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Summary

This thesis is devoted to analyzing the morphological and oscillatory properties of slender
Call H brils (SCFs) in the lower solar chromosphere. The aim of this study is to deepen
our understanding of the physical nature of these structures and their relevance for the
energetics in the solar chromosphere and the layers above.

For this purpose, we use seeing-free high spatial and temporal resolution data in the
line core of the Ca H line, which is formed in the chromosphere. A time series of
narrow-band images in this line of almost 1 hour was obtained during the second science
ight of the the SUNRISE observatory by the @&\NRISE Filter Imager (F1).

In the rst part of the thesis we identify and track 598 elongated bright structures
(‘brils), observed in the Ca H intensity images, in order to estimate their morphological
properties. We obtain an average width of around 180 km, a length between 500 and
4000 km, an average lifetime of400 s, an average curvature of 0.002 arcdeand a
maximum lifetime of 2000 s. We identify two different types of brightness evolution in
the SCFs. In one type the intensity increases starting from the center and moving to the
edges, and in the other type the increase in intensity rst becomes visible near one or both
of the ends and expands from there toward the center of the bril. The results from these
studies allow us to compare some of the properties of the SCFs with other chromospheric
structures such as spicules of type | and Il, onid& brils.

The second part of this work is dedicated to the study of the oscillatory behavior of
SCFs using a wavelet analysis. One analysis focuses on the oscillations in width and in-
tensity. These parameters are measured at several positions along the brils and their peri-
ods and phase speeds are analyzed. The width and intensity oscillations show overlapping
distributions with median values for their periods of 327 s and 36 25s, respectively.

For the phase speeds of these perturbations we obtain value§ﬁﬂ<his 1 for width

and 15 2‘5‘ kms 1 for the intensity. By computing the cross-power spectrum between the
two oscillations we observe that in most of the cases they show either an anti-phase or
in-phase behavior, with the anti-phase case being much more frequent. This indicates that
both oscillations are probably caused by the same wave mode. By comparing the oscil-
latory behavior and the local sound and Alfvén speeds, we conclude that the most likely
wave mode to explain all measurements is the fast sausage mode. A few cases are also
compatible with slow sausage mode waves.

Transverse motions of the SCFs were also studied. We obtained median amplitudes
and periods on the order of 2.4.8 kms ! and 83 29 s, respectively. We nd that
the transverse waves usually propagate along the SCFs with a median phase speed of
9 14 kms 1. In some cases waves propagating in both directions, and also standing
waves are observed. This oscillatory behavior can be then described by the so-called kink
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Summary

waves that, for the computed wave parameters, can carry an energy ukskW m 2,
which is suf ciently high to heat the chromosphere.



Zusammenfassung

Diese Arbeit widmet sich der Analyse der morphologischen Eigenschaften und der Oszil-
lationen sogenanntatender Cal H brils (SCFs) in den niedrigen Schichten der Chro-
mosphéare der Sonne. Das Ziel dieser Studie ist es, das Verstandnis tber die physikalische
Natur dieser Strukturen zu vertiefen und deren Bedeutung fur die Energetik der Chromo-
sphare und den dartberliegenden Schichten zu ergriinden.

Zu diesem Zweck verwenden wir Daten aufgenommen im Kern derk€Cainie, die
in der unteren Chromosphére gebildet wird. Diese Daten sind frei von atmosphéarischen
Stérungen und zeichnen sich durch héchste rdumliche und zeitliche Au 6sung aus. Eine
fast einstindige Zeitserie schmalbandiger Aufnahmen in dieser Linie konnte wahrend des
zweiten Fluges desBRISE Observatoriums mit demBIRISE Filter Imager (YFI)
gewonnen werden.

Im ersten Teil dieser Arbeit werden 598 langgezogene, helle Strukturen (Fibrilen) in
den Cal H Intensitatsbildern identi ziert und zeitlich verfolgt, um deren morphologis-
chen Eigenschaften zu bestimmen. Dabei erhalten wir eine fur die Breite dieser Struk-
turen einen Mittelwert von 180 km, eine durchschnittliche Lebensdauer @90 s, eine
durchschnittliche Krimmung von 0.002 arcsécund eine maximale Lebensdauer von

2000 s. Zwei unterschiedliche Arten von Helligkeitsvariationen in diesen SCFs wurden
gefunden. In einem Fall steigt die Intensitat in den Fibrilen zuerst in deren Zentrum und
breitet sich dann entlang des Fibrils aus, im anderen Fall beginnt die Helligkeitssteigerung
in einem oder beiden Ful3punkten und wandert dann zum Zentrum des Fibrils. Die Re-
sultate dieser Studie erlauben eine Gegenuberstellung der Eigenschaften von SCFs mit
anderen chromospharischen Strukturen, zum Beispiel Spikulen vom Typ | oder Il, oder
auch den Ca K Fibrilen.

Der zweite Teil der Arbeit widmet sich der Studie der Oszillationen der SCFs mit-
tels einer Wavelet-Analyse. Die erste Analyse konzentriert sich dabei auf die Oszillation
der Helligkeit und der Breite der SCFs. An mehreren Positionen entlang der Fibrilen wer-
den diese Oszillationen bestimmt und daraus ihre Perioden und Phasengeschwindigkeiten
abgeleitet. Die Oszillationen in beiden Parametern zeigen Uberlappende Perioden von
32 17s fur die Helligkeitsvariation und 36 25s fir die Variation der Breite. Die
Phasengeschwindigkeit dieser Wellen konnte auf{ikms ! fur die Breite und auf
15" 32km's 1 fiir die Helligkeit bestimmt werden. Durch die Berechnung des sogenannten
cross-powelSpektrums zwischen den beiden Oszillationen konnten wir beobachten, dass
sie in den meisten Féllen in Phase oder in Gegenphase ablaufen, wobei die gegenphasige
Oszillation bei weitem tUberwiegt. Dies deutet darauf hin, dass beide Oszillationen vom
selben Wellentyp verursacht werden. Durch den Vergleich mit der lokalen Schall- und
Alféngeschwindigkeit konnten wir schlussfolgern, dass es sich bei den beobachteten Os-
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zillationen um sogenanntast-sausage-mod&ellen handelt. Enige Falle sind auch kom-
patibel mit denslow-sausage-modgyp.

Es wurden auch die transversalen Bewegungen der SCFs untersucht. Dabei erhal-
ten wir mittlere Amplituden im Bereich von 2.4.8 km s 1 und Perioden von 8329 s.
Wir konnten die mittlere Phasengeschwindigkeit dieser transversalen Bewegung entlang
der SCFs auf 914 kms ! bestimmen. In einigen Fallen p anzen sich die Wellen in
beide Richtungen fort, aber auch stehende Wellen konnten beobachtet werden. Diese Os-
zillationen kénnen als sogenandi@k-Wellen bezeichnet werden. Mit den berechneten
Parametern der Oszillation kénnen diese Wellen einen Energie uss dnkW m 2
beinhalten , eine Energiemenge, die fir die Heizung der Chromosphare ausreichend ist .



1 Introduction

Since the invention of the telescope in théMdentury the solar atmosphere has been
subject of observational, theoretical and computational studies that allowed for great ad-
vances in understanding of the solar features, and their relation with the solar magnetic
eld.

Together with the increase of knowledge about the Sun, the techniques and the tech-
nologies available to the scientists evolved in time. This led to the discovery of the strat-
i cation of the solar atmosphere in the end of théM®&entury by using, for example,
spectroscopic techniques.

Based on physical properties (temperature, density, spectral emission, ...) the solar at-
mosphere can be divided in four layers: the photosphere, chromosphere, transition region
and the most external layer, the corona (Figure 1.1).

