation from the Sun-Earth line of about 50°,
HRIguv obtained three sets of image sequences, but only observations from
16:50:31 UT to 17:23:31 UT and from 00:11:51 UT to 00:24:59 UT have a high
time cadence of 2s. The other sequence (23:05:00-23:19:00 UT) has a 1 min time
cadence, which is not suitable for detecting short-lived and dynamic brightenings.
The exposure time of all observation periods is 1.65s and the spatial resolution
of HRIguv images is about 420 km. At about this time, SPICE provided sit-and-
stare observations in three time spans, during which the position of the 4 slit
was fixed on the Sun. The pixel size along the SPICE slit is about 470 km on
the Sun in this data set and the time cadence is 10.2s with an exposure time of
2s.

In this work, all the data used are level 2 with the instrumental effects cor-
rected. For HRIgyuv, the level 2 data are returned in digital number per second
(DN s™1) while the unit of the SPICE level 2 data is W m™2 sr™* nm™'. As
the SPICE slit can only cover a narrow region, only three EUI brightenings are
found to be captured by both HRIgyv and SPICE in these data sets. Their
positions are marked in Figure 3.1 and for convenience, they are called E-1, E-
2 and E-3 hereafter. These EUI brightenings are characterized by their small
2 at the limit of
the SPICE observation capabilities. E-1, the shortest-lived EUI brightenings was

scale and short duration. All of them are smaller than 5 Mm

only observed for about 40s while the others existed longer than minutes. The

characteristics of all events are summarized in Table 3.2.
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CHAPTER 3. BRIGHTENINGS IN THE QUIET SUN

Table 3.2: Event characteristics

Event Start time Peak time Duration Area (Mm?)

E-1 17:17:04 17:17:28 50 s 2.2

E-2 22:04:24 22:06:10 6 m 3.8

E-3 00:20:16 00:21:40 4 m 45
Event SPICE spectral lines

E-1 Mg 1x, Ne viIr, C 111, LyS, O vI

E-2 N 1v, Ne vii, S v, O 1v (78.7 nm, 79 nm), C 111,

E-3 Lys, O vi

3.3 Data preparation and analysis

3.3.1 Data preparation and Gaussian fit

The available spectral lines recorded by SPICE in each data set are shown in Ta-
ble 3.2. In data set 1 (E-1), SPICE provides Mg 1x 70.602 nm (log T'[/K] = 6.0)
and Ne vir 77.042nm (log T[/K] = 5.8) and cooler transition region lines
such as C 11 97.703nm (log T[/K] = 4.8), LyS 102.572nm (logT[/K] =
4.0), and O v1 103.193nm (log T[/K] = 5.5). Mg 1x has a too low SNR
to be analyzed in this case. For data set 2 (E-2 and E-3), more lines such
as N 1v 76.515nm (logT[/K] = 5.1), S v 78.647nm (logT[/K] = 5.2),
O 1v 78.772nm (log T[/K] = 5.2), and O 1v 79.019 nm (log T[/K] = 5.2) are
provided by the SW detector in addition to Ne viil. Dominated by the instru-
mental profile, SPICE spectra can be reasonably fitted to a Gaussian function,
which is applied for retrieving the integrated line radiance. Before this fitting, a
preparation is conducted to the original data to deal with the effect of spike pix-
els, which are, to be specific, the pixels with high positive value caused by cosmic
rays during the observation and the pixels with high negative value mostly due
to cosmic rays hitting the detector when the single dark field used for correction
was taken. All lines can be fitted well to a single Gaussian function, apart from
the S v line at 78.647 nm and the two O 1v (78.772nm and 79.019 nm) lines,
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3.3. DATA PREPARATION AND ANALYSIS

which are blended together at the spectral resolution of SPICE. Therefore, these
lines are fitted together with a triple Gaussian function. The O 1v 79.019 nm
line is excluded from further study in this work due to its position near the edge
of the detector, which reduces its reliability. Hereafter in this chapter, all O 1v
line mentioned refers to the O 1v 78.772 nm line.

A custom software based on the xcfit_block.pro routine from Solarsoft
is used for the gaussian fit process. This software processes the prepared data
and corresponding estimated errors (see Section 3.3.2) to derive the parameters
of the Gaussian function(s), including amplitude, line center, line width and
the background at each point. The background is assumed to remain constant
across the wavelength range of each spectral line window. To enhance the SNR,
the data are binned over 4 spatial pixels along the slit direction. Given that
the slit width is 4”, roughly four times the imaging spatial scale, this binning
produces square pixels in the resulting raster scans. Additionally, the SPICE
spatial resolution, estimated at approximately 6—7”, ensures that this binning
does not significantly degrade the information on the target EUI brightenings.
Hereafter in this chapter, all references to SPICE data correspond to this 4-
pixel binning along the slit, resulting in an effective plate scale of 4”7 x 4.392”
(hereafter one SPICE-binned pixel), approximately 1540 x 1690 km for event E-1
and 1710 x 1880 km for events E-2 and E-3. From the fitting results, | determine

the radiance for each pixel after binning.

3.3.2 Error estimation of SPICE data

The errors in the SPICE data are essential in the Gaussian fitting process, as
they directly influence the uncertainties of the fitted parameters. An average
signal Ipy is defined as the DN accumulated per detector pixel and averaged
over the exposure time. Then, the uncertainty (in photons) arising from photon

noise across a total of n, pixels with average signal Ipy can be written as:

opn = A/ F2IpNn,/G (3.1)

where G (DN photons™') represents the camera conversion gain and F, the

intensifier noise factor, accounts for the amplification effect of the intensifier.
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It is suggested that F' commonly has a value between 1.3 and 2 (Denvir and
Conroy 2003) and for the data used in this study, F' is considered to also cover
some of the uncertainties in determining G. Based on this, the uncertainty (in

DN) due to the same photon noise of the signal TDan can be expressed as:

0pN = 0phG =14/ FZTDN’I’LPG (3.2)

To get the total uncertainty, one should also consider the readout noise o;cqd,
which is square root summed when several pixels are binned together, and the
dark noise npTga.k (in units of DNs™1), which is the square root of the dark
current Igq,, over my, pixels. By square-summing the uncertainties caused by
photon noise, readout noise and dark noise together, the total uncertainties (in

DN) can be written as:

YN = \/FQTDanG +npo2,_ 4+ npliarkt (3.3)

Practically, the SPICE data are returned after the on-board binning in DN

summed over several binned pixels Ipy = Ipnn, and its uncertainty is:

EDN = \/FQIDNG-’-TLPU?ead"‘andarkt (34)

In Table 3.3, the required parameters for error estimation with Equation 3.4
are listed. Among them, G, 0read and Iqq-r have been estimated through
both the on-ground and in-flight calibration activities conducted by the SPICE
team. To determine the intensifier noise factor and validate this method, a
test is done with the uncalibrated L1 full detector observation obtained on 21
December 2021 at 15:08:34 UT, which used the 30" wide slot. The correction
is performed by subtracting a corresponding dark field taken on 15 December
2021 at 08:32:20 UT and dividing it by the flat-field matrix. These test data
can be found in SPICE data release 2.0%. Besides, the cosmic spikes and hot
pixels are removed, which affected about 2000 and 1000 pixels in SW and LW
images, respectively. This number is very small compared with the total number

of pixels in the 10241024 image, leaving only a negligible effect.

3https://doi.org/10.48326/idoc.medoc.spice.2.0
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Table 3.3: Error estimate parameters

F G (DN/phOt) Oread (DN) Liark (DN/S)
SW 1 3.58 6.9 0.89
LW 1.6 0.57 6.9 0.54

Considering that the effective spatial resolution of SPICE is about 6 to 7
pixels and the wide slot observation introduces additional blurring in the spectral
direction, the noise level corresponding to the average signal within a 3x3 pixel
area of such an image can be approximated by calculating the standard deviation
across the same 3x3 pixel region. Before getting the standard deviation, a
smoothed version of the same image (created by passing through a 7x7 boxcar
filter twice) is subtracted from the original image to minimize the impact of
the intensity gradient on the results. But the corresponding signal value is still
derived from the original image. This process is applied to every pixel in the data
arrays.

Figures 3.2 (SW channel) and 3.3 (LW channel) present scatter plots of the
standard deviation against the signal. The thick orange line indicates the median
within bins of 10 DN, while the black line represents the theoretical predictions
from Equation 3.4. Additionally, the blue histogram illustrates the data point
density across bins of 10 DN. The median values match well with theoretical
predictions for the majority of the intensity range when using reasonable values
of F', which is F' =1 for SW data and F = 1.6 for LW data.

For calibrated L2 data, uncertainties can be computed directly using the
header keyword RADCAL. This keyword provides the inverse average calibration
factor, «, over the relevant spectral window, in units of [DN/(W/m?/sr/nm)].
This factor enables the total DN in a pixel (or in the original group of pixels for
data binned on board, already adjusted by the onboard binning factor n,) to be
retrieved, as given by the relation Ipy = a I.qi. Therefore, the uncertainty of

the calibrated signal I.q; can be expressed as:

by b)) 1
anl = lcal IDD]]\:r = % = a\/FQOéIcalG + npo-fraad + np_ldarkt (35)

where the parameter n,, is specified by the keyword NBIN in the FITS header.
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Figure 3.2: Noise estimation for uncalibrated SW data. The 2-dimensional his-
togram illustrates how the standard deviation varies with the signal across the
image. The orange line depicts the median calculated within 10 DN bins, while
the black line shows the prediction from Equation 3.4 assuming F'=1. The blue
histogram indicates the density of the data points.
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Figure 3.3: As in Figure 3.2, but for the uncalibrated LW data. The theoretical
outcome (black) is fit by F'=1.6.
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The equation can be extended to account for cases where additional binning
by a factor n, (a total of n, pixels binned together by the users) is applied
by averaging the L2 calibrated data, regardless of whether onboard binning has
already occurred. When user-defined binning is performed, the relationship be-
comes Ipn = al.qin,. For uncertainty calculations, the goal is to determine
the total number of counts, Ipy, within the binned area. That gives the full

expression of the uncertainty of I.q;:

Beat(A) = a(l 5 \/ FQQ(Z LearG Z—Zafead + Z—Zldarkt (3.6)
which also considers the wavelength-dependent calibration factor a()). The
complete inverse calibration curve as a function of wavelength (referred to as
RADCAL) is included in the FITS headers, stored as binary tables for the various
windows. The wavelength-dependent calibration factor is particularly relevant
for estimating errors in the case of large spectral windows and of full detector

spectra, especially for the SW detector.

3.3.3 Data alignment: searching SPICE data for EUI

brightening signatures

Unlike large-scale, long-lived features that are easily identified in HRIguv images
and SPICE spectral scans, EUI brightenings are challenging to detect in SPICE
scanning data without referencing HRIgyv observations. To investigate EUI
brightening signatures in SPICE data, precise alignment of the data from both
instruments is essential.

The alignment process involves a two-step method utilizing time-series data.
The header information in the data files provides only rough alignment details for
HRIguv and SPICE. This limitation arises primarily because the two instruments
are mounted on separate spacecraft panels and are subject to different thermal
effects due to the highly elliptical orbit. Additionally, a scanning spectrometer
poses its own challenges. Unlike a snapshot from an imager, a spectroscopic
image constructed over an extended scanning period that can exceed one hour

is significantly impacted by solar rotation. Although solar rotation effects can
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Figure 3.4: First step of data alignment. (a) HRIguyv image from 23 February
2021 at 17:20:59 UT, overlaid with intensity contours at 1500 DNs™' (blue)
and 2000 DN's™! (orange); (b) Intensity map of Ne viiI line radiance from the
SPICE context raster, starting at 17:33:43 UT, reprojected onto the HRIgyv FOV
using WCS keywords from the file headers. The same 2000 DNs™* contours as
in panel (a) are overplotted for reference; (c) Same as panel (b), but with the

SPICE intensity map manually coarse-aligned to the HRIgyv image.

be calculated and corrected, the issue remains that context rasters (those with
sufficiently large FOV for meaningful correlation analysis) are captured at differ-
ent times from the sit-and-stare or fast three-step rasters used in this study. To
address these challenges, | implement a two-step approach to directly align the
SPICE sit-and-stare (or high-cadence three-step rasters) data with the HRIguv
images. Here, the 23 February 2021 data set is used as an example to explain

this alignment method.

