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Abstract

The heating of the solar corona, the tenuous outer atmosphere of the
Sun, has remained one of the major open questions in solar physics for
decades. How the coronal plasma, above the much cooler photosphere,
reaches temperatures of millions of degrees is closely related to the mag-
netic field on the Sun. The magnetic field permeates the solar atmosphere,
shaping various active phenomena, from the large active regions with sunspots
to the small magnetic features in the so-called quiet Sun. The corona is
structured by the magnetic field, as is particularly evident in bright, arch-
shaped coronal loops, where hot plasma is tied to the field lines that connect
opposite magnetic polarities in the photosphere. In contrast to the clear
loops, the corona also exhibits regions of diffuse-looking emission, that
show no obvious substructure. The diffuse corona is rarely studied, despite
its significant emission at the extreme-ultraviolet (EUV) wavelengths. This
poses the questions of what determines the amount of structure we can see
in the corona, how the diffuse emission is connected to magnetic footpoints
in the lower atmosphere, and how different the heating mechanisms in dis-
tinct loops and in the diffuse areas are. To shed light on these questions,
in this thesis we focus on observations of the quiet corona, whose magnetic
footpoints lie in the supergranular magnetic network in the photosphere.
In two complementary studies, we explore how this highly-structured mag-
netic foundation can support both structured small loops, and featureless
diffuse emission.

Our first study is related to coronal bright points, prominent systems of
loops in the quiet corona, that connect small bipoles (~ 20 Mm) in the junc-
tions of the magnetic network. Although very compact, these are complex,
multi-thermal features that span different layers in the solar atmosphere.
We investigate the thermal structuring of these loops by using the differ-
ential emission measure (DEM). By combining spectral data from the EUV
spectrometer SPICE on board Solar Orbiter, and imaging data from AIA on
board the Solar Dynamics Observatory (SDO), we simultaneously covered a
broad range of temperatures, from the low transition region to the corona
(log T [K] ~ 4.6-6.5). We analyzed 14 bright points, and found common be-
havior in terms of their DEM curves when compared to the average emis-
sion of the quiet Sun. At the low-temperature end, below log T [K] ~ 5.2,
the negative slope of the bright points’ DEM is similar to that of the av-
erage quiet Sun. In the upper transition region (log T [K] ~ 5.2-6.0), the
increase of the DEM towards the corona is significantly shallower in the
bright points. Our findings are relevant for coronal heating models, and
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based on earlier studies, imply less frequent heating events in bright points
in comparison to the average quiet Sun. This apparent dichotomy between
the plasma at lower and higher temperatures could also imply distinct heat-
ing mechanisms, or thermally disconnected loops in the two temperature
regimes.

The other side of the coin, opposite of highly structured features, are dif-
fuse regions, to which we turn our attention to in the second part. We focus
on a diffuse region observed in coronal images from AIA, above the super-
granular network in the quiet Sun. By combining this with the transition-
region spectra from IRIS, and the photospheric magnetograms from HMI
on SDO, we study how the diffuse emission connects to its magnetic foot-
points in the lower atmosphere. We found that the diffuse region hosts
plasma at close to 1 MK, related to a magnetic canopy which extends above
unipolar magnetic footpoints. Unlike the small loops in coronal bright
points, the diffuse region evolves gradually over more than five hours, while
showing no clear substructure. This is also contrasted with its footpoint
area, where we found spicule-like features and signatures of upflows, that
might supply heated material to the diffuse region. Based on magnetic field
extrapolations we performed, the diffuse region is found to be located at the
base of a long-ranging loop, which has its other footpoint at a great distance
of about 300 Mm. The orientation ofthis loop base toward the observer sug-
gests that integration along the line of sight could be the main reason for
the lack of structure seen in the coronal emission, at least in this case.

In summary, by using recent observations that span the solar atmosphere,
we studied the quiet corona and its connection to the magnetic footpoints,
both in small loops and in the regions with diffuse emission. Explaining
how structures form in the corona, and why large areas remain apparently
featureless over long periods of time, is a challenging but important task in
coronal physics, which might advance our understanding of coronal heat-
ing.



Zusammenfassung

Die Autheizung der Sonnenkorona, der diinnen dufleren Atmosphire der
Sonne, ist seit Jahrzehnten eine der wichtigsten offenen Fragen der Sonnen-
physik. Wie das koronale Plasma oberhalb der viel kithleren Photosphire
Millionen von Grad erreicht, hingt eng mit dem Magnetfeld der Sonne
zusammen. Das Feld durchdringt die Sonnenatmosphire und prigt ver-
schiedene aktive Phinomene, von den grofiten aktiven Regionen mit Son-
nenflecken bis hin zu den kleinsten magnetischen Merkmalen in der ruhi-
gen Sonne. Die Korona wird durch das Magnetfeld strukturiert, was beson-
ders in den hellen, bogenférmigen koronalen Schleifen, auch koronale Bo-
gen genannt, deutlich wird, wo heifles Plasma an die Feldlinien gebun-
den ist, die entgegengesetzte magnetische Polarititen in der Photosphire
verbinden. Im Gegensatz zu den klaren Bogen weist die Korona auch Regio-
nen mit diffuser Emission auf; die keine offensichtliche Substruktur zeigen.
Die diffuse Korona wird trotz ihrer erheblichen Emission im extrem ultravi-
oletten (EUV)Wellenlingenbereich nur selten untersucht. Dies wirft Fragen
auf, wie die nach dem Grad der Strukturierung, die wir in der Korona sehen
konnen, dem Zusammenhang der diffusen Emission mit ihren Fuf§punk-
ten in der unteren Atmosphire und der Unterscheidung von Heizmecha-
nismen in ausgeprigten Bogen und in den diffusen Bereichen. Die vor-
liegende Arbeit bezieht sich auf Beobachtungen der ruhigen Korona, deren
magnetische Fufpunkte im supergranularen magnetischen Netzwerk in der
Photosphire liegen. In zwei komplementiren Studien untersuchen wir, wie
das magnetische Netzwerk sowohl strukturierte, kleine Bogen als auch dif-
fuse Bereiche erzeugen kann.

Die erste Studie befasst sich mit koronalen hellen Punkten, markanten
Systemen von kleinen Bégen, die kleine magnetische Bipole (~ 20 Mm)
an den Knotenpunkten des magnetischen Netzwerks in der ruhigen Sonne
verbinden. Obwohl sie sehr kompakt sind, handelt es sich um komplexe,
multithermische Erscheinungen, die sich tiber verschiedene Schichten der
Sonnenatmosphire erstrecken. Wir untersuchen die thermische Strukturierung
dieser Schleifen mit Hilfe der differentiellen Emissionsmessung (DEM).
Durch die Kombination von Spektraldaten des EUV-Spektrometers SPICE
an Bord von Solar Orbiter und Bilddaten von ATA an Bord des Solar Dynam-
ics Observatory (SDO) haben wir gleichzeitig einen breiten Temperaturbere-
ich abgedeckt, der von der niedrigen Ubergangsregion bis zur Korona re-
icht (log T [K] ~ 4.6-6.5). Wir analysierten 14 helle Punkte und fanden ein
gemeinsames Verhalten in Bezug auf ihre DEM-Kurven im Vergleich zur
durchschnittlichen ruhigen Sonne. Im unteren Temperaturbereich, unter-



halb von log T [K] ~ 5.2, ist die negative Steigung der DEM ihnlich wie
bei der ruhigen Sonne. Im oberen Ubergangsbereich (log T [K] ~ 5.2-6.0)
ist der Anstieg der DEM zur Korona hin in den hellen Punkten deutlich
flacher. Unsere Ergebnisse sind fiir koronale Heizungsmodelle von Bedeu-
tung und deuten auf der Grundlage fritherer Studien auf weniger hiufige
Heizungsereignisse in hellen Punkten im Vergleich zur ruhigen Sonne hin.
Diese offensichtliche Dichotomie zwischen dem Plasma bei niedrigeren
und hoheren Temperaturen konnte auch auf unterschiedliche Heizmech-
anismen oder thermisch getrennte Bogen in den beiden Temperaturbere-
ichen hindeuten.

Die andere Seite der Medaille, das Gegenteil von stark strukturierten Merk-
malen, sind diffuse Regionen, denen wir im zweiten Teil unsere Aufmerk-
samkeit widmen. Wir konzentrieren uns auf eine diffuse Region, die in
koronalen Bildern von AIA oberhalb des supergranularen Netzwerks in der
ruhigen Sonne beobachtet wurde. Durch die Kombination mit den Spek-
tren der Ubergangsregion von IRIS und den photosphirischen Magnetogram-
men von HMI auf SDO untersuchen wir, wie die diffuse Emission mit ihren
Fuflpunkten in der unteren Atmosphire verbunden ist. Wir fanden her-
aus, dass die diffuse Region Plasma in der Nihe von 1 MK beherbergt, das
mit einem magnetischen Baldachin verbunden ist, der sich {iber unipolare
magnetische FufSpunkte wolbt. Im Gegensatz zu den kleinen Bogen in den
koronalen hellen Punkten entwickelt sich die Region allmihlich iiber mehr
als fiinf Stunden und zeigt dabei keine klare Substruktur. Dies steht auch
im Gegensatz zum Fuflpunktbereich, wo wir Spiculen-ihnliche Merkmale
und Anzeichen von Aufwirtsstromungen gefunden haben, die moglicher-
weise erhitztes Material in die diffusen Region injizieren. Ausgehend von
den von uns durchgefiihrten Magnetfeldextrapolationen befindet sich die
diffuse Region an der Basis eines langen koronalen Bogens, dessen anderer
Fuflpunkt sich in einer groflen Entfernung von etwa 300 Mm befindet. Die
Ausrichtung der unteren Region dieses Bogens auf den Beobachter deutet
darauf hin, dass die Integration entlang der Sichtlinie wesentlich zu dem
Fehlen an Struktur in der koronalen Emission beigetragen haben konnte.

Anhand aktueller Beobachtungen, die sich tiber die gesamte Sonnenat-
mosphire erstrecken, haben wir die ruhige Korona und ihre Verbindung
zu den magnetischen Fuf$punkten untersucht, sowohl in kleinen koronalen
Bogen als auch in den Regionen mit diffuser Emission. Die Erklirung, wie
sich Strukturen in der Korona bilden und warum grofle Gebiete iiber lange
Zeitriume hinweg scheinbar strukturlos bleiben, ist eine anspruchsvolle,
aber wichtige Aufgabe, die unser Verstindnis der koronalen Heizung vo-
ranbringen konnte.
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1 Introduction

Our perception of the solar corona developed over many centuries. For
the longest period of time, what was available to our observation was the
surface of the Sun —the photosphere, which is the brightest part of the Sun
in visible light. From ancient observations and until the late 19th century,
the fainter upper solar atmosphere was visible to us exclusively during total
solar eclipses. Nevertheless, eclipse observations yielded many records of’
features related to the corona, reminiscent of rays, arches and clouds that
extend over the limb of the solar disk. Development of observational tech-
niques and instruments, including the first spectroheliograph by Hale in
1892, and the first coronagraph by Lyot in 1930, opened doors to more reg-
ular and comprehensive studies of such phenomena (Bray et al. 1991). These
observations, although not any more tied to the eclipses, were still limited
to the visible light.

Advances in observations brought new clues about corona, which Alfvén
(1941) perceived together, and based on it argued that the coronal gas must
be at about 1 million Kelvin (Peter & Dwivedi 2014). Some of these clues
come from spectroscopy, and in particular from the identification of emis-
sion lines that originate from highly ionized elements (Edlén 1943; Grotrian
1939). The famous coronal green line at 530.3 nm, for example, originates
from thirteen times ionized iron (Fe x1v), whose formation requires tem-
peratures of about 2 MK (1 MK = 10° K). Similar temperatures are inferred
from the radial extent of the white-light corona, and the related electron
density through the pressure scale height. This apparent violation of ther-
modynamics laws raised a question how the photosphere, that is only about
6000 K hot, can heat and sustain the much hotter corona.

Different ions present in the upper solar atmosphere radiate in emission
lines that are typically found in the range from ultraviolet (UV) to X-rays
(shortward of ~ 1400 A; Mariska 1992). At these wavelengths, the contami-
nation from the photosphere drops by several orders of magnitude, as com-
pared to the visible light. This allows for the corona to be observed also
against the solar disk, and not only above the limb. The Earth’s atmosphere,
however, is not transparent to the light shortward of visible wavelengths,
so the instruments needed to be placed on rockets and satellites to perform
the observations. Furthermore, observations at shorter wavelengths require
optical approaches different from the ones in the visible range, including
grazing-incidence optics and special coatings of mirrors. Development of’
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these techniques and observations that started in the 1960s were crucial for
understanding the solar corona. In the early 1970s, the new data allowed for
an important connection to be established, namely that the bright arches
seen in the corona — the coronal loops, are related to the strong magnetic
fields at the solar surface (Vaiana et al. 1973).

The magnetic field is generated in the Sun’s interior, in a complex pro-
cess called the solar dynamo. The field is transported to the surface with
the rise of magnetic loops of various sizes. Signatures of the emerged mag-
netic loops can be seen everywhere in the photosphere. They come in forms
of bipolar concentrations of the magnetic flux, located at the base of these
loops. The largest flux concentrations are found in the active regions, rec-
ognizable by sunspots in the photosphere, and bright plasma loops in the
corona. Areas outside the active regions, termed the quiet Sun, are char-
acterized with smaller magnetic features, that individually carry much less
flux than the active regions. Still, their ubiquity and fast replenishment is
what makes the quiet Sun as important as active regions in terms of solar
magnetism (Stein 2012). The magnetic features in the quiet Sun are orga-
nized by the supergranular plasma flows. This gives rise to a network pat-
tern, with concentrations of magnetic field at the boundaries between the
network cells, which are some 30 Mm (1 Mm = 10° m) across.

From the surface, the magnetic field extends upward into the corona, cre-
ating configurations of closed field in the active regions and the quiet Sun,
and open field in the coronal holes. The so-called open regions are not
truly open, of course, but are connected to the heliosphere, and there close
back to the respective opposite magnetic polarity on the Sun. In regions
of stronger heating, the closed field is outlined by the bright loops of hot
and dense plasma. Loops are the building blocks of the corona (Reale 2014).
They are arch-shaped and span tens to hundreds of megameters. The most
prominent are the loops that span between the large bipolar footpoints in
the active regions. Cores of active regions host hot loops of up to almost
10 MK, bright in the X-rays. These are overlaid with larger and somewhat
cooler loops, which are well-observed in the extreme-UV (EUV) domain. In
the quiet-Sun corona, what stands out are the coronal bright points (Mad-
jarska 2019). These are compact systems of loops, typically 20 Mm across,
that connect the bipolar concentrations in the junctions of the magnetic
network. They reach temperatures of about 1-2 MK, with indications of
hotter loops overlying the cooler ones.

The magnetic field connects the flux concentrations in the photosphere
with the overlying chromosphere, the transition region, and eventually the
corona. Moving away from the surface, the temperature of plasma rises —



first slowly through the chromosphere, and then sharply through the tran-
sition region, leading to the coronal values of about 1 MK. Plasma flows con-
stantly shake and distort the footpoints of the magnetic field in the photo-
sphere. In the photospheric granules, for example, which are convection
patterns of typically 1 Mm across, the field is rearranged by the convective
flows on timescales of minutes. The field acts like a conduit of this abun-
dant mechanical energy from the photosphere upward, to provide the heat-
ing for the corona. Exactly how the energy is transferred to, and as impor-
tantly, dissipated in the corona, is the coronal heating problem (Cranmer
& Winebarger 2019). Many mechanisms have been proposed to solve the
problem, relying on the tangling of the magnetic field lines, formation of
currents, propagation of waves, etc. From the point of view of both observa-
tions and models, however, it is difficult to select a process, or more likely
a combination of processes, that can explain the corona as we see it. This
leaves the coronal heating an open question for more than 80 years.

The energy to heat the corona inevitably has to traverse the chromosphere
and the transition region. Furthermore, because of the magnetic connec-
tion, any dynamic events happening in one of the atmospheric layers can
leave an effect on the others. Both the chromosphere and the transition re-
gion are dynamic regimes, abundant of small-scale phenomena like spicules,
jets, and small loops — all closely related to the structure of the magnetic
field. Therefore, when considering how the corona is heated, data that probe
different temperature regimes in the atmosphere are highly valuable.

This thesis comprises two complementary studies, which are concerned
with the observations of the quiet-Sun corona, with its thermal structuring,
and magnetic connectivity. Usually, our attention is drawn to distinct fea-
tures in the corona, either small or large, simply because of their prominent
appearance. This applies certainly to the coronal bright points (Madjarska
2019), which are prominent brightenings at the network junctions. In some
way, one can consider the loops in the coronal bright points as morpho-
logically similar to those in the active regions. This poses the question if
all features we see in the corona are based on this type of loop structures.
A challenge to this is the presence of regions with diffuse emission, that
are characterized by an absence of structure (Gorman et al. 2023). Are the
magnetic roots of these diffuse features, which are also occurring in the
quiet Sun above the magnetic network, similar or different from the coronal
bright points? In this work, we analyze these two types of features — coronal
bright points and diffuse regions, as two sides of the same coin, essentially
relating these features to their magnetic origin in the supergranular net-
work.
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In our first study, we analyzed compact loops in coronal bright points
(Ch.5). We used observations that simultaneously cover a broad range of
temperatures in the atmosphere — from the low transition region to the
corona. The simultaneous aspect is important when studying the thermal
characteristics of these short loops, that live for several hours, but evolve on
timescales of minutes. Earlier studies of active region loops showed that the
thermal properties of plasma can be related to the temporal nature of heat-
ing (Del Zanna & Mason 2018). Whether the heating is steady or impulsive,
compared to the typical plasma cooling time, will affect the temperature
distribution of plasma. We discussed this in the scope of the coronal bright
points, which have morphological similarities with the much larger, and
presumably more complex active region loops. Our results for the plasma
temperature distribution in coronal bright points, in particular between 0.1
and 1 MK, can provide constraints for the future heating models.

While the objective of our first study is the structured emission in the
compact and dynamic loops, in the second study we looked at the diffuse
corona above the quiet-Sun magnetic network (Ch. 6). A diffuse component
of the emission is common to both the active and the quiet corona. In fact,
while the distinct loops, sometimes as thin as 200 km, are the most promi-
nent, the bulk of the emission comes from the diffuse and structureless
corona (Viall & Klimchuk 2011). This contrast between the clear loops and
the diffuse emission poses a question of what determines the amount of de-
tails we can see in the corona, and whether the heating mechanisms are fun-
damentally different for the two components. The diffuse region we studied
is at a temperature of about 1 MK, and similarly compact (~ 20 Mm) as the
coronal bright points. The hazy appearance it maintains over several hours,
however, stands in contrast to its highly-structured footpoints in the lower
atmosphere. Our results show that the configuration of the magnetic field
on large scales (of hundreds of megameters) can be related to the diffuse
appearance of the observed emission.



2 Magnetic field at the solar surface

Nearly all the dynamic phenomena on the Sun, from sunspots to coronal
loops, are governed by the solar magnetic field. The presence of this field is
first seen at the surface, where sunspots mark the areas of the strongest field
—the active regions. Besides from the obvious active regions, a large part of
the solar magnetism is contained in the areas with weaker magnetic flux —
the quiet Sun. In this section, we discuss the emergence and structuring of
the magnetic field at the solar surface.

2.1 Emergence of the field

The global magnetic field of the Sun shows a periodic behavior. The number
of sunspots, that is indicative of the magnetic flux, changes with a cycle of’
about 11 years. Since the global magnetic field changes polarity from one
sunspot cycle to the next, the magnetic cycle of the Sun is about 22 years
long. During the 11-year cycle, the solar magnetic activity grows to reach a
peak, which is followed by the cycle decay and the reversal of the magnetic
poles. This periodic growth and dissipation of the field, in contrast to a
simple gradual decay, is a sign of'a dynamo acting on the Sun. The dynamo
is a mechanism in which the magnetic field can be amplified by the means
of plasma flows. Flows of charged particles induce currents, which reinforce
the field in a positive feedback loop.

On the Sun, the heart of the dynamo is believed to be in the convection
zone, spanning from about 0.7 solar radii to the surface. There, the convec-
tive motions and the differential rotation (the equator rotating faster than
the poles) provide the energy to amplify the field (Solanki et al. 2006). Ini-
tially dipole-like (poloidal) field of the Sun is stretched and coiled by the dif-
ferential rotation during the cycle rise, owing to the field lines being frozen
in the plasma (Alfvén’s theorem). As the cycle peaks, this process produces a
strong, azimuthal (toroidal) magnetic field in the convection zone. During
the cycle decay, the global field returns back to the poloidal shape.

Compared to the surroundings, regions of stronger field need to be va-
cant of plasma, in order to maintain a balance of the total pressure, i.e. the
sum of gas and magnetic pressure. This results in magnetic buoyancy and
instabilities related to the toroidal field in the convection zone, which causes
the rise of the field strands. These strands emerge at the surface in the
form of magnetic loops. Where the loops cross the surface, concentrations
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of the magnetic flux are observed, with one loop footpoint having positive
(outward-directed), and the other negative (inward-directed) magnetic flux.
These flux concentrations are roughly described as bundles of nearly paral-
lel and, due to the buoyancy, nearly vertical field lines, called the magnetic
flux tubes. The tubes have sharp boundaries and can be of vastly different
cross-sectional area, but on average show magnetic flux density of about
1-2kG! (Lagg et al. 2010; Stenflo 1973).

The presence of the magnetic field in the photosphere influences the ra-
diation, which is what allows us to observe and quantify the field. The sur-
face of the Sun — the photosphere, that spans a few hundreds of kilometers
in height, is where most of the solar radiation we observe originates. That
is because in the photosphere, going outwards from the Sun’s interior, the
plasma changes from opaque to transparent. Exactly where within the pho-
tosphere this change will occur depends on the wavelength of the radiation,
in particular in the spectral lines. Spectral lines originate from the atomic
transitions, when an atom changes its energy state because it either absorbs
or emits a photon. The strength and shape of spectral lines are sensitive to
the conditions in the solar plasma, including the magnetic field. Finally, the
field causes one spectral line to split into multiple components with slightly
different wavelengths, which is known as the Zeeman effect. Following is
a brief description of this phenomenon, and more details can be found in,
e.g., chapter 3.5.1 of Stix (2002).

The energy levels of the atom split in the presence of the external mag-
netic field. This results in the distinct spectral line components, as opposed
to the original single line, with wavelength changed because of the slight
change in the energy of the transition. In the weak magnetic field B, for
one line component the wavelength shift A — A is given by

e

A=Ay =
0 47tem,

g*)\ZB,

where ¢ is the elementary charge, c is the speed of light, and m, is the elec-
tron mass. The factor ¢* is different for each transition and depends on the
quantum numbers characterizing the initial and the final state. There are
some important remarks to the expression above. Firstly, a stronger field B
introduces a greater line splitting. Secondly, the splitting is more promi-
nent for lines at longer wavelengths. Finally, through the ¢* factor, some
lines will be more magnetically sensitive than others.