In Figure 1.2 we can see the different physical properties of these layers, the plasma
density, temperature, and the electron density as a function of height. Note that this is
a vastly simpli ed representation of the true solar atmosphere and that the values given
below are also horizontally averaged (e.g., temperature and density in the corona can
vary by over an order of magnitude). The plasma density is characterized by a relatively
steady decrease from the photosphere to the top of the chromosphere (from arotind 10
down to 10 ° kgm 3), and then a drastic decrease in the transition region to values of
10 M kgm 3, and an average value of ¥ kg m 2 throughout most of the corona. At
the same time, the temperature decreases from values near 6 000 K at the visible pho-

Figure 1.1: Solar atmospheric structure. The different layers are characterized by their
characteristic temperatures. Image: ESA



1 Introduction

Figure 1.2: Average temperature and density pro les in the solar atmosphere (Courtesy
of Eugene Avrett, Smithsonian Astrophysical Observatory).

tosphere to a minimum value of roughly 4400 K about 500 km higher up. After that,
the temperature increases with height, slowly at rst, then extremely rapidly in the nar-
row, so-called transition region, less than 100 km thick, between the chromosphere and
corona, from about 10 000 K to about one million K. This increase in temperature creates
the condition for a strong emission in the@Hine, which in a strict sense is de ning the
chromosphere. Explaining the causes of this observed increase in the temperature in the
outer layers of the solar atmosphere (the chromospheric and coronal heating problem) is
still one of the biggest open issues in the solar physics. The electron density decreases by
two orders of magnitude in the photosphere, then rises again slightly in the chromosphere,
and nally decreases following the same trend as the plasma density. Another important
physical property of the solar atmosphere is the plasnte ned as the ratio between the

gas pressurep) and the magnetic pressute € 2myp=B2). This quantity de nes the two
different regimes where the dynamics are dominated by thebgel) @nd where they are
dominated by the magnetic eld&1). In the Figure 1.3 we see that in the photosphere
the plasmd is mainly> 1, whereas it becomes increasingly smaller in the chromosphere
and corona.

Due to its location and characteristics the chromosphere plays an important role in the
dynamics of the whole solar atmosphere. Large scale structures present in the chromo-
sphere and in the photosphere, like sunspots, ldments, or the network elds have
been studied in great detail in the'®@entury, but the understanding of these large scale
features requires the study of their ne structure. Many of these small-scale structures,
in particular brils or jet-like structures, play an important role in the coronal dynamics -
either by the constant plasma ow that they can inject into the upper layers (Pereira et al.
2012), or by the energy that propagates or even dissipates therein Withbroe and Noyes
(2977).

The development of the new instruments and new telescopes brought unprecedented
spatial, and spectral resolution and temporal stability. A highlight in this development is
the SUNRISE observatory (Solanki et al. 2010) USRISE takes advantage of the seeing-
free observing conditions in the stratosphere, to record data, for example in thel Ca
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1.1 Connection between the photosphere and
chromosphere

Figure 1.3: Plasmaas function of height for magnetic eld from 150 to 2500 G repre-
sented by the grey area. Taken from Gary (2001).

line, with highest spatial and spectral resolution for a long period of time for the rsttime.

Within the framework of this thesis, we focus on the analysis of bright elongated
structures in the chromosphere that are observed in the data set recorded during the second
scienti ¢ ight of the SUNRISE observatory. | present their morphological properties and
oscillatory behaviour. The outcome of this work will help to improve the understanding of
the physical processes in the lower chromosphere and consequently the coupling between
the photosphere to the atmospheric layers above.

1.1 Connection between the photosphere and
chromosphere

The small-scale chromospheric brils are the main topic of this thesis. In this chapter we
concentrate on the layer, where these structures are rooted, the solar photosphere, and its
in uence on the chromospheric layers.

The photosphere is the lowest part of the solar atmosphere and many of the most
prominent solar features are present there. For example, sunspots, pores or plage regions,
that are characterized by the interaction between the photospheric plasma and the mag-
netic eld (Hale 1908) have been observed for centuries. The magnetic eld that drives
these structures is controlled by the solar dynamo (Brandenburg and Subramanian 2004;
Charbonneau 2010). A review summarizing the variety of magnetic features in the solar
photosphere is given by Solanki et al. (2006).

Observing the Sun in white light outside active regions shows that the surface is domi-
nated by a granular pattern of bright cells and dark lanes, created by the convective motion
of the plasma (see left panel in Figure 1.4). The typical lifetime of these granular cells
is around 10 minutes and their sizes are around 1 Mm (Hirzberger 2003). The cells are
characterised by central up ows with velocities in the range of 1 ki Fhis rising hot
plasma cools down at the surface and ows back in narrow intergranular lanes marking
the boundaries of the granular cells with typical velocities of 2 kfn s

11



1 Introduction

Figure 1.4. The granular pattern of the quiet Sun as seen in temperature uctuations at
constant optical depth. Left: photospheric granulation pattern taken from a magneto-
hydrodynamical (MHD) simulation at optical depth unitgfo= 1); right: reversed gran-
ulation pattern from the same simulationtapy = 0:1. Adapted from (Cheung et al.
2007).

The high plasmds causes the convective motions to be essential for the distribution of
the magnetic elds close to the solar surface. There in the so-called internetwork part of
the quiet Sun, where the so-called small-scale turbulent dynamo creates magnetic eldsin
the near-surface layers of the Sun (Vdgler and Schissler 2007; Graham et al. 2009). These

elds are concentrated in the intergranular lanes by the horizontal motion at the granular
surface if the internetwork elements live long enough. The polarities of the internetwork
elds in the intergranular lanes are therefore randomly distributed, and opposite polarity
intergranular lanes are likely to be connected by small-scale loops, forming a low lying
canopy (see Figure 1.5). Since the typical lifetime of granules is in the order of only 10
minutes, these small-scale loops are extremely dynamic. These loops are visiblag H
dark elongated structures (Mooroogen et al. 2017).

The small scale magnetic ux concentrations that are observed in these quiet-sun re-
gions have lifetimes between the ones of the granules themselves up to around 2 to 4
hours with a typical size of 2 Mm and a magnetic ux up to'4®x (Anusha et al. 2017;
Smitha et al. 2017).

In the upper layers of the solar photosphere this granulation pattern undergoes a sig-
ni cant change. The dark intergranular lanes become brighter than the granular cells.
This pattern is called reversed granulation (see right panel in Figure 1.4), and is well visi-
ble in the line core of strong photospheric lines or in chromospheric lines like theHCa
line (Rutten et al. 2004).

In the ascending phase, the overshooting gas expands adiabatically leading to a de-
crease in temperature. Due to the increase in pressure in the centres of the granules,
caused by the accumulation of rising, no longer buoyant gas (the region above the solar
surface is convectively stable), the gas is accelerated sideways. At the edge of the gran-
ule, where it meets horizontally owing gas from other granules, pressure builds up again
and, the gas starts to falls down into the solar interior being compressed adiabatically.

12
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1 Introduction

This process of compression increases the gas temperature, creating the reversal of the
brightness pattern in layers around 200 km above thel level as shown in Figure 1.5
or in Call H intensity maps.

On a larger scale of around 10 to 50 Mm, the magnetic elds in the quiet Sun are
organized in the so-called network. The network structure is caused by large convective
cells called supergranules (Leighton et al. 1962), having lifetimes in the order of days
and typical horizontal motions in the range of 0.5 km.s The up ow and down ow
velocities are in the order of 50 and 100 m‘srespectively. Similarly to what happens
in the granulation the horizontal motion concentrates the magnetic eld at the edges of
the cells, particularly the interception of different cells (Wang et al. 1995; Schrijver et al.
1997). Liu et al. (1994) estimated that the life time of the network elements are about
50 hours. Please note that this value is highly dependant on the used method.