The first step involves visually refining the alignment between the SPICE
context raster (reprojected onto the HRIguv data, as described below) and the
HRIguv image. This refinement ignores solar rotation, aiming only to achieve a
sufficiently close alignment for the next step. Figure 3.4 illustrates this process.
Panel (a) displays the last HRIguv image from the 23 February data set (captured
at 17:20:59 UT), overlaid with intensity isocontours of 1500 and 2000 DNs™*
to outline the brightenings. Panel (b) shows the SPICE context raster image,
beginning at 17:33:43 UT, reprojected onto the HRIgyv data using the world
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coordinate system (WCS*) information from the L2 FITS header. The same
2000 DNs™! isocontours as in panel (a) are overlaid on the Ne Vil context
raster. Panel (c) presents the same raster as in panel (b), now adjusted for
visual refinement (the first coarse alignment step). The residual misalignment
caused by solar rotation is evident as a compression in the scanning direction,
resulting from the FOV’s rotation in the same direction as the slit scanning.

The second alignment step utilizes time-series data. For the 23 February
2021 observations, there are three time series corresponding to the three raster
positions. This step involves aligning HRIguv and SPICE data by comparing
time-slice images. Within the overlapping time period of HRIguv and SPICE
high-cadence observations, the Ne VvIII spectra, which have a temperature sen-
sitivity closest to the HRIgyy bandpass for the average corona are analyzed.
Each spectrum is fitted with a single-Gaussian function, and the returned line
amplitudes are used to create a time-slice plot.

To generate a time-slice image of HRIgyv data that matches the timing and
spatial scale of the SPICE data, the HRIguy images nearest in time to each
SPICE spectra are selected and rescaled to the SPICE spatial scale (4" x 4.392"
after spatial binning along the slit) by averaging neighboring pixels. Figure 3.5
illustrates this process with the example that contains event E-1. Panel (a) shows
an HRIguv image reprojected onto the SPICE context raster. Panels (b) and
(c) present time-slice images of HRIguv data at full resolution and degraded
resolution (to match SPICE observations), respectively. The location of the slice
is selected based on the preliminary alignment from the first step. Panel (d)
displays the time-slice image derived from the Ne viir amplitude.

The orange box in panel (a) highlights the area where the correlation between
HRIguv and SPICE time-slice images is examined, that is, it covers all the possi-
ble locations of the SPICE slit. For each of the time-slice plots within this region,
the correlation coefficient is calculated and the location of maximum correlation
is then identified. For the 23 February data set, this procedure is repeated for
each of the three raster positions. Figure 3.6 panels (a), (b), and (c) show cor-
relation coefficient maps for all three raster positions, obtained by shifting the

alignment position over a grid of 21 x 31 HRIguv full-resolution pixels. Panel (d)

“https://fits.gsfc.nasa.gov/fits_wcs.html
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Figure 3.5: Illustration of the second step in data coalignment. Panel (a) shows
an HRIguv image projected onto the SPICE context raster using WCS keywords
from the file headers, with the orange box marking the region where the SPICE
slit is initially estimated to be, based on the results from the initial coarse align-
ment. Panel (b) presents one example of the time-slice image of HRIguv data
at full resolution from one of the slit positions indicated in panel (a). Panel (c)
shows the same time-slice image as panel (b), but at a resolution reduced to
match SPICE imaging resolution. Panel (d) provides the time-slice image of the

Ne vii1 line amplitude derived from Gaussian fitting results.
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CC1 Pasition1 CC2 Position2 CC3 Position3 CC=CC1xCC2xCC3

Correlation Cofficient

Figure 3.6: Maps of correlation coefficients. Panels (a)-(c) display the correlation
coefficient maps calculated between the time-slice plots of the down-sampled
HRIguv time-slice image and the Ne viil amplitude time-slice image at three
raster positions. The color bar on the left indicates the range of correlation
coefficient values. Panel (d) shows the combined correlation coefficient map
obtained by multiplying the correlation coefficients from the three positions. The
orange stars indicate the slit positions corresponding to the maximum correlation

coefficient, with their pixel coordinates provided in parentheses.

displays the product of these three correlation coefficient maps, with the peak
indicating the final alignment refinement. For the 12/13 September data sets
(sit-and-stare observations), the analysis is performed independently on the three
individual time series when HRIgyv and SPICE observed simultaneously.
Through precise alignment of the HRIguyv and SPICE data, the locations
of EUI brightenings in the SPICE data are pinned, as identified in the HRIguv
images. A straightforward way to compare the EUI brightening signatures in
both data sets is by reducing the resolution of the HRIgyy data to match that
of SPICE. However, to verify whether the SPICE slit covered the EUI brightening
structure during the simultaneous observation period, the full-resolution HRIguv
data are used, as they provide a clear representation of the trace showing the
evolution of the EUI brightening in the time-slice images. In data set 1, which
includes rasters with three spatial steps, a time-slice plot is generated for each
spatial position. Data set 2 provides a time-slice plot at a single spatial position,

but with higher temporal resolution.
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3.4 Results

3.4.1 23 February 2021: Event E-1

Data set 1 reveals one EUI brightening E-1. Figure 3.7 shows the time-slice im-
ages at the second spatial position, where the EUI brightening is most prominent.
A brightening is observed in the upper part of the slit, lasting approximately 40
seconds. Panels (a) and (b) of Figure 3.7 display the time-slice plots of HRIguv
data at both full and reduced (to SPICE) resolution, respectively. In panel (b),
the data have been degraded both temporally and spatially (along the slit) by
selecting HRIguv data close in time to each SPICE spectrum and averaging the
pixels to match the SPICE-binned spatial scale (4 x 4.392”). The brightening,
marked by orange boxes, appears and fades in both time-slice plots, confirming
that the brightening is detectable with the SPICE resolution.

Panel (a) of Figure 3.8 shows a sub-region of HRIguy observation covering
EUI brightening E-1, taken near the peak time of it. It illustrates a clear view of
the overall structure of E-1. In panel (b), the solid black line represents the light
curve of this event, calculated over the solid box shown in panel (a), over the
entire observation period. The HRIguv intensity (dashed line) is also measured
over the SPICE pixel, indicated by the dashed box in panel (a), which shows
no significant deviation from the HRIguv intensity of the whole event. Despite
the small size of this EUI brightening (less than 4 Mm at its largest extent), the
combination of the heliocentric distance of Solar Orbiter and the high spatial
resolution of HRIguv allows for a detailed observation of this EUI brightening.

The time-slice images from all spectral lines obtained by SPICE are presented
in Figure 3.7, along with the light curves showing the temporal variation in the
line intensities. As mentioned before, four pixels are binned along the SPICE
slit. The error bars, shown in orange, represent uncertainties of these intensities,
propagated from the uncertainty of the returned Gaussian fitting parameters. It
is noticed from the HRIguv light curve that the intensity of the EUI brightening
increases by approximately 16%. However, among all the spectral lines provided
by SPICE in this data set, only the O VI spectra show an increase when the
EUI brightening appeared (from about 17:17 UT to 17:18 UT), although this

increase is less pronounced than in the HRIguv light curve. The absence of a
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Figure 3.7: Observation of EUI brightening E-1 from 23 February 2021 at differ-
ent temperatures. Panels (a) and (b) display time-slice plots of HRIguv images
at both full and reduced (to SPICE spatial and temporal) resolution. Panels (c)-
(f) show time-slice plots of intensity derived from Gaussian fitting results for
Ne vii, C 111, LyS, and O vi. The locations where the EUI brightening occurs
are indicated by orange boxes. The curves at the top of each panel represent the
intensities at these positions over time. Error bars, derived from the uncertainties

in the fitting parameters, are shown in orange.
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Figure 3.8: EUI brightening (E-1). Panel (a) displays an HRIguv image taken on
23 February 2021 at 17:17:28 UT, around the time when the intensity of the EUI
brightening reaches its peak. The smaller dashed box indicates the area covered
by a single SPICE-binned pixel (4" x 4.392") during the second spatial step of
the short raster. In panel (b), the O VI intensity at this pixel (blue diamonds) is
derived from Gaussian fitting results of this line in the SPICE data, with error bars
calculated from the uncertainties of the fitting parameters. This same region was
used to calculate the HRIgyuv intensity (dashed line) in panel (b) for comparison.
The larger solid box covers the whole event and is the area used to compute the
light curve (solid line) in panel (b). A horizontal bar is drawn in the lower left

corner to indicate the SPICE exposure duration (approximately 4.7 s).
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E—1 OVI spectral profiles
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Figure 3.9: EUI brightening (E-1). The O VI spectral profiles displayed as his-
tograms with error bars of a binned SPICE pixel (indicated by the dashed box in
panel (a) of Figure 3.8), are shown along with the Gaussian fitting results (thick

lines) at four moments during the lifetime of E-1.

clear signal in Ne vIIl may suggest that this EUl brightening has a significant
emission measure detectable by SPICE primarily at temperatures near the typical
temperature of O vI (0.3 MK) and very little, if any, emission at coronal tem-
peratures. The O v1 light curve in Figure 3.8 indicates that SPICE may have
missed the moment when the HRIgyv intensity peaked, likely due to its 20 s
cadence, which is nearly half of the duration of this EUI brightening.

Figure 3.9 shows the O v1 line spectra at four different times, illustrating
the enhanced emission coinciding with the appearance of this EUI brightening.
The radiance of the O VI line reaches its maximum at time 3 (as labeled in
Figure 3.9).

3.4.2 12 September 2021: Event E-2

In data set 2, the observations provided by HRIguvy are separated in three time
periods (see Table 3.2) and two EUI brightenings are covered in the SPICE slit.
Event E-2 was observed in the time series between 22:04 UT and 22:10 UT on
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12 September, while event E-3 occurred between 00:19 UT and 00:23 UT on 13
September. Compared to E-1, these two EUI brightenings had longer durations
(lasting approximately 6 min for E-2 and 4 min for E-3, different from less than
one minute for E-1). Additionally, SPICE recorded E-2 and E-3 with a higher
time cadence of 10 seconds (instead of 20 s) and a longer exposure time of 10 s
(instead of 4.7 s).

Panels (a) and (b) of Figure 3.10 display HRIguv time-slice plots at both
the original resolution (0.5” spatially and 2's temporally) and reduced resolution
(4" spatially and 10s temporally) to confirm that the EUI brightening remains
identifiable at SPICE resolution. The bright trace left by the event, highlighted
within the orange boxes, and the corresponding intensity increase in the light

curve are still apparent.

Figure 3.11 provides an HRIgyv image of the structure at its brightest mo-
ment (panel (a)) along with light curves (panel (b)) for two regions: the solid
box, which covers the entire event, and the dashed box, outlining the binned
SPICE pixel. The brightening reaches its peak at around 22:06 UT. Additionally,
the integrated Ne vi1I line radiances at the EUI brightening location (represented
by orange squares in panel (b)) are shown, with the light curves showing close

temporal synchronization.

In Figure 3.10, the time-slice plots of the integrated radiances for all spec-
tral lines provided by SPICE are displayed, along with their corresponding light
curves. It turns out that, the signature of this EUI brightening is only visible
in some of the lines. The Ne viiI light curve (panel (i)) aligns closely with the
HRIguv light curve, peaking at the same time (22:06 UT), while the O v1 light
curve (panel (h)) displays a broader peak centered around 22:06 UT as well.
In contrast, the light curves for N v (panel (e)), S v (panel (g)), and O 1v
(panel (f)) seem to reach their maximum intensity slightly earlier. Since SPICE
observations began only at the start of the plotted interval, it is likely that the
rise phase of the brightening was not fully captured.

Figure 3.12 shows how the Ne vi11I radiance evolves over time. The variation
in peak times among the spectral lines may reflect a changing temperature during
the event. Note that, cooler lines such as C 111 and Ly exhibit no obvious change

throughout the observation period.
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Figure 3.11: EUIl b
September 2021.

rightening (E-2). Same as Figure 3.8, but for E-2 on 12

The Ne vIiI intensity evolution (orange) is presented in

panel (b). The exposure duration of SPICE observation is 10 s in this case.
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Figure 3.12: EUI brightening (E-2). The Ne viiI spectral profiles (histograms
with error bars) are accompanied by Gaussian fitting results (thick lines) at five

times during the lifetime of E-2.