IAlthough we use SI units in this thesis, in case of the magnetic flux density, we decided
for gauss instead of tesla (1 G = 10~# T), because this is commonly used in solar physics.
Likewise, in case of the magnetic flux, we decided for maxwell instead of weber (1 Mx =

108 Wh).



2.2 MAGNETICALLY ACTIVE AND QUIET REGIONS

Generally, one line splits into multiple components, but these are not
all resolved in solar conditions. Therefore, a special case with only three
line components (the so-called normal Zeeman effect) is of particular in-
terest. This line triplet contains one central (unshifted) 7 component and
two opposite-shifted o components. Unless the field is very strong and the
original line is magnetically very sensitive, not even these three can always
be well-resolved. Fortunately, the components exhibit different polariza-
tion states, which are distinguishable by the means of spectropolarimetry.
In this way, spectropolarimetry and Zeeman effect are widely used to mea-
sure the magnetic fields in the photosphere, and in the chromosphere. In
the corona, however, due to a combination of wider spectral lines, weaker
fields, and shorter wavelengths at which the observations are carried out, it
is difficult to directly measure the field through the Zeeman effect. There-
fore, other techniques are necessary, like the field extrapolations based on
the photospheric measurements (Wiegelmann et al. 2014).

2.2 Magnetically active and quiet regions

When magnetic loops from the interior emerge in the photosphere, they
show as bipolar regions on the maps of the magnetic field, with an average
field strength always around 1-2 kG (Solanki et al. 2006). Still, some parts
of the surface have greater areas covered with these strong fields, and there-
fore larger magnetic flux content than others. This is illustrated in Fig. 2.1,
which shows intensity in the visible continuum and line-of-sight magnetic
field in the photosphere at a given time. These data were acquired with the
Helioseismic and Magnetic Imager (HMI; Scherrer et al. 2012; Schou et al.
2012) on board the Solar Dynamics Observatory (SDO; Pesnell et al. 2012).
The regions of greater magnetic flux, that are typically bipolar in nature,
are called the active regions, with the total magnetic flux of up to 10% Mx
(Wiegelmann et al. 2014). An example is shown in Fig. 2.1c,d.

The most prominent features in the active regions are sunspots, which
appear dark in the photospheric images (Fig. 2.1c), and are related to large
and apparently continuous flux concentrations. Because of the strong mag-
netic field (Fig. 2.1d), the convection and hence the upflow of hot gas from
below are inhibited in sunspots. Consequently, they are cooler and darker
than the surroundings. Sunspots consist of a dark, central umbra, sur-
rounded by a less dark penumbra, and their diameters range between a few
and 60 Mm. Sunspot umbrae are characterized with strong magnetic fields,
usually between 2 and 4 kG (Solanki 2003), but even stronger fields were
found at locations of high-speed plasma flows in the outer penumbra (over

7
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7kG; van Noort et al. 2013).

The magnetic fluxin the active regions which is not contained in sunspots
is located in smaller concentrations, either the dark pores (a few Mm in di-
ameter) or the bright magnetic elements (a few 100 km). Unlike sunspots,
the magnetic elements appear bright, because these much smaller flux tubes
can still be efficiently heated from the sides by the surrounding hot gas. Fac-
ulae, large and fragmented-looking features that accompany and surround
sunspots, are composed of the magnetic elements and the nearly field-free
gas in between (Stein 2012).

Areas outside the active regions are termed the quiet Sun, and are charac-
terized by smaller magnetic flux concentrations (Fig. 2.1e). Emerging bipo-
lar regions with flux content of roughly 10'8-10?Y Mx are called ephemeral
regions (e.g., Wiegelmann et al. 2014). There are even smaller bipolar mag-
netic patches that can emerge in the quiet Sun, with fluxes down to 101 Mx.
At first sight, the quiet-Sun magnetism might seem insignificant in com-
parison to the active regions, but this is not the case. Although an active
region contains significantly more flux than the smaller bipolar regions, at
any given time, the total flux on the solar disk contained in the (many) small
and in the (fewer) large regions is close to even. Even more so, the faster evo-
lution and replenishment of the small-scale bipolar regions makes them
contribute more flux in total during the solar cycle (Stein 2012).

Active regions show some systematic properties at their emergence. They
occupy only low latitudes on the solar disk, the so-called activity belts, be-
tween about £30° around the equator. Sunspot pairs and groups have a
preferred east-west orientation, with a certain tilt, so that typically the lead-
ing spot is closer to the equator than the trailing ones. Most leading spots
are of the same polarity in one hemisphere, and of the opposite in the other.
The number of sunspots grows as the solar cycle peaks, and this was often
used as an indicator of the cycle phase (Solanki 2003). Ephemeral regions,
on the other hand, emerge over a wider area on the disk, and their numbers
vary less with the cycle (Wiegelmann et al. 2014).

Fields in the photosphere are greatly influenced by the plasma flows. This
can be quantified with the magnetic Reynolds number — the ratio of the
field induction by the flows and the diffusion, which is always greater than
1 for the relevant flows (Solanki et al. 2006). The magnetic field lines are
frozen to the plasma and carried by the flows, which can cause two oppo-
site polarities to meet and (partially) cancel, or two like polarities to merge.
One ubiquitous flow pattern is the granulation, a consequence of convec-
tion overshooting in the photosphere. In granules, which are roughly 1 Mm
in size, hot plasma rises from the middle and disperses toward the edges,
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Figure 2.1: Active and quiet regions at the surface. The top panels display the full
solar disk, where (a) shows the photosphere in the visible-light continuum, and
(b) the line-of-sight magnetic field at the surface. The white and black patches in
panel b represent regions of stronger field, where white is the positive (toward the
observer), and black is the negative polarity. The red box in (a) and (b) outlines
one active region, which is enlarged in panels c and d, respectively. The blue box
outlines a quiet region, whose magnetogram is enlarged in panel e. These data
were acquired with the HMI instrument on 30 April 2023 at 23:35 UTC, and the
images were produced with the ESA JHelioviewer software (Miiller et al. 2017).
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where it sinks as it cools. This flow creates a pattern of brighter granules
and darker intergranular lanes. At the same time, horizontal granular flow
concentrates the magnetic flux to the edges of granules. On a larger scale,
supergranular flows are important. They swipe the magnetic flux toward
the edges of the supergranular cells, which are typically 30 Mm across. This
creates a prominent, larger network pattern visible outside the active re-
gions. The magnetic flux is enhanced in the network lanes, at the edges of’
the supergranules, and weaker in their interiors or the internetwork.
Finally, the flux emerged at the surface eventually gets crumbled and de-
stroyed in complex interactions with the plasma. Generally, larger flux con-
centrations persist for longer time, and larger features keep their identity
for longer (Stein 2012). Granules and fields on granular scales turn over in
a few minutes, while the supergranular network gets replenished in about a
day. Active regions live for months, before they are decayed by the flows
and the diffusion — sunspots being the ones to decay before the faculae.
The end of an active region also influences the quiet Sun, as the leftover
flux gets recycled and enhances the magnetic network (Wiegelmann et al.
2014). This change in the quiet-Sun network is visible over the solar cycle.
Around the cycle minimum, the network is weaker and shows mixed (pos-
itive and negative) polarities. Predominantly unipolar are only the areas
near the poles, with the two hemispheres having opposite main polarities.
Around the maximum, however, the presence and the decay of more active
regions enhances the network fields, and creates unipolar areas also at lower
latitudes. With the decay of an active region, magnetic connectivity between
its main polarities may still persist, but now connecting the newly-formed
quiet Sun to seemingly unrelated areas on the solar disk, at great distances.
The photosphere hosts many interesting and diverse phenomena, from
the large sunspots to the smallest internetwork loops. Since this thesis fo-
cuses on the structures in the corona, in the following text (Ch. 3) we will
leave the photosphere and discuss the higher parts of the atmosphere.



3 Magnetic connectivity
through the atmosphere

The influence of the magnetic field on the Sun is not limited to its sur-
face. Instead, the whole solar atmosphere is permeated with the magnetic
field. Through its interactions with plasma, the field shapes and energizes
numerous atmospheric features. It also expands further through the helio-
sphere, where it eventually reaches and influences the Earth. In this sec-
tion, we discuss this expansion of the magnetic field, and how it creates
structures in the solar atmosphere.

3.1 Expansion of the magnetic concentrations

The magnetic field at the solar surface is highly intermittent in time and
space, with strong concentrations covering only about 5% of the surface
(Wiegelmann et al. 2014). From the concentrations in the active regions,
and the ones in the quiet-Sun magnetic network, the flux expands and fills
the whole volume higher up. How this expansion takes place depends on
the conditions in different layers of the atmosphere.

The idea of layers is based on one-dimensional models of the solar at-
mosphere, where any property of the medium depends only on the radial
coordinate or the height above the surface (e.g., Vernazza et al. 1981). In this
simplified and static picture, the plasma temperature decreases through the
photosphere, from about 6000K at the base to 4000K at the temperature
minimum. From the minimum upward, it first increases gradually through
the chromosphere, reaching close to 10* K over some 1500 km. After that,
the temperature increases very sharply through only a few 100 km thick tran-
sition region, eventually reaching values of 10° K in the corona. Over this
whole course, the plasma particle density drops from about 107 cm~3 in
the photosphere to about 10 cm 3 in the corona. The real Sun, however,
is much more complex, with dynamic processes, and both horizontal and
vertical structuring, that break the above picture. The atmospheric layers
should, therefore, be understood as distinct temperature regimes, rather
than the shells with fixed height above the surface.

The one-dimensional picture is still useful, however, when describing
how individual features like isolated flux tubes behave. For the ascension
of the magnetic flux from the surface, the decrease of the particle density is
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important. Assuming that strong magnetic field is located only within the
flux tube, the lateral pressure balance at the flux tube walls is

Pgas,e ~ Pgas,i + Pmag
where pgas e and pgas,; are the (higher) external and the (lower) internal gas

2., . : :
PIESSUre, Pmag = g_y is the magnetic pressure, and y is the magnetic perme-

ability (chapter 5.8.1 of Aschwanden 2005). In hydrostatic equilibrium, the
gas pressure drops exponentially with height. Assuming a constant tem-
perature, the scale height, i.e. the height where the pressure drops by 1/e,

isH = kg—gT, where kg is the Boltzmann constant, T the temperature, p the

density, and ¢ the gravitational acceleration. In the photosphere, this is
about 100 km, and hence in the one-dimensional, static models the pres-
sure drops by several orders of magnitude from the surface into the chro-
mosphere. The exponential decrease with height of the gas particle density
(and pressure) affects the lateral pressure balance in the flux tube, causing
also the field strength inside the tube to decrease. Consequently, the flux
tube must expand to cover a larger area, in order for the total magnetic flux
in the cross-section of the tube to be conserved.

The flux tubes expand through the photosphere and the chromosphere,
resembling a shape of a wine glass. At a certain height (which differs be-
tween different regions on the Sun, but is generally below 1 Mm; Solanki &
Steiner 1990), the expanding tubes merge with each other. The very edges
of the expanding tubes form the so-called magnetic canopy —a structure of’
nearly horizontal field that outlines the weak-field region below the canopy
from the magnetized one above. Above the canopy, the volume is completely
filled with the magnetic field that continues to expand upward.

On the scale of the supergranular magnetic network, as the stronger mag-
netic patches expand into the upper atmosphere, they form funnels that
span over the supergranular cells (e.g., Hackenberg et al. 2000). This is illus-
trated in Fig. 3.1. When these funnels encounter each other, the like-polarity
funnels merge, while the opposite polarity ones connect to form magnetic
arches (loops). At this level, the plasma is so thin that it no longer influences
the magnetic field strength. While the gas pressure continues to drop expo-
nentially, the field drops also rapidly, but with a power-law trend (Solanki

et al. 2006). This results in the plasma beta parameter f = % < 1, so that

p
the dynamics in the corona is governed by the magnetic field. The coronal

field is arranged in a way that it is nearly homogeneous in strength (an order
0f 10 to 100 of Gauss), but not in the direction.
The corona exhibits two types of the large-scale magnetic field configu-
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Figure 3.1: Magnetic field expansion from the supergranular network. This figure
illustrates the expansion of the magnetic flux tubes from the supergranular net-
work in the quiet Sun, based on similar illustrations from Peter (2001) and Cran-
mer and van Ballegooijen (2005). The network is shown at the bottom half of the
image, where the lanes are marked with white, and the cell interiors with dashed
pattern (Sect. 2.2). The expanding magnetic field that forms funnels is shown at the
top (Sect.3.1). Small loops that cross the network lanes, and sometimes the super-
granular cells, are shown at the footpoints of the large funnels (Sect. 3.3.2).
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rations — the closed and the open one. The closed fields are composed of
magnetic arches that connect opposite polarities at the surface, related to
the active regions and to the mixed-polarity areas in the quiet Sun. They
can be outlined with hot plasma, forming the striking coronal loops. Open
fields stem out of the areas at the surface where one polarity dominates. Pre-
dominantly unipolar regions are typically present at the poles, and some-
times at the lower latitudes. In the corona, they appear as dark coronal holes,
where the hot plasma is successfully transported away from the Sun as the
solar wind (Aschwanden 2005). Large structures of closed magnetic field,
like helmet streamers, can reach heights of several solar radii. Going fur-
ther away from the solar surface, most of the coronal field extends nearly
radially away from the Sun and connects to the heliosphere.

The chromosphere and the transition region in many ways represent a
turning point within the solar atmosphere. As discussed before, the parti-
cle density drops significantly in the chromosphere, which causes the mag-
netic field to turn from the spatially highly-intermittent configuration in
the photosphere to the volume-filling one in the corona. Similarly, the
plasma, influenced by the thermal motions and flows below the chromo-
sphere, is strongly governed by the magnetic field higher up. Furthermore,
the temperature increase across these layers causes the plasma to turn from
mostly neutral to fully ionized in the corona. Therefore, the chromosphere
and the transition region hold important clues about the photosphere-corona
connection.

Looking at the Sun at wavelengths that probe the upper atmosphere (above
the photosphere) results in a completely different view from the one at the
surface. This is illustrated in Fig. 3.2, that shows data acquired with the At-
mospheric Imaging Assembly (AIA; Lemen et al. 2012) on board the SDO.
The AIA instrument uses narrowband filters in the EUV domain, sensitive to
plasma at different temperatures. The peak sensitivity of the 304 A channel
is at about 0.08 MK (Peter et al. 2022), but due to the complex formation of
the He 11 emission that is sampled there, this channel shows features from
both the chromosphere and the transition region. The 171 A channel sam-
ples emission from Fe 1x at about 0.8 MK, which includes plasma in between
the transition region and the corona. The increased magnetic heating in the
active region results in a bright plage seen in the 304 A channel (Fig. 3.2a).
Signs of fibrils — darker, striated features that follow the magnetic connec-
tions, begin to show around the active region plage. In the quiet Sun, the
dominant structure is the patchy chromospheric network of brighter lanes
and darker cell interiors (Fig. 3.2c), due to the underlying network of the
magnetic concentrations in the photosphere (Fig. 2.1e). The chromospheric
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Figure 3.2: Active and quiet region in the upper atmosphere. The active region,
shown in the top two panels, and the quiet region, shown in the bottom two panels,
are the same as in Fig. 2.1c—e. Different panels show images in the EUV channels
at 304 A and 171 A, with the wavelength of the channel noted in the upper right.
These data were acquired with the ATA instrument on 30 April 2023 at 23:35 UTC,
and the images were produced with the ESA JHelioviewer software.
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network is also structured and abundant of elongated features, like spicules,
for example, that follow the configuration of the magnetic field. The orga-
nization that the field imposes on the plasma is even more noticeable in
the 171 Aimages, that in case of the active region show clear, long loops
(Fig.3.2b). Loops can also be seen in the quiet-Sun image, in particular in
the small bipolar region in the middle left (cf. Fig. 2.1e and Fig.3.2d). In
the next two sections, we will discuss the active and the quiet atmosphere
in more detail.

3.2 Active atmosphere

Increased magnetic activity produces excess heating of the plasma, which
is what makes the active regions the brightest and the most prominent fea-
tures of the upper atmosphere. In the chromosphere, dark sunspots are
surrounded by the bright plages, typically observed in the emission from
the chromospheric ions like Ca11. Properties of plages and possible ways
to heat them, including both the dissipation of waves and the magnetic
reconnection, are still studied (Carlsson et al. 2019). Being located at the
footpoints of large coronal loops, plages are important for understanding
how mass and energy are transferred into the corona. Plages are also vis-
ible through the lower transition region, similar to the chromosphere. At
higher temperatures, like in the emission of Ne viir at ~ 0.6 MK, sunspot
plumes are prominent. These are extended, bright features above sunspots,
that show signatures of downflowing material, and seem to be located at the
footpoints of multiple coronal loops (Dammasch et al. 2008). Higher in the
corona, active regions are identified with the bright coronal loops.

The magnetic field in the corona is outlined by the loops. Loops connect
areas with opposite magnetic polarity at the surface, and are shaped like
arches, owing to the closed magnetic field configuration (Fig. 3.3). They are,
in particular in one-dimensional loop models, often assumed to be semi-
circular, which is an over-simplification. Hot and ionized plasma in loops
is tied to the magnetic field lines. Because of this magnetic confinement,
and because thermal energy is mostly conducted along the field lines, the
plasma in loops is considered thermally isolated from the surroundings.
This isolation allows loops to exhibit a range of different temperatures. Ac-
tive regions are found to have hot loops at their core, observed in X-rays at
up to almost 10 MK (Reale 2014). At the periphery, there are longer, warm
loops, observed in the EUV light at about 1 MK (Mason et al. 1999). There
is evidence of both isothermal and multi-thermal loops, the first showing a
narrow, and the second a broad plasma temperature distribution. It is pos-
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5)) AIA 171 A

Figure 3.3: Active region loops. This figure displays an active region in different
diagnostics. Panel a shows photospheric line-of-sight magnetic field from HMI, at
the footpoints of the active region loops. Panels b and ¢ show coronal images in
EUV domain, in the 171 Aand 94 A channels from AIA, respectively. Panel c shows
an X-ray coronal image from XRT. These data were acquired on 29 May 2018 at 23:05
UTGC, and the images were produced with the ESA JHelioviewer software.
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sible that loops at vastly different temperatures (the hot and the warm ones)
are intrinsically different, but it could also be that they are representatives
of different evolution phases of one and the same class of loops (Reale 2014).

Many open questions about loops arise from the difficulties related to
their observation. This is partly due to the optically-thin conditions in the
corona, where it is inevitable to average the emission along the line of sight,
and the individual features that overlap cannot be separated. Beyond that,
there are limitations in the instrumental resolution, the uncertainties of
the instrumental (spectral) channels etc. Loops in different filters (or chan-
nels) sometimes clearly spatially coincide with each other, possibly being
multi-thermal structures. Otherwise, when they do not, it can be an evi-
dence of distinct isothermal features, and of loops going through heating
and cooling cycles. The complex thermal structuring of loops is illustrated
in Fig. 3.3. The 171 A filter-image from AIA shows long, warm loops at about
1 MK, and the image from the X-ray Telescope on board the Hinode Mis-
sion (XRT; Golub et al. 2007) shows hot loops at several MK in the core of the
active region. The 94 A image from AIA shows a combination of both, since
this channel has the main contribution from plasma at about 7 MK, but is
also sensitive to cooler plasma at about 1 MK, due to its broad temperature
response function.

Significant properties of loops are also their cross-section and fine struc-
ture. The cross-section of loops can be related to the structure of the mag-
netic field in the corona. In case of the potential field configuration, when
there are no currents present in the volume, loops should expand with
height. The observations, on the other hand, show only modest variation of
the loops’ cross-section (Klimchuk et al. 1992). Some possible explanations
for this include the braiding of the field lines (Schrijver 2007), the varia-
tion of the temperature perpendicular to the loop (Peter & Bingert 2012),
and the selection bias related to the non-circular cross-section of loops
(Malanushenko & Schrijver 2013).

Fine-structuring of loops, or whether loops consist of thinner, unresolved
strands, constrains the scales relevant for the heating models. Wide (multi-
thermal) temperature distribution in loops can also be interpreted as the
presence of many isothermal strands. There has been evidence of mono-
lithic, isothermal loops that are up to about 2000 km wide, but also of strands
as narrow as 200 km (Aschwanden & Nightingale 2005; Brooks et al. 2012;
Peter et al. 2013). Contrary to that, although the distinct loops are the most
remarkable features of the active corona, they are surrounded with a signit-
icant amount of diffuse-looking emission (Viall & Klimchuk 2011), which
also needs to be considered when discussing the coronal heating,
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3.3 Quiet atmosphere

The underlying pattern in the quiet-Sun magnetism is the supergranular
magnetic network. Magnetic activity related to the stronger flux in the net-
work lanes provides energy to heat the plasma in the upper atmosphere.
This results in a bright network in the chromosphere (Mariska 1992), above
the photospheric magnetic concentrations, observed for example in the core
of Ca11 H and Klines (396.8 nm and 393.4 nm), often used in chromospheric
diagnostics.

The network is visible through the transition region, but the contrast be-
tween the bright lanes and dark cell interiors changes with temperature
(Reeves 1976). The contrast is the strongest in the emission lines of ions
that form near 0.1 MK, like C 111 and O 1v, for example. Above the formation
temperature of O v of about 0.3 MK, the contrast of the network quickly
drops. In lines that form at coronal temperatures above 1 MK, like those
from Mgx, the coherence of the network cannot be recognized anymore.
With this change of contrast at different temperatures, although a network
pattern is observed in the images, it is unclear where to draw a line be-
tween the bright network and the dark internetwork. The distribution of
the intensity in the transition-region lines is strongly peaked. This is well-
reproduced with a log-normal distribution, which has an extended tail to-
ward higher intensities (Pauluhn et al. 2000). There, it is also unclear where
the network stops and the internetwork begins.

The network patches in the transition region expand with temperature
(Patsourakos et al. 1999). In the scenario where the magnetic flux tubes ex-
pand into funnels (Fig. 3.1), the transition region forms as a thin interface
between the chromosphere and the corona, at the base of these large fun-
nels (Gabriel 1976). While this picture agrees with the observed expansion
of the network structures through the transition region temperatures, it is
rather too simple. The emission in the network, however, appears patchy
both in the chromosphere and the transition region, due to the presence
of structures on smaller scales. This structuring suggested that the transi-
tion region confined to the funnel base might account only for a part of the
observed emission (Feldman 1983).

In the chromosphere, the small-scale structure consists of various jet-like
features, mostly spicules. Spicules stem out like hairs off the solar limb,
reaching a few thousands of kilometers (Beckers 1968). Observed in the
transition-region lines, the limb appears ragged as well, and the emission
is spread over a few thousands of kilometers, an order of magnitude thicker
than inferred from the average models (Mariska et al. 1978). The evidence



20

3 MAGNETIC CONNECTIVITY THROUGH THE ATMOSPHERE

of structuring and the observed extent of the emission both suggested that
a part of the transition region emission might originate from spicules or
other jets. Apart from the jets, the network in the transition region also
hosts small loop-like features (Feldman et al. 1999). The small-scale struc-
tures in the chromosphere and the transition region evolve on timescales
of minutes (Hansteen et al. 2014), which certainly contributes to difficulties
in finding a clear one-to-one correspondence between the two.

Higher up in the corona, the network virtually disappears, and the emis-
sion often looks hazy and diffuse. The most prominent features are systems
of small loops, traditionally called coronal bright points, nested in junc-
tions of the network lanes (Madjarska 2019). In the following subsections,
we will discuss in more details specific features mentioned above, which are
relevant for the topic of this thesis.

3.3.1 Chromospheric spicules

Spicules are chromospheric features that resemble elongated, thin jets above
the solar limb. These jets, typically ~1000 km wide and reaching heights of
up to 10000 km, are observed in chromospheric lines, hydrogen Ha (656 nm)
and Ca11 H and K. Individual spicules live for a few minutes, and their num-
bers reach ~ 10° at any time on the Sun (Beckers 1968). This ubiquity, to-
gether with their dynamic nature, is what motivates the question of how
spicules fit into a larger picture of heating of the upper atmosphere.