The size range of these magnetic patches varies from 1 to 10 Mm with a typical mag-
netic ux of about 138 to 10'° Mx (Brown et al. 2001) and with magnetic elds with
strengths in the 1.5 kG range. The network elds might be connected by strong horizon-
tal magnetic eld (Lites et al. 2008), the so-called canopy elds (e.g. Jones and Giovanelli
1982; Solanki and Steiner 1990).

To produce the even stronger magnetic eld present in sunspots, pores or plage, the
emergence of magnetic ux is required. At this moment two main different theories can
explain this process. The rst one, that for decades was the standard theory, is based on the
rising of buoyant ux tubes to the surface (Schissler et al. 1994). One key element of this
model is ampli cation and conversion of the poloidal magnetic eld into a toroidal eld in
the tachocline by the differential rotation. The high magnetic pressure in these ux tubes
causes a low plasma pressure, making the ux tubes buoyant and rising to the surface,
where they form bipolar active regions. The eld is then dragged by the meridional ow
rst to the poles and later again to the bottom on the convective zone as a poloidal eld
and the process repeats. This cycle is the 11 years solar cycle, that is characterised by
periods of strong activity at the solar surface alternating with quiet periods (Hathaway
et al. 1994).

According to an alternative, distributed dynamo model (see review of Charbonneau
2010) the magnetic eld generation occurs all over the convection zone, due to turbulent
effects being important in addition to differential rotation. Such a dynamo generates
diffuse large-scale elds everywhere in the convection zone. These magnetic elds are
postulated to become unstable near the surface and form active regions due to another
turbulent effect (Brandenburg et al. 2016).

Active regions containing these strong magnetic elds are observed to live from days
up weeks and contain several pores and/or sunspots (see Figure 1.6). They show a wide
range in diameter from 15 to 150 Mm, and a magnetic ux arourtf Mx.

Sunspots and pores are surrounded by so-called plage regions, extending several Mm
around them. They appear as a bright ring within active regions in low-resolution ob-
servations. These areas are characterized by a high density of kG features (Howard and
Sten 0 1972; Frazier and Sten 0 1972; Sten 0 1973) in form of small ux tubes (Solanki
1993a) with diameters of around 100 km or less in the quiet-sun internetwork regions,
and several hundred km in plage regions. Due to the small size of these ux tubes, they
can be modelled as a thin ux tube, i.e., where the horizontal size of the tube is smaller
than the pressure scale height (Spruit 1976; Defouw 1976). (Buehler et al. 2015) estimate

14



1.2 Chromospheric jets and bril like structures

Figure 1.6: Active region constituted by big sunspots and small pores, and surrounded by
the bright plage regions. Credit: NASAs Solar Dynamics Observatory.

that the inclinations of the ux tubes are preferentially vertical with angles between 10 to
15 degrees and magnetic elds ofLt500G at log{ ) = -0.9. This vertical orientation is a
result of the buoyancy of the ux tubes (Schussler 1986).

Allthese magnetic eld concentrations nally reach up to the chromosphere (Pietarila,
A. etal. 2010) where they create several different features depending on the characteristics
of the magnetic eld and their location (Wedemeyer-Bohm et al. 2008). The data analyzed
in this thesis are coming from such plage regions.

1.2 Chromospheric jets and bril like structures

As mentioned in Sect. 1, the solar chromosphere is a highly warped layer on top of the
solar photosphere with an average thickness of about 1.5 Mm (Wedemeyer-Bohm et al.
2008). In the upper chromosphere the structure and dynamics are dominated by the mag-
netic eld (plasmab<1) contrary to the lower chromosphere and photospheré ).

A prominent feature of the solar chromosphere above plage and network elds are
small-scale, elongated brils, well visible in chromospheric lines like thelG&K or
the Ha lines. In this section we describe these highly dynamic chromospheric structures,
appearing in the literature as mottles, brils, straws, rapid blue excursions (RBEs), and
spicules (see Tsiropoula et al. 2012, and Sect. 1.2.1). These structures possibly play a
major rule in the energy and mass transport from the lower to the upper layers of the Sun
(see, e.qg., Pereira et al. 2012). Observations using Itergraph instruments allow to char-
acterize the morphological properties and dynamics of these structures. More recently,
spectroscopic and spectropolarimetric observations allow to infer the physical processes
and conditions like density, temperature and plasma ows within these structures.

The SUNRISEdata used in this work, reached a new level in terms of spatial resolution.
This allows us to apply wave analysis techniques in order to identify the wave modes (that
we describe in more detail in section Sect. 1.2.2) present in these elongated structures.
According to some models, the energy transported by such waves is high enough to heat
the solar chromosphere (Withbroe and Noyes 1977; Vernazza et al. 1981).

Despite all the observational and computational studies, the formation and the role
in the mass and energy transport to the solar corona of chromospheric jets and bril-like

15



1 Introduction

structures are still not well understood. To improve the understanding it is essential to
investigate their detailed morphological properties and their dynamics.

1.2.1 General properties of small scale chromospheric jet and bril-
like structures

Figure 1.5 illustrates the complexity of the chromosphere, containing structures of all
sizes, from laments spanning over half a solar radius to the features barely resolvable
with modern solar telescopes. In this work | concentrate on the small-scale structures.
Here is a short overview of some terms used in the literature:

1.2.1.1 Mottles

Mottles are usually referred as highly dynamic, hair-like jets observed on disk in the quiet
Sun in chromospheric spectral lines lika tbr the Cal lines. They typically appear as
dark, elongated structures, and are best observed in the wings ofith@dd( 0.5 A
around the line core). However, some observational studies report of the existence of
bright mottles in the same location as the dark mottles. One possible explanation sug-
gested by Banos and Macris (1970) is that the bright mottles are the base of the dark
structures. Contradicting this explanation, Alissandrakis and Macris (1971) claim that the
two types of mottles are completely different structures. With the analysis of the new high
resolution observations it has been speculated that the bright mottles are likely to be the
bright background under the dark mottles (Tsiropoula et al. 2012).

Mottles are the most common elements seenanthit constitute the highly-warped
and dynamic chromosphere. They display a complex geometric pattern, outlining the
boundaries of the chromospheric network. The latter is well visible in the Ca lines (al-
though the mottles themselves are not). Based on their location and number they can
be divided in two different categories. Small groups, called chains, that are created by
almost parallel structures emanating along the common boundary of two supergranular
cells. Second, larger groups called rosettes, consist of usually radially expanding struc-
tures around the common boundary area of three or more supergranular cells. Tanaka
(1974) also found that about 30% of all the dark mottles appear in pairs or can be re-
solved into double structures inBHwing observations.

The dimension of mottles spans from 1 to 10 Mm and width around 500 km (Bray
and Loughhead 1974) and they show different shapes: oval, round, lament- or arch-
like, and lumpy, (Sawyer 1972). The elongated, lament- or arch-like ones are the most
common. Due to the highly dynamic behaviour the life time of these structures is dif cult
to determine. The values range from 3 to 15 min (Bratsolis et al. 1993).

1.2.1.2 Fibrils

Fibrils are small-scale, dark, elongated structures observed on the solar disc in the plage
within active regions (see Figure 1.7 for an example). Similarly to mottles they are also
highly dynamic. Unfortunately, the same term is also used for two other types of larger
scale structures: dark structures (ia JHon top of the sunspot penumbrae that expand ra-
dially from the centre of the umbra with typical lengths in the range of ten Mm, and struc-

16



1.2 Chromospheric jets and bril like structures

Figure 1.7: Different types of brils observed inaH(right panel). The longer brils tend

to originate in the umbra / penumbra of the sunspot (seevtleband image on the left),

the shorter ones are more concentrated in the plage of the active region. Adapted from De
Pontieu et al. (2007).

tures that do not show a jet-like behavior in the vicinity of active region plage (Tsiropoula
et al. 2012). The latter two are probably part of a low-lying canopy connecting the oppo-
site polarity areas within an active region. This thesis analyses in detail the short brils in
the plage of active regions.