3.4.3 13 September 2021: Event E-3

EUI brightening E-3 is also covered in data set 2 with high temporal resolution
observations from SPICE. Figure 3.13 presents HRIgyv time-slice images at
both its full resolution (panel (a)) and a resolution adjusted to the spatial and
temporal scales of SPICE (panel (b)). Even in the degraded image in panel (b),
the EUI brightening remains visible, as confirmed by the corresponding light
curve, demonstrating that it can be identified at the resolution of SPICE.

This EUI brightening appears as a loop-like structure located south of a
larger, brighter brightening. Panel (a) of Figure 3.14 shows an image of the
brightening and its surroundings at the moment it reaches peak intensity in the
HRIguv channel. To analyze its intensity evolution, the region covering this
EUI brightening, outlined by the white box in panel (a), is used to calculate
the HRIguv light curve shown in panel (b). This curve represents the overall
intensity variation of this event.

Additionally, the light curves from the SPICE spectral lines and the HRIguv
data (dashed line) are computed for the area within the dashed box, and these are

also included in panel (b). The only noticeable difference between the HRIguv
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Figure 3.13: EUI brightening (E-3). Same as Figure 3.7, but for E-3 on 13 September 2021.
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computed from the Gaussian fitting results of the spectral lines Ly3, C 111, N 1v, O 1v, S v, O VI, and Ne viIL.
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Figure 3.14: EUI brightening (E-3). Same as Figure 3.8, but for E-3 on 13
September 2021. The normalized intensity evolution of C 111 (green), O vI (blue)
and Ne v1iI (orange) lines are displayed. The arrows in corresponding colors point
to the peaks of these lines. The exposure duration of SPICE observation is 10s

in this case.
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light curve of the entire event and that of the SPICE-binned pixel region occurs
around 00:20 UT. This discrepancy arises due to a smaller brightening preceding

the main event, as illustrated in the top middle panel of Figure 3.15.

Figure 3.15 shows the evolution of EUI brightening E-3, within the same
region used to calculate the light curve in panel (b) of Figure 3.14 at nine different
times, including those when the spectral lines reached their peak intensities.
These images reveal that this brightening initially emerges as a compact, bright
loop and then expands northwestward, forming a stretched structure. Before it
appears, another faint loop is visible in the upper panels, west of the SPICE
slit, moving from the northwest toward the southeast. It is likely that this faint
loop could have transferred energy to one of the footpoints, triggering the EUI
brightening observed within the SPICE slit.

Similar propagations of brightenings have been reported by Mandal et al.
(2021). Chitta et al. (2021b) reported a comparable behavior in jet studies,
where reconnection occurs between a local bipolar magnetic field and either an
open field or one that connects to a far footpoint (Heyvaerts et al. 1977; Shibata
et al. 1992). Some small-scale jets are associated with footpoint brightenings,

which can reach temperatures of at least 10°> K (Tian et al. 2014).

Panels (c) to (i) of Figure 3.13 display the Gaussian fitting results for the
SPICE spectral lines, illustrating enhanced emission in Ne viII and several tran-
sition region lines during the peak of the EUI brightening. The light curves
tracking the temporal variation of line intensities reveal that some transition re-
gion lines exhibit two distinct peaks around 00:22 UT when the HRIgyv and
Ne VIII intensities peak (panels (a) and (i) of Figure 3.13). More details can be
found in Figure 3.14. The double peaks are especially noticeable in the evolution
of the O v1 spectral profiles, as displayed in Figure 3.16. The different peak times
across spectral lines suggest an evolution of plasma temperature throughout the

event.

Both light curves of O v1 and C 111 feature two peaks, but their timing
varies: the peaks for C 111 are further apart, while those for O vi occur closer
to the single peak of Ne viII (see Figure 3.14). This suggests that the plasma

temperature could first increase, starting from the typical temperature of C 111
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Figure 3.15: HRIguv snapshots of EUI brightening E-3 at nine different times,
including when the intensities of HRIguv 174, SPICE Ne vir, C 11 and O vi
reach peaks. The white box in each panel indicate the area of one binned SPICE

pixel covering the EUI brightening.

(log T[/K] = 4.8), rising to O vI temperature (log T'[/K] = 5.5), and eventually
reaching Ne vii1 temperature (log 7'[/K] = 5.8), which corresponds to the lower
corona. After the peak time of Ne vi1iI, the plasma begins to cool down, returning
to transition region temperatures, which explains the second emission peaks in

O v1 and C 111 lines.

Before this brightening occurs, at about 00:16 UT, another noticeable en-
hancement can be observed in the transition region lines, as shown in Figure 3.13.
This could be explained as another smaller, related brightening or as a precursor
to the main event. Although the HRIgyv light curves also reflect this feature, its
intensity is significantly lower compared to the EUI brightening under investiga-
tion here. Similarly, the upper-left panel of Figure 3.15 reveals a faint brightening
within the SPICE pixel minutes before the occurrence of the target EUI bright-
ening. This initial brightening likely reaches only lower temperatures and might

indicate an energy buildup leading to the EUI brightening.

81



CHAPTER 3. BRIGHTENINGS IN THE QUIET SUN

E—3 OVI spectral profiles

T
Time1: 00:19:24 UT
Time2: 00:21:07 UT (peak 1)
Time3: 00:21:58 UT

I (W/m2/sr/nm)
5 & 5 &
L L B B B

e
&

o
o

103.1 103.2
Wavelength (nm)

Figure 3.16: EUI brightening (E-3). O v1 spectral profiles (histograms with error
bars) are accompanied by Gaussian fitting results (thick lines) at five times during

the lifetime of E-3.

3.4.4 DEM analysis

The observations of multiple lines formed at different temperatures can also be
used for the DEM analysis, which could provide the distribution of the emission
measure over the temperature. The DEM analysis is done based on IDL routines
developed by Young (2018) and by applying CHIANTI data base to look up for
the transition information of the interested lines (Dere et al. 1997). Because
more lines at different temperatures are required to constrain the model, only
the data set 2 (12/13 September 2021) is used. Additionally, DEM method is
based on the assumption of an optically-thin environment, so the Lyg line, which
forms at lower heights like in chromosphere where hydrogen is more abundant,

is excluded from the calculation.

The DEMs are calculated by simply assuming a multi-linear form Young
(2005a,b, 2018). It is computed over the range of 4.5 to 5.8 in log T, while

the minimum is set at log T=5.2 (Raymond and Doyle 1981). A constant

3 is applied, considering a typical temperature of 10° K

and electron density of 10° cm™3.

pressure of 10'° Kem™

The line intensities and the corresponding

82



3.4. RESULTS

10%2F T T T T T T
F Timel: 22:04:45 UT
Time2: 22:05:26 UT
Time3: 22:06:27 UT (peak)
Time4: 22:07:49 UT
N\
LR N -
€ E 3
T
X
=
=
o
o
1020 - -

4.8 5.0 5.2 S.4 5.6 5.8
Logse (Temperature [K])

Figure 3.17: DEMs (Log T- DEM space) of the EUI brightenings E-2 at five
times and over the same binned SPICE pixel as done to obtain the profiles in
Figure 3.12. The dashed line is a reference done by averaging all binned SPICE
pixels along both the slit direction and time. Squares (with bars) indicate the
observed line intensities (with errors) at its effective line formation temperature

computed in the DEM routine.

errors are calculated by Gaussian fitting and Equation 3.6.

The DEM results are displayed in Figures 3.17 (E-2) and 3.18 (E-3). Lines
in different colors are DEMs at different times, corresponding to the times when
spectral profiles are shown in Figures 3.12 and 3.16. The same binned SPICE
pixels as the dashed boxes in Figure 3.11 and 3.14 are selected. The dashed
lines are calculated based on the averaged intensity over all binned SPICE pixels
and along the time, to represent a quiet sun background. It is obvious that the
emission from the EUI brightening E-2 is higher than the background while in the
case of E-3 the background emission is larger when the brightening just appears
and is decaying. This is likely due to the large brightening south to E-3 that is
also captured in the SPICE slit. At the peak time of the Ne viiI line of E-2 (time
3), there is an obvious increase in the DEMs at higher temperature. In Figure
3.18, the DEMs at the three middle times are higher than at the first and last

times, but very close to each other. Considering the errors and the assumptions
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Figure 3.18: As in Figure 3.17, but for EUI brightening E-3. The DEMs are

computed at the same time as indicated in Figure 3.16.

made in the model, the thermal structure and evolution of these events remain
inconclusive.

The DEM method provides similar thermal information as other plasma di-
agnostic techniques but fails to clearly reveal the thermal evolution of plasma in
these cases. Additionally, the DEM method relies on several assumptions and
simplifications, such as defining a fixed minimum temperature or using linear
fitting techniques. These assumptions can introduce variability in the results,
making them sensitive to the chosen parameters and models. Despite these
challenges, DEM remains a powerful diagnostic tool for investigating plasma
properties. With more complete data sets that include multi-thermal obser-
vations spanning a broader range of temperatures, DEM analyses could yield

significantly more reliable and detailed results.

3.5 Discussion and Conclusion

Three EUI brightenings that were simultaneously observed by HRIguv and SPICE
on board Solar Orbiter are investigated in this study. The first event took place

on 23 February 2021, during which a series of three-step SPICE rasters with a
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20s cadence were obtained. This event lasted for about 40s. The other two
events appeared on 12 and 13 September 2021, during which SPICE operated
continuously in sit-and-stare mode with a 10s cadence. These two events lasted
for minutes. It is important to note that the scales of all three EUI brightening
events are almost at the limit of SPICE observational capability. As a result, their

identification relies heavily on the high-resolution imaging provided by HRIguv.

By combining the high-resolution HRIguv imaging data with the spectral
data from SPICE, | find that the first event is only detectable in the O V1 line,
while the other two longer-duration EUI brightenings are visible not just in transi-
tion region lines but also in Ne V111, a line formed at (low) coronal temperatures.
For these two events, Ne VvIII shows a single emission peak that coincides with
the peak observed in HRIgyvy data. This suggests that some EUI brightenings
can barely reach the temperatures typically associated with the corona. Support-
ing this idea, double peaks are observed in the light curves of transition region
lines, while Ne v1IT shows just one peak between the two peaks from the cooler
lines. These results help to understand the heating and cooling process of the
EUI brightening, which seems to heat up to lower-coronal temperatures before
cooling down. Unlike Berghmans et al. (2021), who suggested that EUI brighten-
ings reach coronal temperatures, the findings here imply that these events likely
remain at lower temperatures. A similar conclusion was drawn by Dolliou et al.
(2023), where a time-lag analysis of the light curves of EUI brightenings ob-
served in different AIA channels (probing different temperatures) indicates that
the plasma in those events is predominantly cool and does not reach coronal
temperatures. Apart from the thermal evolution explanation, variations in peak
times could also be due to the spatial motion of the EUI brightenings. Since
the SPICE slit is relatively narrow and the EUI brightenings are active, there is
a possibility that some of the brightenings move in and out of the slit, affecting

the observed light curves.

To determine if the findings here are generally applicable to more EUI bright-
enings, further studies with additional samples are needed. This research clearly
demonstrates that SPICE is capable of observing EUI brightenings, but the small
size of these events means that high-resolution imaging from instruments like

EUI is essential for clear detection. Given the rapid evolution of EUI brighten-
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ings, observations with a higher time cadence, such as in sit-and-stare mode,
would provide valuable insights. Although the fixed position of the SPICE slit in
sit-and-stare mode limits its ability to capture more small brightenings, the high
frequency of EUI brightening occurrences increases the likelihood of observing
at least some of them along the slit. As Solar Orbiter has reached its nominal
science phase, more events are expected to be detected by both HRIgyv and
SPICE. These observations will be further enhanced by high spatial resolution ob-
servations conducted particularly around the spacecraft’s perihelia. Additionally,
other instruments, such as IRIS, offer complementary data that can be combined
with the HRIguv observations to enhance our understanding of EUI brighten-
ings. For instance, Nelson et al. (2023) studied EUI data taken on 8 March 2022
together with coordinated IRIS observations to investigate the response of EUI
brightenings in transition region lines. Some of the brightenings in that data
set show clear simultaneous signatures in the Mg 11 and Si 1v lines, though no
typical transition region response is observed for these events. Studying more
of these small-scale brightenings will deepen our understanding of their heating

mechanisms and their role in coronal heating.
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Chapter 4

Brightenings in the

coronal holes

This work was carried out based on discussions with L. P. Chitta, L. Teriaca,
R. Aznar Cuadrado, H. Peter, S. K. Solanki, T. Wiegelmann and F. Plaschke.