Models showed that the leakage of photospheric acoustic waves into the
chromosphere is important for the formation of spicules (De Pontieu et
al. 2004). These waves, guided along the inclined flux tubes, steepen into
shocks and drive upward-moving spicules, with typical periodicity of about
5 minutes. The chromosphere is flooded with various jets, and, strictly
speaking, the term ’spicule’ refers only to features observed above the limb.
The presence of jets is certainly visible in the observations on the disk as
well, but finding the ones that directly correspond to spicules is not straight-
forward. On the solar disk, dynamic fibrils in the active regions and mottles
in the quiet Sun appear as dark jets when observed in the blue wing of the
hydrogen Hu line (Hansteen et al. 2006; Rouppe van der Voort et al. 2007).
These features are related to strong flux tubes in the active-region plages
and the quiet-Sun network. Based on their common, jet-like properties,
and possible same formation mechanism, they are thought of as suitable
counterparts of spicules on the disk.

Many spicules show bright, chromospheric plasma that travels up and
falls back down, while others travel only upward and then fade out of view.
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While this twofold nature of spicules was known early on, more recent ob-
servations clarified the existence of at least two different types of spicules
(De Pontieu et al. 2007a). Type 1 spicules, with the characteristic return
flow in the chromosphere, have lifetimes of 3-7 minutes and speeds of’
20-40km s~ L. Type 11 spicules, on the other hand, are more dynamic, with
typically shorter lifetimes of about 10-60s. Their apparent speeds predom-
inantly range between 50-150km s~ !, and they accelerate toward the end
of their life, as they disappear from the chromospheric emission. On the
disk, they are related to the so-called rapid blue excursions — signatures in
the blue wing of the chromospheric lines (Rouppe van der Voort et al. 2009).
While leakage of photospheric waves can account for the type 1 spicules, type
11 requires different driving, like the release of increased magnetic tension
(Martinez-Sykora et al. 2017), or magnetic reconnection at the footpoints
(Samanta et al. 2019).

Because of the dynamic nature of the type 11 spicules, which fade out of
the chromospheric channels, it was suspected that they get heated to higher
temperatures. This is of particular interest for the source of coronal heating,
where spicules could contribute hot matter to the corona (De Pontieu et al.
2009). This idea was reinforced with the observations from the Interface
Region Imaging Spectrograph (IRIS; De Pontieu et al. 2014), that showed
type 11 spicules which continue to transition region temperatures (Pereira et
al. 2014, see Fig. 3.4), and which are related to jets observed in the transition-
region network (De Pontieu et al. 2017b; Tian et al. 2014).

Examples of spicules are shown in Fig. 3.4, as seen at the limb in the quiet
Sun in different diagnostics (Pereira et al. 2014). These are the Hinode/SOT
filter-image of Ca11 (at ~ 9kK), the IRIS filter-images of Mg11 (=~ 10kK)
and Si1v (= 80kK), and the AIA filter-image in 304 A channel with He 11
(=~ 80kK). In these images, some of the elongated features in Ca1r seem to
extend into those in Mg 11, which then continue into the ones in Si1v. These
are the type 11 spicules, that rise and fade in Ca 11, but continue upward (and
sometimes show the return flow) in hotter lines. In Si1v, unlike in Ca 11 and
Mg 11, the top of the spicule is often brighter than its bottom (top panels in
Fig.3.4). This suggests that predominantly the top part reaches adequate
temperature to appear bright in the transition region Si1v line.

The ultimate role of spicules in the upper atmosphere is still debated,
and some authors argue that their contribution to the hot coronal plasma
is only subtle (Klimchuk 2012). However, spicules might still be relevant for
the coronal heating, as they could generate disturbances that would even-
tually impact the corona (De Pontieu et al. 2017a; Klimchuk 2015). Apart
from the vertical motions, most spicules also show periodic transverse dis-
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Figure 3.4: Spicules in the quiet Sun. The top four panels show cotemporal filter-
images of the solar limb in different diagnostics, with ions/channels as noted in
the panels. The middle panel is a color composite of Ca 11 and Mg 11 images in the
same field of view at a different time. The bottom panel is a color composite of’
Mg 11 and Si1v images, but in a larger field of view. The dotted rectangle outlines
the field of view of the middle panel. The dotted lines mark individual features
highlighted in the study by Pereira et al. (2014), from where this figure was taken
© AAS. Reproduced with permission.
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placements that can be described as Alfvénic waves (De Pontieu et al. 2007b).
These waves, if propagated further and dissipated, could provide energy to
heat the quiet corona. Most recently, counterparts of dynamic fibrils were
captured at ~ 1 MK (Mandal et al. 2023), thanks to the high spatial resolu-
tion (~ 250 km) of the Extreme Ultraviolet Imager (EUT; Rochus et al. 2020)
on board the Solar Orbiter mission (Miiller et al. 2020).

3.3.2 Structures in the transition region

The transition region is often considered as a thin interface layer of plasma
at about 0.1 MK, which is thermally connected to both cooler plasma in the
chromosphere below, and to the hot coronal plasma above (Gabriel 1976).
In such a scenario, the transition region plasma is predominantly heated by
thermal conduction from above, which is a consequence of the energy de-
posited in the corona. While this might be the case in coronal funnels that
constitute the large coronal loops, substructures observed in the transition-
region network often do not support such a thermal connection (Feldman
1983). Furthermore, the emission from the transition region in the quiet
Sun exceeds the predictions from the conduction-driven models, in which
the energy to power the transition region is supplied via thermal conduc-
tion from the corona (Athay 1982).

To complement the weak emission from funnels, based on the patchy ap-
pearance of the transition-region network, it was suggested that the transi-
tion region includes another, dominant component named the unresolved
fine structure (Feldman 1983). The fine structure compensates for the ob-
served emission below ~ 0.1 MK, and represents plasma that is magneti-
cally and thermally disconnected from the coronal funnels. Several authors
suggested this component to consist of small loops (~ 10 Mm; Antiochos &
Noci 1986; Dowdy et al. 1986). These small, low-lying, cool loops span be-
tween opposite magnetic polarities in what is called the magnetic junkyard
—the field concentrations swept into the network lanes by the supergranular
flows. The shorter of these loops cross one network lane, while the longer
span across network cells connecting neighboring network patches. Hot,
coronal plasma, on the other hand, occupies the large coronal funnels.

Loop-like structures have been observed at transition region tempera-
tures in the quiet-Sun network, in particular with the SUMER instrument
on board the SOHO mission. Feldman et al. (1999) reported on ~ 10 Mm
long, loop-like features that cross the network lanes in Cr11 images (for-
mation temperature of ~ 80kK). Similarly, Landi et al. (2000) reported on
filamentary structures that mostly overly the network lanes, and sometimes
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Figure 3.5: Loop-like structures in the quiet transition region. The image shows the
quiet Sun near the solar disk center, observed in the O vi emission with SUMER.
The overlaid black and white contours outline the magnetic flux concentrations,
that seemingly connect to form the supergranular network. The black + symbols
mark pixels with spectral signatures of flows, and the white arrows mark three ex-
plosive events studied in the work by Teriaca et al. (2004), from where this figure
was taken. Credit: Teriaca et al., A&A, 427, 1065-1074, 2004, reproduced with per-
mission ©) ESO.
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the supergranular cells in Si1v (~ 80 kK) and O v (= 0.25 MK). Teriaca et al.
(2004) studied structures in the network in O vI (= 0.3 MK) and showed ev-
idence of flows along the small loops. In Fig. 3.5 we show an O vI image of
the quiet region, where many loop-like features are present. These observa-
tions support the idea that, in the quiet Sun, the plasma at transition region
temperatures resides both in the small, low-lying loops within the network,
and in the faint, large-scale funnels that stem out from between the loops
(Peter 2001).

The smallest loops in the transition region, related to the unresolved fine
structure of Feldman (1983), were observed at the limb with IRIS. Hansteen
et al. (2014) showed loops and loop segments that reach up to about 5 Mm
above the limb, closing below the spicules, which are also visible in these
transition region observations. These miniature loops are very dynamic,
with individual features evolving on timescales of a few seconds, and sys-
tems of loops being recognizable over a few tens of minutes. Rapid evo-
lution of these loops in the transition region emission is a consequence of
the episodic heating and efficient cooling of plasma. Radiative losses, which
are the dominant cooling mechanism there, can cool these loops within a
few minutes. This efficient cooling, paired with the intermittent heating,
ensures the loops to undergo cooling and heating cycles, in which they will
repeatedly vanish from and show up in the transition region diagnostics.

Transition region plasma is generally very dynamic and abundant with
transient structures. One example are the long-known explosive events.
These are compact locations (~ 1500 km) near network lanes, that show
spectral signatures of flows in the transition region, and are associated with
the magnetic reconnection (Dere 1994; Innes et al. 1997). More recently,
it was revealed with the filter-images from IRIS that jets are also ubiqui-
tous in the transition-region network (Tian et al. 2014). These features have
apparent speeds of 80-250 km s, lifetimes of a few tens of seconds and
widths of about 300 km. They can have an extent of 4-15 Mm, which means
that some of the loop-like structures observed with SUMER might actually
be jets. Some jets are related to type 11 spicules, where the higher appar-
ent speed of jets comes from propagating heating fronts, rather than actual
mass motions (De Pontieu et al. 2017b). Jets are sometimes associated with
the reconnection between the small-scale loops, and the locally-open, back-
ground magnetic field in the network. Depending on where the energy is
deposited within the atmosphere, jets can show a downflow of matter be-
low the energy deposition site and an upflow above it (Gorman et al. 2022).
Chen et al. (2019) showed that network jets sometimes coincide with the ex-
plosive events, where signatures of either bidirectional flows or downflows
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are detected at the footpoints, and upflows are detected on the jet, but away
from the footpoints.

Finally, the patchy bright network in the quiet-Sun transition region seems
to consist of small, rapidly-evolving loops and jets. Since both appear as
elongated features in the intensity images, it is not always easy to distin-
guish between the two. Being sometimes related to the type 11 spicules, and
for the same reason of ubiquity and dynamics, network jets are potentially
important in the energetics of the upper atmosphere, as they might con-
tribute to the coronal heating and the solar wind.

3.3.3 Coronal bright points

At coronal temperatures, most of the underlying bright network structure is
hard to be recognized. The most prominent features in the quiet corona are
the coronal bright points. They are known since the early X-ray observations
of the corona, when their substructure could not be resolved, hence they
were called 'points’ (Madjarska 2019).

The early observations showed bright points everywhere on the Sun out-
side the active regions, with a typical diameter of about 20 Mm, and a smaller,
bright core of a few Mm (Golub et al. 1974). Their average lifetime in X-rays
is 8 hours, with more bright points with shorter than with longer lifetimes.
Bright points are associated with magnetic bipoles at the surface (Fig. 3.6a),
with typical flux content of 101°-10?° Mx (Golub et al. 1977; Madjarska 2019).
These bipoles are located at the boundaries of the magnetic network, and
connected with closed magnetic field lines, that host small, bright loops
(Fig.3.6d). Bright points appear similar, regardless if their magnetic envi-
ronment is closed on large scales, like in the typical quiet Sun, or open, like
in the coronal holes (Habbal et al. 1990).

Multi-thermal observations showed that bright points cover a broad tem-
perature range, spanning the whole upper atmosphere (Habbal & Withbroe
1981). While bright points stand out in the quiet corona, in the transition re-
gion they merge with the overall network structure, and appear as network
elements that are brighter than average. Fewer bright points are observed at
coronal than at transition region temperatures, implying that only some of’
these loops reach higher temperatures. Furthermore, higher temperatures
are reached only for a short time, which explains generally shorter lifetimes
of bright points in X-rays (~ 8h; Golub et al. 1974) than in the EUV do-
main (~ 20h; Zhang et al. 2001). The complexity of the emission observed
at different temperatures, where the location of brightest features does not
always coincide between different channels, suggested that bright points
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Figure 3.6: Coronal bright point from the footpoints to the corona. This figure dis-
plays evolution of'a coronal bright point as seen with different instruments, where
the second row of images is taken 10 minutes after the first, and the third row
another 20 minutes later. The leftmost column shows the photospheric line-of-
sight magnetic field from HMI. The two middle columns show the chromospheric
filter-images of Mg 11 and C 11 from IRIS. The rightmost column shows the coronal
emission in the 171A channel from AIA. Markings P1-3 and N4-7 stand for the
chromospheric brightenings studied in the work by Kayshap and Dwivedi (2017),
from where this figure was taken. Reproduced with permission from Springer Na-
ture.
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comprise systems of small loops of different sizes and temperatures (Habbal
et al. 1990). Based on the emission variability on timescales of minutes, the
plasma in these loops should be heated intermittently. Therefore, while the
X-ray bright points contain loops that reach temperatures of about 2-3 MK,
there is also a spectrum of relatively cooler bright points (up to 1-2 MK),
that contain loops prominent in the UV and EUV emission lines.

The main magnetic processes that drive the bright points have long been
discussed. In particular, it was questioned whether the bright points cor-
respond mainly to the newly emerged magnetic flux (i.e., the ephemeral
regions; Sect.2.2), or they are related to the already existing magnetic fea-
tures at the surface (Webb et al. 1993). It is now understood that bright
points can exhibit complex magnetic evolution, that can involve several
processes. Mou et al. (2016) investigated how the main bipolar features as-
sociated with the bright points form. They found that the emergence of’
new flux is the main formation mechanism in about a half of the bright
points (of the 70 cases they studied). In other cases, the formation of the
main bipolar features results from random encounters of the already ex-
isting flux concentrations. In these random encounters, the authors par-
ticularly recognized convergence of the main polarities toward each other
from greater distances, and buildup of the main polarities through local co-
alescence (merger of neighboring features of like polarity). They also found
signatures of flux cancellation in all studied bright points, which is believed
to be evidence of magnetic reconnection. The cancellation can involve the
main magnetic polarities of the bright point, as they converge toward each
other, but can also happen between a main polarity and weaker, surround-
ing ones. McIntosh (2007) proposed that bright points undergo a two-stage
heating process. The first stage, which happens in all bright points, is driven
by the incessant convective flows. The flows cause reconnection at the junc-
tions of the supergranular network lanes, and heat the bright-point loops
to transition region temperatures. The second stage involves reconnection
between the rising bright-point loops and the overlying coronal field, and
happens only in hotter bright points.

Bright points are complex phenomena that couple plasma at different
temperatures, and they are best studied with spectroscopic observations
that span the solar atmosphere. This simultaneous spectral coverage of a
broad range of plasma temperatures is, however, not regularly available.
Tian et al. (2008) analyzed plasma flows and electron densities in a coro-
nal bright point, by using spectroscopic data from SUMER and Hinode/EIS.
They found that the bright point consists of cooler and hotter plasma com-
ponents, further indicating that the loops associated with these two compo-
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nents might be powered through different physical mechanisms (McIntosh
2007). The combination of instruments they used offered a broad temper-
ature coverage, with SUMER covering the transition region, and EIS the
coronal plasma. The disadvantage of the SUMER data set was, however, that
different emission lines were acquired 1-2 hours apart from each other, be-
cause the instrument could not access all the lines at the same time. This
is not ideal for studying loops that generally evolve on timescales much
shorter than that.

Another study by Doschek et al. (2010) investigated bright points by using
spectroscopic data from EIS, which covers mostly coronal emission lines.
They showed that the bright points exhibit a high level of complexity when
observed at different temperatures, but their study lacked strong emission
lines to cover the low transition region (below ~ 0.2 MK). Chitta et al. (2013)
studied emerging bright points, by using the EUV channels of AIA that sam-
ple coronal emission. They compared the observed loops to different mod-
els of impulsive plasma heating, and found that a combination of low and
high frequency of heating events produces results closest to the observa-
tions. Kayshap and Dwivedi (2017) studied bright points using IRIS and ATA
data. They found compact brightenings at chromospheric temperatures
(Fig. 3.6b, c), located above the magnetic concentrations, at the footpoints
of loops that constitute the bright points. They observed loop-like features
in the low transition region (Si1v from IRIS) and in the corona (EUV chan-
nels from ATA), but there was no coverage of temperatures between 0.1 MK
and 0.8 MK.

Despite the studies mentioned so far, the question of how bright points
are thermally coupled through the solar atmosphere remains an outstand-
ing issue, mainly due to the lack of simultaneous spectral observations from
the chromosphere to the corona. This can certainly be improved with the
observations from the Spectral Imaging of the Coronal Environment (SPICE;
SPICE Consortium et al. 2020) instrument on board the Solar Orbiter mis-
sion. This spectrograph can simultaneously cover a broad range of plasma
temperatures, from the low transition region to the corona. In combina-
tion with coronal imagers like EUT or AIA, that can acquire observations at
a temporal cadence of a few seconds, it provides a powerful tool to study the
dynamic loops that build the coronal bright points.

3.3.4 Diffuse corona

The coronal loops — either the large ones in the active regions, or the small
ones in the quiet Sun, are the most prominent structures of the corona. In
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contrast with the clear loops, and with the highly-structured chromosphere
and transition region underneath, both the active and the quiet corona also
host bright regions that appear rather diffuse and structureless. Such re-
gions were studied in early X-ray observations, which have moderate spatial
resolution (Priest et al. 1998; Sturrock et al. 1996). The diffuse emission is,
however, also present in the more recent observations, and not limited to
a particular wavelength range, or to a specific temperature of the coronal
plasma.

The loops in the active regions, as pointed out by Viall and Klimchuk
(2011), are only about 10-20% brighter than the abundant diffuse emission,
which is often treated as a background when studying the loops (Del Zanna
& Mason 2003). Although being very abundant, and therefore important in
the discussion of the coronal heating, the diffuse corona by itself'is studied
only rarely (e.g., Viall & Klimchuk 2012). It might, however, hold important
clues about what determines the amount of structure present in the corona,
and how different are the heating processes for the diffuse emission and the
distinct loops.

There are various possible reasons for the coronal emission to appear
structureless. A volume with homogeneous plasma could be maintained
over a longer time by a heating process that is both spatially and temporally
constant. This might not be easy to achieve, however, knowing how inhomo-
geneous the energy input from the photospheric footpoints into the upper
atmosphere is. Otherwise, the diffuse-looking emission might not really be
structureless. Some of the structures there could simply be on scales be-
yond the resolution power of the current instrumentation (~ 900 km for
ATA, and down to ~ 200 km for EUI). Even if the structures are resolvable,
averaging of the optically-thin emission along the line of sight could re-
sult in a diffuse-looking corona, where structures are hard to detect. The
ability to detect small fluctuations, both in space and time, will then also
depend on the sensitivity of the instrument and the signal-to-noise ratio of’
the observations.

Since the corona is permeated with the magnetic arches, it is possible
that the unresolved structure of the diffuse emission consists of individ-
ual loops. In particular in active regions, where there are prominent, large
loops, the diftuse emission could comprise many loops which overlap along
the line of sight (Williams et al. 2020). On the other hand, the diffuse emis-
sion is also present in the quiet areas, with no obvious large-scale loops, like
in the study by Gorman et al. (2023). There, assuming a closed magnetic con-
figuration in the quiet Sun, it is still possible that faint loops, which overlie
the supergranular network, overlap to produce the diffuse emission.
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If there are loops within the diffuse corona, they need to have an appro-
priate width, so that together they produce a smooth-looking background
(similarly to the model used to describe the substructure of wide loops, by
Peter et al. 2013). In case that these loops are required to be very thin, it is
then questionable whether they should still be called loops. Loops repre-
sent connected structures of plasma, that stay connected over distances that
are typically about 100 Mm, despite the dissipative effects present on small
scales within the loop. It is known that dynamic driving of the magnetic
footpoints in the photosphere results in the formation of magnetohydro-
dynamic turbulence in the corona. The component of the magnetic field
perpendicular to the loop axis (i.e., to the guiding field) becomes turbulent.
In a low plasma-p regime in the corona, this component drives perpendicu-
lar motions of plasma within the loop, creating small-scale structures in the
loop cross-section (e.g., Breu et al. 2022). This also contributes to slight mis-
alignment of neighboring field lines in the loop, which consequently must
reconnect. When two strands reconnect, plasma can be exchanged between
them, which effectively causes mixing of plasma across the guiding field.
Because of this, very thin strands might not be able to keep their identity
over a typical length of the loop, and therefore might not correspond to the
traditional definition of'a coronal loop.

Another important question is the magnetic connectivity of the diffuse
emission, as the energy for the plasma heating should ultimately come from
the magnetic footpoints in the photosphere. The magnetic field expands
from the flux concentrations at the surface and fills a much larger volume
up in the corona. Looking at this from a different perspective, the structures
in the corona are rooted in small magnetic sources at the surface, which
might not even be in their vicinity when observed in projection on the solar
disk. For that reason, it is often difficult to find the direct correspondence
between the photospheric and the coronal structures. The location of the
magnetic footpoints is certainly clearer for the coronal loops, that trace the
shape of the magnetic field, than for the diffuse corona.

In the quiet Sun, based on the idea of the magnetic canopy (Sect. 3.1), the
coronal features are expected to originate from the strong flux concentra-
tions in the magnetic network. This scenario, where the weaker flux in the
internetwork plays no role above the magnetic canopy, might be too simpli-
fied. There are indications of a significant fraction (up to ~ 50%; Schrijver
& Title 2003) of the coronal field above the supergranular network being an-
chored in the mixed polarities of the internetwork. Based on the magnetic
field extrapolations, Wiegelmann et al. (2010) found that magnetic loops that
reach into the corona tend to have asymmetric footpoints, such that one side
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of the loop is rooted in stronger, network fields in the photosphere, and the
other in the internetwork. The internetwork flux evolves on timescales of
minutes, as it is constantly stirred by the granular flows. This implies that
the diffuse corona in the quiet Sun, if it really has significant roots in the
internetwork, might be powered by many small-scale heating events related
to the internetwork magnetism.

3.4 Coronal heating

How a relatively cool photosphere sustains a hot corona is the outstanding
question of coronal heating in solar physics. If thermal conduction was
the only relevant mechanism for energy transport from the photosphere
outward, the temperature would decrease with distance from the energy
source, as expected from the laws of thermodynamics. Instead, it rises from
6000K at the surface to millions of Kelvin in the corona.

It is well-established that mechanisms closely related to the magnetic
field are necessary to explain how the high temperatures are reached and
maintained in the corona (Aschwanden 2005). The footpoints of the coro-
nal magnetic field are continuously perturbed in the interaction with the
convective flows in the photosphere, when mechanical energy is transferred
from the flows to the magnetic field. These perturbations then travel up-
ward in the atmosphere, along the magnetic field, and get dissipated in the
corona to provide heating. This is the basic idea of coronal heating, where
the ultimate energy source for the heating lies in the convective motions
under the surface.