The analysis of Itergrams of H brils in plage regions shows their structural simi-
larity to the ones in the quiet Sun. For example, structures similar to rosettes and mottles
in the quiet Sun, rooted in network bright points (NBPs), are also existing in plage re-
gions at smaller scales (Tsiropoula et al. 2012). The principal differences between the
two regimes are on the one hand a larger number density of small-scale magnetic eld
concentrations in plage compared to the number density of NBPs and on the other hand
the bigger size of the brils observed in plage than in the network.

This possible relationship between the structures observed in the quiet and active chro-
mosphere was analyzed by Foukal (1971b). He proposed that there is a gradual change
between the quiet-sun mottles, oriented close to the vertical, and the more horizontally
oriented brils in plage regions.

Fibrils are not only visible in the & line observed in active regions, but also in other
chromospheric lines like QaK as bright structures. A nice example is the publication
of Pietarila et al. (2009) who used high resolution images obtained at the SST with a
narrow band lter (1.5 A) centered at the @& line. They identify that the endpoints
of some of these very thin structures coincide with magnetic eld concentrations in the
photosphere. This connection is more dif cult to establish in strong plage regions due to
the high density of magnetic eld concentrations. In such regions, like the one in box B
of Figure 1.8, where we expect the magnetic eld to be more vertical, the identi ed brils
are smaller and denser than in the rest of the eld of view of Figure 1.8.

At the boundaries of the plage regions the brils are then oriented radially outwards
around the active region towards the quiet Sun. There they are longer and more inclined.
Pietarila et al. (2009) concluded that these bright structures are formed by the underlying
magnetic eld - a result that is also suggested by Jafarzadeh et al. (2017) for the bright
brils observed in Cal H. They found a strong correlation between the bril orientation
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Figure 1.8: Ca K Itergram of a small active regions. The boxes identify different solar
regions of interest. Box A is placed over the boundary between the plage region and the
quiet Sun. Box B shows only the plage region. Box C contains a small pore. Box D
represent a region between two magnetic polarities.

Taken from Pietarila et al. (2009).

and the magnetic eld lines obtained by magnetic eld extrapolation from photospheric
vector magnetograms.

Foukal (1971a) for the rst time compared some morphological propertieseof H
brils and spicules. He saw a similarity of these two structures in terms of lifetime,
density, temperature, and velocity, but reported on higher lengths for spicules and stronger
magnetic elds in brils. However, this description is still speculative.

The typical brils show a huge range of their morphological properties. The life-
time varies from less than a minute to 20 minutes, the width between few hundreds of
km to 2 Mm, and the length between few hundreds of km to 15 Mm. A subcategory
of these brils are the so-called dynamic brils, (DF, Grossmann-Doerth and Schmidt
1992; Hansteen et al. 2006). These DFs are shorter than the typical brils and shorter
lived. They are mainly observed in the vicinity of plage regions or strong magnetic eld
concentrations.

DFs, when observed indd have life times of 120 to 650 s with an average value of
290 s, typical sizes of 400 to 5200 km and a mean length of 1250 km, and widths be-
tween 120 and 380 km that remain almost constant during the bril lifetime. De Pontieu
et al. (2007) identify a variation of these properties depending on their location, conclud-
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1.2 Chromospheric jets and bril like structures

ing that the brils observed in denser plage regions are shorter in length and lifetime.
Pietarila et al. (2009) estimated also some properties for the bright brils observed in the
Call K line. They estimate the width to lie between 75 and 150 km and a length of ap-
proximately 900 km. Anan et al. (2010) used observations in Bgband width of 3 A)

from the Hinode Solar Optical Telescope (SOT) / Broadband Filter Imager (BFI) (Tsuneta
et al. 2008) to analyze the brightness and the morphological properties of these structures.
They identify two classes of brightness variations, where 80% of them show a parabolic
evolution, i.e. a slow brightening followed by a slow fading, and 10% a "fade out" behav-
ior. The lengths of these brils were estimated to be between 0.8 Mm and 2.3 Mm, and
the lifetimes between 100 s and 400 s.

1.2.1.3 Rapid Blueshifted Excursions

Rapid Blueshifted Excursions (RBES) are observed on disk structures that are character-
ized by a blueshift or a fast, asymmetric broadening in the blue wing of chromospheric
lines like Ha and Cal IR (Langangen et al. 2008). Common properties observed in both
spectral lines are their short mean lifetime of 48 s and a typical width of 0.5 Mm.
However, some of the properties depend on the line the RBEs are observed in: the ones
observed in 4 are on average longer than the ones observed im IBa(3 Mm com-

pared to 2 Mm). The blueshift is approximately 35 knt én Ha (15 kms * Caul), and

the Doppler width of the blueshifted component is 13 krhsompared to 7 kms' in

Call (Langangen et al. 2008; Rouppe van der Voort et al. 2009).

One possible explanation for this rapid blueshifts was suggested by Langangen et al.
(2008) who used a Monte Carlo simulation to show that the observed lineshifts are likely
to be caused by a combination of different orientations of spicules and changes in opacity
in the upper chromosphere.

Using data from the CRisp Imaging SpectroPolarimeter (CRISP; Scharmer et al.
2008) at the Swedish 1-m Solar Telescope (SST Scharmer et al. 2003a), (Wang et al.
1998) analyzed in detail very similar, but longer lived events & &hd Cal IR. They
estimate that the density of these structures if observed at the limb is around 1.9 per linear
arcsecond. Judge et al. (2011) estimate that the number of RBEs in the Suifisat
any given time. They also suggested that the RBEs could be the counterparts of type-II
spicules on disk, since they are visible in both spectral lines.

1.2.1.4 Spicules

Spicules are bright, elongated, jet-like structures that are observed off-limb (Beckers
1968, 1972; Sterling 2000) in lines likeeHand Cal H, showing the same behavior in
both lines (Pereira et al. 2016). The rst to use the term spicule was Roberts (1945) when
analyzing H off limb chronograph images. He observed that these jets reach heights of
around 10 Mm and last between 2 and 11 minutes. Even earlier, in 1877, observations
of jet-like structures were already reported by Father Angelo Secchi. Lippincott (1957)
classi ed spicules in two categories. The rst one, called porcupine, contains spicules
with a size of 18 Mm. The porcupines tend to be oriented radially outwards from a com-
mon point. The second category, called wheat, has a size of 140 Mm. The wheat have
a dominant inclination direction with respect to the limb direction. She also computed
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for the rst time the propagation velocity of the material within these spicules that range
from a few kms® up to 60 kms™.

After these early discoveries, spicules were for decades not in the focus of scienti c
interest. One reason for this might be that the lack of high-resolution data made it dif cult
to gain new insight into these jet-like structures, for example to specify the relation of
the off-limb spicules to their on-disk counterparts. These counterparts must exist, but are
extremely dif cult to be observed, posing a challenge even for modern solar observations.
Some early studies reported that spicules are present only in quiet-sun regions at the
limb. However, jet-like structures have also been found in the quiet Sun on disk. These
structures are called mottles (see Sect. 1.2.1.1), and they possibly present the on-disk
counterparts of spicules. Other possible candidates are for example dynamic brils (see
Sect. 1.2.1.2). All of these structures are important contributors to the chromospheric
activity.

Using high-resolution data taken with the Hinode BFI of the SOT (Tsuneta et al.
2008) in the Ca H line, De Pontieu et al. (2007) categorized spicules into two classes
with different physical properties. They call these two classes type-1 and type-II spicules.
Note that this classi cation is different from the porcupine and wheat classi cation of
(Lippincott 1957).