The magnetic field extrapolation was performed by T. Wiegelmann.

4.1 Introduction

Coronal hole plumes generally appear as extended ray-like structures within coro-
nal holes. Their observations can be traced back to the early 20th century and
a great number of studies have been conducted on plumes (see review by Po-
letto 2015). Plumes expand super-radially into the outer solar atmosphere to
over 30 Ry (Woo and Habbal 1997; DeForest et al. 2001). They are found to
be cooler and denser features compared with the ambient interplume regions
(Ahmad and Withbroe 1977; Wilhelm et al. 1998; DeForest et al. 2001; Wilhelm
2006). Once a plume is formed, it can last for tens of hours (Lamy et al. 1997)
to days (Young et al. 1999) with successors appearing at the same positions in
weeks (DeForest et al. 2001).
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Plumes are observed in visible light (e.g., Saito 1956), in EUV (e.g., Ahmad
and Withbroe 1977; Walker et al. 1993), and in soft X-rays (e.g., Ahmad and
Webb 1978). Due to the observing geometry (from or close to the ecliptic plane)
and generally large sizes of polar coronal holes (low background), polar plumes
are easier to be observed projecting well beyond the limb of the Sun, indicating
the inhomogeneity of the outer solar atmosphere and providing information on
the general magnetic field of the Sun (Shimooda 1958). On the other hand,
tracing plumes in low-latitude coronal holes to greater heights is more difficult
because of the much higher background from the nearby quiet sun and, often,
active region areas. Nevertheless, these plumes are best observed against the
disk, in UV and EUV emissions (e.g., Wang and Sheeley 1995b; Wang and
Muglach 2008).

Plumes are found to be closely related to the chromospheric network, which
is the pattern outlining the convective supergranular cells. Newkirk and Harvey
(1968) proposed that the rosette structures at the intersection of the network
lies at the root of plumes. Data from SOHO have revealed strong evidence of
the spatial coherence of polar plumes and the network (DeForest et al. 1997).
Gabriel et al. (2009) proposed that the observations of "curtain plumes" can
be modeled by microplumes appearing at the 5 Mm width boundaries of the
supergranular cells. It has been suggested by Wang and Sheeley (1995a) that
the magnetic flux concentrations at the edges of network cells reconnect with
the small bipoles pushed there by horizontal supergranular convective flows to

produce plumes (also see Wang 1998 for the schematic).

Fast solar wind, which is also believed to originate from coronal holes is pos-
sibly sustained, at least in part, by coronal hole plumes. To establish the possible
contribution of plumes to the solar wind, it is essential to measure the speed of
plume outflows at different heights. Numerous studies have been conducted over
the years (e.g., Habbal et al. 1995; Corti et al. 1997; Wilhelm and Bodmer 1998),
with different measurement methods and have yielded widely-spread conclusions.
For instance, off-limb plumes are investigated with the Doppler dimming method
(Noci et al. 1987). Gabriel et al. (2003, 2005) proposed a velocity of beyond
60 km s~ embedding in the plumes, from 1.05 to 1.4 R, exceeding that in the

interplume regions. However, Teriaca et al. (2003) found that static plumes in
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the outflowing interplume nicely reproduce the observational lines. In the low
corona, some studies measuring Doppler shift of lines in SUMER data failed to
retrieve any obvious signature of outflows in plumes (Hassler et al. 1999; Hassler
2000; Wilhelm et al. 2000). In Feng et al. (2009), the stereoscopic reconstruc-
tions of polar plumes correct the outflow velocity demonstrated in O vi 1032A
and 1038A lines to values below 10kms™'. Using observations of plumes in
multiple spectral lines by EIS, Fu et al. (2014) concluded that plume outflows
are quasi-steady with a velocity increasing with height and can be an important
source of solar wind. A summary of the outflow speeds both obtained there and

from the previous literature can also be found in this paper.

The launch of SDO opened a new era in the study of plumes. Instead of
being a spatially coherent "haze", plumes were seen to be formed of filamentary
fine structures, the so-called "plumelets" (Uritsky et al. 2021). In addition,
numerous small jets (so-called jetlets) and plume transient bright points (PTBPs)
have been reported to occur in plumes (Raouafi and Stenborg 2014; Pant et al.
2015; Panesar et al. 2018; Kumar et al. 2022; Chitta et al. 2023b). Raouafi
and Stenborg (2014) also proposed that these small-scale energy releases may

sustain the evolution of plumes in the long term.

Propagating disturbances (PDs) are observed in the plumes as the quasi-
periodic temporal fluctuations of brightness. They are found to move outwards
along the plume filamentary structures in speeds varying from a few 10kms™! to
over 200 kms™!. However, their physical nature is not fully understood yet. On
the one hand, PDs are thought to be caused by mass flows (MclIntosh et al. 2010;
Tian et al. 2011). On the other hand, in many studies they are interpreted to be
the signatures of magnetosonic waves (DeForest and Gurman 1998; Ofman et al.
1999; Banerjee and Krishna Prasad 2016; Banerjee et al. 2021). However, using
multi-channel observations, Pucci et al. (2014) found that the PDs have higher
speeds at lower temperatures, which is inconsistent with the wave scenario. More
recently, Kumar et al. (2022) suggested the coexistence of strong flows and waves

in plumes.

Various studies have shown that plumes have fine internal structures with
high-speed PDs and dynamic base regions with numerous transients. They all

might be associated and play a role in the formation and evolution of the entire
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plume and contribute to the solar wind. However, the characteristics of the base
dynamics and their relation with the plume PDs are not clearly known. High-
resolution observations of plumes are essential to understand these. Observations
by Solar orbiter mission, acquired near one of the closest perihelia at about
0.3 au, provide detailed information about the fine-scale structuring and small-
scale dynamics in plumes. This work focuses on analyzing the characteristics
and movements of these dynamic brightening structures using high-resolution
data from HRIgyvy. Given that the nature of small-scale activity at plume bases
is not yet conclusively known, it is referred to as "brightenings", based on the

observations.

4.2 (QObservation overview

To study the base regions of plumes, an equatorial coronal hole captured by
EUI on 13 October 2022 adjacent to active regions, is selected. Three plumes
were embedded in the observed coronal hole, south of NOAA 13105 and west
of NOAA 13107. The observations were taken when Solar Orbiter was at a
distance of 0.29 au from the Sun, and at an Earth Ecliptic longitude of about
—107°. With its 17.4 nm filter the HRIguv instrument recorded a 30-min long
imaging sequence from 17:00:00 UT to 17:30:00 UT, at a cadence of 5s with
an exposure time of 2.8 s. This high temporal resolution is decreased to 20s
after binning 4 images together to reduce the noise level during data preparation.
HRIgyuv images have a angular image scale of 0.492" pixel ™, corresponding to
about 100 km pixel ™! (spatial resolution of about 200 km) at 0.29 au.

Figure 4.1 (a) shows an image of the Sun provided by FSI of EUI on Solar
Orbiter at 17:10:50 UT. FSI observed the full sun disk at a spatial resolution
of about 1800km and a cadence of 10 min. Available observations cover the
whole lifetime of these plumes. Since this study focuses on the small dynamic
activity in solar plumes, | mainly use high resolution images from HRIgyvy. The
box in panel (a) indicates the region covered by HRIguv, shown in panel (b).
To enhance the plumes, which are, even though brighter than their coronal
hole background, still much fainter than the active regions and quiet sun in the

neighborhood, the images in panels (a) and (b) are plotted in log scale. The
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13-0ct-2022 17:10 UT

Figure 4.1: Overview of coronal hole observations. (a) Full-disk image of the
Sun provided by FSI of EUI. The box indicates the region covered by HRIgyv.
(b) Image taken by HRIguv with three boxes showing the base regions of the
three plumes shown in panels (c)-(e). Both (a) and (b) are plotted on a log
scale in brightness. (c)-(e) Zoom-in normalized images of the base regions of

the three plumes.

zoom-in images of the plume base regions of the three plumes are shown in
panels (c)-(e).

As shown in Figure 4.1 (a), these three plumes are rooted in an equato-
rial coronal hole in the southern hemisphere. The positions of these plumes are
close to the disk center with a heliocentric separation angle of about 25 de-
grees, which allows observations of the base region with relatively low distortion.
Meanwhile, at greater heights, the strong magnetic fields of the active region to
the north could push the plume magnetic field southward. Thus, the resulting
EUV emission from the plume is apparently more parallel to the POS, which is
better suited to study the movements of the fine structures in the plumes. The
FSI sequences show that all the plumes have been existing for more than 1 day
and will disappear in about 20 hours after this HRIguv observation period while
plume 3 appears to be already in its decay phase.

Comparing the three plumes, the features labeled 1 and 2 are found to share
similar characteristics that both of them are located near the boundary of the

active region with north to south orientation. Plume 3 is rooted in the interior
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section of the coronal hole and is oriented in a north-eastern to south-western
direction. Plume 1 and 2 are also brighter than plume 3. Considering that plume
3 is already decaying, this agrees with the suggestion in Pucci et al. (2014) that
plumes die as their gas density is reduced. Despite these differences, all the
plumes have highly-dynamic base regions with brightenings appearing near their

footpoints and moving outwards.

4.3 Data analysis

4.3.1 Visual identification method

To better capture the moving bright features in the base regions of the plumes,
| first apply a method based on visualization. Before detailed analysis, the data
are prepared by averaging over 4 consecutive images and then applying a run-
ning average over 3 x 3 pixels to each resulting image to reduce the noise. To
make the data from the three plumes directly comparable, each base region (see
Figure 4.1 (c)-(e)) is normalized to the maximum and minimum intensities of
the whole sequence in each sub-region. Here, | apply the Difference of Gaussian
(DoG) method, which is an image processing technique used to enhance edges
or features in an image by highlighting areas of rapid intensity change (Lindeberg
1994; Lowe 2004). It involves subtracting two Gaussian-blurred versions of the
same image. In this study, two Gaussian kernels with o = 3 pixel and o = 5 pixel,
respectively, are applied. Different thresholds on DoG maps have been tested
and 0.01 (see Section 4.3.3) is selected as a reasonable number to cover bright-
enings as much as possible while avoiding connections of brightenings close to
each other.

Contours representing the target brightenings at different times are overplot-
ted on the same images to show the trajectory of the brightenings. To decrease
overlap, the entire observational sequence (30 min) is divided into four distinct
time intervals, each covering specific enhancements in the light curve of the base
region (see Figure 4.2 (a)). Figure 4.2 (b)-(e) show the brightening contours
obtained with the thresholds of 0.01 on DoG maps in four different time spans.

Brightenings appearing at different times are marked with different colors (see
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Figure 4.2: Dynamics at the base of plumes. (a) A sample light curve obtained
from the base region of plume 2 (see Figure 4.1 (d)). The whole time period
(30 min) is divided into 4 sections (partitioned at orange dashed lines). (b)—(e)
Images of the base region of plume 2 acquired at the middle instance from each
temporal section. Brightenings identified using chosen thresholds are marked
by the contours (colors indicate time progression; as defined by the color bars).
The red boxes highlight several examples of the "gradient patterns", which are
formed by contours from successive frames being adjacent to or overlapping one
another, thereby illustrating the movement of the brightenings. Note that, even
though the entire observation has already been divided into four sub-periods,
the contour of the brightenings that appears later will inevitably overlap the
ones that appear earlier. For example, a discrete contour could be either a
brightening that only appears in one frame, or a brightening that does not show

a significant movement.
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color bars in Figure 4.2). In these images, the "gradient patterns" (the over-
lapping contours with changing colors, see examples in red boxes in Figure 4.2)
indicate the moving structures. Based on these "gradient patterns", the images
are checked to pick up moving brightenings. A few brightenings existing in two
time spans are checked throughout their whole lifetimes and still counted as the
same ones. With this method a total of 50 brightenings are selected in the three
plumes.