Convection carries the mechanical energy from the interior to the pho-
tosphere. Most of this energy is radiated away as the plasma parcels reach
the surface. The residual flows in the photospheric granules provide an en-
ergy flux of the order of 500 kW m 2 (Cranmer & Winebarger 2019). How-
ever, only a small fraction of the photosphere is magnetically connected to
the corona, which reduces the earlier estimate for the energy flux that can
eventually take off to the corona by a certain filling factor. This filling fac-
tor, essentially a ratio between the field strength in the corona and in the
photosphere, ranges roughly between 0.01 in the quiet Sun and 0.1 in active
regions. Consequently, the convective flows in the photosphere can pro-
vide between 5 and 50 kW m~? for the coronal heating, which is enough
to cover the estimated energy losses in the upper atmosphere (Withbroe &
Noyes 1977). While this availability of energy is a prerequisite, further de-
tails of how this energy is transferred and dissipated are required to solve
the heating problem.
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On large scales, the corona is organized by a magnetic field that is nearly
vertical at the surface, and relatively stable, based for example on the longevity
of the overall morphology of the active region loops, or even the coronal
bright points. The photospheric driving (i.e., random motion) of the mag-
netic footpoints gives energy to a smaller, transverse component of the field.
For this energy to be dissipated as heating, strong gradients and transfer of’
energy from large to small spatial scales need to occur in the corona. De-
pending on the heating scenario, these could be the gradients in the mag-
netic field, which induce currents in the corona, or the gradients in the
velocity field, which are related to viscosity (Klimchuk 2006).

3.4.1 Slow and fast driving: DC and AC heating

Many different mechanisms that rely on the idea of the photospheric driv-
ing were suggested to explain the details of the coronal heating (Cranmer &
Winebarger 2019). Traditionally, these theories are divided into two major
categories, based on the ratio between the footpoint driving speed and the
propagation speed of the magnetic disturbance (the latter usually expressed
by the Alfvén speed). The mechanisms with slow driving, for which this ra-
tio is small, belong to the so-called DC (Direct Current) heating. On the
opposite side, the mechanisms with fast driving belong to the AC (Alternat-
ing Current) heating. Determining the most relevant heating mechanism
from the observations is difficult, partly because the heating models often
depend on parameters that are not directly observable. What is observable,
within certain limitations, are the thermal properties of the coronal plasma.
These properties, however, represent the aftermath of the heating, and not
the heating itself.

The DC heating models assume the photospheric driving to be slow in
comparison to the Alfvén transit time, which is the time in which the mag-
netic disturbance travels along a coronal loop, for example (order of min-
utes). The field in the corona can, therefore, adjust to the changing con-
dition in the photosphere in a quasi-static way. Random walk of the mag-
netic footpoints stresses the magnetic field in the corona, causing buildup
of nonpotential magnetic energy and formation of current sheets (Parker
1983). When a certain limit is reached, for example a sufficient twist of the
field lines, the magnetic energy dissipates into heating, and the field re-
laxes. The dissipation can occur via different channels, one famous one
being through the stress-induced reconnection that produces nanoflares
(Parker 1988). Nanoflares are small-scale, burst-like events that locally heat
the corona. They happen when slightly misaligned, adjacent magnetic strands
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reconnect to become parallel, while releasing ~ 10'7 J of magnetic energy
per event (10° times less than in a large-scale flare).

The AC heating models assume fast driving of the footpoints, which re-
sults in a plethora of upwardly propagating waves. While waves generated
at the surface sustain an energy flux sufficient to heat the corona, the prob-
lem lies in transferring this energy against the steep density and temper-
ature gradient in the chromosphere and the transition region (Klimchuk
2006). Alfvén waves, where the tension of the magnetic field lines acts as
a restoring force, and where the energy is transferred along the field, have
best chances of reaching the corona. There, inhomogeneities in the density
and the magnetic field, for example, can cause the neighboring field lines to
oscillate increasingly out of phase, and eventually dissipate the waves into
heating. Current findings are that the AC models cannot provide enough
heating to sustain the coronal loops (Van Doorsselaere et al. 2020). On the
other hand, waves can cause local misalignment of the magnetic strands
and result in reconnection. Due to the development of instabilities and
turbulence in the wave models, waves can also affect the twisted flux tubes
by mixing the plasma across the field. Therefore, strictly AC or DC models
are an idealization, and processes that share characteristics of the two can
also occur.

3.4.2 Temporal nature of coronal heating

Another important aspect of coronal heating is how the energy in the corona
is dissipated with time. In case the energy dissipation is continuous over
some period, the heating is regarded as steady, while if it is intermittent,
the heating is impulsive. This is in particular to be compared to the plasma
cooling time, which is typically a few tens of minutes for 1 MK plasma (e.g.,
Aschwanden 2005). In that sense, steady heating can also be understood as
consisting of many smaller, but more frequent events, with the waiting time
between the events being much less than the plasma cooling time. Impul-
sive heating, on the other hand, consists of larger, less frequent events.

The frequency with which the heating events occur will affect the ther-
mal properties of the coronal plasma. While the high frequency of heating
maintains the plasma at a certain temperature, the lower frequency allows
for the hot plasma to cool between the two heating episodes. The first one,
therefore, results in a narrower, and the second one in a wider plasma tem-
perature distribution.

The temporal nature of the heating was studied in active regions, and
there have been arguments to support both the steady and the impulsive
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heating. Warren et al. (2012), for example, proposed that steady heating is
required to sustain the hot active region cores, which have a temperature
distribution strongly peaked near 4 MK. Viall and Klimchuk (2011), however,
argued that there is a signature of cooling plasma in an active region core,
and based on that suggested impulsive heating. The frequency of heating
was often discussed in the scope of the nanoflare heating models. It should
be noted, however, that the term 'nanoflare’ acquired a more general mean-
ing of a small-scale, impulsive energy release in the corona, regardless of
the exact formation mechanism. In such nanoflare models, a single loop
consists of many (i.e., hundreds or thousands) thin, unresolvable and inde-
pendent magnetic strands. The strands are randomly heated by nanoflares,
and the waiting time between the two events can be adjusted to represent
different frequencies of heating. Warren et al. (2011) showed that the high-
frequency nanoflares result in a sharply peaked, and the low-frequency ones
in a broad loop temperature distribution. Cargill (2014) demonstrated that
a wide range of the observed thermal properties can be reproduced by the
nanoflare heating, if the nanoflare energies are allowed to vary, and the wait-
ing time is proportional to the energy of the previous heating event. What
type of heating prevails is still under research, and it might depend on the
type of the region that is studied — whether it is quiet Sun, an emerging
active region, a decaying active region etc.

We have seen that the magnetic footpoints in the quiet-Sun network are
constantly rearranged by the plasma flows (Sect.2.2). This ever-changing
magnetic boundary in the photosphere helps to energize various structures
in the upper atmosphere (Sect. 3.3, 3.4). Since this thesis is concerned with
the features of the quiet solar corona and their thermal structuring, in the
following text (Ch. 4) we will discuss how optically-thin emission can be used
for plasma diagnostics in the transition region and corona.






4 Analysis techniques

In this chapter, we will discuss the optically-thin emission lines in the
EUV spectrum of the Sun. The properties of these lines strongly depend
on the thermal conditions in the plasma. The techniques for the plasma
diagnostics with the EUV lines, some of which we will mention in the fol-
lowing text, are widely used for studying the upper solar atmosphere. The
discussion in this chapter is limited to topics relevant for this thesis, and
more information can be found, for example, in Mariska (1992), Del Zanna
and Mason (2018), and the documentation for CHIANTT software and data
package (Dere et al. 1997).

4.1 Emission-line spectroscopy

The solar spectrum in the EUV domain between about 100 and 1200 A, and
up to about 1400 A in the UV domain, is dominated by emission lines. Many
of these lines belong to various ions abundant in the solar atmosphere,
which form in the transition region and corona, at temperatures between
about 20kK and a few million Kelvin.

An example spectrum of the quiet Sun in this domain obtained with the
SPICE spectrograph is shown in Fig. 4.1. The emission lines used for one of’
the studies in this thesis are marked on the spectrum. The SPICE spectro-
graph covers a wide range of temperatures, including the lower transition
region with C111(977 A), S v (786 A), and O 1v (788 A), and the upper transition
region with O v1 (1032 A) and Ne vi11 (770 A). Tt also covers the prominent H1
Lyp line (1026 A) that forms in the upper chromosphere. Apart from the nu-
merous lines, the EUV spectrum also contains continuum emission that
originates from recombination of various ions in the chromosphere. In the
spectral range observed with SPICE, the H1 Lyman continuum is particu-
larly visible in the Short Wavelength Channel (top panel in Fig. 4.1) as a trend
on which the lines are superimposed.

The emission lines result from the bound-bound transitions of electrons
in an ion, in which photons are emitted. One element can have several asso-
ciated ionic species (or ionization states) depending on the atomic number,
including neutral, one-time ionized, two-times ionized, etc. Each of the
ionic species has its associated excitation states, that correspond to the dis-
tribution of electrons over the energy levels in the ion. The ion will emit
a photon once an electron transitions between two bound, discrete energy
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Figure 4.1: Spectrum of a quiet region acquired with SPICE. This figure shows a
spectrum of the quiet Sun in the full spectral range of SPICE. The spectrum is cov-
ered with two detectors — Short Wavelength Channel (top panel), and Long Wave-
length Channel (bottom panel). The lines marked in red are used in the study in
Ch.5. This figure was adapted from the publication by Fludra et al. (2021). Credit:
Fludra et al., A&A, 656, A38, 2021, reproduced with permission © ESO.

levels, with the photon energy equal to the difference between the upper
(excited) and the lower (deexcited) energy level.
The EUV lines are well approximated with a Gaussian profile

Iy = Ipexp[—(A — A)*/0?] + C

where [j is the peak intensity of the line, A the central wavelength, o the line
width at the intensity equal to Ip/e, and C the intensity of the continuum.
The total line intensity is equal to /7t [0

When there is a resolved, directed motion of plasma in the resolution
element of the instrument, the central line wavelength is shifted with re-
spect to the natural (rest) wavelength in accordance with the Doppler effect.
On average, emission lines that sample transition region are redshifted for
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plasma temperatures up to about 0.5 MK, after which they are blueshifted.
While individual events can show stronger shifts, the bulk of the plasma
shows subsonic motions with amplitudes that are not greater than about
10-15km s~ ! (Peter & Judge 1999).

Any additional plasma motions that are not spatially resolved by the in-
strument, i.e. within the resolution element or along the line of sight, will
contribute to the (Doppler) broadening of the spectral lines. The lines are
therefore wider than the natural line width, that is of the order of 10~° A.
In the first place, thermal motions of particles will lead to a more signifi-
cant broadening. The Doppler shift associated with these motions is typ-
ically of the order of 10km s~! at transition region temperatures, and in
general is given through /2kgT /m, where kp is the Boltzmann constant,
T the temperature, and m the mean molecular weight. Other motions, of-
ten called non-thermal, will also cause line broadening. These motions can
be induced through, e.g., turbulence or waves. The Doppler shift of these
non-resolved motions then collectively leads to the non-thermal broaden-
ing, that mostly exceeds the thermal broadening (e.g., Peter 2001). On top
of these effects, the spectral resolution of the instrument introduces addi-
tional broadening to the measured spectral lines. This instrumental broad-
ening can be less significant, like in the IRIS spectra (corresponding to
~ 6km s~!; De Pontieu et al. 2014), or more significant, like in the SPICE
spectra (=~ 120 km s~ !; Fludra et al. 2021).

4.2 Excitation and ionization processes

Many different processes can contribute to the excitation and ionization of’
ions, and therefore need to be considered in the line formation. Only a
few of these processes are relevant for the EUV lines formed in the solar
transition region and corona.

There is a distinction between collisional and radiative processes, both of’
which can contribute to the excitation or deexcitation of an ion. In the col-
lisional processes, an ion is excited (or deexcited)in a collision with another
particle. In a fully ionized plasma, the ions predominantly collide with the
free electrons. No photon is exchanged in the process, and the excitation
(deexcitation) of the ion happens at the expense (gain) of the kinetic energy
of the free electron. In the radiative processes, on the other hand, an ion is
excited by absorbing, and deexcited by emitting a photon.

Collisional excitation is the dominant process to populate the upper en-
ergy level in the formation of the optically thin transition-region and coro-
nal EUV lines. Radiative excitation can be neglected, because the radia-
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tion field is too weak at the wavelengths of the prominent transitions in
the transition region and corona. Deexcitation, on the other hand, occurs
predominantly via a photon emission, often referred to as the radiative de-
cay. At the typical densities (and temperatures) in the transition region and
corona, collisional deexcitation has a characteristic timescale of the order of
103 s, as compared to the much faster (order of 10~ s) radiative decay, and
is therefore usually neglected. Exceptions to this are the forbidden lines,
in which the upper energy level is metastable. The typical lifetime of the
metastable level, until it undergoes a spontaneous, radiative decay, can be
of the same order as the timescale for collisional deexcitation. Therefore,
collisional deexcitation and radiative decay become competing processes in
the forbidden lines, and both need to be considered for transitions from the
metastable levels.

Collisions with electrons and interactions with photons can also lead to
ionization or recombination of an ion. Such processes affect the overall
population of a specific ionic species in the plasma, and are therefore also
important for the line formation. Similarly to the excitation processes, col-
lisional ionization via electron collisions dominates over the radiative ion-
ization (photoionization) in the transition region and corona. Likewise, ra-
diative recombination (which results in the previously mentioned Lyman
continuum) dominates over the collisional recombination. The ionization
processes have characteristic timescales of the order of 10-100s, which is
much longer than the excitation processes, implying that the two can be
treated separately.

4.3 Optically-thin emission

The low-density plasma in the solar transition region and corona is as-
sumed to be optically thin for the majority of the EUV emission lines. This
assumption means that any absorption of photons in a line is neglected,
and only emission is considered. Therefore, once a photon is emitted, it
continues freely toward the observer.

In this scenario, the total intensity of a line that results from a transition
between levels j and i in an ion will be

Iji = / €jidh, [W 1’1’1_2 Sl'_l]
Lo.s.

where ¢j; is the plasma emissivity, and the integral is performed along the
line of sight (hence the l.oss.). The emissivity €;;, which is essentially the
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energy radiated in an emission line per volume, time, and solid angle, comes
from the radiative decay from level j to i. It can be expressed as

where /1 is the Planck constant, vj; is the line frequency, hvj; is the energy of
the transition, n;is the number density of the excited level, and Aji is the
Einstein coefficient for the transition, which signifies the probability of the
radiative decay. This gives for the total line intensity

hl/ji
I = EA]JL]CH’I (4.1)

w lo.s.

4.3.1 Two-level atom approximation

Another often used simplification is that only two excitation levels are con-
sidered in the ion —the lower and the upper level of the observed transition.
In the transition region and corona, because of the radiative decay being
much faster than the collisional excitation, for most strong lines the lower
level is the ground state of the ion. These are the resonance lines, like for
example the lines from Si1v at 1394 A and 1403 A. In this case, the only two
relevant excitation processes are the collisional excitations from the ground
level, and the radiative decay from the excited level. Assuming the excitation
balance, so that the number density of either the ground (17) or the excited
level (15) is constant with time, gives

Apny = Croneny (4.2)

where Cq; is the collisional excitation coefficient, 1, is the number density
of the free electrons, and these two together signify the probability for the
collisional excitation to occur.

In the two-level atom approximation, equation (4.1) becomes

Iy = / 22 Aynaydh. 43
21 lLos. 47T 2172 ( )
The excited level population 7, can be expanded as

Ny Njgy Moy N
ny = fon Zel TH 4, (4.4)
NMjon Nel NH Ne

where 1;,, is the total number density of the ionic species, 11,; of the element
(including all of its ionic species), and ny of hydrogen. The term A, =

41
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ne/ny is the elemental abundance relative to hydrogen. If we define the
line contribution function G, as

hvpy Apinp njyy

Gzl — 7
47T NeNnjoy Ny

(4.5)

then by substituting equations (4.4) and (4.5) into (4.3), the total line intensity
can be rewritten as

Ly = /Z Ay Goynpgnedh. (4.6)
.0.5.

Depending on the author, the elemental abundance A, can also be included
in the contribution function Gp;. This is not the case in the expression we
listed above, which is similar to the treatment in CHIANTT.

For illustrative purpose, if we now assume a fully ionized plasma con-
sisting of hydrogen and helium, with a fixed share of helium such that
nye = 0.1ny, then n, = ny + 2ny, and ny ~ 0.83n,. By including this in
equation (4.6), we reveal more clearly an important property of the optically-
thin emission lines. Namely, the total line intensity is proportional to the
electron number density squared

121 = 083/[ Aeleﬂlgdh. (4.7)
.0.5.

4.3.2 Properties of the line contribution function

The dependence of the line intensity on the plasma temperature is con-
tained in the line contribution function. The term 7;’—07 in equation (4.5) is
e

the relative population of the ionic species. It is often calculated under the
assumption of ionization equilibrium, where the population of the species
is independent of time. The ionization equilibrium results in population
curves that are sharply peaked in temperature, so that each ionic species
forms predominantly within a narrow range of temperatures, typically of’
0.2 to 0.3 in log T [K]! for prominent transition-region and coronal lines.
When the formation temperatures of different ions are mentioned, as it is
often the case in this thesis, the ionization equilibrium is the usual underly-
ing assumption. The temperature dependence of the contribution function
is then mostly due to the ionization term.

1We use log to denote the common logarithm with base 10, and In for the natural loga-
rithm with base e.
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The term % in equation (4.5) is related to the excitation balance. Be-
cause the radiative decay proceeds much faster than the collisional excita-
tion, the majority of the ions are in the ground state, so that n;,, ~ ny.
Based on this, and equation (4.2), the excitation term is simply equal to the
collisional coefficient Cy, which also peaks in temperature, but less sharply
than the ionization. The excitation term then modulates the influence of
the ionization term in the contribution function, by slightly shifting the
location of the peak in temperature.

Strictly speaking, the contribution function Gyi(n,, T') depends not only
on the plasma temperature, but also on the electron number density. With
the assumptions we had so far, where we considered collisionally-excited,
allowed transitions under ionization equilibrium, the dependence on elec-
tron density comes from the ionization and recombination rate coefficients.
Neglecting this, and assuming only temperature-dependent G, (T), is a
good approximation for many lines from the transition region and corona,
like the strong resonance lines in the EUV domain.

The properties of the contribution function allow for temperature diag-
nostics. To carry out this diagnostics, intensity ratio of two emission lines
of the same ion can be used, if the lines have sufficiently different exci-
tation energies. Assuming again that these are collisionally-excited, reso-
nant lines, their intensity ratio will be sensitive to temperature through the
corresponding collisional excitation coefficients. This method implies sig-
nificantly different wavelengths of the two lines, which usually cannot be
observed with one instrument, and therefore require a multi-instrument
approach. Line ratios are more commonly used for density diagnostics, by
employing the forbidden lines. The treatment of the forbidden lines is dif-
ferent from what we discussed, since the collisional deexcitations need to be
included, which then results in a line ratio sensitive to the electron number
density over a certain density range.

4.4 Differential emission measure

A common way of carrying out temperature diagnostics in the upper so-
lar atmosphere is by using the differential emission measure (DEM), which
represents the distribution of the observed plasma over temperatures. The
DEM can be introduced from equation (4.6) for the total line intensity. As
discussed previously, the line contribution function Gy is sharply peaked in
temperature, such that there is a limited range (T,, — AT, T,, + AT) around
the peak T}, in which Gy1(T) has a significant value. Assuming that the tem-
perature changes monotonously along the line of sight, we can change the
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variable and integrate over the corresponding temperature range

T +AT AT —1d
Iy = /T " AaGa(Dynn (E) T. (4.8)

The differential emission measure DEM(T) can then be defined as

-1
DEM(T) = nyn, (‘;—Z) , [em™ K™ (4.9)

and substituted into equation (4.8), which finally gives for the total intensity

Tyu+AT
Iy = / AyGoy(T)DEM(T)dT. (4.10)
Twm—AT

From the above expression, the total line intensity consists of two distinct
parts. The first part represents the atomic properties of the transition, which
are contained in G»1(T), and which define the favorable conditions for the
line formation. The second part combines the properties of the atmosphere,
contained in the DEM(T), which describes the distribution of the atmo-
spheric plasma over temperatures.

Specific ions predominantly form at a certain temperature in the atmo-
sphere. Observations of emission lines from various ions can, therefore,
be used to sample different parts of the atmosphere, and reconstruct the
shape of the DEM. The DEM inversion is essentially a minimization pro-
cedure, that begins with a set of measured line intensities, for which the
contribution functions are known. In the first iteration, an initial shape of
DEM(T) is assumed. Using this, based on equation (4.10) and the line con-
tribution functions, a set of modeled line intensities is calculated. These
values are then compared to the measured ones, and based on their differ-
ence, the shape of DEM(T) is adjusted for the next iteration. The iterations
continue until the difference between the measured and the modeled line
intensities reaches a predefined, small value.

Apart from the spectroscopic observations of emission lines, like those
with the SPICE spectrograph, data from an imager can also be used for the
DEM inversions. The difference with the imager data is that the narrowband
channels, like those of the AIA, generally cover more than one emission line.
Therefore, when using the channel images, the line contribution function
in equation (4.10) is to be replaced with the response function of the chan-
nel. The response function describes the sensitivity of the EUV channel to
plasma at a certain temperature, and an example for the 171 A channel of
ATA is shown in Fig.4.2. The response function is significantly wider than
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Figure 4.2: ATA 171 A channel temperature response function compared to its main
emission line contribution function. Both curves are produced using CHIANTI
software and data package.

the contribution function of the main emission line in the channel, which
is in this case the Fe 1x line at 171 A, also shown in the figure. Other promi-
nent contributions to this response function, that show as secondary peaks,
are due to O vand O v1 just below logT [K] ~ 5.5, and due to Nix1v at about
6.4.

The temperature distribution of the plasma is often described by using
the column emission measure (EM)—a quantity related to the DEM, instead
of the DEM itself. The sharply-peaked line contribution function can be
taken out of the integral in equation (4.10), and according to the mean value
theorem, replaced with its average value (G, (T)) within the integration
range. With this, and assuming that the elemental abundance is constant
along the line of sight, we can rewrite the total intensity as

Ti+AT
Iy = Ay (G (T)) /T '\ DEM(T)dT. (4.11)

The remaining integral of the DEM over temperature is the column emis-
sion measure

Iy = Ay(Goy (T))EM, (4.12)
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Tyu+AT
EM = DEM(T)dT = / — (4.13)
Tn—AT l.o.s.
The EM determined from the intensity of a single emission line is asso-
ciated with the temperature of the line formation. Therefore, measuring
multiple lines that form at different temperatures provides us with the dis-
tribution of the EM with temperature. This approach is somewhat different
from the DEM. In case of the EM, line intensities are independently used
to calculate the EM at each temperature and build the distribution. In the
DEM inversions, however, the final DEM distribution is adjusted to satisfy
the whole set of the observed line intensities.

The well-known shape of the EM distribution in the quiet Sun is shown
in Fig.4.3. Different regimes of the upper solar atmosphere can be dis-
tinguished through the properties of the EM. Above the chromosphere, in
the temperature range covering the lower transition region, the EM of the
quiet Sun drops steeply, reaching a minimum value at around logT [K] ~
5.2. From this minimum toward higher coronal temperatures, in the up-
per transition region, the EM rises. It peaks at coronal temperatures of
logT [K] ~ 6.0, after which it sharply drops. The peak at logT [K] ~ 6.0
defines the typical temperature of the quiet-Sun corona. In these distinct
temperature ranges, namely the lower and the upper transition region, and
the corona, the EM nearly follows three different power-law-like distribu-
tions, that intersect at the minimum and maximum values.