Type-l spicules are characterized by a parabolic brightness evolution in the sense that
if a slit is put along the axis of the spicule and its evolution is plotted then it shows a
parabolic track vs. time, i.e., it decelerates while rising to a maximum height and then
accelerates while falling. This is reminiscent of a ballistic trajectory of emitting material
along the spicule and a similar behavior during the rise and fall phase. They are rela-
tively long-lived with a lifetime from 150 to 400 s and propagation velocities from 15
to 40 kms 1. They reach maximum heights from 2.5 to 11 Mm, and inclination angles
between vertical to the solar surface and up to 40 degrees. This type of spicules is com-
monly observed in active regions (Pereira et al. 2012). Their properties indicate that a
magnetoacoustic shock wave can be a possible driver of these structures. Also some stud-
les suggest that mottles are the possible on-disk counterparts of these structures (Rouppe
van der Voort et al. 2007).

Type-Il spicules just show a brightening during the rising phase, fading away after
reaching their maximum length. They are shorter lived, with lifetimes ranging only from
20 to 150 s, and have higher propagation velocities from 30 to 110 kniEheir maxi-
mum heights range from 1.5 to 12 Mm, and inclination angles are similar to the ones of
type-I spicules. Usually, they are observed in quiet-sun regions or coronal holes showing
some small differences between both locations in terms of lifetime and velocities (Pereira
et al. 2012). Comparing some morphological properties of RBEs (see Sect. 1.2.1.3) and
type-Il spicules (see Table 1.1) a similarity between these structures is evident. This indi-
cates that RBEs can be the on-disk counterparts of this type of spicules.

Despite the spicule's ubiquitous presence in all solar lower atmospheric observations
the estimation of their number density is still a question under debate. Due to the fact
that the number of observed spicules is highly dependent on the quality of the observa-
tion, the estimations still disagree by around one order of magnitude. (Beckers 1972)
estimated that the number of spicules always present on the whole solar surface is around
10° spicules at the lowest layers with a decreasing number with increasing height. Athay
(1976) computed their number at a height of around 5 Mm at any given time to be 56 000.
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1.2 Chromospheric jets and bril like structures

More recent studies analyze in more detail the distribution of type | and Il spicules. Judge
and Carlsson (2010) estimate that at a given moment there exi€t’ 2ype-Il spicules,
distributed to 1600 spicules within each supergranule. On the other hand Moore et al.
(2011) estimate that this number is much smaller (only around 50 spicules per supergran-
ule). This discrepancy shows that the detection of these structures still poses a challenge
even for modern solar observations, possibly requiring improved instrumentation to settle
this issue in the future.

Table 1.1: Overview of small scale elongated chromospheric structures

property mottles brils
length 1to 10 Mm few hundreds of km to 15 Mm
width 500 km few hundreds of km to 2 Mm
lifetime 3to 15 min. less than a min. to 20 min.
location on disk on disk
spectral lines id, Call Ha
photospheric root edges of supergranules active regions
RBE spicule | spicule Il
length 1.2 Mm 0.5-3 Mm 1-6 Mm
width 500 km 100 km 100 km
lifetime 45 13s 100-500 s 20-100s
location on disk limb limb
spectral lines Ca IR and Ha Ha, Cail H Ha, Call H

photospheric root Edges of network

1.2.2 MHD waves

Common to most of the structures described in the previous section is that they can
show oscillatory behaviours in the form of transversal, longitudinal or torsional magnoto-
hydrodynamical (MHD) waves. In this section | give a brief overview of the MHD wave
types relevant for the small-scale elongated structures, their properties and their relevance
to important questions like their ability to act as a transport agent for energy to heat up
the higher layers of the solar atmosphere.

Different types of oscillations have been observed in the solar atmosphere in mag-
netised and eld-free regions (see, e.g., Narayanan 2013). The restoring forces are the
magnetic eld (Bogdan et al. 2003), the gravity, and pressure.

In this chapter we concentrate on the description of waves with the magnetic eld
as the restoring force, since the elongated, small-scale structures are clearly of magnetic
nature (Jafarzadeh et al. 2017). Depending on the type of the excitation, the interplay
between the pressure and the magnetic properties we can identify 3 different types of
oscillations or modes: kink-, sausage- and Alfvén-type waves that are illustrated in Fig-
ure 1.9.

In the ideal case of a static vertical thin ux tube embedded in a strati ed and isother-
mal medium, implying a constant pressure scale heiglg} (nside and outside of the
tube, the so-called thin ux-tube approximation is valid. The height dependehad (
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Figure 1.9: Cartoon of the possible MHD wave modes in a thin ux tube from Solanki
(1993Db).

the tube pressurep), magnetic eld @), and radiusR) is given by (see Solanki 1993b;
Defouw 1976)

p(2) = pe = (1.1)
B(2) = Bge 2 (1.2)
R(2) = Rye Z4b (1.3)

The equations 1.1 and 1.2 show that the pressure and magnetic eld strength decrease
exponentially with increasing height, whereas equation 1.3 shows that the radius of the
ux tube increases with height.

The oscillations of and within such a ux tube can be studied assuming a small adia-
batic perturbation with a velocity that is small compared to the propagation speed of the
perturbation. The wave velocity can be described by

V(zt) = vpeF e Wt k2 (1.4)

wherew is the frequency anklthe wave number. This equation is valid for all 3 wave
modes and allows us to derive the respective dispersion relations.
The Alfvén mode shows a linear dispersion relation:

w = vak (1.5)

wherevy is the Alfvén speed that is de ned as

Va = -pW (16)
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1.2 Chromospheric jets and bril like structures

The Alfvén mode is characterized by an incompressible torsional motion and can be
excited by ux tubes twisted by rotating ows.
For the kink mode the dispersion relation is

WP = CEK2+ W2, (1.7)

whereCy is the kink mode propagation velocity for high frequencies with respect to the
kink cutoff frequency , andvg.k is the kink cutoff frequency. This type of mode is char-
acterised by a transversal displacement of the ux tube and is excited for example by the
buffeting of granules.

The dispersion relation for the sausage mode is given by

w2 = C2k%+ W2t (1.8)

whereCr is the so-called tube speed for high frequencies compared to the cutoff fre-
guency QvéT). This mode is characterized by longitudinal motions along the tube and can
be excited by tube compression from opposite sides.

Some of these modes can be observed in the structures described in Sect. 1.2.1 and
are summarized in Table 1.1.

The relevance of these waves to small-scale brilar structures is described in three
examples described in the following subsections. For a more complete review please see
Zaqarashvili and Erdélyi (2009); Rutten (2012); Tsiropoula et al. (2012).

1.2.2.1 Kink waves in dynamic brils

The rst observation of kink waves in the solar atmosphere was made by Pasachoff et al.
(1968), who found them in & brils. Since then this type of oscillation has been ob-
served in several structures. They are of high relevance for solar physics research, since
recent studies suggest that kink waves, at least when observed in the photosphere or chro-
mosphere, have enough energy to heat the quiet corona (He et al. 2009; Jafarzadeh et al.
2017)

Pietarila et al. (2011) analyzed dynamic brils observed in the chromospheric Ca
8542 A line using CRISP. They were able to analyze the transverse motions of these
structures in time, and clearly identi ed these motions to be kink waves. The waves
have periods between 2 and 3 minutes with a mean value of 135 s, an apparent speed
of 1 kms 1, and a phase speed of around 290 krh sUsing the approximation of a
vertical thin ux tube and the expression given by Nakariakov and Verwichte (2005) that
relates the magnetic eld and the wave period they were able to estimate the magnetic
eld strength inside the brils to vary from 220 to 330 G from one bril to another. All
these values are similar to the ones observed by He et al. (2009) for spicules at heights
below 2 Mm.