For each brightening, a local background calculated around its position as
the minimum value at each pixel obtained along the brightening's lifetime is
subtracted. After removing the background, brightenings show up better and
the boundaries of them are then re-defined by using a new threshold, which is
0.75 of the maximum value of the brightenings, after several thresholds being

tested (see Section 4.3.3).

4.3.2 Automatic method

The visualization method allows to select only those brightenings which are rel-
atively large and bright and experience noticeable shifts in positions. This likely
introduces a selection bias. To mitigate this, an automated selection method is
also implemented to detect brightenings in the three plumes. Same as for the
visual identification method, the DoG method is applied to each averaged image
and the detection starts with a threshold of 0.01 in the enhanced images. All
pixels with a value higher than this threshold are labeled as "bright pixels". In
each frame, connected bright pixels are considered as a single brightenings by
doing a 4-neighbor search. Small fragments (less than 2 x 2 pixels) are ignored.

For every brightening detected, the subsequent image frame is examined. If
within a given neighborhood of this brightening a brightening larger than 2 x 2
pixels is found, then both are regarded as part of the same evolving structure,
seen at different times. Here, the neighborhood that is searched for brightenings,
is defined as a region centered on the peak of the brightening at the previous
timestep with a radius of 6 pixels. The examination then continues with the next
frame, based on the newly-evolved brightening until it (the brightening) becomes

unrecognizable. Considering the pixel size of 100 km and time cadence of 20s,
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the threshold of 6 pixels corresponds to a velocity of 30 kms™!.

More details
about the threshold selection can be found in Section 4.3.3. All the brightenings
that appear in only one frame are ignored.

A total of 451 brightenings are picked up with this method. Their boundaries
are also re-defined as 0.75 of the maximum value of the brightenings after the
local background being removed. The positions of all brightenings are shown in
Figure 4.3 where diamonds show the positions of the intensity-weighted centers
of each brightening over its temporal evolution. The colors represent the start
times of brightenings. The detected brightenings are also compared with those
picked up by visual identification and most brightenings selected manually are also
captured using the automatic method. However, fluctuations in brightness over

time and the spatial proximity of different brightenings can result in discrepancies

in some events.

4.3.3 Comparisons of thresholds

In these detection methods described above, several thresholds have to be se-
lected carefully. First, both visual identification method and automatic detection
use the DoG method, which provides the difference between the original image
convoluted with two Gaussian kernels with different widths (¢). This algorithm
can provide an approximation of the Laplacian of Gaussian (LoG) but is much
easier to calculate. Here two Gaussian kernels with ¢ = 3 pixel and o = 5 pixel
are used given that a ratio around 1.6 is recommended to provide the best ap-
proximation of LoG. The intensity at each pixel of a DoG map represents the local
intensity change. A DoG map may contain both positive and negative values,
where positive values show bright edges or features while negative values indicate
dark features or recessed edges and the zero-crossings correspond to locations
of maximum gradient, that is, the edge features. In reality, zero-crossings can
be very noisy and cause different brightenings to be connected, i.e., to blend
with each other. Therefore, a positive threshold works better to capture edges
of intensity enhancement and here a reasonable threshold of 0.01 after testing,
which is roughly 3-standard-deviations of the DoG image, is used.

In automatic detection, to consider evolving brightenings, a threshold is set
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Figure 4.4: Scatter plots showing correlations of the velocities of the same struc-
ture obtained from different methods. In (a), (b) and (c), the threshold describ-
ing the neighborhood in which the following frame is searched for the moving
brightening is set to 4 pixels, 6 pixels and 8 pixels separately. The dashed diag-
onals show the ideal case of equal velocities from both methods, while the solid
lines are the linear fittings. The fitting parameters can be seen in the upper left

corner of each panel.

up to define the neighborhood. In other words, in two consecutive frames, a mov-
ing structure should appear within a certain distance. The threshold setting this
distance is selected based on the knowledge from visual identification method

that the majority of brightenings move with a velocity of less than 10kms™*

but the velocity of fast ones can go up to 30kms™'. With the pixel size of
100 km pixel ™!, thresholds of 4, 6 and 8 pixels are tested. As the distance
threshold increases, the number of brightenings obtained decreases but the pro-
portion of longer-lived brightenings increases. To test the reliability of different
thresholds, | pick out in the automatic method the same brightenings detected

based on visual identification and compare their properties.

Not all brightenings correspond to each other in the two methods. In a few
cases, differences are caused by two visually detected brightenings being com-
bined by the automatic method due to spatial nearness or one visually detected
brightening being separated by the automatic method because of the brightening
getting too faint to be marked in a middle frame. Among all the properties, the

intensity matches the best and lifetime displays significant discrepancies, likely
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Figure 4.5: Normalized distributions of areas (upper panels) and length/width
ratio (lower panels) of the brightenings detected in both methods. The grey
bars show results from automatic method and the blue line-filled bars are results
from visual identification method for comparison. From left to right panels the

boundary threshold are 0.65, 0.75 and 0.85 of maximum.

due to the short duration and the 20s cadence. The area and length /width ratio
highly depend on the selection of the boundary of brightenings.

Here the comparison of velocity are shown in Figure 4.4. Panel (a) shows
that the most points deviate from Y = X when the threshold is set to 4 pixels.
The majority of deviations are concentrated in the upper half of the scatter plot
with the threshold of both 4 pixels and 6 pixels, i.e., the velocities obtained by
automatic detection are smaller compared to those from the visual identification
method. This is not the case with a threshold of 8 pixels, which shows a more
balanced distribution. However, by checking the image one can see that it mixes
many brightenings that are spatially close. Therefore, 6 pixels is chosen as a
reasonable threshold.

Another concern is about the determination of the outer boundary of each
brightening, which influences the property calculations in both methods. In
the first step, a threshold of 0.01 is chosen based on DoG maps to define the
outline of each brightening. While this method works well to get the location
of the brightening, the outer boundary thus defined takes into account both
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the enhancement and background. This is the reason why the boundary is
then re-defined based on the images with the local background removed. The
tested thresholds are 0.65, 0.75 and 0.85 of the maximum intensity within each
brightening based on the background-removed images.

Figure 4.5 shows the distributions of area and length/width ratio when dif-
ferent thresholds are selected. The area of brightenings, although changing sig-
nificantly in value depending on the selection of the threshold, shows consistent
distributions that brightenings with a relatively smaller area have a higher occur-
rence frequency. Differently, the selection of the threshold affects the distribution
of the length /width ratio. With increasing threshold, more brightenings detected
by the visual identification method tend to show a relatively high length/width
ratio of around 3, which does not correspond with the results from the automatic
method. The distribution shows a strong peak at about 2 when the threshold
equals 0.65 of the maximum. Also note that when the threshold goes down to
0.65 of maximum, the 2-dimensional Gaussian fitting has more difficulty con-
verging, which means the shape of brightenings is more uneven. In this work,
considering all the above factors, a threshold of 0.75-maximum is used for the

outlines of brightenings.

4.3.4 Properties of brightenings

For all the brightenings selected with both methods, their properties (area, life-
time, intensity, length/width ratio and velocity) are investigated statistically.
Based on the boundaries of brightenings defined on images with background
subtracted as described above, one can easily get the area and average intensi-
ties, which are defined at the maximum along the evolution of each brightening.
Here both the mean intensity with and without removing the local background
are calculated. The lifetime is the time difference between the first and last
appearance of a brightening with an accuracy of 20s. This lifetime can be con-
sidered as an upper limit because it assumes that the brightening appears at
the beginning of the first exposure and disappears at the end of last one. On
the other hand, the lifetime of the brightenings existing already at the start or

remaining at the end of the timeseries is underestimated. Considering that only
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5% of the events are influenced and the longest-lived brightenings have a life-
time shorter than 5 min, this effect can hardly have a significant impact on the
statistical results.

The shape of the brightenings is quantified as the ratio of length to width
when the area reaches its maximum along the evolution. This is calculated by
fitting the outline of a brightening with a 2-dimensional Gaussian function, and
getting the ratio of the full width at half maximum (FWHM) at both directions,
namely, the major and minor axes, as a proxy.

The velocity, representing an apparent POS motion of the brightening, is
calculated using its initial and final spatial locations. Considering that the size,
shape and brightness are changing during the evolution of the brightening, it
is complex to find one representative point for a brightening. The positions
of peak points, the centroid and intensity-weighted centroid are compared and
statistically they are close enough to have negligible impact. The intensity-
weighted centroid is selected to represent the location of the brightening to

estimate the velocity, as it factors in both the extent and intensity.

4.4 Results

4.4.1 Visual detection results

Several properties of the 50 brightenings selected using the visual identifica-
tion method described above are investigated, including intensity, lifetime, area,
shape, and velocity. The distributions are shown in Figure 4.6. The panel (a) in-
dicates that the mean intensities of brightenings show different peaks in different
plumes. However, as seen in panel (b), they merge closer when the local back-
ground is removed. This suggests that although brightenings in bright plumes
have higher intensities than those in faint plumes, the difference is mainly caused
by the overall brightnesses of the plumes.

Most of the brightenings are transient and small-scale, as shown in Fig-
ure 4.6 (c) and (d). They mostly have a lifetime of less than 5min. The
short-lived ones have a lifetime of 60s. Note that the method applied here

only ensures to spot brightenings appearing in several images consecutively. The
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Figure 4.6: Distributions of the properties of the brightenings selected with the

visual identification method (50 brightenings). (a) shows the mean intensity of

the brightenings without subtracting the local background while (b) shows the

mean intensity with the local background removed. (c)—(f) show the lifetime,

area, ratio of length to width and velocity. The velocity here is a projection

on the POS and is calculated using the first and last positions of the intensity-

weighted center of the brightening.
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area of the studied brightenings varies from 0.05 to 1.3 Mm?. These values are
based on the threshold used to demarcate the brightenings’ boundaries. The
distribution of the length/width (Figure 4.6 (e)) shows a clear peak at around 2
and can go up to 8. This means most brightenings exhibit a sightly elongated
elliptical morphology while a minority exhibit significant elongation, forming a
plumelet-like structure at low altitudes.

Figure 4.6 (f) shows the distribution of the velocity. About 70% of brighten-
ings have a velocity component in the POS of less than 10 kms™*. The velocity

LA close examination of the trajectories of

histogram peaks at around 6 kms™
these structures reveals that their movements are more complex than simply uni-
directional motion along the plume threads. Typically, the brightenings appear
close to the footpoint and move outward, away from the base region. While
some of the structures move in alignment with the plume (i.e., from north to
south in plumes 1 and 2), some deviate from this direction. Considering a funnel
structure of an open magnetic flux tube, in which the magnetic field lines start-
ing from a concentrated region in the photosphere expand nearly horizontally in
the chromosphere and transition region, forming a canopy, before they become
more vertical again on the way to the corona (Solanki and Steiner 1990; Schrijver
and Title 2003). There could also be small-scale loops in the neighborhood in
addition to these open field lines. In such a geometry, depending on which field
line the brightening is moving along and at which height, it can show different
apparent movements in POS. Furthermore, both the intensity of the brightenings
and the directions of their motion can change throughout their evolution owing
to the variations in photospheric magnetic field on short timescales of less than
5minutes (e.g., Anusha et al. 2017; Chitta et al. 2023a).

4.4.2 Automatic detection results

Same properties are also studied for the brightenings captured by the automatic
method. Figure 4.7 shows the comparison of the distributions of brightening
properties obtained by visual identification and by the automatic method. Both
methods produce similar results, that is, most of the studied brightenings are

small-scale, transient and exhibit slightly elongated morphologies.
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Figure 4.7: Normalized distributions of the properties (mean intensity, lifetime,
area, ratio of length to width and velocity) of the brightenings detected with
both visual identification method (50 brightenings) and automatic method (451
brightenings). The grey bars show the results from the automatic method and

the blue line-filled bars show the results from the visual identification method.