The general shape of the EM distribution can be understood to some ex-
tent in terms of static, one-dimensional models of coronal loops. As the real
Sun is dynamic, this static picture may serve as a rough guideline to under-
stand the distribution of plasma over temperatures. To describe this, we
will follow the shape of the curve from higher to lower temperatures (right
to left in Fig. 4.3). Assuming a constant heat input at the apex of the loop, the
local plasma temperature will increase up to logT [K] ~ 6.0. This results
in the coronal peak in the EM, above which the EM drops, as there is very
little hotter plasma. The local increase of the plasma temperature also cre-
ates a temperature gradient in the loop, which gives rise to thermal conduc-
tion of energy from the corona toward the loop footpoints, that host cooler
plasma. This is the dominant energy loss mechanism in the corona and
the upper transition region, down to logT [K] ~ 5.2. Since the conduction
depends both on temperature and the temperature gradient (< T°/2VT),
in order to maintain a constant conductive flux, the temperature gradient
must increase as we move from the coronal peak to lower temperatures.
The increasing temperature gradient implies smaller volume of the emit-
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ting plasma corresponding to a certain temperature bin (i.e., a very thin
transition region). At the same time, as the temperature decreases, in an
isobaric atmosphere the plasma density will increase. Still, the effect of this
density increase is overpowered by the steep temperature gradient, hence
the drop in the EM curve from logT [K] ~ 6.0 to 5.2.

Moving to even lower temperatures from the minimum atlogT [K] ~ 5.2,
the EM begins to rise. This cannot be reproduced with the models described
above, as the transition region is too thin to emit the observed amount of’
radiation. This lack of emission from the transition region confined to the
footpoints of large loops, together with the hints of structures on small
scales, were the reasons behind proposing that unresolved, cool loops ra-
diate the bulk of the transition region emission (Sect.3.3.2). At these tem-
peratures, thermal conduction is no longer the dominant energy loss mech-
anism, and the radiative losses are more significant. For optically thin ra-
diation, as evident from the equation (4.7), the radiative losses increase with
the density, hence the rise in the EM curve from logT [K] ~ 5.2 to lower
temperatures.

There are differences in the shape of the EM between the network and the
internetwork emission, which are shown separately in Fig.4.3, and which
will be discussed in Ch. 5. The shape of the EM, and in particular its slope
in the upper transition region, can be related to the properties of plasma
heating mechanism in the corona, which will also be discussed in Ch. 5. In
the earlier chapters, we discussed the motivation for the studies in this the-
sis (Ch.1), and how the magnetic field permeates the solar atmosphere —
from the footpoints at the surface (Ch. 2) to the hot structures in the corona
(Ch. 3). After we covered the techniques for the plasma diagnostics with the
optically-thin, EUV lines (Ch.4), in the next chapters we will present our
studies, where we explore the quiet solar corona organized in structured,
compact loops (Ch.5), and in apparently structureless and long-ranging dif-
fuse emission (Ch. 6).

47
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Figure 4.3: Emission measure of the quiet Sun. This figure shows the distribution
of the EM [cm ~°] with temperature in the quiet Sun. The circles mark the mea-
surements taken within the bright, supergranular network lanes, and the crosses
within the darker interiors of the supergranular cells. The figure is taken from
Raymond and Doyle (1981) © AAS. Reproduced with permission.



5 Thermal properties
of coronal bright points

The upper atmosphere of the Sun is populated with bright loops, where
plasma is confined to the magnetic field lines anchored in the photosphere.
In Sect.3.3.3 we discussed the coronal bright points — compact systems of’
loops associated with magnetic bipoles at the junctions of the magnetic net-
work. These loops, bright in the EUV and sometimes in the X-rays, are cou-
pled to their chromospheric footpoints that emit in the UV range. For that
reason, studying the dynamics of bright points requires simultaneous spec-
tral coverage of a broad range of plasma temperatures, which is not regu-
larly available. How the bright points are thermally coupled through the
solar atmosphere remains an outstanding issue, mainly due to this lack of’
simultaneous spectral observations spanning the solar atmosphere.

In this chapter, we study thermal structuring of the short loops in bright
points in the quiet Sun. To cover a broad range of plasma temperatures —
from the low transition region to the corona, we combine spectral data from
SPICE with cotemporal images from AIA. The transition region emission
lines observed with SPICE are, unlike with SOHO/SUMER, acquired simul-
taneously, which is important for these short loops that evolve on timescales
of minutes. By performing a differential emission measure (DEM) analysis
(Sect.4.4), we found common behavior in all analyzed bright points, which
can give insights into the heating of these short loops.

5.1 Observations and data processing

We identified bright points in the EUV spectroscopic data from transition
region (log T [K] = 4.6-6.0), in a quiet-Sun data set from SPICE. To inves-
tigate their characteristics at higher temperatures (log T [K] = 5.9-6.5), we
used coronal imagery data from ATA. For the magnetic field context, we used
photospheric magnetograms from HMI in the same region.
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5.1.1 Observational data

We used a large, dense raster! acquired on 28 May 2020 between 16:09 and
16:54 UT by SPICE on board the Solar Orbiter mission. At the time of these
observations, Solar Orbiter was about 28° away from the Sun-Earth line, at
a distance of about 0.565 astronomical units from the Sun. At that distance,
1” corresponds to ~410 km on the Sun. The field of view is located in
the quiet Sun and, from the Solar Orbiter point of view, close to the disk
center (Fig.5.1c). It is in the western hemisphere from the vantage point
of the Earth (Fig. 5.1a). SPICE rastered an extent of about 210 Mm, with a
4” step size in the direction from west to east. The plate scale along the
slit is 1.098” / pixel, and the slit length corresponds to about 270 Mm. The
spatial resolution along the slit is estimated to be 6.7” (Fludra et al. 2021),
which here corresponds to about 2.8 Mm. This data set contains spectra of
six transition region emission lines listed in Table 5.1. We show the Crir
(977 A) line intensity map (sum of the observed line profile) in Fig. 5.1c.

During the period of the SPICE raster, we used a time series of data from
ATA.2 We used the full-disk coronal images acquired by ATA in the EUV chan-
nels (see Table 5.1). The images are taken with a cadence of 12 s and have a
plate scale of about 0.6” /pixel. We also used the full-disk line-of-sight mag-
netograms acquired by HMI. These data have a cadence of 45s and a plate
scale of about 0.5” /pixel.

Additionally, we used a longer time series of the SDO data that starts four
hours before and ends about three hours after the SPICE raster. Here we
used the HMI magnetograms, and the ATA images at 171 A, 193 Aand 3044,
to follow the long-term evolution of the bright points. For this long time
series covering about 8 hours, we used a reduced cadence of ca. 1.5 minutes
(90s for HMI, and 965 or 84 s for AIA).

5.1.2 Preparation of data

We processed all the AIA data using the aiapy Python package (Barnes et al.
2020). The processing includes updating the image pointing information,
rescaling the data to the plate scale of exactly 0.6” /pixel, and removing the
instrument roll angle. To simplify handling of different data sets and selec-
tion of features to analyze, we projected the HMI data onto the AIA coordi-
nates and interpolated the HMI pixels to be identical to the AIA pixels. We
did this by using the information given in the data headers and the routines

!These data were obtained during the commissioning phase of the mission, and we used
the version VO05.
2All data from SDO are available at http://jsoc.stanford.edu/.
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Figure 5.1: Overview of our observations. Panel a is a context image from ATA 171 A,
where the red box outlines the SPICE field of view, displayed in panel ¢ (C 111 977 A
intensity map). The corresponding SDO field of view is outlined with the yellow
box, and shown in panels b (HMI line-of-sight magnetogram) and d (AIA 171 A).
The boxes in panels b—d (side length of ~ 24 Mm) highlight the 14 bright points we
analyzed, which exhibited predominantly flux emergence (blue), flux cancellation
(violet), or random motion of the footpoints (green; Sect.5.3.2). The images in (a),
(c) and (d) are in logarithmic scaling. The ones in (b) and (d) are averaged during
the SPICE raster, and their evolution is available in an online movie, which spans
eight hours centered around the SPICE raster (Sect.5.1):
https://owncloud.gwdg.de/index.php/s/Bn6he2QRhY3elEb
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Table 5.1: Spectral lines and bands

Line / band ¢ log T [K]?

H11025.728 A 4.00

C111 977.020 A 4.85

SPICE Sv 786.468 A 5.20
O1v 787.710 A 5.15
Ov11031.912 A 5.50

Ne viI1 770.409 A 5.80

304 A (Hen) 4.92

131A (Fe virr) ¢ 5.72

171A (Fe 1x) 5.91

ATA 193 A (Fe x11) 6.18
211A (Fexv) 6.27

335A (Fexvr) 6.40

94A (Fexvin)¢  6.86

Notes.
For the SPICE emission lines we list rest
wavelengths from the NIST database (https:
//dx.doi.org/10.18434/T4W30F), and for the
ATA bands the primary contributing ions
(Lemen et al. 2012).
For the SPICE emission lines, we list the
temperatures from CHIANTI where the
ion fraction peaks in ionization equilib-
rium. For the AIA bands, we list the
peak temperature of the response function
based on Peter et al. (2012), their Fig. 1.
¢ The AIA 131 Aband also has a contribution
around 10 MK from Fexx1 (Lemen et al.
2012), which is not relevant for the obser-
vations of the coronal bright points. On
the other hand, the 94 A band has a relevant
contribution at around 1 MK from Fe x (cf.
Table 1 of Martinez-Sykora et al. 2011).
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available in the Python package SunPy (The SunPy Community et al. 2020).
This ensures that HMI and AIA data are co-aligned and all have a plate scale
of 0.6” / pixel.

When comparing the data from SPICE to the ones from SDO, there are
noticeable projection effects as a consequence of the instruments being at
different heliographic longitudes. Here we aimed to measure the average
intensity of small features, namely the loops that are roughly up to 20 Mm
long, so that they do not reach sufficiently high to be severely affected by
projection eftects. Therefore, we used each data set in its original view plane
(and plate scale) to perform the measurements, and avoided unnecessary in-
terpolation of the data in a small field of view. We still made sure, for each
analyzed feature, that the area selected for the analysis overlaps in all dif-
ferent passbands, as we discuss in Sect.5.1.3. In Fig. 5.1b and 5.1d we show
cutouts from an HMI magnetogram and an ATA 171 A image in a field of view
that nearly matches the one from SPICE. For illustration purposes, both im-
ages are produced by averaging individual frames during the SPICE raster
period.

5.1.3 Selection of bright points

We identified several bright points in the Cr11r intensity image (overplot-
ted boxes in Fig. 5.1c). All of them have underlying small bipolar magnetic
field regions in the photosphere (separation distance of 5-10 Mm; Fig. 5.1b).
Likewise, they all have counterparts in the coronal images (Fig. 5.1d). In the
following, we first explain how we selected the bright points in the SPICE
data, and then the corresponding ones in the AIA data.

Bright points in the SPICE data

For our analysis, we selected features that appeared prominent in the tran-
sition region emission, located over the magnetic network. We selected 14
bright points in total, the selection of which was based on the brightness in
the C111 image from SPICE.3

We applied certain steps when extracting the emission of the bright points
in the respective spectral lines, in order to reduce contamination of the
line profile by the surrounding and background quiet-Sun emission. We
started by placing a small box around the feature (e.g., box 01 in Fig.5.1c,

3Despite being less prominent in the C 111 emission, we still added bright point 05 to the
sample as it appeared very prominent both in the Ne viir image from SPICE, and in the
171 A channel from AIA (see Fig. 5.1d).
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enlarged in Fig. 5.2a). Within it, we first selected pixels that have C 111 inten-
sity lower than 30% of the brightest pixel value (pixels marked with green
dots in Fig. 5.2a). We then obtained the background emission spectral pro-
file by computing the average line profile from these pixels. We subtracted
this background profile from all the pixels within the box. Then we selected
pixels that have intensity higher than 70% of the brightest pixel value (on
and inside the blue contour in Fig.5.2a). Here we aimed to avoid the sur-
rounding quiet-Sun emission, and included only a small area that belongs
to the bright point in our analysis. We used these pixels to calculate the
average C 111 line profile of the bright point itself, after the previously men-
tioned background subtraction (see Fig.5.2b). We experimented with these
thresholds, and found that our results are not sensitive to the exact values
of the thresholds. Hence, we settled on values that give a good match when
inspecting by eye.

After this, we calculated average profiles of all other spectral lines ob-
served with SPICE for the same bright point. To do this, we used the C1i1
image as a reference. This implies that in all emission lines we used the
same pixels for the background estimation, or for the bright point itself, as
the ones selected from the C111 image (see Fig.5.2d). In this way, we always
used the same spatial area when calculating average line profiles for all the
observed emission lines.

For a given bright point, we fitted each of the average line profiles with a
single Gaussian by using the curve_fit function available in the SciPy Python
package (Virtanen et al. 2020). Because of the limited spectral resolution
of SPICE, Sv and O 1v are (slightly) overlapping in the spectral direction.
Therefore, we fitted both these profiles, simultaneously, with a double Gaus-
sian. From the fit parameters, we obtained the total line intensities, which
we then used as an input for further analysis (Sect. 5.2.1).

Bright points in the AIA data

To analyze the same bright points in the AIA data, we first needed a repre-
sentative ATA image that is nearly co-temporal to the corresponding SPICE
raster. Since it takes about 5 minutes for SPICE to scan across a given bright
point (e.g., boxed region in Fig.5.1c), we used 26 consecutive snapshots of’
ATA to create an average intensity map of that bright point, in each respec-
tive ATIA passband. This averaging also reduces the noise in ATA images,
which is particularly necessary for channels with lower signal-to-noise ra-
tio in quiescent regions (e.g., 94 A, 131 A, and 335 A). Similarly, we averaged 7
HMI magnetograms (taken within ca. 5 minutes) to create an average mag-
netogram for each bright point.
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Figure 5.2: Bright point 01 through the solar atmosphere. We show the bright point
01 as recorded with different instruments and in different spectral ranges, as an-
notated. The green dots in panel a mark the pixels used to estimate the average
background spectrum. The dark blue contour in panels b and d outlines the bright
point pixels selected in the SPICE data. The orange contour in panel c outlines
the brightening in Ly, used to align the SPICE data to HMLI. In panels e and f we
overplot the contours from (c) and (d), respectively, after reprojecting them onto
the ATA coordinate grid. The white, dotted quadrangle represents the field of view
of panels a—d (roughly 24 x 24 Mm), after the reprojection. The light-blue box in
panel f'outlines the bright point pixels selected in the AIA data. In panel g we show
the overlap between the various analyzed brightenings in Lyp and the magnetic
field concentrations across the whole field of view. See Sect.5.1.3. All panels from
SPICE and AIA are scaled linearly between minimum and maximum values.

We then spatially aligned the average ATA and HMI maps with SPICE.
For this, we used the H 1 Lyp raster image from SPICE and the average HMI
magnetogram. The Lyp line shows emission that originates from the up-
per chromosphere (T ~ 10000 K), while the HMI magnetogram shows the
photospheric magnetic field. Bright chromospheric features, in general,
are expected to correlate well spatially with the magnetic field concentra-
tions in the photosphere. Furthermore, because both of these diagnos-
tics reveal low-lying emission (i.e., from the photosphere or the chromo-
sphere), they should be the least affected by the projection effects, making
this magnetogram-image pair suitable for alignment.

To align the images, we reprojected the Ly image on top of the magne-
togram using the routines from the Python package SunPy. To achieve a
good overlap between the bright features and the magnetic field concentra-
tions, we adjusted the WCS keywords (Thompson 2006) in the SPICE header.
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Precisely, we set the values of CRVALL = -77.707°, CRVAL2 = -56.166° and
CDELT1 = 4.15”. We decided on these values after visually inspecting the
quality of the alignment. Additionally, we also accounted for minor off-
sets between the Ly and HMI regions of interest due to the solar rotation.
The alignment is illustrated in Fig. 5.2g, where the curved, white quadrangle
represents the SPICE field of view reprojected onto the HMI magnetogram.
The orange contours outline the brightenings in the Lyf image, which, after
the alignment, coincide with the magnetic field concentrations across the
whole field of view. This is best seen in the zoom into one particular bright
point shown in Fig. 5.2e.

After the alignment, we reprojected the C 111 image on top of the AIA im-
ages in the same way as we did with Ly and HMI. We used this reprojected
C 111 image only as guidance when selecting the bright points in the ATA
images. As we illustrate in Fig. 5.2f with the 171 A channel, we selected a
box (light-blue rectangle) in the ATA image that nearly matches the pixels
selected for the bright point analysis in C111 (blue contour). We placed the
same box in all other AIA channels, and calculated the average intensity
within the box for each channel. These average intensity values we used in
further analysis (Sect. 5.2.2). Varying the area of the bright point used for the
analysis had no qualitative effect on our results (see Sect.5.3.2).

5.2 DEM analysis of the bright points
and the quiet Sun

We performed a DEM analysis to study the thermal properties of the bright

points through the transition region (SPICE) and coronal temperatures (AIA).
As we discuss below, we calculated the DEM separately for the SPICE and

the ATA data, by using different techniques, developed by Young (2018) and

Cheung et al. (2015), respectively. For the SPICE inversions and further cal-

culations in this study, we use version 10.0 of the CHIANTT software and

data package (Del Zanna et al. 2021; Dere et al. 1997).

We checked that these DEM inversion methods yield reasonable and ex-
pected results by computing the average quiet-Sun DEM, and comparing
this to published values. To get the input intensities of the quiet Sun in dif-
ferent emission lines and channels, we spatially averaged the intensity over
the whole SPICE and the corresponding AIA field of view. This quiet-Sun
DEM was also used to provide context for the DEM of the bright points.



5.2 DEM ANALYSIS OF THE BRIGHT POINTS AND THE QUIET SUN

5.2.1 DEM with SPICE

We used the SPICE data to calculate the DEM in the temperature range be-
tween log T [K] = 4.6 and 6.0. One of the main assumptions when calcu-
lating the DEM is that the emission lines should form under optically thin
conditions (Mariska 1992). The Lyp line forms under more complex con-
ditions, and does not fulfill the assumption of optically thin plasma, so we
excluded this line. For each bright point, we used only the line intensities
(as discussed in Sect. 5.1.3) of the remaining five emission lines from SPICE
for the DEM analysis.

To calculate the DEM, we used an IDL-based software.* From it, we em-
ployed the ch_dem_linear_fit routine, which assumes that the DEM is a
piece-wise power law of the temperature. As discussed in Sect.4.4, this
choice is justified by the general appearance of the (differential) emission
measure as a function of temperature in the quiet Sun (e.g, Raymond &
Doyle 1981). In an iterative process, the routine finds the solution for the
DEM that gives the closest match to the observed line intensities. For a
more detailed explanation of the routine, see Young (2023). Examples of
using piece-wise power-law DEM functions for the transition region were
given by Young (2005, 2018) in relation to determining relative elemental
abundances.

The DEM procedure takes line intensities and uncertainties as input. We
estimated these uncertainties to be 20% of the total line intensity for each
line. Because the spectra are averaged over the whole bright point, the pho-
ton noise and hence the error of the intensity integrated over the line profile
should be significantly smaller (below 1%; see also appendix of Huang et al.
(2023) for the measurement errors of SPICE). The systematic uncertainties
are, however, expected to be larger and prevail in the total uncertainty of’
the line intensity. These include the uncertainties in the radiometric cali-
bration, which we expect to be of the order of 15% (based on the estimate
for SOHO/SUMER, whose observations were used as a reference for the ra-
diometric calibration of SPICE; Wilhelm et al. 1997). Furthermore, there
is contamination due to continuum radiation, in cases where wide spec-
tral lines cover most of the available spectral pixels, and leave few measure-
ment points in the continuum. This we estimated to be up to 15%. Finally,
to cover difterent sources of uncertainties mentioned, we used this larger
value of 20%.

With the lines that are available in our data set, we selected the tem-
perature range of calculation from log T [K] = 4.6 to 6.0, covered by two

*Software available at https://github.com/pryoung/ch_dem.
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power laws, matching at a minimum at log T [K]| = 5.2. For the initial val-
ues of the DEM in the three logarithmic temperature nodes [4.6,5.2,6.0]
we set [1.0,0.5,1.0] - 1022cm > K~ !. We performed the calculation for an
isobaric atmosphere, by setting the pressure to a constant value through
n.T = 10 Kem 3. In this way, we obtained the DEM distribution using
the SPICE data, separately for each bright point and for the average quiet
Sun.

5.2.2 DEM with AIA

We used the data from the EUV channels of AIA (listed in Table 5.1), ex-
cluding the 304 A channel, to calculate the DEM in the temperature range
between log T [K] = 5.9 and 6.5. For this, we employed the IDL-based soft-
ware developed by Cheung et al. (2015). By this, we first calculated the emis-
sion measure (EM) distribution over log T [K]|, from which we then calcu-
lated the DEM distribution.

To calculate the EM, we employed the aia_sparse_em_solve routine. This
routine uses the observed intensities in the six EUV channels from AIA,
together with the temperature response function of each channel, to solve
for the EM distribution. The EM is represented in terms of a basis function
and a set of coefficients that, when multiplied with the basis function, give
the EM value in each temperature bin.

We supplied the routine with the average intensity value in each AIA chan-
nel (for one bright point or the average quiet Sun). We specified the temper-
ature axis to span between log T [K] = 5.5 and 6.5 with increments of 0.1.
By using the keyword bases_sigmas = [0, 0.125], we selected the basis func-
tions used to represent the EM distribution over log T [K]. In our case, for
each temperature bin, the basis function was a combination of one Dirac
Delta function and a truncated Gaussian of the width of 0.125 in log T [K].

The routine also requires an estimate for the intensity uncertainties, which
are calculated by another routine, aia_bp_estimate_error. When calculating
the uncertainties, we have taken into account the total number of pixels that
were averaged for the intensity measurement (n_sample keyword). Since we
averaged many pixels when calculating the input intensity, both during spa-
tial and temporal averaging, this caused the calculated uncertainties to be
almost negligible. These values were underestimated, however, because the
systematic errors, e.g., due to uncertainties in the calibration, were not ac-
counted for. Therefore, and in order to assure that the fitting routine will
converge, we specified in aia_sparse_em_solve routine that the estimated
uncertainties should be taken with a tolerance factor of 10 (tolfac keyword).
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With the input AIA data and the parameters specified as above, we ob-
tained the EM distribution. After that, we calculated the DEM distribution,
by dividing the EM distribution with a factor of T - In 10 - Alog T. Values of
T and Alog T = 0.1 correspond to the central value and the width of the
temperature bin, respectively.

We tested how robust the resulting DEM is when varying the tolerance
factor for the uncertainties. Using values between 1 and 50, we found that
the resulting DEM varies significantly at temperatures below log T [K] ~
5.9. At higher temperatures, the results were consistent regardless of the
tolerance factor. Based on this, we decided to consider the DEM calculated
from the AIA data only at temperatures higher than log T [K] = 5.9.

5.3 Results

Using the UV spectroscopic data from SPICE and the EUV images from AIA,
we calculated the DEM of the average quiet Sun, and of the bright points we
selected. The DEM inversions were performed separately for the transition
region observations with SPICE, and for the coronal observations with ATA
data. The input intensities for the bright points, necessary for the DEM
inversions, were obtained as described in Sect.5.1.3. The input intensities
of the quiet Sun were obtained by spatially averaging the intensity over the
whole SPICE raster map and the corresponding AIA field of view, in respec-
tive emission lines and channels. The details of the DEM inversions are
described in Sect.5.2. Finally, with the HMI magnetograms we followed
the evolution of the surface magnetic fields underlying the bright points.