1.2.2.2 Alfvén waves in spicules

By analyzing off-limb Cal H images taken by Hinode/SOT, de Pontieu et al. (2007) ob-
served that spicules show an ubiquitous transverse oscillatory behavior. Comparing the
observation with the results of a self-consistent 3D radiative MHD simulation, they con-
clude that this displacement is caused by Alfvén waves propagating along the spicules
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that are excited in the photosphere by the granular motion. The computed periods for
these waves were between 100 and 500 s with amplitudes that range from 10 to 25 km.
In the same study they estimate that these waves can transport enough energy ux to the
solar corona and drive the solar wind and possible contribute to the quiet corona heating.

1.2.2.3 Sausage waves inaH brils

Morton et al. (2012) used &l data taken by the Rapid Oscillations in Solar Atmosphere
(ROSA) imager Jess et al. (2010) to analyze intensity and width variations along the
Ha brils. They found an anti-phase periodic behaviour of these two quantities with
periods of 197 8 s, phase speeds of 6I5kms ! and apparent velocity amplitudes of

1-2 kms 1. The observed perturbation is traveling at speeds similar to the Alfvén speed
that leads to the interpretation of these waves as a fast MHD sausage mode. The anti-
phase correlation between the variation in intensity and width illustrates the compressive
nature of this wave mode.

The authors also conclude that the sausage wave is in the so-called leaky regime. That
means that the wave can radiate energy away from the wave guide, i.e., the magnetic ux
tube, with decay times on the order of the wave period. It is the task of further studies to
perform a careful analysis of the amount of energy that is carried and dissipated by this
type of wave.

1.3 The SUNRISE Observatory

The SUNRISE observatory (Solanki et al. 2010; Barthol et al. 2011) is a balloon-borne
scienti ¢ mission with a 1-meter Gregorian telescope (see Figure 1.10). Its scienti c goal

is the observation of the photosphere and the chromosphere at highest spatial resolution
and with long temporal stability. The main science goals of Sunrise as de ned in Barthol
etal. (2011) are:

1. What are the origin and the properties of the intermittent magnetic structure, in-
cluding the kilo-Gauss concentrations?

2. How is the magnetic ux brought to and removed from the solar surface? What is
the role played by local dynamo action and reconnection processes?

3. How does the magnetic eld assimilate and provide energy to heat the upper solar
atmosphere?

4. How does the variable magnetic eld modify the solar brightness?

Questions (1) and (3) are directly related to the topic of this thesis. The small scale
structures described in this work outline the connection between the photosphere and the
chromosphere and are of high relevance for answering the questions related to the energy
transport to the higher layers of the solar atmosphere. A key will be to investigate how
these structures interact and how they in uence the energy balance between the magnetic
eld, plasma motion, heat and radiation transfer.

The location of the observatory in the stratosphere allows for observations in the ultra-
violet wavelength region from 200 to 400 nm, a region not accessible from the ground. In
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addition, the earth atmosphere at this height provides almost seeing-free conditions which
allowed for the recording of the highest quality data in this spectral range ever.

The observatory ew twice. The rst ight lasted from 8-13 June 2009UNRISE
was launched from Kiruna, northern Sweden, and landed on Somerset island, northern
Canada and with a mean altitude of 36 km (Solanki et al. 2010). The second ight took
place from 12-17 June 2013U8RISEwas launched from Kiruna, northern Sweden, and
landed on the peninsula of Boothia in northern Canada, with mean ight altitude of 36
km (Solanki et al. 2017). The technical differences between the rst and the second ight
where small. Mainly some of the instrumentation were updated and new UV lters were
used.

The scienti ¢ payload of 8NRISE consists of two instruments: theuSRISE Fil-
ter Imager (9FI Gandorfer et al. 2011) for observations in the range between 200 and
400 nm, including the Mg K and Call H lines broad with FHWM of 1.8 A and narrow
band with FHWM of 1.1 A Iter) lines.

The second instrument is the Imaging Magnetograph eXperiment (IMaX Martinez
Pillet et al. 2011), based on a tunable Fabry-Pérot Iter sampling various wavelengths in
the highly Zeeman-sensitive Fe | line at 525.02 nm.

The work described in this thesis focuses on the analysis&fl Stergrams. In this
section we brie y describe the instrumentBl (see Sect. 1.3), and the reduction of the
data gathered by this instrument (Sect. 1.3.2), with special focus on the observations in
the Cal H line.

The two SUNRISE ights resulted in many high-impact scienti ¢ articles, and in two
special issues of the Astrophysical Journal Supplements (ApJS). Here | repeat the sum-
mary of the articles of the second special issue as given by Solanki et al. (2017). This
literal repetition also contains the summary of the two papers being part of this thesis (see
Sect. 2 and Sect. 3):

1. Centeno et al. (2017) analyzed emerging ux regions with a detailed description of
the interrelated dynamics of the gas and the eld, including the

reports on two emerging ux events, describing in greater detail than previously
possible the interrelated dynamics of the gas and the eld, as well as the likely
occurrence of magnetic reconnection during the emergence.

2. The properties of a likely siphon ow and of the small, initially low-lying loop
connecting magnetic elements with a pore are deduced by Requerey et al. (2017a)
and the 3D structure of the magnetic eld lines and hence of the ow vector are
determined.

3. The properties and dynamics of moving magnetic features (MMFs) on one side
of the largest pore in the IMaX FOV are deduced by Kaithakkal et al. (2017) and
contrasted with the properties of MMFs around sunspots.

4. The proper motion of magnetic bright points in different parts of the quiet Sun
and of an active region are analyzed by Jafarzadeh et al. (2017). They nd very
different behaviors depending on the location, with the features moving strongly
superdiffusively in the internetwork, diffusively in the network and in between these
extremes in the active region.
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5. Riethmdller et al. (2017) present a novel inversion technique employing magne-
tohydrodynamic (MHD) simulations to provide the model atmospheres needed to
compute synthetic Stokes vectors that reproduce the observed Stokes parameters.
They illustrate the quality of the inversions by applying the technique to the S
RISE Il polarimetric data.

6. The properties of the slender brils dominating theF8 Call H images are deter-
mined by Gafeira et al. (2017b), who show that the brils live much longer than a
simple analysis would suggest, if one takes into account that they often fade away
and reappear after some time.

7. The discovery of ubiquitous transverse waves travelling along these brils and car-
rying copious amounts of energy is reported by Jafarzadeh et al. (2017), while
Gafeira et al. (2017a) present the discovery of compressible waves travelling along
the brils, which they identify as sausage waves.

8. Jafarzadeh etal. (2017) nd evidence that these slender brils seeniirHZautline
a canopy of magnetic eld lying below that known fromaHand Cal 8542 A bril
observations.

9. Chitta et al. (2017) observed that coronal loops are rooted in regions with mixed-
polarity elds. They provide evidence for ux cancellation and presence of inverse
Y-shaped jets (signatures of magnetic reconnection) at the base of coronal loops that
might supply (hot) plasma to the overlying coronal loop. They suggest a revision
of the traditional picture in which each loop footpoint is smoothly connected to
unipolar regions on the solar surface.

10. Danilovic et al. (2017) compare an Ellerman bomb observedUnR&E Il with

a similar, simulated event in which magnetic reconnection occurs at the location
of emerging ux. The 3D radiation-MHD simulation reveals the complexity of the
underlying physical process and the limitations of the observational data. Thus, the
SUNRISE/IMaX data cannot determine the height at which magnetic reconnection
takes place. The authors also show, however, that the velocity and magnetic vector
measured at the high resolution afi$rISE/IMaX reveals how shortcomings of the
MHD simulations can be overcome.