Apart from the similarities, the automatically-detected brightenings show
peaks at smaller intensity, area, lifetime and velocity. This means the automatic
method is capable of picking up fainter, smaller and shorter-lived brightenings.
These brightenings appear more often than the ones selected manually. Since the
brightenings that only appear in one frame are neglected, the deduced lifetime
cannot be shorter than 40s. More than 40% of the automatically identified
brightenings possess this minimum lifetime. The distributions of length/width
ratio show less difference as there is no preference in the shape of brightenings
when they are selected by eye, but automatically detected ones still show a
slightly higher rate of circular morphology.

Most brightenings move with a velocity of less than 10kms™*, irrespective
of the detection method. Compared with the visual identification method, the
automatic method detects more brightenings (50%) moving with even lower ve-
locity, of less than 5kms™'. For these, the distribution peaks at 3-5kms™'.
Note that, as only the first and last positions of each brightening are used to get

an average velocity, the small velocities could be caused not only by the slow
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Table 4.1: Automatically detected brightenings categorized according to direc-

tions (velocities are in units of kms™!)

Directional Random-like walk  Undefined*

Number of Brightenings 38 222 191
Mean POS Velocity 9.6 6.2 6.1
Most frequent Pos Velocity 7,13* 3 3

* Brightenings appearing in only 2 frames have undefined directions
** Distribution of this group shows 2 peaks

motion, but also by brightenings moving in variable directions. All 451 brighten-
ings are categorized according to their directions of motion. Excluding the 191
short-lived brightenings that appear in only two frames, for which a variation in
the direction of motion cannot be defined, only 38 of the remaining ones have a
relatively fixed direction of motion, i.e., the difference of their directions in two
successive time intervals is always not less or equal to + 30 degrees. These events
also exhibit relatively greater speed (see Table 4.1). Two peaks are found in their
velocity distribution at 7 km s~ ! and 13kms™!. Meanwhile, the remaining 222

brightenings show a more random-like motion.

4.4.3 Brightenings and PDs

The velocities of brightenings are very small compared with the velocities of PDs
within plumes. Previous studies suggest that the apparent outward speeds range
from several tens to 300 kms~'. A similar velocity can be detected in this work
as well. Figure 4.8 shows a long slit starting from the base region and following
one of the bright threads in the plume, which is used to make a time-slice plot
(see Figure 4.8 (b)). The position of this slit is shown in Figure 4.8 (a). In this
time-slice plot, one can clearly see the recurring brightenings at the footpoint
and the PDs following up. Some of them that are easy to distinguish from the
background are marked with the straight dashed lines.

To calculate the velocities, the light curves with an original time cadence
of 5s (and without spatial running average applied) of each PD at different

distances along the slit are fitted by Gaussian functions. Figure 4.8 (c) shows
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CHAPTER 4. BRIGHTENINGS IN THE CORONAL HOLES

the light curves of the first PD, with different colors indicating different distances.
The error bars come from the readout noise and dark current (see equation S1 in
Chitta et al. (2023b)). In this dataset, the exposure time is 2.8 s and the photons
to DN conversion factor is 7.29 DN photon™'. The temporal positions of the PD
where its light curve peaks derived from the fitting are then fitted linearly to the
distance (Figure 4.8 (d)). The speeds are distributed over a wide range, from
80 to 160 kms™'. The slow ones have a similar velocity as reported in Gabriel
et al. (2003, 2005), while none of the PDs detected here have a velocity as small
as the 25 kms™! reported by Fu et al. (2014). The LOS Doppler velocities at a
height of about 20—40 Mm have been found to be 30-60 kms™' (Hassler et al.
1997; Banerjee et al. 2000; Teriaca et al. 2003; Wilhelm 2006; Banerjee et al.
2009). For comparison, outflow velocity of PDs and small jets as measured in
Pucci et al. (2014); Kumar et al. (2022); Chitta et al. (2023b) is in the range of
a few 10kms™! to a few 100kms™*.

In one case, a brightening is found at the plume base propagating at a speed
of about 10kms™?, potentially transitioning to a PD moving with a higher
speed of about 80kms™' (see the arrow in Figure 4.8 (b)). This could be
possible evidence that the base brightenings and PDs at greater heights are
intrinsically related, but one such overlap may also occur purely by chance. Also,
their velocities are very different. However, as the velocities measured here are
components on the POS, the comparison of the real velocities of the moving

brightenings and PDs should take projection effects into consideration.

4.5 Velocity correction

Based on the analysis on velocities, to assess the connection between the base
brightenings and PDs at higher altitudes, it is important to understand the ap-
parent acceleration from a velocity of less than 30 kms™! of brightenings to more
than 100 kms™! of PDs. Since the coronal hole is adjacent to active regions, it
is expected that the strong magnetic field from the active regions would expand
and influence the open fields, especially at a relatively high altitude. This could
imply that while the open magnetic field remains nearly radial (vertical) at the

lower altitudes corresponding to the height of the base region brightenings, it is
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Figure 4.9: Magnetic field imprints of the plumes. (a) FOV covered by both
HRIguyv and HRT data. The background image comes from the HRIgyy at
17:00 UT. The red (blue) contours of LOS magnetic field with the level of positive
(negative) 50 Gauss are overplotted. (b), (d) and (f) show the extrapolated
magnetic field lines at the location of the three plumes, the subregions marked
with boxes in (a). (c), (e) and (g) are histograms of frequency of the separation
angle between the local magnetic field vector and LOS of three plumes. This
separation angle is obtained as average over all pixels at heights between 2000
and 4000 km along each field line; see the yellow boxes in (b), (d) and (f).

107



CHAPTER 4. BRIGHTENINGS IN THE CORONAL HOLES

more horizontal at the higher altitudes supporting the PDs. The bending of mag-
netic field lines can cause the illusion of acceleration because only the velocity
component in the POS can be captured in images. As mentioned before, not all
brightenings move in a fixed direction. Since the brightenings with random-walk-
like motions are possibly related to field lines that are closed or nearly horizontal
before turning outward, | here focus on the brightenings that appear to move
following the same plume threads as PDs. The aim is to de-project the observed
speeds of brightenings to determine their true velocities and assess whether these

velocities align more closely with the speeds of PDs.

An extrapolation of magnetic field is helpful to understand the 3-dimensional
morphology of the magnetic field and to de-project the velocity component to the
real velocity, assuming that the brightenings move along the magnetic field lines.
Applied here are the vector magnetic data in the solar photosphere provided by
HRT, part of SO/PHI. The data were taken at 16:30 UT, 30 mins earlier than the
EUI observation with a high spatial resolution of about 200 km. In this dataset,
HRT has a smaller FOV than HRIgyuv and is offset to the southeast.

After aligning HRIguv and HRT data, the region covered in both of them is
shown in Figure 4.9 (a). The background image comes from the HRIguv at 17:00
UT and the contours of the LOS magnetic field with the level of 50 Gauss are
overplotted. It is clear that the roots of all plumes are closely related to magnetic
concentrations spanning about 30 Mm. The ambiguity in the transverse field's
component of the SO/PHI-HRT vector magnetogram has been removed using an
adapted version of HMI disambiguation pipeline (Hoeksema et al. 2014; Metcalf
et al. 2006) that implements the minimal-energy disambiguation method MEQ
(Metcalf 1994).

The radial magnetic field is calculated based on the disambiguated vector
magnetic data using the transformation in Gary and Hagyard (1990). With the
radial magnetic field as the bottom boundary, a potential extrapolation is made
to the height of 256 pixels (25Mm). Figure 4.9 (b), (d) and (f) separately
show the field lines where the three plumes locate. The bottom slices are the
magnetic field along Z axis, which is the local vertical direction on the Sun.
The extrapolation indicates that the open field lines related to the plume grow

and expand to form a funnel structure, in agreement with both observations and
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previous simulations. The red lines in boxes represent the direction towards Solar

Orbiter.

Here, all field lines reaching the top boundary are regarded as open field
lines. For each open field line, the angle between the magnetic field vector and
LOS direction at different heights can be calculated. Figure 4.9 (c), (e) and
(g) show the distribution of the separation angle of each field line averaged over
all positions between 2000 and 4000 km. It has been suggested by Berghmans
et al. (2021) that small-scale brightenings in the quiet sun observed by HRIguv
occur at heights around 2000-4000 km, although the brightenings at the plume
base need not necessarily form at the same height as quiet sun brightenings.
Depending on the morphology of each plume, the distributions peak at different
angles, from 20 to 30 degrees. This implies that, the velocity can be enlarged
by a factor of 3, at most, in the de-projection. This is not enough to explain
the difference between velocities of brightenings and PDs. Although the fastest
ones (with a velocity of 30kms™') could move at a speed almost reaching the
high velocity of PDs, most brightenings have a 3-dimensional velocity of less
than 30kms™". In other words, instead of an illusion caused by perspectives,

the difference between these velocities is real.

However, the same angle cannot be used for the correction of velocities
detected at greater heights. Due to the limitation of HRT FOV, the adjacent
active regions are not covered in this data. As mentioned before, the magnetic
field from the active regions could push open field lines either towards them or
away from them, depending on the magnetic polarity. This effect is missing in

the potential extrapolation with HRT data.

To demonstrate this effect, another extrapolation test is done with data from
HMI. This experiment is done for the purpose of proving the effect of the strong
magnetic field from the active regions on the directions of nearby open fields. The
plumes studied in this work are located in the coronal hole close to active regions
NOAA 13105 and NOAA 13107. Unfortunately, due to the separation angle
between the Earth and Solar Orbiter of more than 90 degrees, no simultaneous
observation of these active regions from HMI is obtained. About one week later,
the active regions and coronal hole have rotated to reach the disk center region
of the sun in the FOV of HMI. However, a new active region NOAA 13127 has

109



CHAPTER 4. BRIGHTENINGS IN THE CORONAL HOLES

Bfield Z
1000

Figure 4.10: Potential extrapolations with the original HMI data and the pro-
cessed data with the strong magnetic fields from the active regions removed. One
cross-section parallel to the x-z plane is selected for demonstrating the directions
of magpnetic fields. The streamlines show the magnetic field lines projected on

this plane.

emerged during this time very closely to where the plumes were located. To
avoid the influence of the newly emerged active region, the HMI sharp _cea data
at 09:00 UT on 28 September 2022 is selected. This dataset captures NOAA
13105 and NOAA 13107 in the previous rotation when they appear in the western
hemisphere in HMI FOV as the Sun rotates. Despite that the active regions are
stronger and the plumes in this study have not been produced at this point, this

dataset could be simply used to study the effect of active regions qualitatively.

For comparison, two extrapolations are performed. One uses the original
data as the bottom boundary and another uses the processed data with the
strong magnetic fields (B, above 100 Gauss) from the active regions removed.
No changes are made to the quiet sun and coronal hole regions and some small
magnetic concentrations in active regions are left for flux balance. The results
can be found in Figure 4.10, where the same cross-section parallel to the X-Z
plane is shown in both extrapolations. The streamlines show the projection of
the magnetic field lines on this plane. What can be found here is that, compared
with panel (b) where there is no active regions, the streamlines on the left side
of the plane in panel (a) clearly show a stronger inclination under the effect of

active regions.

It proves that the active regions could influence the open field lines in the
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vicinity, although it is hard to quantify this effect. In summary, this experiment
suggests that the angle between the direction of the PDs and LOS is likely to
be greater than that of the brightenings. That is, part of the difference between

apparent speed of PDs and brightenings could come from the projection effect.

4.6 Discussion

4.6.1 Link between base brightenings and PDs
4.6.1.1 Are PDs mass flows or waves?

| would like to open the discussion by examining the physical nature of PDs, which
are better understood than base brightenings and help to further investigate the
potential link between the two, thereby contributing to a deeper understanding of
base brightenings. In both coronal loops and plumes, PDs are widely interpreted
as mass flows or waves. Previous studies suggested the existence of slow-mode
waves in plumes (e.g., DeForest and Gurman 1998; Krishna Prasad et al. 2012).
Such slow mode waves have been invoked to be potential contributors to coronal
heating (DeForest and Gurman 1998; De Moortel et al. 2000; McEwan and de
Moortel 2006). The wave interpretation is first verified using temporal variations
of the intensity along plumes in these observations. To this end, | select one of
the distinct PDs (see Figure 4.11 (a)) and select equally-spaced points along this
PD at different distances from the base region (see diamonds in Figure 4.11 (a)).
At each point, a slit is placed perpendicular to the PD, and a Gaussian function
is fitted to the intensities along the slit. Figure 4.11 (b) presents the amplitudes
of the fitted Gaussian functions as a function of distance. A similar variation in
intensity, initially increasing with height and then decaying, can be observed in
other PDs as well.