5.3.1 Quiet Sun DEM with SPICE and AIA

We calculated the DEM of the quiet Sun for the full field of view of SPICE,
using both the SPICE and the AIA data (Sect.5.2). We show the resulting
DEM in Fig.5.3. There, the two power laws show the result based on the
SPICE data. This reflects the well-studied variation of the DEM as a function
of temperature. Qualitatively and quantitatively, this is similar to previous
quiet-Sun studies (e.g., Parenti & Vial 2007, their Fig. 2).

To double-check the piece-wise power-law DEM inversion, we calculated
EM loci for the emission lines covered by SPICE. Essentially, EM locus is
the total line intensity divided by the line contribution function. We cal-
culated the appropriate contribution function for each transition, under
the assumption of an isobaric atmosphere, by using the ch_lookup_gofnt
routine available in CHIANTT software and data package (version 10.0; Del
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Figure 5.3: Differential emission measure of the average quiet Sun. The input in-
tensity of the quiet Sun is spatially averaged over the whole SPICE (and the corre-
sponding ATA) field of view. The solid line depicts the DEM profile derived from
the SPICE data. Each emission line (see Table 5.1) is represented with a diamond at
its effective line formation temperature, as derived with the DEM procedure. The
offset of each diamond to the DEM curve indicates the ratio of the observed line
intensity to the one derived from the DEM. The bars represent the errors of the
observed line intensities. The dotted lines display the emission measure loci for
the SPICE emission lines. The dashed line depicts the DEM profile as determined
using the ATA data. See Sect.5.3.1.

Zanna et al. 2021; Dere et al. 1997). The EM loci are shown as dotted curves
in Fig. 5.3. For a single spectral line, the EM locus curve shows, at each tem-
perature, the amount of plasma needed to emit the observed line intensity,
should all the available plasma be at only that one temperature. For that rea-
son, the lower envelope of the EM loci curves represents an upper boundary
of the true emission measure, and the variation of this envelope should fol-
low a trend similar to the DEM curve. This is what we see in our quiet Sun
data in Fig. 5.3. Hence, we conclude that the DEM inversion based on the
SPICE data is reliable.

The output DEM from the AIA data, shown with a dashed curve in Fig. 5.3,
peaks at a temperature near 1 MK. Toward higher temperatures, the ATA
DEM drops significantly. This trend reflects that, on average, there is lit-
tle plasma hotter than 2-3 MK in the quiet corona, which is consistent with
earlier studies (e.g., Morgan & Taroyan 2017). The cutoft of the ATA DEM be-
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low1MK is due to the AIA filter responses not constraining well the plasma
emission at lower temperatures (see Sect. 5.2.2). There, the SPICE measure-
ments provide a better coverage. Essentially, the ATA quiet-Sun DEM level
just below 1 MK transitions nicely into the level determined by SPICE ob-
servations. This smooth connection between the two temperature domains
1s reassuring.

Overall, by combining the data from SPICE and AIA, we were able to cal-
culate the DEM of the quiet Sun between log T [K] = 4.6 and 6.5. Our
result in Fig. 5.3 is in qualitative and quantitative agreement with many ear-
lier studies, such as Raymond and Doyle (1981) and Parenti and Vial (2007).
This gives us a good foundation to study the DEM of other features, namely
the bright points.

5.3.2 Properties of the bright points

We analyzed 14 bright points, that range in size between about 6 Mm and
10 Mm, based on the C 111 image. This size is within the expected range for
coronal bright points (Madjarska 2019). Our data provided a broad thermal
coverage of these features, as we illustrate in Fig.5.4. There we show the
bright point 01 in all the different spectral ranges and emission lines avail-
able in our data. In the following, we summarize the main morphological,
thermal and magnetic properties of the features we analyzed.

Bright points in the coronal images

The majority of the analyzed bright points, represented by short loops, are
persistent in the coronal images for several hours. To illustrate this, we
supplement a movie to Fig. 5.1. These loops are clearly visible in the average
images from ATA we made for the three example bright points 01, 02, and
03 (see AIA panels in Figs. 5.4, 5.6, and 5.7), which are among the brightest
in our sample. The longest loops we identified are about 12 Mm (e.g., bright
point 01). The smallest ones are down to 2-4 Mm (e.g., bright point 03).

A few of the bright points, however, remain mostly quiet during the time
series we studied, with faint EUV emission in the coronal images, (e.g., bright
points 06, 09, and 11). They stand out more prominently above the back-
ground only during short periods of time, when they exhibit bursts of EUV
intensity enhancements, that last between roughly 5 and 20 minutes. Some
of these bursts were caught by the SPICE slit, and correspond to the bright
points we selected in the C 111 raster image, while overall they are not promi-
nent in the coronal emission.
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Figure 5.4: Overview of the bright point 01 observations. We show spectral and
imaging diagnostics, along with the surface magnetic fields, for bright point 01, as
labeled in each panel. Both the SPICE and the SDO data are shown in their original
view plane and plate scale, and images are scaled linearly between minimum and
maximum values. The SPICE panels have a size of about 24 x 24 Mm. In the top
right of each panel, we indicate the temperature (in log T [K]) of the plasma for
which the emission line or channel has the highest sensitivity (Table 5.1). The SDO
data are averaged over about 5 minutes, during which time the SPICE slit crossed
the bright point. The dark blue contours and the light-blue boxes highlight the
pixels selected for the analysis of the bright point, as discussed in Sect. 5.1.3.
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Figure 5.5: Differential emission measure of the bright point 01 compared to the
quiet Sun. The quiet-Sun DEM is computed for spatially averaged intensity over the
whole SPICE (and the corresponding ATA) field of view. The choice of the different
line styles is the same as in Fig. 5.3. The results are represented with blue lines for
the bright point, and black lines for the quiet Sun. See Sect.5.3.2.

The nature of the SPICE data, in the form of a large raster, prevents us
from checking if these features show similar transient behavior also at tran-
sition region temperatures. Some insight into this could be gained from the
ATA 304 A channel, which at moments shows loop-like features, but gener-
ally has a more patchy appearance and evolves more rapidly than the coronal
channels. The formation of the He 11 line that dominates the 304 A band is,
however, more complicated than the optically thin transition region lines
predominantly excited by electron collisions. Therefore, any quantitative
conclusion about the variability of the transition region plasma based on
the 304 A channel is difficult (e.g., Andretta & Jones 1997). In particular, we
cannot use the 304 A channel for the following DEM analysis using ATA data.

DEM of the bright points

We calculated the DEM of the bright points, as discussed in Sect.5.2. As
above, we show the same three example bright points 01, 02, and 03. The
DEM of the bright point 01 is enhanced at all observed temperatures, when
compared to the quiet Sun (Fig.5.5). Furthermore, the peak of the DEM
at the high-temperature end (covered by AIA) shifts to higher temperatures
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Figure 5.6: Overview of the results for the bright point 02. In panel a we show
the DEM of the bright point compared to the quiet Sun (similar to Fig.5.5; see
Sect.5.3.2). In panels b—g we show the bright point observations from different
instruments and spectral ranges (similar to Fig.5.4; see Sect. 5.1.3).



5.3 REsuULTS 65

1023_

=

o
N
N

log DEM [cm™ K™1]
=
o

=

o
N
o

1019

a2 e
S
s

:
e,
.

_ brigHt point
** —— quiet Sun

.
“, ..

.

o327,

e) SPICE Ne VIlI

f) AIA 171 A

g) AIA 335 A

Figure 5.7: Overview of the results for the bright point 03. The layout of the panels

is like in Fig. 5.6. See Sect.5.3.2.
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from log T [K] &~ 6.1 in the quiet Sun, to 6.2 in the bright point.

The factor by which the DEM is increased in the bright point (in compar-
ison to the quiet Sun), however, is not the same at all temperatures. At the
low-temperature end, in the lower transition region below log T [K] ~ 5.2,
the bright point and the quiet Sun have a similar, negative slope of the
DEM (of about —4). In the upper transition region, above temperatures
oflog T [K] ~ 5.2 and up to log T [K] ~ 6.0, the slopes of the two are quite
different. Here, the quiet-Sun DEM has a clear positive slope (of about 0.7),
while the bright point DEM shows only little change (slope close to 0). Cer-
tainly, in the bright point, the increase of the DEM towards the corona (if
present at all) is significantly less steep than in the quiet Sun.

Other bright points in our sample share the above characteristics with the
example 01. The slope and the values of the DEM in the lower transition
region, in particular, are quite similar for all the bright points (see Table 5.2).
Furthermore, they all show a flat or even a negative trend of the DEM in the
upper transition region. This is evident when comparing bright point 01
with cases 02 and 03, which are shown in Fig. 5.6a and Fig. 5.7a.

At and above log T [K] ~ 6.0, often the peak of the DEM is shifted to
higher temperatures, and the peak value is higher than for the quiet Sun
(as for BPs 01 and 02). Still, even if the bright point DEM is at a higher
level at log T [K] ~ 6.0 than in the quiet Sun, the gradient of the DEM
in the upper transition region is more shallow in the bright points. About
half of the cases do not show an enhanced DEM at log T [K] ~ 6.0 at all,
and hence often show even a negative slope, i.e.,, a drop, of the DEM in the
upper transition region towards higher temperatures. This is illustrated by
the example of bright point 03 in Fig. 5.7a. This bright point, although very
prominent in the transition-region emission (Fig.5.1c), does not stand out
in coronal emission, when compared to the background quiet Sun in the
large field of view shown in Fig. 5.1d. Hence, the DEM of this bright point
around 1 MK is comparable to the average quiet Sun as seen in Fig. 5.7a. Still,
in the local surroundings of the bright point, where the coronal quiet-Sun
emission is particularly low, the coronal loops in the bright point can be
identified clearly (Fig.5.7f).

There are limitations to our results of the DEM. To select the bright
points in the SPICE image, we needed to set intensity thresholds (Sect. 5.1.3),
which might have affected our results. We tested different thresholds for the
bright point 01, which resulted in selecting a smaller or larger area of the
bright point for the analysis, in SPICE, and consequently in ATA data. While
this caused the overall DEM curve to shift up or down (due to the increased
or decreased average intensity), it did not affect the general trends we dis-
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cussed above. Furthermore, our results are limited by the available diagnos-
tics, in particular the five emission lines from SPICE we used to study the
DEM in the transition region. Differences in the DEM between the bright
points might not have been fully revealed with the data we have. This can be
improved by selecting emission lines that more finely and evenly sample the
studied range of temperatures in new studies of SPICE. We do not expect
major changes of the results, however, because our result for the quiet-Sun
DEM is in good agreement with earlier studies.

In summary, we find that all bright points show an increase of the DEM
in the lower transition region (log T [K] < 5.2), and keep the same slope of’
the power law when compared to the average quiet Sun. In contrast, in the
upper transition region (5.2 < log T [K] < 6.0) the gradient of the DEM
is much more shallow in the bright point, with a DEM sometimes even de-
creasing toward higher temperatures. In only about half of the bright points
the DEM in the coronal part (log T [K] > 6.0) is increasing, and peaking at
higher temperatures as compared to the quiet Sun. In the other half of the
cases, the coronal part of the bright point DEM is very similar to the quiet-
Sun one, i.e. the bright point is less prominent in the coronal than in the
transition-region data.

Relation of bright points to the photospheric magnetic field

To study the magnetic driving of the bright points in relation to their ther-
mal properties, we followed the evolution of their magnetic flux content,
particularly prior to the observation with SPICE. We did this by using the
aforementioned time series of the SDO data, which starts four hours before
the SPICE raster, and runs for 8 hours in total. By (initially) visually inspect-
ing the photospheric magnetograms, we recognized different processes in
the magnetic footpoints of the analyzed bright points, namely magnetic flux
emergence, flux cancellation and random motion of the footpoints. For the
example bright points 01, 02, and 03, we show three snapshots of their mag-
netograms in the top panels of Fig.5.8.

In the time leading up to the SPICE observations, bright point 01 shows
very prominent flux emergence. In fact, the beginning of its emergence
is captured in the SDO time series we analyzed. Its unsigned magnetic flux
(black curve in Fig. 5.8a) increases between hours 2 and 6, with a rate of about
0.15- 102 Mxh 1, after which it saturates to a value of about 1.3-1.4 - 10%°
Mx. At the time when the SPICE slit crossed over the bright point (vertical
red line), the flux emergence was still ongoing. This bright point contains
the highest amount of magnetic flux within our sample, with its value being
at the higher end of what is considered a coronal bright point, nearing to
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Table 5.2: Summary of the bright point properties

Bright DEM slope DEM slope Coronal Magnetic

point lower TR® upper TR? log T[K] ¢ signature ¢

01 -39 +0.0 6.22 E
02 -3.3 —-0.2 6.23 E
03 —4.0 —-0.6 6.14 C
04 -3.3 +0.1 6.17 E
05 —35 +0.1 6.12 R
06 —-3.7 —-0.3 6.13 C
07 —-3.2 —-04 6.15 E
08 —3.6 —0.4 6.19 E
09 —3.4 —-0.4 6.15 R
10 —-3.1 —-1.8 6.14 R
11 —-3.2 —-0.9 6.12 R
12 —3.6 —0.6 6.16 E
13 -3.3 —-0.9 6.14 C
14 —-3.5 —0.5 6.12 R
QS¢ —3.8 +0.7 6.14

Notes.

¢ Slope of log DEM with log T [K] in the lower transition region
(4.6 <log T [K] < 5.2), based on SPICE data.

b Same in the upper transition region (5.2 < log T [K] < 6.0).

¢ EM-weighted temperature in the range of 5.9 < log T [K] < 6.5,
based on AIA data.

¢ Magnetic process exhibited by the footpoints prior to the SPICE
observation (E — emergence, C - cancellation, R — random motions;
Sect.5.3.2).

¢ Quiet-Sun measurement for comparison.
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the flux range of small active regions (see e.g., Mou et al. 2016, their Fig.2).
Its rate of growth of the magnetic flux is also 2-3 times larger than in a
typical coronal bright point (1.5 - 10 Mxs ™! ~ 0.05 - 10? Mxh~!; Golub
et al. 1977; Madjarska 2019), making this case exceptional in that sense.

Several other bright points also show flux emergence prior to the SPICE
observation (blue boxes in Fig. 5.1b—d), including bright point 02. Its mag-
netic flux grows until some 4.5 hours, with a rate of about 0.03 - 10 Mxh~!
(Fig. 5.8b), which is somewhat lower than the typical value for coronal bright
points. This feature was, however, already present at the beginning of the
SDO time series. A more dynamic emergence phase happened ~ 9 hours
before that, after which the magnetic footpoints exhibited mostly random
motions.

Some bright points from our sample show flux cancellation before the
SPICE raster (violet boxes in Fig. 5.1b—d). As an example of these, we show
bright point 03 in Fig. 5.8c. Its magnetic flux gradually decreases over time
(by about 0.01 - 1020 Mx h~!), which could be related to the flux cancellation.
The absolute value of this rate of change is significantly smaller than for the
other two examples we show. The flux is still consistently diminishing over
the course of our observation, as is also evident from the snapshots of mag-
netograms (top panels of Fig. 5.8c). We note here that the ongoing magnetic
processes are often, except in very prominent cases like bright point 01, bet-
ter visible from the evolution of magnetograms than from the magnetic flux
curves. It is, therefore, difficult to objectively grasp the magnetic evolution
of bright points, and to identify the most relevant processes.

Other bright points in our sample (green boxes in Fig. 5.1b—d) show pre-
dominantly random motion of the magnetic field concentrations. We do
not find systematic change of the magnetic flux in these cases, and any pro-
cesses other than shuffling of the magnetic elements are hard to recognize
in the magnetograms. These may still be present at smaller scales, below the
resolution power and sensitivity of HMI, similarly as opposite (parasitic) po-
larities can be found at the footpoints of coronal loops when observing at
very high resolution (Chitta et al. 2017).

In all bottom panels in Fig. 5.8 we overplot the curves of the average EUV
intensity in different ATA channels on top of the unsigned magnetic flux.
The magnetic flux growth in bright point 01 is clearly followed by the gen-
eral increase of the coronal emission. In case of bright point 02, which is
already emerged at the beginning of the time series, the EUV emission fluc-
tuates well-above the average quiet Sun, with a noticeable positive trend,
maybe related to the flux emergence. The coronal emission in bright point
03, with the least magnetic flux of the three examples, fluctuates at a lower
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rate, with a subtle declining trend that could be related to the diminishing
magnetic flux.

On top of the general trends, there are smaller variations of the mag-
netic flux and the EUV intensity, between which it is harder to find a direct
causation. We note here that the expected measurement error for the EUV
intensity shown in Fig. 5.8 is at most 2-3 counts per pixel in each channel.
We estimated this value by using the routines available in the aiapy Python
package, equivalent to the aia_bp_estimate_error routine from SolarSoft. It
corresponds to ~ 0.01 in the normalized intensity scaling we use in the fig-
ure, which is significantly smaller than the short-term variability seen in
the EUV curves. Hence, the short-term EUV variability in Fig. 5.8 should be
of solar origin.

In conclusion, the 14 bright points we identified show different magnetic
processes at their base. Roughly two thirds show either flux emergence or
flux cancellation prior to the SPICE observation, while the rest show only
reshuffling of the magnetic elements at their footpoints, without major sig-
natures of either flux emergence or cancellation. While there are limitations
present both in the computed DEM and in the accurate identification of
the relevant magnetic processes, all analyzed bright points show very sim-
ilar enhancement and trend of the DEM in the lower and the upper tran-
sition region (Sect. 5.3.2), regardless of the ongoing magnetic processes, or
the amount of magnetic flux available to the bright point prior to the DEM
evaluation.

5.4 Discussion

We find that all bright points show a similar increase of the DEM at all
temperatures from below 0.1 MK up to about 1 MK as compared to the quiet
Sun. An increase of the DEM in a given temperature bin generally implies
higher plasma density at the respective temperature. This is expected for
bright points, as they stand out above the background emission in different
transition region and coronal images (e.g., Fig. 5.4). When present, the shift
of the coronal DEM peak toward higher temperatures above 1 MK indicates
an increase of the coronal temperature in these features. In the following,
we will discuss implications of our results for the heating processes acting
in the bright points.

71



72

5 THERMAL PROPERTIES OF CORONAL BRIGHT POINTS

5.4.1 Bright points DEM in the lower transition region

In the lower transition region (belowlog T [K] ~ 5.2), the DEM of the bright
points is increased when compared to the quiet Sun. The increase is such
that the DEM maintains a (negative) slope similar to that found in the quiet
Sun. This implies that the plasma at a given temperature has a density in
the bright point that is higher than in the quiet Sun. The increased density
implied by the DEM could have various sources.

One possible source is heating acting at higher, coronal temperatures,
with the transition region being maintained via thermal conduction of en-
ergy deposited in the corona. This will shift the transition region down-
wards towards higher densities (e.g., Hansteen & Leer 1995). However, in a
1D model the energy balance will generally not lead to the observed slope of’
the DEM in the lower transition region, i.e. the steep increase of the DEM
towards the chromosphere (e.g., Athay 1982).

Alternatively, plasma can be supplied to the lower transition region by
the heating events initiated at still lower temperatures. There, various types
of jet-like features, which are commonly associated with the chromospheric
network, should have an impact. In particular, (type II) spicules (Bose et al.
2023; Pereira et al. 2014) and network jets (Gorman et al. 2022) are expected
to contribute to the upper atmosphere, although their share remains an
open question (Klimchuk 2012). Additionally, Judge et al. (1997) considered
upward-propagating acoustic shock waves, and concluded that these do not
contribute significantly to the heating of the lower transition region.

Finally, the excess emission in the lower transition region could be, at
least partially, explained by short, cool (nested) loops. Loops at lower tem-
peratures up to ~10° K, thermally isolated from the hotter coronal plasma,
were suggested to be an additional source of transition-region emission
near the footpoints of long, hot loops (Antiochos & Noci 1986; Dowdy et
al. 1986; Feldman 1983). The contribution of short loops might be sig-
nificant in the quiet-Sun network (Judge & Centeno 2008; Wiegelmann &
Solanki 2004). They are expected and have been found to evolve rapidly,
because of the efficient radiative cooling (Hansteen et al. 2014). In coronal
bright points, however, any present cool loops should be of similar length
as the hot loops (like in the model by Nobrega-Siverio & Moreno-Insertis
2022). While hot loop-like features were observed many times in coronal
data, in the transition region, because of the lack of instrumentation to
resolve them, similar observations are rare (e.g., Kayshap & Dwivedi 2017,
Madjarska et al. 2021; Teriaca et al. 2004). Clear loops are not resolvable
in the SPICE data we used. Instead, in Fig. 5.9 we show loop-like features
in bright point 01 in different AIA channels, that seem to co-exist at po-
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Figure 5.9: Loops in bright point 01. We show single snapshots of bright point 01
in different AIA channels, as labeled in each panel. We indicate in the top right
the temperature of plasma (in log T [K]), for which the channel has the highest
sensitivity (Table 5.1). The field of view is like in Fig. 5.4, and the images are scaled
linearly between minimum and maximum values. The black and white contours
in all panels outline the magnetic field from HMI at values of —50 G and +50 G,
respectively. The dashed and dotted blue lines highlight loop-like features from
304 A and 171 A channels, respectively, as discussed in Sect. 5.4.1.

tentially different temperatures, and not to overlap entirely. These short
loops, although probably thermally isolated from one another, should still
be related through motions and interactions of their footpoints. While it is
reasonable to assume that spicules, jets, and cool loops are all contributing
to the emission in compact, network features, such as coronal bright points,
disentangling the impact of each component remains a challenging task.

5.4.2 Bright points DEM in the upper transition region

Also in the upper transition region (5.2 < log T [K] < 6.0), bright points
show a higher DEM compared to the average quiet Sun. Unlike in the lower
transition region (Sect.5.3.2), in this temperature range the slope of the
DEM is shallower in the bright points. This finding suggests that there
is a depletion of the DEM in bright points at coronal temperatures, in com-
parison to the lower temperatures.

This could be a selection effect, because we selected the bright points
based on the increased emission in the transition region (but not in the
corona). It is therefore an interesting question whether this trend of the
DEM is only a transient phase, especially since we do not have access to
temporal evolution of the transition region emission. We find this unlikely,
as the flat DEM in the upper transition region is a common property of’
all the cases we analyzed, which most likely will be in different phases of
their evolution. This is further supported by the fact that the features are
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well-scattered across the field of view that covers several supergranular cells,
which makes it unlikely that they are all correlated and in a common or
similar phase of evolution.

In our study, the bright points correspond to the brightest locations in
the magnetic network lanes, and the average quiet-Sun emission includes
both the network lanes and the cell interiors. The trend of the DEM in
the upper transition region we found is consistent with an earlier study by
Raymond and Doyle (1981), who analyzed the DEM of the bright magnetic
network lanes, and of the darker cell interiors in the quiet Sun. These au-
thors showed that, when compared to the cell interiors, the network lanes
have higher DEM at all temperatures, and a flatter trend in the upper tran-
sition region (cf. Fig.4.3). Similar DEM trends in network lanes and cell
interiors were also reported in studies by Griffiths et al. (1999) and O’Shea
et al. (2000).

Many studies measured the slope of the EM in active-region loops. There,
the EM distribution follows a power law EM(T) « T* from log T [K] = 6.0
up to the coronal peak at log T [K] ~ 6.5. Values of « found in different
active regions span a broad range between roughly 2 and 5 (e.g., Warren et
al. 2012). The power-law EM(T) o T* could be considered equivalent to
DEM(T) « T*~1. Based on this simple conversion, the slopes we found for
the bright points roughly span the range of 0 < a < 1. Hence, the slopes
in the bright points are significantly flatter than in the active regions, as
observed in earlier studies (e.g., Griffiths et al. 2000).