11. Wiegelmann et al. (2017) have computed general linear magneto-static equilibria

of the magnetic eld and gas using th&sSRISE Il/IMaX observations as a bound-

ary condition. In this way they obtain the magnetic eld structure in the upper
atmosphere without having to assume the validity of the force-free assumption in
the solar photosphere. They computed linear magneto-static equilibria for all the
IMaX frames of the active region, without the problems faced when modeling the
magnetic eld in different atmospheric layers of the quiet Sun.

12. Such papers include the investigation by Requerey et al. (2017b) in which the au-
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13.

14.

15.

Kahil et al. (2017) probe the relationship between brightness contrast at UV and
visible wavelengths and the magnetic ux in the quiet Sun, nding that the contrast
keeps increasing with magnetic ux, unlike most earlier observational results, but
in qualitative agreement with MHD simulations.

Jafarzadeh et al. (2017) characterize the wave modes observed at two heights in
magnetic bright points, including both compressible waves seen in brightness uc-
tuations and transverse waves obtained from proper motions.

The short travel times suggest large wave speeds. A new estimate of the ux emer-
gence rate in the quiet Sun is obtained by Smitha et al. (2017). Compared with
the emergence rate deduced from Hinode/SOT data using the same technique, the
emergence rate obtained fronuiRISE | data is around an order of magnitude
larger.

Figure 1.10: SNRISE observatory on the launch pad in Kiruna before the rst launch in
June 2009. From Barthol et al. (2011)

1.3.1 SUNRISE Filter Imager (SUFI)

To ful Il the S UNRISE scienti ¢ goals described in the previous sectionyF$ was de-

signed to observe the solar photosphere and chromosphere at the diffraction limit of the
1-meter telescope, which corresponds to a resolution of 0.05 arcsec (35 km on the Sun) at
214 nm. With this requirementu®| was designed to take images providing information
about small-scale structures, and the kinetic and thermodynamic properties of the plasma
within these structures.
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SuUFI can take images at 3 different spectral bands using ve lters. During the second
SUNRISE ight these lters were: (1) around 214 nm with a full-width at half maximum
(FWHM) of 10 nm probing the upper photosphere and lower chromosphere, (2) a Iter
around the Mg K line at 279.5 nm with a FWHM of 4.8 A probing the upper pho-
tosphere, (3) a continuum channel at 300 nm, (4) a narrow-bamdHCghannel with a
FHWM of 1.1 A, and (5) a broader GaH channel with a FHWM of 1.8 A. The latter
two are centered at 397.6 nm and probe the mid/lower chromosphere.

The optical path of 8FI is incorporated into the Image Stabilization and Light Distri-
bution (ISLID) unit that splits the different wavelengths between the different instruments
using a dichroic beam-splitter (see Figure 1.11). The image stabilization and pointing is
carried out by the Correlation tracker and Wavefront Sensor (CWS Berkefeld et al. 2011).
For more details please see Section 2 of Gandorfer et al. (2011).

Figure 1.11: Optical layout of &1. The layout is optimized for low parasitic light. The
two plates in front of the CCD show the phase diversity plates described in Sect. 1.3.
Taken from Gandorfer et al. (2011).

The light is collected by a fast read out camera with 202848 pixels with a sam-
pling of 0.0207 arcsec/pixel (15 km). The exposure time is controlled by a mechanical
shutter that compensates not only for the variations of the light level difference between
the disk center and the limb, but also matches exposure to the used lter and thus opti-
mizes the contrast of the target.

Despite the near-ideal observing conditions in the stratosphere, some residual wave-
front deformations are still expected, caused by unavoidable imperfections in the optical
system. To correct this theu&| camera is divided into two parts - both observing the
same eld-of-view (FOV) - one in focus and the other one slightly out of focus. This
allows to correct the wavefront using phase diversity (PD) techniques that we describe in
more detail in Sect. 1.3.2. The resulting FOV in the plane of the sky is approximately
15 40 arcsec.

1.3.2 Data reduction
1.3.2.1 Phase-diversity technique

Phase diversity or PD techniques (Gonsalves and Chidlaw 1979; Lofdahl and Scharmer
1994) are based on the simultaneous recording of two images of the same solar scene,
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one with an unknown wave-front deformation and a second one with the same unknown
wave-front deformation plus a known aberration. This can be expressed in the set of the
two following equations (L6fdahl and Scharmer 1994):

do=f to+ ng (19)

and
de= f te+ ng (1.10)

wheref is the real solar scendy anddy are the image with the unknown and the image
with unknown plus known deformations respectivéjyandty are the correspondent point
spread functions, anay andn, represent the noise of the measurement. The symbol
indicates the convolution.

The goal of this method is to solve these equations to obtain the real solar fscene
by estimating the unknown wave-front deformation. The main limitation of the method
comes from the noise representedrhyesulting in small-scale errors in the wave-front
estimation. These errors lead to reconstruction artifacts in the restored images.

The SUFI approach to this method (for more details see Hirzberger et al. 2011) was
to record the two images on the same detector, one in focus and the other out of focus by
approximately half a wave. This is achieved by splitting the light beam by two inclined
parallel glass plates located in the secondary focus. The special coating of these plates
allows half of the light to pass through them without re ections and the other half to be
re ected between the plates deviating the beam and increasing the optical path length
leading to the desired defocus of half a wave in the image.

The PD reconstruction is the last step in the=$ data reduction process. It is applied
after at- elding and dark current correction. As a result we then get 3 levels of data in
addition to the raw data:

level-0: raw data, including both focused and defocused images,
level-1: at- eld and dark-current corrected data,

level-2: PD reconstructed data using an individual PSF estimation for each frame,
and

level-3: PD reconstructed data using a PSF estimation averaged in time over the
whole observing sequence.

1.3.2.2 Multi Object Multi Frame Blind Deconvolution technique

After all the standard procedures of data reduction, other post-processing numerical tech-
niques can be used to further increase the quality of the dataset. These techniques are
usual because they correct aberrations of higher order than the Adaptive Optics (AO) and
PD system can (Berkefeld 2007; Rimmele and Marino 2011)

In solar physics two techniques are commonly used for this further image improve-
ment: the speckle reconstruction technique (Speckle Imaging, Sl, Keller and von der Liihe
1992) and the Multi Object Multi Frame Blind Deconvolution technique (MOMFBD, L6f-
dahl 2002; van Noort et al. 2005). Both methods have their strengths and weaknesses and
the choice depends on the speci c application. In the case of Sl the main disadvantages are

29



1 Introduction

the impossibility to estimate the degradation function, the high number of measurements
needed (around 100), and performance problems if the AO is active. The MOMFBD
main disadvantages are related to the computational cost and non-idela performance in
low contrast images.

In this thesis we use only the second method, MOMFBD, and more precisely just the
multi-frame blind deconvolution (MFBD; van Noort et al. 2005) because the reconstruc-
tion was just preformed using only one lter, and therefore only one object exists.

To apply this method some requirements need to be ful lled. The rst is, the model
assumes that the wavefront degradation is linear and space-invariant. The second is that
multiple images of the same object are required, and the solar scene during the recording
of these images must be time invariant, i.e., the temporal evolution of the solar structures
must be much slower than the time needed to record the images. This is a result of the fact
that the true solar scene and the degradation function are unknown, and therefore several
independent measurements of the same unchanged object are required. For a typical wide-
band lter at least 5 frames are required. To ensure that the space invariance is valid, the
FOV needs to be smaller than the so called seeing isoplanatic patch. This implies that for
lager FOVs the image needs to be divided in smaller regions which have to be restored
independently.