This helps to characterize the nature of the PD. If the plumes are in hydro-
static equilibrium, their EUV emission is expected to fall off exponentially with
certain scale-height set by the pressure at their base. For the PDs shown here,
the EUV emission first increases up to several megameters above the base and
then decreases. Moreover, the peak position of the intensity shifts outward with

time (see the variations of intensity with distance at three instances separated
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Figure 4.11: Propagating disturbances. (a) HRIguv image of plume 2. Positions
at different distances from the base region are marked with diamonds. The
intensities along the slits perpendicular to the stream direction at these positions
are fitted by a Gaussian function. (b) and (c) show the peak and FWHM of the
fitted Gaussian functions, as a function of the distance along the PD, at three
instances (each separated by 20s; as identified with different colors). Same
as Figure 4.8 (c) and (d), the error of intensity in (b) comes from the detector
readout noise and dark current and the error of width is derived from the Gaussian

fitting.
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by 20s). Both these factors are inconsistent with plumes being in a hydrostatic
equilibrium. These factors can only be reconciled with additional heating along
the plume away from the base region or excess plasma cooling from higher tem-
peratures. But because the PDs are found to propagate outward rather than
flow downwards as typically expected in the case of plasma cooling, | suggest
that these observations are consistent with a scenario of injection of material at
the base of plumes. Note that, this intensity variation could also be explained by
a temperature gradient along the direction of the PDs. However, This cannot
be confirmed in the present study and has not been reported in previous data
(Wilhelm et al. 2011).

Additionally, this analysis reveals PDs exhibiting speeds varying from 80—
160kms™. Only the largest speed among them can reach the local acoustic

! at the coronal temperature T = 10° K. Note that, be-

speed ¢; &~ 150kms™
cause of the projection effects the apparent velocities are only a lower limit of
real velocities. In an optically-thin atmosphere, it is possible that multiple PDs
with similar velocities close to the local sound speed but different inclinations
over the POS could overlap along the LOS, giving the impression that different
PDs have different speeds. However, considering that the slowest PDs among

1 i.e., half the sound speed, it would require a

these samples travel at 80 kms™
separation angle from the POS of about 60° to reach the typical velocity of a slow
mode. Thus, the slow-mode waves could explain the propagation only when the
angles between the propagating directions of different PDs are relatively large.
In summary, these results are more in favor of the PDs being high speed mass

flows than waves (see also Chitta et al. 2023b).

4.6.1.2 Mass conservation: Evolution of base brightenings into
PDs

Assuming that the PDs are mass flows, the possibility is explored that the base
brightenings are also mass flows in their initial stage and will eventually evolve
into PDs. The trajectories and velocity distributions of these transient structures
in the base regions show that there are some brightenings, although only a small
fraction (less than 10%), that have a relatively fixed moving direction with a

detectable velocity, which conforms to the motion of outflows. Their velocity
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L corresponding with the outflow

distribution peaks at around 7 and 13kms™
velocity in coronal holes based on the Doppler shifts of transition region Ne vii1
emission line (Hassler et al. 1999). The existence of elongated brightenings also
proves that some of them are jet-like structures. However, these "outflows" close
to the base region do not share the same order of magnitude of velocity of plume
flows detected at higher altitude. Despite previous works stating that "jetlets"
(mass flows at the plume base) could move outwards to form plumelets, in this
work, it is difficult to reconcile the possibility that the base brightenings are the

same evolving structures as plume outflows.

If the base brightenings evolve outwards to become plume outflows, they
should have a nearly constant outward mass flow rate given by m = vmencA,
at different heights, where v is the outflow velocity, m. and n. are the electron
mass and number density, and A is the cross-section area of the outflow. The
following paragraph presents an estimation of the changes of the velocity, the

cross-section area and the number density.

This work suggests that one could conservatively consider an increase in
velocity (from about 30kms™" to 100kms™) of a factor of 3. To estimate the
expansion rate, the change in the width of the same PD selected in Figure 4.11 (a)
is analyzed. Figure 4.11 (c) shows the FWHM of the fitted Gaussian functions
against the distance. The expansion factor at a very low altitude is hard to be
measured directly from the observation, for that the base region is too bright and
dynamic to resolve plume streams. In the higher corona, where the filamentary
PD substructures can be observed, these streams widen linearly with distance
and the stream width can increase by at least a factor of 3 at the distance of
20 Mm relative to the base region, which gives an expansion factor of 9. To
compensate the increase of the velocity and the cross-section area, a decrease in
density of a factor of 27 seems to be necessary in the PD to satisfy a constant
mass rate. This disagrees with the observations here as the EUV emission, which
depends on n? under a constant temperature assumption, does not show such a
huge difference in the base region and plumelets. It is important to mention that
the expansion rate can only be regarded as a rough estimation. In reality, most
streams have diffused edges that can hardly be measured precisely. However,

even with a negligible expansion, the base regions cannot be 3 times denser than
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plumes at 20-40 Mm, which is consistent with results about plume density in
the literature, as discussed below.

Different methods have been applied over the years to measure the plume
density. A summary of the results of such investigations can be found in Table 3
and Figure 17 of Wilhelm et al. (2011). The results are variable with large error
bars. For instance, Fludra et al. (1999) studied polar plumes and found that the
density decreases with height from 2 x 108 cm ~3 at the limb to 6 x 10" cm 3 at
1.1Ry. Young et al. (1999) derived densities of 2.5-5.6 x 10° cm ~® at the bright
base region and of 3.8-9.5 x 10% cm ~2 above the limb at coronal temperature.
Considering the power law fits, in both plume and interplume regions, n. is
found to be proportional to (Re/R)® below R=2R,(Wilhelm et al. 2011). This
empirically provides that the density at the plume bases is approximately 1.3
times the density at the height of 20-40 Mm. Though different densities are
found in different cases, they do not seem to meet with the possibility of mass

flux conservation.

4.6.2 Decoding base brightenings

4.6.2.1 Hypothesis I: Reconnection

One possible explanation of these brightenings is related to magnetic reconnec-
tion. Kumar et al. (2022) selected one of the large base jets and applied a
potential-field extrapolation from an HMI magnetogram to study the magnetic
topology of this region. They revealed that a fan-spine structure is involved in
producing the brightening and outflow. Cho et al. (2023) showed evidence of
associated brightenings and blueshifted plasma (outflows) in the region with op-
posite magnetic polarities and found a high temperature structure at the base of
the plume. Both works support the picture of interchange reconnection between
open field lines and closed loops, leading to localized rapid enhancement and
ejection of materials.

However, previous studies have not discussed in detail the movement of these
EUV brightenings at the base of the plume. It is possible that this is limited by
the resolution of previous EUV imaging observations, so that the movement of

these very small brightenings was not easily captured. One possibility that could
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account for the observed motions is that the frequent, repetitive and impulsive
reconnections take place and result in discrete brightenings flashing successively
over a short period of time in a small region, creating the appearance of move-
ment. Alternatively, the movement may arise from the actual evolution of bright-
enings. For example, the plasma flowing along the newly-formed closed loop hits
the footpoints of the loop, causing the evaporation of the chromospheric material
to fill in the whole loop. In this work, it is hard to corroborate whether or not
magnetic reconnection has occurred. More magnetic field data are required to
study the evolution of the photospheric magnetic field below the plumes. This
hypothesis about reconnection depends on how mixed the magnetic polarities

are, whose observation depends on the instrument's sensitivity and resolution.

4.6.2.2 Hypothesis Il: Wave-driven Type | spicules

Jet-like structures, such as spicules, have been found to dominate the dynamic
upper chromosphere. Some observational similarities can be found between base
brightenings and type | spicules. Both show complex motions and have com-
parable velocities and both appear to be periodic and related to chromospheric
network concentrations. It is worth mentioning here that the base brightenings
do not show the back-and-forth motions typical of type | spicules and dynamic
fibrils. Also, the base brightenings discussed here are less elongated and have a
shorter lifetime than chromospheric Type | spicules.

This can also help to understand the formation of base brightenings. The
type | spicules are believed to be potentially triggered by shock waves that are
powered by p-modes (e.g., De Pontieu et al. 2004). This omnipresent p-mode
oscillation, as also reported in Kumar et al. (2022), can be the cause of base
brightenings as well. However, in corona holes, where the magnetic field is
more vertical, the leakage of p-modes is more difficult due to a shorter acoustic
cut-off period, forming less-elongated and shorter-lived structures, like the base
brightenings observed in this study.

Meanwhile, the velocities of the PDs are closer to those of type Il spicules.
Both of them are outwardly oriented and fade out after a certain distance. It
is reported by Cho et al. (2023) that they may have matching periodicities,

suggesting a close link between them.
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4.7 Conclusion

This study investigates in detail the small-scale dynamic brightenings in the base
regions of three coronal hole plumes with the observation from HRIgyv. Here
the main results are: 1) The majority of the observed brightenings at the base
of plumes can be characterized by their small-scale nature (covering an area of
less than 1.3 Mm?), transient behavior (with a lifespan of less than 5 minutes),
and display of slightly elongated morphologies. 2) The intensities of brightenings
from different plumes are identical once the plume background is subtracted.
3) Brightenings show complex movements. Most of the brightenings appear to
move with a velocity component in the POS of less than 10kms™!. After de-
projecting the POS velocities to 3-dimensional velocity using an extrapolation
with SO/PHI data, the velocities of brightenings are still much smaller than
those of the PDs.

The potential explanations for base brightenings are now considered by first
investigating their link to PDs, based on the two possible physical natures of
PDs, slow waves and mass flows. Assuming the constant temperature along the
plume, the results are more in favor of PDs being mass flows than slow waves.
In that case, the mass conservation estimation does not support the base bright-
enings being the initial outflows that can evolve into high-speed PDs. Given the
assumptions as well as the estimation errors involved, it is difficult to conclusively
rule out the possibility that base brightenings and PDs are directly linked. But
in the absence of such a connection, determining the nature of base brightenings
based on an understanding of PDs remains challenging. Therefore, two hypothe-
ses are proposed on the nature of base brightenings: (i) they are associated with
wave-driven Type | spicules or (ii) they are produced by interchange reconnection.
This study can provide very limited constraints on both hypotheses, highlighting
the need for further detailed investigation. Considering the small size and short
duration of these structures, observations with high spatial and temporal reso-
lution are necessary and longer continuous observations could also be helpful in
studying the slow-mode wave scenario in plumes. One could also take advantage
of simultaneous observations from multi-instruments, i.e., photospheric magnetic

fields data and spectral data, which provide information in different layers in the
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solar atmosphere. This work shows that magnetic field data can assist in cor-
recting the observed POS velocities. In addition, Doppler velocities derived from
spectral data can also provide the LOS velocity component. These are essen-
tial in understanding the mechanism of plumes and measuring the proportion of
released energy that is carried by outflows to reach the upper atmosphere and

eventually contribute to the solar wind.
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Chapter 5

Conclusions and outlook

This thesis focuses on the investigations of the small-scale activities in the so-
lar atmosphere using high-resolution observations from the instruments aboard
Solar Orbiter. The primary goal is to contribute to answering two of the most
significant open questions in solar physics, the coronal heating problem and the
origins of the solar wind. The persistent high temperatures of the corona and
the continuous, long-term outflows of the solar wind require ubiquitous and
sustained mechanisms, such as wave dissipation or small-scale magnetic recon-
nection. From an observational perspective, it is crucial to identify and analyze
signatures of these mechanisms, which could be subtle, but omnipresent. Solar
Orbiter, with its advanced instrumentation and unique vantage points, offers an
unprecedented view of the Sun to explore these small-scale phenomena. This
thesis primarily focuses on two regions of the Sun: the quiet sun and coronal
holes. Despite their distinct magnetic field structures, both regions reveal an

abundance of small-scale events in EUV observations from Solar Orbiter.