5.4.3 Implications on the frequency of heating

The slope of the EM is often used as a proxy to investigate properties of
heating mechanisms acting in active region coronal loops. The power law
EM(T) « T* in the upper transition region, with « > 0, arises naturally
in models where plasma is heated to coronal temperatures of more than
1 MK, with plasma at lower temperatures being supplied during the subse-
quent cooling phase. There, the positive slope of the EM generally reflects
the shape of the radiative losses function, as pointed out in the analyti-
cal study of nanoflare heating by Cargill (1994). Compared to the scenario
we discussed in Sect. 4.4, this is a time-dependent model with intermittent
heating. Since the radiative losses increase toward lower temperatures (due
to the increased density in the atmosphere), this results in plasma cooling
quicker through the lower temperatures and spending little time in a cooler
state.

The amount of time the plasma is found at certain temperatures, and



5.4 DiscuUsSSION 75

hence the shape of the EM, also depends on how often the plasma is heated
(Sect.3.4.2). If the heating is episodic (low frequency of variable heating), the
waiting time between two heating events is longer than the typical cooling
timescales in the corona (a few tens of minutes for plasma at ca. 1 MK). This
allows the hot plasma to cool and hence increase the density at lower tem-
peratures. In case of steady (or high frequency) heating, it is the opposite, so
that the plasma is maintained at higher temperatures without the chance to
cool between two heating pulses.

Consequently, the frequency of the heating will affect the steepness of the
EM in the upper transition region. The connection between the slope of the
EM and the heating frequency was studied, for example, in the scope of the
nanoflare heating models. It was demonstrated that trains of low-frequency
nanoflares correspond to slopes of @ ~ 2, while the high-frequency ones
can account for larger slopes, which are also seen in observations (e.g., War-
ren et al. 2011). Nevertheless, introducing trains of non-equally spaced (and
non-equally energetic) nanoflares can also reproduce a broad range of slopes
(Cargill 2014). This is still an area of active research (Del Zanna & Mason
2018).

The slopes we found for the bright points roughly span the range of
0 < a < 1, while the average quiet Sun shows a slope of « =~ 1.7. Following
the assumption that lower values of the slope correspond to lower frequency
of heating, we speculate that the heating in the bright points is of lower fre-
quency than in the quiet Sun. In other words, while on average the quiet so-
lar corona is heated steadily, the bright points undergo episodic and more
energetic heating events. However, the models mentioned above, on which
our conclusion is based, to our knowledge never produced slopes in range
0 < a < 1. Furthermore, the quiet-Sun network we observed might require
input parameters for the models that are quite different from the ones ap-
propriate for the active regions. Apart from the obviously different loop
lengths and their (presumably) different cross-sectional widths, we suppose
that also the average coronal energy losses, and the energy of the individual
nanoflares, might be different in case of the quiet-Sun loops. Chitta et al.
(2013) and Mondal et al. (2023) modeled loops in coronal bright points us-
ing zero-dimensional hydrodynamic simulations, but none of these studies
covered fully the transition region emission. Clearly, more work is needed
to interpret the slopes we observe in terms of the heating frequency.

Finally, the nanoflare heating models (implicitly) assume that the amount
of plasma existing at coronal temperatures (over 1 MK) and in the upper
transition region is a consequence of the same heating events (nanoflares)
in the corona, and is in that way related to each other. However, in contrast
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to the nanoflare heating models, we can also imagine that the plasma in the
two temperature domains (around log T [K] ~ 5.0 and at log T [K] ~ 6.0)
evolves separately. Then the slopes that we observe in the DEM cannot be
explained through varying frequency of the heating events. This dichotomy
was already recognized in the observations of coronal bright points, for ex-
ample in the studies by Tian et al. (2008) and Doschek et al. (2010). There
could be loops at different temperatures, that are thermally independent (in
some respects similar to early suggestion by Dowdy et al. 1986, whereas the
loops in bright points are all of similar length). Observations that cover the
evolution of a bright point over a few hours, both in the transition region
and in the corona, would certainly provide more information to address this
problem.

5.5 From bright points to diffuse coronal features

In this chapter, we studied the bright points — small loops in the magnetic
network of the quiet Sun, related to compact magnetic bipoles. We ex-
amined the thermal properties of bright points by using observations that
cover a broad range of plasma temperatures. We found systematic behavior
of the DEM in all the studied bright points, regardless of their magnetic
flux content, phase of evolution, or the exact magnetic processes exhib-
ited by their footpoints. Our results can provide insights into the nature
of plasma heating in the bright points, and suggest that the bright points
undergo stronger, less frequent heating episodes than the quiet Sun on av-
erage. Instead, the shape of the DEM we found in the bright points might
imply that the transition region and the coronal plasma are rather heated
independently.

Apart from the compact bipoles with mixed polarities, where magnetic
loops are to be expected, the magnetic network can also comprise fields
that are more unipolar. Such extended, unipolar areas host spicular emis-
sion in the chromosphere and transition region, with bushels of elongated
structures that seemingly trace the magnetic field. The question of how the
corona above such a magnetic foundation compares to the loops in bright
points, and how it relates to the structures at lower temperatures, leads us
to our next study (Ch. 6) about the diffuse coronal features in the quiet Sun.



6 Diffuse solar coronal features
and their spicular footpoints™

Besides clear loop-like structures, there is also a component of the solar
coronal emission that appears to be rather diffuse and featureless. This dif-
fuse component, which often constitutes a majority of the coronal plasma,
stands in contrast to the underlying, highly-structured chromosphere and
transition region. The connection of the diffuse emission to the magnetic
footpoints in the lower atmosphere is not well understood.

In this chapter, we study diffuse corona above the quiet Sun network. We
combine spectral data from IRIS with cotemporal ATA and HMI observa-
tions, which allows us to connect the atmosphere — from the photosphere
through the transition region into the corona. Our observations suggest
that the diffuse emission forms at the base of a long-ranging magnetic loop.
There are indications of spicular or other type of small-scale activity at the
footpoints, which might be responsible for sustaining the diffuse emission
for several hours.

6.1 Observations and data processing

6.1.1 Observational data

To span the solar atmosphere, we used observations from three instruments.
We covered the photosphere with the magnetograms, the chromosphere
and the transition region with the spectroscopic data in the UV domain,
and the corona with the images in the EUV.

For a view of the transition region, we used observations acquired on 21
July 2014 (11:50 — 15:21 UT) with the IRIS spectrograph.! These data are
in the form of a very large, dense raster, and the field of view is located
near the disk center, in a quiet-Sun region (Fig. 6.1). The raster spans about
106” in the east-west direction, with 400 steps (slit positions), each 0.35”
wide. The slit is about 171”7 long, with the plate scale along the slit being

“This chapter is based on an article published in the journal Astronomy & Astrophysics,
and all figures in this chapter are adopted from the paper:
N. Milanovié, L. P. Chitta and H. Peter, A&A 673, A81, 2023.
DOI: 10.1051/0004-6361/202245544.

1The IRIS data can be downloaded from https://iris.Imsal.com/.
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Figure 6.1: Observational context. In panel a we show a full-disk magnetogram ac-
quired with HMI, at a time that corresponds to the midpoint of the IRIS raster.
The field of view of IRIS is marked with the blue box, and a larger, surrounding
area is marked with the red box. In panel b we show the contents of the red box as
observed with HMI, and in (c) with the 171 A channel of ATA, with the correspond-
ing time stamps. The AIA image is plotted in logarithmic scaling. See Sect.6.1.1
(Milanovi¢ et al. 2023).
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Table 6.1: Lines and EUV bands
Line / band ¢ log T [K]¢ T [MK]¢
Si 1 continuum (low chromosphere)
IRIS Si 1v1393.76A 4.90 0.08
O 1v140L163A 518 015

304 A (He m) 492  0.08
131A (Fe vimi)) 576 0.58
ATA  171A (Fe 1x) 593 085
193 A (Fe x1) 618 15
211A (Fe x1v) 627 19
Notes.

% For the IRIS emission lines we list rest wavelengths
from Sandlin et al. (1986), and for the AIA bands
the dominant contributing ions from Lemen et al.
(2012).

For the quiet-Sun observations, like in this study,
the contribution from Fe xx1 at around 10 MK in the
131 A channel is not relevant.

For the IRIS spectral lines, we list the line formation
temperature based on the MHD model by Peter et
al. (2006), their Table 1. For the ATA channels, we list
the peak temperature of the contribution function
based on Peter et al. (2022), their Fig. 9.

0.17” /pixel. This observation contains several emission lines, with a good
signal-to-noise ratio due to the exposure time of 30s per slit position. The
spectral scale of 25.6 m /pixel corresponds to about 5.5 km s~ . In our work,
we used emission lines of Si1v (1394 A) and O 1v (1401 A), which form in the
transition region, and the nearby Si 1 Lyman continuum at about 1395 A (see
Table 6.1; Sect.4.1).

For the coronal emission, we used full-disk images in the 171 A channel
from AIA on board the SDO. These data are a time series spanning from one
hour before to one hour after the IRIS raster. The images are taken with the
temporal cadence of 125, and the plate scale is about 0.6” /pixel. To com-
plement the images at 171 A with observations that cover a wider range of
temperatures, we used similar full-disk images in the 131 A,193 A, 211 A, and
304 A channel (see Table 6.1). These images were acquired on the same day
atabout 13:57 UT, which corresponds to the time when the IRIS slit scanned
over the region of interest of our study.

To follow the magnetic field in the photosphere, we used the full-disk
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line-of-sight magnetograms from HMI on board the SDO.2 The time series
of the HMI data spans the same duration as the ATA 171 A observations we
used. These data have a temporal cadence of 455, and a plate scale of about
0.5”/pixel. We complemented these data with a daily updated synchronic
frame from HMI for 21 July 2014, to learn about the configuration of the
magnetic field on larger scales. A full description of the synchronic data,
which provides the magnetic field over the whole solar surface, is available
in Sun (2018).

6.1.2 Data processing

We analyzed the line profile of Si1v (1394 A) and the properties of the nearby
Si1 Lyman continuum. We fit the measured Si1v line profile with a single
Gaussian, by employing the Python package SciPy (Virtanen et al. 2020) and
the curve_fit function. In Fig. 6.2a we show the total line intensity based on
the fit parameters. Because IRIS did not follow solar rotation during the
observation, the features on the Sun appear stretched along the direction of
rastering. Since the observation was performed close to the disk center, the
solar rotation is mostly along the east-west direction, which is the horizontal
direction in the images. We therefore corrected for the eftect of the rotation
in all images that show the IRIS raster data, by simply adjusting the aspect
ratio of the plot.

From the IRIS spectra around 1395 A we obtained a map of the Si1 Lyman
continuum shown in Fig. 6.2d. This continuum intensity originates from
the low chromosphere above the temperature minimum (e.g., Vernazza et al.
1981). We produced the image in Fig. 6.2d by summing the spectrum on the
red side of the Si1v line, in the range between 150 kms~! and 420 kms~!
that covers 49 spectral pixels. With the continuum intensity being rather
faint, this approach of summation instead of a Gaussian fitting helped to
reduce the noise. We further processed the image in order to detect small
brightenings in the Si1 continuum, which are related to the magnetic net-
work. This processing included flattening of the visible global trends, and
correcting for an odd-even pixel pattern in the rastering direction, which
are prominent when working with low count rates in the continuum. The
network brightenings, outlined with red contours in Fig. 6.2, should corre-
spond to the chromospheric footpoints of the hotter transition-region and
coronal structures. For that reason, the brightenings should show a very
good correlation with the enhanced magnetic field concentrations in the
network.

2The ATA and HMI data can be downloaded from http://jsoc.stanford.edu/.
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Figure 6.2: Overview of the used data. The four images show data matching the
IRIS filed of view (blue box in Fig. 6.1a). These are (a) the total Si1v 1394 A emission
line intensity from the RIS raster, (b) a snapshot from the 171 A channel of ATA near
the raster midpoint, (c) a pseudo-raster constructed with the line-of-sight magne-
tograms from HMI (Sect. 6.1.2), and (d) the Sit continuum around 1395 A obtained
from the IRIS raster. Panels a and b are shown in logarithmic scaling, and the over-
laid black and white contours correspond to the magnetic field (panel c) of —30 G
and +30 G, respectively. The red contours overlaid in all images mark the contin-
uum brightenings (panel d). Different features, which are discussed in Sects.6.1.2
and 6.2.1, are highlighted with the white squares and the green arrows (Milanovi¢
et al. 2023).
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The preparation of the coronal images from AIA consisted of updating
the instrument pointing information, rescaling the image plate scale to ex-
actly 0.6”/pixel, removing the instrument roll angle, and correcting the
measured intensity for the degradation of the instrument. We performed
these corrections by employing the routines available in the Python package
aiapy (Barnes et al. 2020), which are based on the SolarSoft aia_prep proce-
dure. To compare the ATA images with the IRIS spectra, we used the infor-
mation about the field of view given in the data headers, and coaligned the
ATA time series with the IRIS raster. This we did by using the routines from
the Python package reproject (part of The Astropy Project; Astropy Collabo-
ration et al. 2018; Astropy Collaboration et al. 2013). After we projected the
ATA images onto the IRIS field of view, in order to track the evolution of the
region of interest, we corrected the ATA images for solar rotation. This cor-
rection was performed separately for each AIA snapshot. As before, because
of the proximity to the disk center, we assumed the rotation has an effect
only along the east-west direction. We corrected for it by shifting the image
along the horizontal axis for an integer number of IRIS pixels. In Fig. 6.2b
we show one ATA snapshot in 171 A channel after it has been projected onto
the IRIS field of view and corrected for the rotation.

As with the ATA data, we projected the HMI line-of-sight magnetograms
and corrected for solar rotation. We used the resulting time series of mag-
netograms to construct a pseudo-raster, which we show in Fig.6.2c. To do
so, for each IRIS slit position, we cut a vertical stripe from a magnetogram
which is the closest in time to that raster step. The resulting pseudo-raster
magnetogram is nearly cotemporal with the IRIS raster. Since the underly-
ing magnetic field changes during the roughly 3.5 hours of the IRIS raster,
the pseudo-raster magnetogram is helpful in verifying the alignment be-
tween IRIS, HMI, and ATA. Good alignment between different data sets is
evident in Fig. 6.2c, where the red contours, which correspond to the bright-
enings in the low chromosphere (IRIS), match the concentrations of the
magnetic field in the photosphere (HMI).

6.1.3 Magnetic field extrapolation

We extrapolated the magnetic field using a potential field source surface
(PFSS) model, where the magnetic field is calculated in spherical coordi-
nates, under the assumption of no currents present in the volume. In this
model, the field becomes radial at a certain height (radius) above the solar
surface, and this height defines the so-called source surface. This extrap-
olation provided context for the large-scale structure of the field, and its
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relation to our region of interest. We calculated the PFSS model using the
Python package pfsspy (Stansby et al. 2020), where we specified boundary
conditions for the magnetic field. For boundary conditions, we used a syn-
chronic map of the photospheric magnetic field, which is a data product
provided by HMI (hmi.mrdailysynframe_polfil_720s; Sect. 6.1.1).

The synchronic map contains values of the photospheric line-of-sight
magnetic field, with spatial pixels equally spaced in longitude and sine of
latitude. These data were remapped to a grid with pixel size of 0.5° at the
solar equator (about 6 Mm), which is sufficient for our purpose. To set the
grid in the radial direction, we used 100 points equally spaced in logarithmic
scale between the photosphere and the source surface. The source surface,
where the magnetic field becomes radial, was set to be at a radius of 2.5
Re. This resulted in the radial grid spacing near the solar surface of about
6.4 Mm, matching the horizontal spacing near the equator.

By using routines available in the pfsspy package, we traced magnetic field
lines based on the PFSS model. We placed the starting points for the line-
tracing (seeds’) near and within the IRIS field of view, at a height of 0.015
R (about 10 Mm) above the photosphere. We discuss the results of the ex-
trapolation in Sect. 6.2.5.

6.2 Results

The target of our study is an unusual diffuse feature in the coronal emis-
sion, which we identified by combining the coronal images with the tran-
sition region spectra and the underlying magnetograms. To characterize
this feature, we used temporal evolution of the coronal images, different
wavelength bands in the corona and spectral lines in the transition region.

6.2.1 Unusual diffuse coronal emission pattern

As we discussed for the quiet Sun in Sect. 3.3, the emission from the transition-
region Si1v ion (0.1 MK) predominantly originates from the bright lanes of’
the magnetic network. The emission is concentrated in the bushel-like pat-
terns, where elongated features, possibly related to spicules (Sect.3.3.1; e.g,
Samanta et al. 2019), emerge and point outward from the magnetic field
patches. Our data from IRIS also show this well-known property (Fig. 6.2a).
Short and cool loop-like features, that have often been observed to cross
the network lanes (Sect. 3.3.2) are also visible in the Si1v image in Fig. 6.2a.
These are particularly prominent at locations with stronger concentrations
of the magnetic field, like in the two regions we highlighted with squares
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1 and 2 at the top of the field of view. The transition region loops are in-
termixed with the coronal loops seen in 171A channel of ATA. These short
loops span between bipolar magnetic footpoints, as it is expected in the
coronal bright points (Sect. 3.3.3; e.g., Madjarska 2019).

As opposed to the short loops, in the square 3 in Fig. 6.2 we highlighted
a region with quite a different emission pattern. This region shows two
positive magnetic concentrations, marked with the green arrows in Fig. 6.2c.
The emission in Si1v above the two positive polarities is reminiscent of the
regions with spicular activity (green arrows in Fig. 6.2a; e.g., Samanta et al.
2019). At the coronal temperatures in the 171 A images, there is a comparably
bright diffuse-looking feature, located in between the two spicular regions
in Si1v (green arrow in Fig. 6.2b). This unusual feature is the main target of
our study (Milanovi¢ et al. 2023).

At first sight, the diffuse region, which extends over some 15 x 20 Mm,
could originate at the apex of a closed magnetic connection. The closed
connection would span between the two spicular footpoints, and the dif-
fuse coronal emission would appear between the footpoints when observed
from the top, due to the projection effects. On the other hand, the spicular
footpoints originate from the magnetic patches of the same (positive) po-
larity. This makes the scenario of closed magnetic connection (a magnetic
loop) unrealistic.

6.2.2 Temporal evolution of the diffuse region

The way in which the diffuse region evolves with time is also unusual. The
region is visible in the images for at least five hours, and its evolution is
unlike that of the common magnetically closed (coronal) loops. The bright-
ness of the diffuse region evolves gradually, becoming either brighter or
dimmer, but with no obvious presence of (spatial) substructure (Milanovic
et al. 2023).

To study the evolution, we investigated a time series of ATA 171 A channel
images (Fig. 6.3). In the time series, the diffuse region continuously appears
smooth, which is the best visible in the movie of Fig. 6.3, but can also be
seen from the different snapshots we show in Fig. 6.3b. The variability of’
the average intensity of the diffuse feature, shown in Fig. 6.3c, is generally
not greater than 10% over a period of some five hours. These only grad-
ual changes are emphasized with the space-time plot of an artificial slit we
placed across the diffuse region (Fig. 6.3d). The slit position is marked with
letters A and B in Fig. 6.3b. The space-time plot shows no ridges, or other
signs of dynamic evolution.
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Figure 6.3: Temporal evolution of the diffuse region. In panel a we show an AIA
171 Aimage at time 1, similar to Fig. 6.2b, with the overlaid black and white con-
tours that mark the opposite magnetic polarities in the photosphere. We highlight
the diffuse coronal region with the red rectangle. In panel b we display the con-
tents of this rectangle, plotted in linear scaling, at times t; to t4. In panel c we show
the light curve of the average emission in the red rectangle, where the variability
over some five hours does not exceed about 10%. In panel d we display a space-time
diagram of the emission averaged within an artificial slit, where the slit position
is marked in panel b with letters A and B. The intensity is averaged across the slit,
in the vertical direction between the two blue lines. The zero time on the axis in
panels c and d corresponds to the beginning of the IRIS raster, which ends at 210
min. A movie of this figure is available with the online version of the paper by Mi-
lanovic et al. (2023). See Sect. 6.2.2.
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There are, however, a few exceptions, where the otherwise diffuse region
at certain times shows bright, localized emission. For example, in the snap-
shot shown in Fig. 6.3b, which corresponds to time f1, there is a bright fea-
ture toward the top left corner. This feature appears to be related to the
concentration of positive magnetic field right below (see the white con-
tours in panel a). Similarly, there is a compact, bright feature in Fig. 6.3b
at the time 4, located below the middle of the panel. This brightening is
also prominent in the 304 A channel of ATA. Because this channel images
plasma at about 0.1 MK, this is an indication that the brightening originates
from cooler, transition-region temperatures. The cooler brightening then
appears in the 171 Aimage, because this channel samples not only plasma
at about 1 MK (Fe 1x emission), but also at around 0.3 MK (O v emission; see
Sect. 6.2.3). Although there are exceptions like these, over the observed five
hours the diffuse region remains mainly diffuse (Fig. 6.3).

Finally, there is another diffuse-looking feature in the IRIS field of view,
located below the square 1in Fig. 6.2b. This feature also appears to have spic-
ular bushels at the footpoints, which are of the same polarity (see Fig. 6.2a,c),
similar to the region we studied. This second feature is, however, less iso-
lated and closer to the coronal bright point marked with the square 1. There-
fore, we did not focus on it here.

6.2.3 Temperature of diffuse region

To better estimate if the diffuse emission in the ATA 171 A channel origi-
nates from coronal, or the transition-region plasma, we combined different
channels of ATA with the emission lines from IRIS. In particular, we used
the O 1v line at 1401 A to determine whether the diffuse emission forms at
temperatures around 1 MK, or below 0.3 MK.

The diffuse region is the best observed in the ATA 171 A channel (Fig. 6.4d-h).
In the 131 A channel, which samples cooler plasma (see Table 6.1), the region
is recognizable, but less prominent compared to the 171 Aimages. Similar
is observed for the 193 Aand 211 A channels, which sample hotter plasma.>
The situation is different for the 304 A channel, which is the coolest of the
ATA EUV channels and samples the transition region emission around 0.1 MK.
The bright features there (Fig. 6.4d) are predominantly related to the mag-
netic footpoints, and avoid the location of the diffuse region.

The ATA images show the diffuse region predominantly in channels with

3Another diffuse structure is visible in the 193 A and 211 A channels. This possibly hotter
structure is marked with the blue arrow in Fig. 6.4g-h. Our focus, however, is on the
diffuse region in 171 A images.
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Figure 6.4: Diffuse region observed in various spectral bands. We show (a) the
pseudo-raster of the line-of-sight magnetogram from HM]I, as in Fig. 6.2¢, (b) the
total intensity of the Si1v 1394 Aline from IRIS, as in Fig.6.2a, (c) the summed in-
tensity in the spectral window of O 1v 1401 A emission line from IRIS, and (d)~(h)
the images from different ATA channels, as indicated. Images in (b) and (c) are plot-
ted in logarithmic scaling. The black and white contours outline the magnetic field
of —30 G and +30 G, respectively, and the red contours mark the Si1 continuum
brightenings, as in Fig. 6.2. We highlighted the diffuse region we studied with the
green arrow in panel f; and the neighboring region with hotter plasma with the
blue arrows in panels g and h. See Sect.6.2.3 (Milanovi¢ et al. 2023).

plasma above 0.8 MK, and not at 0.1 MK. This alone, however, is not suf-
ficient to determine if the plasma in the diffuse region is of the coronal
or the transition-region origin. The reason for this is the temperature re-
sponse function of the 171 A channel, where the diffuse region is the most
prominent. The peak of the response function is at around 0.85 MK (see
Table 6.1), due to the Fe 1x emission lines. There is, however, a significant
contribution from the transition region plasma at about 0.26 MK (e.g., Fig. 9
of Peter et al. 2022), which makes the temperature of the diffuse region more
uncertain. This cooler contribution is mostly due to O v emission, which
forms atabout 0.27 MK (based on the magnetohydrodynamic model of Peter
et al. 2006, see their Table 1.).