The EUI brightenings in the quiet sun have been statistically studied by
Berghmans et al. (2021). They are reported to be small-scale, short-lived and
happen frequently. Their correlation with chromospheric network and magnetic
cancellation could support the nanoflare heating model. To explore their con-

tribution to the coronal heating, another factor of these EUI brightenings, their
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temperature, is studied here by combining spectroscopic data from SPICE and
EUV imaging data from EUI for the first time.

Three EUI brightenings are captured by both HRIgyv and SPICE in two data
sets. Their scales almost reach the edge of the SPICE resolution, which makes the
assistance of HRIgyv images in identifying these brightenings necessary. SPICE,
on the other hand, provides multi-thermal information once the locations of the
brightenings are determined. The results show that, one of the EUI brightenings
(E-1) is only detectable in an O V1 line (0.3 MK) while the others (E-2 and E-
3), which exist for a longer time (several minutes) leave signatures in transition
region lines and a Ne viir line (0.6 MK), which is believed to be formed from
upper transition region to the low corona.

No hotter line is available in these data sets, resulting in a lack of direct
evidence to determine whether these EUI brightenings have been heated to a
higher temperature. However, the study of E-3 provides a proof of its thermal
evolution. In transition region lines (C 111 and O V1), their light curves display two
peaks, which could possibly correspond to the time when E-3 is heated up and
cools back to these temperatures. Differently, Ne vii1 has only one peak in its
light curve, which could indicate that the highest temperature that E-3 reaches is
not high enough, compared with the Ne vii1 temperature to clearly show discrete
heating and cooling peaks. All these findings lead to the conclusion that these
EUI brightenings likely remain at the lower-coronal temperatures before cooling

down.

Having examined small-scale events in the quiet sun, attention then turned
to coronal holes, where plumes are commonly observed and are proposed to
channel the MHD waves and the solar wind into the heliosphere. There are
two phenomena usually reported in the coronal hole plumes, the high-speed
propagating disturbances (PDs) and the base transients. The former ones have
been well detected in previous studies but their physical nature is still under
debate (waves vs mass flows). Although the latter ones have also been reported,

many details about them were not recovered using instruments prior to the advent
of EUL.

Within three coronal hole plumes, hundreds of base brightenings are iden-

tified, characterized by their small scale, short duration and slightly elongated
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morphology. More intriguingly, most of the base brightenings show a small ap-

1. These velocities are still much

parent speed in the POS of less than 10kms
smaller than the PDs (80-160kms™') even after accounting for projection ef-

fects.

Potential explanations for base brightenings and their connection to PDs
are explored. Assuming a constant plume temperature, the findings here favor
PDs as mass flows over slow waves. However, mass conservation estimates do
not support base brightenings as the initial outflows leading to high-speed PDs.
While it is difficult to definitively rule out a direct link between base brightenings
and PDs, here two hypotheses are proposed: base brightenings may be tied to
wave-driven Type | spicules or interchange reconnection.

Although this thesis has provided some significant insights on small-scale
events in both quiet sun and coronal holes, limitations remain and highlight
opportunities for further explorations. As mentioned before, both the coronal
heating and the solar wind origin problems require a persistent and steady energy
input. It is then crucial to consider how to expand and generalize the results
presented in this thesis.

Only three events were identified in the study of brightening structures in the
quiet sun. This limitation primarily arises from the restricted availability of data,
particularly from SPICE. To obtain more spectral data from SPICE for small-
scale structures, longer duration SPICE observations that overlap with HRIguv
would be beneficial. In the data set applied here, the simultaneous observations
are only a few minutes to around ten minutes long. With Solar Orbiter now
being in its nominal phase, it is possible to capture more events through longer
observations. Additionally, given that the data alignment method in this study
relies on time-slice plots, extending the overlapping duration would also help to
minimize the alignment errors, further improving the reliability of the analysis.

It has also been found that some of these events exist only for less than 1
minute. Therefore, the observation mode of SPICE also needs to be carefully
selected according to the requirements, as different observing modes result in
different cadences. A context image can cover a large area and thus provide
the opportunity of capturing more events. However, it sacrifices the temporal

resolution and is not suitable for the studies of individual events. The sit-and-
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stare mode, on the other hand, has higher time cadence by fixing the position of
the slit. Also note that, some of the brightenings are not very bright in weak lines
and to accumulate enough photons for a higher SNR, the exposure time should
also be taken into consideration. There are other limitations of SPICE data in
diagnosing the temperatures of the brightening structures. An important one is
the lack of the bright hotter lines. Also, the spectral resolution of SPICE is not
good enough to extract information from the analysis of the spectral profiles.

For the base brightenings in coronal hole plumes, although a statistical anal-
ysis is conducted here, all the brightenings come from the plumes within a single
coronal hole. It is then necessary to consider whether the same results apply
to plumes and even interplume regions in other coronal holes. Therefore, high-
resolution data covering other coronal holes, including polar coronal holes, would
be very helpful. Chitta et al. (2024)" investigated the same data set, recorded on
13 October 2022, analyzed in this thesis, together with a data set recorded on 17
April 2023, focusing on the intermittent jets in the interplume regions. Figure 5.1
shows that these picoflare jets are prevalent in the interplume region. Just like
the PDs in the plume, they exhibit speeds on the order of 100150 kms™!
POS.

What is also missing in this work is the precise 3-dimensional measurement

in the

of the velocities. To achieve this, stereoscopic observations, that is, observing
the same structure from multiple perspectives, should be considered. However,
given the small-scale nature of the brightenings and the optically thin environ-
ment, accurately identifying the same structures across different observations is
not an easy task. Another approach is to use spectral data to get the Doppler
velocity along the LOS (Vios=cAAX/Xo) by measuring the line center shift or
enhancements in the line wings. Combining the LOS velocity with the POS ve-
locities derived from imaging observations enables a more precise reconstruction
of the 3-dimensional velocity.

Both studies presented in this thesis emphasize the importance of spectro-
scopic data. Table 5.1 summarizes some of the spectroscopic instruments apart
from SPICE (for more details see Section 2.1.2), from the retired SUMER, to

1| contributed to Chitta et al. (2024) by identifying and measuring the velocities of
the picoflare jets, e.g., Figure 5.1.
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Figure 5.1: Picoflare jets in the interplume region, observed in HRIgyv images.
The same dataset is also used for studying the plumes in this coronal hole, as
shown in Chapter 4. (A) HRIguv image of the coronal hole interplume region.
Overplotted are contours showing magnetic field measured by SO/PHI-HRT.
Slits S1-S2 marked in cyan boxes are selected to get time-slice plots shown in
panels (B)-(H). Some jets are identified with cyan lines and their speeds are
measured. Image credit: Chitta et al. (2024), reproduced under a CC BY 4.0

license.
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the currently operating IRIS and EIS, and to the upcoming EUVST and MUSE.
Spectroscopic instruments provide detailed spectra, which capture the intensity
of light as a function of wavelength, offering insights into plasma properties like
temperature, density, and velocity. This thesis also includes an error analysis of
SPICE data. Considering the similarities shared by the designs of EUVST and
SPICE, the same error estimation method could also be adjusted for the EUVST

data in the future.

The small-scale nature of these brightenings demands high spatial resolution
from both imagers and spectrometers. HRIguv has very high spatial resolution,
especially near Solar Orbiter's perihelia. In contrast, SPICE's resolution is less
suited for detecting EUI brightenings, highlighting the importance of combining
its data with HRIgyv observations. Among current spectroscopic instruments,
the spatial resolution of IRIS can go down to 0.33" (~240km), high enough to
resolve the details of some EUI brightenings. The future missions EUVST and
MUSE are also planned to provide high-resolution data (0.4 for EUVST and less
than 0.5” for MUSE). In addition, the multi-slit design of MUSE uses 37 simul-
taneous slits, enabling a spectroscopic raster with large FOV and unprecedented

temporal resolution.

A broad temperature coverage is also crucial for understanding the plasma’s
thermal structure and provides valuable information for estimating the height
distribution. Especially, observations in hotter (at coronal temperatures) lines
are important for understanding the contribution of the target events to coronal
heating. The SPICE lines are listed in Table 2.2. IRIS mainly focus on the chro-
mosphere and transition region, while SUMER observes lines emitted from the
upper chromosphere to the lower corona, as well as the forbidden lines from the
flaring corona. Although SUMER had a wider wavelength range, for lines below
500A the sensitivity got very low. EIS covers hotter lines from upper transition
region to the flaring corona. In the future, MUSE will focus on highly-ionized
iron lines. Designed with a very wide wavelength range, EUVST is intended to
simultaneously observe different temperatures throughout the solar atmosphere,
from the chromosphere to the corona. It is possible that, MUSE and EUVST
will provide simultaneous observations covering the same region of the Sun to

achieve a large FOV, high spatial and temporal resolutions, along with a wide
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coverage of temperatures.

In addition, activity in the solar atmosphere is often associated with magnetic
field variations that also show up in magnetic field footpoints. This makes the
photospheric magnetic field data from instruments such as PHI, HMI, and DKIST
very important for investigating the physical mechanisms that give rise to these
structures. In-situ instruments, including those onboard Solar Orbiter, PSP,
and ACE, can provide the changes of the properties of the plasma that travel
through them, helpful for studying the relationship between solar activity and

space weather, including the origin of the solar wind.

These forthcoming instruments such as EUVST and MUSE will provide ad-
vanced capabilities to enhance our understanding of the small-scale brightenings
and jets. For example, the thermal structures of the EUI brightenings can be
analyzed in much greater detail using observations of higher spatial, temporal
and spectral resolution from these new spectrographs, which also capture hotter,
coronal spectral lines. This is crucial for determining whether these brightenings
truly reach coronal temperatures and contribute to coronal heating. In addition,
the faster scanning times of EUVST and, in particular, the multi-slit approach
of MUSE will enable covering a much larger FOV at a cadence higher than the
lifetime of most of these events. This will allow a significant increase in the
number of studied events, which is essential to extrapolate general properties
from the observation of individual events. More specifically, these observations
allow for statistical analyses of the occurrence rates and energy release of EUI

brightenings, helping to extend the energy distribution to smaller scales.

EUVST will provide spectroscopic data of coronal lines with higher spectral
resolution than current instruments such as EIS and SPICE, allowing detailed
studies of plasma flows along the LOS. On the other hand, imaging data, such
as those from HRIguv are ideal to track motions in the POS. Thus, combining
those spectroscopic observations with imaging data will allow determining the
full plasma velocity vector at the base of the corona, leading to a better under-
standing of the mass transport throughout the corona and into the solar wind.
In addition, comparing these velocities with the local acoustic and Alfvén speed
could reveal the potential relation of jets to wave phenomena. Finally, high spec-

tral resolution line profiles may allow to infer the underlying mechanisms driving
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these jets. For instance, bi-directional flows observed in spectral lines can be
regarded as signatures of magnetic reconnection.

To further investigate how these small jets propagate into the outer atmo-
sphere, a connection could be established between remote-sensing observations
and in-situ measurements, if the spacecraft crosses the region where jets are
expected to propagate. Finally, magnetic field data help to understand the un-
derlying magnetic mechanisms driving EUI brightenings and jets. For example,
the small-scale magnetic footpoint evolution below the EUI brightenings can re-
veal localized magnetic activities, such as reconnection events associated with
flux cancellations, that could trigger the brightenings. The magnetic structures
can also be used to trace solar wind streams back to their source regions on
the solar surface, with the assistance of magnetic extrapolations based on the
photospheric magnetic field data.

In short, this thesis highlights the critical importance of high spatial, spec-
tral and temporal resolution, multi-wavelength observations in uncovering the
intricate processes governing the solar atmosphere. The advanced operating
missions, such as Solar Orbiter, PSP, DKIST, along with future missions like
EUVST and MUSE promise unprecedented opportunities to refine the under-
standing of small-scale events and how they are related to coronal heating and
solar wind. These efforts will not only enhance the knowledge of solar physics

but also improve the ability to predict space weather and its impacts on Earth.
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