To check whether it is likely that the diffuse emission is due to the con-
tribution of O v, we used the O 1v (1401 A) emission line from IRIS, which
forms at about 0.15 MK (see Table 6.1). In Fig. 6.4c we show the summed in-
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tensity of 20 pixels in the spectral window of O 1v, in a range between +55
kms~! around the rest line center. Both this image of O 1v, and the Sitv
image appear dark at the location of the diffuse region (Fig. 6.4b,c). Since
there is no prominent O 1v emission, we considered it more likely for the
diffuse emission to originate from about 1 MK hot plasma, than from Ov
in the transition region (Milanovi¢ et al. 2023). This agrees with Martinez-
Sykora et al. (2011), who concluded that the 171 A channel predominantly
shows emission at close to 1 MK.

6.2.4 Siv line profiles at the spicular footpoints
of the diffuse region

To investigate if the two neighboring spicular regions are related to the dif-
fuse coronal emission, we analyzed the Sitv 1394 Aline profiles. We ana-
lyzed the line profile fits, and their asymmetries in particular, to see the
presence of any up- and downflows in and out of the diffuse region.

We summarized the parameters of the Gaussian line fits for Si1v (1394 A)
in Fig. 6.5. In panels a—c we show the total line intensity, Doppler shift of
the line center, and the nonthermal line width. In the field of view shown,
the line profiles are predominantly redshifted (Fig. 6.5b), with the average
value of the Doppler shift of 8.1km s~ (Fig. 6.5¢). This agrees with the ear-
lier measurements for the quiet-Sun transition region (Peter & Judge 1999).
Although most line profiles are single Gaussians, many pixels deviate from
this, and show excursions in the red or in the blue line wing. We show ex-
amples of individual pixels with and without wing excursions in Fig. 6.5fh.

We used the red-blue asymmetry (RBA) to study the spatial distribution of
the excursions in the line wings. To do this, we first linearly interpolated the
Si v spectrum to a grid spacing of about 0.9 km s !, which roughly matches
the error in the line shift from the Gaussian fit. We then calculated the RBA
of the line at each spatial pixel, by integrating the spectrum in the red and in
the blue wing, and then taking the difference of the two (similar to McIntosh
& De Pontieu 2009). We set the range of the integration to [+30, +-50] km s !
in the red wing and [—50, —30] km s ! in the blue wing, with respect to the
line center from the Gaussian fit. These spectral ranges, which are marked
for the sample spectra in Fig. 6.5f~h, cover the line profile between about
one and two times the line width away from center. The selected ranges do
not critically affect the resulting RBA map (Fig. 6.5d), but they show the line
asymmetry most clearly.

The features in the RBA map are similar to those in the intensity map (cf.
Fig.6.5a2,d). The blue excursions are predominantly seen in the magnetic
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Figure 6.5: Summarized properties of Si1v (1394 A) profiles around the diffuse re-
gion. In the top panels we display (a) the total line intensity, (b) the Doppler shift
of the line center, (c) the nonthermal line width, and (d) the red-blue asymmetry.
The meaning of the contours is the same as in Fig.6.2. In panel e we display the
average line profile in the area shown in (a), with marked average Doppler shift of
8.1kms~!. In panels f~h we display line profiles of three individual spatial pixels
which are marked with diamonds in the top images. Single Gaussian fits are shown
in black, and measured spectra with errors in gray. Positive Doppler shift is toward
red. The shaded areas in panels f~h mark the integration ranges we used for the
red-blue asymmetry calculation. See Sect.6.2.4 (Milanovic et al. 2023).
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network, and particularly at the transition between the network and the in-
ternetwork (Milanovi¢ et al. 2023). This is in agreement with the concept
from De Pontieu et al. (2009), where spicular bushels, that might feed ma-
terial into the corona, are expected to show emission in the blue wing. The
red-wing excursions, which are mostly concentrated within the network el-
ements, may indicate fast downflows of the cooling coronal material. The
stronger RBA also appears to be correlated with the larger values of the non-
thermal line width. This is reasonable, since the wing excursions can be
interpreted as the presence of separate components in the line profile ad-
ditional to the main one. At those locations, the single Gaussian fits applied
to amulticomponent line result in the fitted profile typically wider than the
individual components.

6.2.5 Magnetic connectivity of the diffuse region

Our study focuses on an area in the quiet Sun. The magnetic surroundings
of the diffuse region, however, are more reminiscent of that of a coronal
hole. In Fig. 6.1a, we show the distribution of the magnetic field at the sur-
face. There, a larger area that surrounds our field of view, marked with the
red box, hosts predominantly positive magnetic polarity.

Such extended, unipolar areas are common at the base of coronal holes,
and result in an open field configuration on large scales. Based on the ATA
EUV images, however, our field of view is not a part of a coronal hole. We
therefore expect that the diffuse region is a part of a closed magnetic con-
figuration, so that the field lines that originate there connect back to the
surface. The prevailing positive flux in the area originated from the decay
of active regions which were present there over multiple solar rotations. Be-
cause of this remnant magnetic flux from the decayed active regions, and
the flux imbalance, we expect this area to be engaged in closed, but long-
range magnetic connections.

To test for the presence of the long-range connections, we performed a
PFSS magnetic field extrapolation (see Sect.6.1.3). The magnetic field lines
we traced from the extrapolation are shown in Fig. 6.6. There are closed field
lines that originate from within the red box, with their footpoints about
400” (300 Mm) apart. These confirm that there are long-range connections
between the diffuse coronal region and locations about 300 Mm away (Mi-
lanovi¢ et al. 2023).
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Figure 6.6: Large-scale magnetic configuration in the vicinity of the diffuse region.
We show a line-of-sight magnetogram from HMI, where the surroundings of the
diffuse region are denoted with the red box, same as in Fig. 6.1a. The magnetic field
lines, traced from a PFSS extrapolation, show long-range connections starting from
the location of the diffuse region (close to the center of the red box). See Sect. 6.2.5
(Milanovi¢ et al. 2023).

6.3 Discussion

6.3.1 Magnetic structure of diffuse coronal emission

An intriguing property of the observed diffuse coronal emission is its po-
sitioning between two patches of the positive magnetic field, which both
host spicular bushels in the transition region. Based on these observations,
we discuss how the diffuse region can fit into the surrounding magnetic
configuration.

The footpoints of the diffuse region are likely to be located in the two
underlying spicular bushels, that stem out of the positive magnetic patches
(Fig. 6.4a). We illustrate the local magnetic configuration related to the dif-
fuse region in the cartoon picture in Fig.6.7. The magnetic field lines in
the illustration originate from the two field concentrations of the same po-
larity, which are marked with N. The field lines form a canopy above and
between the spicular bushels (orange). The apparently diffuse coronal emis-
sion comes from the plasma located within this canopy (yellow), which ex-
tends farther into the corona. The inspiration for this picture came from
De Pontieu et al. (2009), and their scenario of spicules that feed mass into
the coronal loops. While the magnetic configuration of the diffuse region
might well be as in Fig. 6.7, the relation of spicules to the diffuse emission,
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Figure 6.7: Magnetic field configuration within the diffuse region. With this illus-
tration, we depict the vertical cross-section of the diffuse region, along the direc-
tion between the two positive magnetic footpoints (Fig. 6.4a) marked with N. The
spicular emission at the footpoints is shown in orange, and the diffuse coronal
emission in yellow. The magnetic field lines that originate from the footpoints
form a canopy below the diffuse region. See Sect. 6.3.1 (Milanovic et al. 2023).

and their role in loading hot mass into the corona, is still unclear (Milanovic
et al. 2023).

The diffuse region is present in the observations for many hours. Since
this is much longer than the typical plasma cooling time in the corona (or-
der of tens of minutes for 1 MK plasma; e.g., Aschwanden 2005), we expect
the diffuse region to be in a near-equilibrium state and follow a baromet-
ric stratification. The plasma contained there, illustrated with yellow in
Fig.6.7, should then extend upward to at least one pressure scale height
(about 50 Mm for 1 MK plasma). On the other hand, the observed diffuse
region is a compact structure of a supergranular scale, near the disk center.
This could be due to a projection eftect, if the diffuse region is embedded
in a magnetic field structure that is nearly vertical up to about 50 Mm, but
observed from above (from the top in Fig. 6.7).

We reported in Sect. 6.2.5 about the possible long-ranging magnetic con-
nection in the vicinity of the diffuse region. The region could then be lo-
cated at the base of one of these long connections (loops). If for simplicity



6.3 DiscuUsSION

we assume that this loop is semicircular and has footpoints about 300 Mm
apart, the 50 Mm tall structure of the diffuse region at one of the footpoints
would be nearly vertical. Observed from above, a 50 Mm long section of this
loop would have a horizontal extent of only about 8.5 Mm, which is similar
to the observed extent of the diffuse region (see Fig. 6.2b and the scale in
panel a).

The above discussion suggests that the source of the diffuse emission is
the plasma in the stem of a long-ranging loop (Milanovi¢ et al. 2023). If this
is the case, the diffuse appearance might (at least partly) be a consequence
of the averaging along the line of sight. This could be further investigated
in future studies, by using observations of similarly diffuse emission from
two vantage points close to quadrature, which can be arranged with ATA and
EUI on board Solar Orbiter.

6.3.2 Supply of hot gas to the diffuse corona
above the quiet Sun

After we discussed its temperature and magnetic configuration, the remain-
ing question is what processes play a role in the formation of the diffuse
region. In this regard, our study is limited to speculations that need to be
evaluated in the future, due to the limitations in the available data.

It is reasonable to assume that the footpoints hold information about
the physical processes relevant for the diffuse region. At the footpoints,
we found excess emission in the blue wing of the Si1v line from IRIS (see
Figs.6.4f and 6.5d). These blue excursions suggest presence of upflows,
which might contribute hot plasma to the diftfuse region. The upflows could
be powered in the energetic events in the lower layers of the atmosphere,
like in the type 11 spicules (Sect.3.3.1), if they were really heated to coro-
nal temperatures (De Pontieu et al. 2017a). They could also be powered by
the heating events in the corona, where heat conduction from the corona
downward causes chromospheric evaporation of plasma at the footpoints
(Patsourakos & Klimchuk 2006).

On the other hand, the upflows we found at the footpoints need not really
be related to the diffuse region. Their apparent relation in the images could
simply be by chance. However, there are other examples of the activity at the
footpoints sustaining the coronal phenomena for several hours. Here, we
can make an analogy with the coronal holes. Although our diffuse region is
located in the quiet Sun, it shows some similarities with the coronal holes,
due to its predominantly unipolar magnetic environment. Coronal holes
host hazy-looking features called plumes, which show very dynamical activ-
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ity at their footpoints (e.g., Raouafi & Stenborg 2014). There, the cancellation
of the minority polarity with the dominant flux is believed to drive difterent
small-scale features, like jetlets and plume transient bright points (PTBPs).
Similarly to plumes with their jetlets and PTBPs, our diffuse region might
be supported for several hours by the upflows from the footpoints.

Finally, there is a possibility of plasma being supplied to the diffuse re-
gion from its other footpoint — the farther side of the long-ranging mag-
netic connection. This plasma would come in the form of downflows, which
would need to be driven from the farther footpoint, possibly via a siphon
flow. There have been many observations of the transition-region down-
flows above sunspots, where the footpoints of long coronal loops are located
(Chen et al. 2022; Chitta et al. 2016). These downflows show in the transition
region emission lines as redshifted components, often with shift indicating
supersonic speeds. In our case, we investigated the average profiles of Si1v
(1394 A) and O1v (1401 A), and could not identify any significant redshifts
at the location of the diffuse region, at least not at these transition-region
temperatures.

In this chapter, we studied diffuse coronal emission above the magnetic
network in the quiet Sun. Our results suggest that the observed diffuse
emission originated from the base of a long-ranging loop. Its featureless
appearance is likely due to the averaging along the line of sight. The long-
ranging loop stems out of a predominantly unipolar network in the quiet
Sun. While these unipolar footpoints show signatures of spicular activity,
the role of this activity in the formation of the diffuse emission remain un-
clear with the observations available in our study.



7 Conclusions

In this thesis, we discussed the upper atmosphere of the quiet Sun, with
its footpoints in the supergranular magnetic network in the photosphere.
Although it consists of magnetic features less prominent than those found
in active regions, the quiet Sun makes a significant contribution to the solar
magnetism, due to its ubiquity and fast replenishment. Continuous distur-
bance of the flux concentrations in the network provides magnetic heating,
which energizes and sustains various dynamic features of the upper atmo-
sphere, like spicules, network jets, or short loops. In the two studies that
this thesis comprises, we aimed to understand how this structured and dy-
namic foundation related to the supergranular network gives rise to equally
dynamic, small coronal loops in some places, but gradually-evolving, fea-
tureless coronal emission in others. We used data from different mission,
including SDO, IRIS and Solar Orbiter, to probe the quiet atmosphere from
its photospheric magnetic footpoints to the corona. Because different parts
of the solar atmosphere are connected by the magnetic field, such data that
cover different atmospheric layers are highly valuable when studying the
origin of energy transport and heating in the upper atmosphere.

First we focused on the coronal bright points, which have been studied
since the earliest X-ray and EUV images of the solar corona. While they
were not spatially resolved in early observations, hence the name, we now
know that they consist of a range of compact coronal loops (~ 20 Mm). With
new instruments, like spectrograph SPICE on Solar Orbiter, which can si-
multaneously cover plasma from the low transition region to the corona,
new light can be shed on the thermal properties of short loops in the bright
points. We used SPICE data to analyze bright points in the quiet Sun, and
identified 14 bright points in the transition-region network. All these fea-
tures correspond to short loops in the coronal images from AIA on SDO,
and have underlying bipolar fields at their footpoints in the photospheric
magnetograms from HMI. Combining SPICE data with the coronal images
from AIA allowed us to cover the bright points over a broad range of tem-
peratures, and reconstruct their DEM.

All the bright points we analyzed show consistent trends of the DEM,
when compared to the average quiet Sun. Namely, the slope of the DEM in
the lower transition region (log T [K] < 5.2) is negative and similar to the
quiet Sun. In the upper transition region (5.2 < log T [K] < 6.0), where
the quiet-Sun DEM has a positive slope, the bright point DEM is flat or



96

7 CONCLUSIONS

shows a negative trend with temperature. Different features that we ana-
lyzed show clearly distinct magnetic evolution during a few hours prior to
the DEM analysis. The similarities we found in their DEM might then im-
ply that different magnetic processes, acting at the footpoints of these loops,
result in similar properties of the heated plasma. More details about the
heating mechanisms in the bright points can be inferred from the shape of
the DEM. One approach we discussed is to interpret the slope of the DEM
in the upper transition region in the context of nanoflare heating models
and the frequency of the heating events. In this regard, our results imply
that the bright points undergo larger, less frequent heating episodes com-
pared to the average quiet Sun. Another possibility would be that, unlike in
the nanoflare models, the heating mechanisms responsible for producing
plasma in the transition region and in the corona are acting independently.

With the small magnetic flux concentrations that build the supergranu-
lar network, and form closed magnetic connections in the quiet Sun, one
would expect that bright emission in the quiet corona typically resembles
elongated, loop-like features. Interestingly, this is not always the case. While
loops like those in coronal bright points are common, so are the compara-
bly bright, but hazy regions with no clear substructure, that sometimes cover
large areas the size of a supergranule. Such a diffuse-looking emission above
the quiet-Sun network was the topic of our second study. We observed a dif-
fuse region close to the disk center in the ATA images of about 1 MK plasma.
The diffuse region was located above the internetwork, between two posi-
tive magnetic patches, making its magnetic connectivity puzzling. Unlike
the dynamic loops in coronal bright points, the diffuse region evolved grad-
ually over several hours, although the underlying transition region emission
showed an abundance of small features, reminiscent of spicules.

The predominantly unipolar (positive) magnetic surroundings of the ob-
served diffuse emission, together with the magnetic field extrapolations
we performed, are both indicative of long-ranging magnetic connections
starting from the vicinity of the diffuse region. Based on these findings,
we suggest that the diffuse emission originated from a base of'a long loop
(~ 300 Mm) with highly-structured, spicular footpoints. If this is indeed
the case, the compact appearance of the diffuse region near the disk cen-
ter could be a consequence of a projection effect, when observing a nearly-
vertical stem of the long loop from above. The inevitable line-of-sight in-
tegration over one pressure scale height would then contribute to the fea-
tureless appearance of the observed emission. Small-scale features at the
footpoints of the diffuse emission, in the form of excursions in the blue
wing of the transition-region Si1v line, suggest the presence of spicules or



other type of upflows. More extensive data, and particularly spectra that
cover evolution of both transition-region and coronal plasma, are neces-
sary to establish how this activity at the footpoints relates to the formation
of the diffuse emission in the corona.

The studies we showed can be extended and deepened in several direc-
tions. While our one case-study of diffuse corona emission showed poten-
tial importance of long-ranging magnetic connections for the appearance of
the quiet corona, future work should investigate how prevalent these long
loops are in the diffuse corona. Another important question is where ex-
actly the footpoints of the diffuse corona are located. More detailed mag-
netic field extrapolations can help investigate the importance of the rapidly-
evolving internetwork flux for the formation of the featureless corona. There
is also the question of thermal composition, where the diffuse corona can
be compared to small loops and evaluated in terms of the shape of the DEM
and frequency of heating events.

Dynamic structures in the quiet corona, like the small loops in coronal
bright points, may live for several hours, and show variability at timescales
down to minutes. In our study of coronal bright points, the ATA images
showed highly dynamic features, both in coronal (e.g., at 171 A), and in tran-
sition region emission (304 A). With SPICE, however, we were not able to
cover the evolution of the bright points. We had access to only one image
of the transition region emission lines, acquired as a large raster map that
takes about 45 minutes. In future work, we will focus on better capturing
the evolution and dynamics of coronal bright points. Rasters that cover a
smaller area on the Sun, but are successively repeated, are more appropri-
ate for studying the evolution of small features, where the size of the field
of view can be traded for the increased temporal cadence. Suitable data for
this, for example, can be acquired with the instruments on board the Solar
Orbiter.

An example of such a data set is shown in Fig.7.1. These data were ac-
quired on 12 October 2022, when Solar Orbiter was at a distance of about
0.29 astronomical units from the Sun. The EUI High Resolution Imager
(EUI/HRI) covered an area in the quiet Sun at the disk center for more
than two hours. This time series consists of images in 174 A channel (Fe x
emission at about 1 MK), taken with 10s cadence in the first and the last
40 minutes, and with 3 s cadence for 45 minutes in between. During this
period, the SPICE spectrograph made consecutive rasters with 6 steps, cov-
ering a narrow field of view of only about 5Mm across, with a cadence of’
72s. A part of the EUI/HRI field of view was also covered with the High
Resolution Telescope of the Polarimetric and Helioseismic Imager on the
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a) EUI/FSI -- 2022-10-12T06:36:47 b) EUI/HRI -- 06:30:14

) SPICE -- 06:30:18 e) EUI/HRI -- 06:30:14
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Figure 7.1: Coronal bright point study with Solar Orbiter. The image in the top left
panel is acquired with the EUI Full Sun Imager (EUI/FSI), and the red box at the
disk center marks the location of the EUI/HRI field of view. One snapshot from
EUI/HRI is displayed in the top right panel, where the dotted green and blue boxes
mark the location of the SPICE and SO/PHI-HRT field of view, respectively. The
solid green box outlines a coronal bright point, which is enlarged in the bottom
right panel. Nearly cotemporal snapshots from SO/PHI-HRT and SPICE at the
location of the bright point are shown in the bottom left and middle panels, re-
spectively.



Solar Orbiter mission (SO/PHI-HRT; Solanki et al. 2020), with a 5 minutes
cadence.

In the bottom middle of the EUI/HRI field of view, there is a coronal
bright point (solid green box in Fig.7.1b), which due to the solar rotation
gradually enters the SPICE field of view in the second half of the time se-
ries. In this unique observation, loops in the bright point are sampled
with the spectrograph slit for about 45 minutes, covering simultaneously
plasma from well below 0.1 MK into the corona at 1 MK. The EUI/HRI im-
ages show coronal loops that evolve on a timescale of minutes, at a great de-
tail (Fig. 7.1e), with spatial resolution of about 200 km. The transition region
emission seen with SPICE evolves equally fast, and the more modest spatial
resolution of SPICE of about 1 Mm shows elongated features that resemble
the ones seen with EUI/HRI (Fig. 7.1d). The loop footpoints (Fig. 7.1c), which
are partially covered with the SO/PHI-HRT magnetogram (at a resolution of
about 200 km, similar to EUI/HRI), show emergence of new magnetic flux
and interactions of opposite polarities.

This rich data set allows for studying how thermal properties of small
loops evolve with time, which was not possible in our previous study. With
the detailed images from EUI/HRI, different parts of the loops can be tar-
geted and compared, like the footpoints and the apex. The thermal response
of plasma in the transition region and corona can be related to the evolu-
tion of the magnetic footpoints, observed in the similarly detailed magne-
tograms from SO/PHI-HRT. Furthermore, the SPICE slit also crosses an
area of diffuse emission toward the top of the SO/PHI-HRT field of view.
This might allow us to better characterize thermal properties of diffuse
emission and its magnetic footpoints, and have a more direct comparison
between the structured corona in loops and the seemingly-unstructured
corona in the diffuse areas.

We used recent observations to study the quiet solar corona, that can ex-
hibit both bright, distinct loops, and comparably bright, but diffuse emis-
sion. These two strikingly different components ultimately need to be rec-
onciled, to answer how the quiet corona is heated. We made first steps in this
regard, by looking at the thermal properties of the quiet corona, the activ-
ity at its magnetic footpoints, and the magnetic configuration on small and
large scales. Future observations, with an emphasis on multi-instrument
approach that spans the solar atmosphere from the surface to the corona,
will advance our understanding of structuring and heating of the quiet solar
corona.
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Nikolina Milanovi¢é: Structuring of the quiet solar corona

The heating of the solar corona, the tenuous outer atmosphere
of the Sun, has remained one of the major open questions in
solar physics for decades. How the coronal plasma, above the
much cooler photosphere, reaches temperatures of millions of
degrees is closely related to the magnetic field on the Sun. The
corona is structured by the magnetic field, as is particularly ev-
ident in bright, arch-shaped coronal loops. In contrast to the
clear loops, the corona also exhibits regions of diffuse emission,
that show no obvious substructure. This poses the questions
of what determines the amount of structure we can see in the
corona, how the diffuse emission is connected to magnetic foot-
points in the lower atmosphere, and how different the heating
mechanisms in distinct loops and in the diffuse areas are. To
shed light on these questions, we focus on observations of the
quiet corona, whose magnetic footpoints lie in the supergranu-
lar magnetic network in the photosphere. We explore how this
highly-structured magnetic foundation can support both struc-
tured small loops, and featureless diffuse emission.