The MFBD technique uses a set of many aberrated and noisy measurements to retrieve
the unchanged real solar scene. It is described by (following van Noort et al. 2005):

li= Hel + N (1.11)

where thel; represent the aberrated, independent measurements! the,, represent
the optical transfer function (OTF)), the unabberated solar scene, &hds the Fourier
transform of the noise. In the case afi$RISE, due to the almost seeing free conditions,
the only signi cant contribution to the OTF comes from the telescope itself.

The solution to this problem is archived by minimizing the error matrixusing the
least square differences between the recoldedid the estimated ones (Paxman et al.
1996):
|

Nframes 1 « o Nframes 1 i -2
- jai- . H IJ
L=8 & W jomTo (1.12)
k =0 aj=0 JHatrr‘r'-telJ +g

where the coef cient& = f k;:,g are the expansion coef cients from the seeing-aberrated
wavefrontsd; (see equation 1.13H! ., are the estimated OTFs agds the regular-
ization term of a simple Wiener deconvolution (Saha 2007).

The seeing-aberrated wavefront is described by

Nmoges 1
d=dyi+ a kmWm (1.13)

m=0
were Nmodesrepresents the number of modé&s;,, are the tilts terms (that takes into
account the deviations in the beam direction) and atmospheric Karhunen-Loéve modes
represented by Zernike polynomials, adid describe possible know phase differences.

In a nal step the so-retrieved seeing-aberrated wavefront is used to compute the OTF
and to retrieve , the true solar scenery.
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2 Paper |- Morphological properties of
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2.1 Abstract

We use seeing-free high spatial resolutioniiGé data obtained by the BIRISE obser-

vatory to determine properties of slender brils in the lower solar chromosphere. In this

work we use intensity images taken with the 8 instrument in the Ca H line during

the second scienti ¢ ight of the BNRISE observatory to identify and track elongated

bright structures. After the identi cation, we analyze theses structures in order to extract

their morphological properties. We identify 598 slendeniG4 brils (SCFs) with an av-

erage width of around 180 km, a length between 500 and 4000 km, an average lifetime of
400s, and an average curvature of 0.002 arcsethe maximum lifetime of the SCFs

within our time series of 57 minutes is2000s. We discuss similarities and differences

of the SCFs with other small-scale, chromospheric structures such as spicules of type |

and I, or Cal K brils.

2.2 Introduction

Large parts of the solar surface are littered with small-scale brils, loops, and jets, con-
necting the photosphere to the chromospheric layers. These structures, seen in radiation,
are thought to follow magnetic eld lines (e.g., Jafarzadeh et al. 2017) anchored in pho-
tospheric magnetic ux concentrations, or in the weaker internetwork elements (Wiegel-
mann et al. 2010). Except for regions with large magnetic ux concentrations, such as
sunspots or large pores, these structures play an important role in transporting the energy
from the solar surface to the chromosphere and to the corona, either as a channel for the
propagation of waves (e.g., van Ballegooijen et al. 2011), or as the location for small-scale
reconnection events (Gold 1964; Parker 1972). Observations in theHGand K lines

at high spatial resolution (e.g., from the Swedish Solar Telescope, SST, Pietarila et al.
2009), and under seeing-free, stable conditions using the Hinode space observatory, shed
new light on these small-scale structures, e.g., leading to the discovery of a new type of
spicule (type-Il, de Pontieu et al. 2007; Pereira et al. 2012).

1This chapter reproduces the article Morphological properties of Balender brils by R. Gafeira,
A. Lagg, S. K. Solanki, S. Jafarzadeh, M. van Noort, P. Barthol, J. Blanco Rodriguez, J. C. del Toro Iniesta,
A. Gandorfer, L. Gizon, J. Hirzberger, M. Knélker, D. Orozco Suarez, T. L. Riethmdiller, and W. Schmidt,
published in ApJS, 229, 2017, DOI 10.3847/1538-4365/229/1/6. Reproduced with permission of ApJS
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The unique observational conditions provided by then8ISE balloon-borne solar
observatory (Barthol et al. 2011; Solanki et al. 2017) allow us to observe the solar chro-
mosphere in the core of CiaH at constantly high temporal and spatial resolution, without
the in uence of seeing. This has given us the possibility to look at the structures presentin
the lower chromosphere at a level of detail not achieved before. Of special interest in this
work are the so-called slender €& brils (SCFs): similar to spicules or chromospheric
jets, these ubiquitous features outline the magnetic eld in the lower chromosphere and
offer the possibility of gaining insight into the physical processes in this layer of the solar
atmosphere (Pietarila et al. 2009; Woger et al. 2009; Jafarzadeh et al. 2017).

In this work, we develop a technique for the automatic detection of SCFs (Sect. 2.4)
enabling us to investigate their statistical properties. We discuss the lifetime, width,
length, curvature, and the temporal evolution of brightenings within the individual SCFs
(Sect. 2.5), and compare these morphological properties to similar, small-scale structures
observed with Hinode and the SST (Sect. 2.6).

2.3 Data

The observations on which this study is based were taken byuh& SE balloon-borne

solar observatory (Solanki et al. 2010; Barthol et al. 2011; Berkefeld et al. 2011; Gan-
dorfer et al. 2011; Martinez Pillet et al. 2011) during its second science ight (Solanki
etal. 2017) in 2013 June, referred to asNRISEIl. The data set used was recorded from
2013 June 12 at 23:39 UT to 2013 June 13 at 00:38 UT, and covers part of the active
region NOAA 11768 including most of the following polarity, the polarity inversion line,
and also an emerging ux region lying between the two opposite polarity regions. At
the time it was observed the active region was still young and developing and was lo-
cated am= cosg = 0:93, wherg is the heliocentric angle. The heliocentric coordinates

of the center of the SNRISE Filter Imager (3F1) eld-of-view (FOV) were x = 5089

y= 2740 The one hour long time series is composed of a total of 490 images taken
using the $F| (Gandorfer et al. 2011) in three wavelength bands, the B8968 A line

using a narrow-brand lter with a full width at half maximum (FWHM) of 1.1A. The
integration time of each image was 500 ms. A broaden Gachannel with a FWHM of

1.8 A recorded images with an integration time of 100 ms, and a broad-band channel cen-
tered on 3000 A, with a FWHM of 50 A, delivered continuum images with an integration
time of 500 ms. The data were reconstructed using the multi-frame blind deconvolution
(MFBD, van Noort et al. 2005) technique to account for the image degradation by the
telescope. After the MFBD reconstruction, the data had a spatial resolution close to the
diffraction limit of the SUNRISEtelescope, which is at the wavelength of theliG4 line,
approximately 70km. The cadence (i.e. the time between two consecutive images at
the same wavelength) was 7s. The data set, the data reduction, and reconstruction are
described in detail by Solanki et al. (2017).

2.4 Fibril detection and tracking

The main goal of this work is to determine the basic morphological properties of the SCFs.
To this end we must rstidentify and track the bright elongated structures that can be seen
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2.4 Fibril detection and tracking

Figure 2.1: (A) Continuum image recorded on 2013 June 13 at 00:31 with the 3000 A con-
tinuum lter, (B) cotemporal, coaligned QaH image, (C) binary mask resulting from the

bril identi cation method, and (D) superposition of the @aH image and the identi ed

brils. The dashed red line on image A indicates the position of the slit used in Fig-
ure 2.4. The white arrow on image B points to a sample bril that is shown in greater
detail in Figure 2.2.
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in Figure 2.1 B. To perform this identi cation we apply a series of image processing and
contrast enhancement techniques. We start by subtracting a boxcar-averaged version of
the original image from itself to remove the low frequencies and to enhance the structure
with the typical dimensions of the brils. The size of the boxcar window is set to 20
pixels, corresponding to approximatel{§®8. Then, we apply a sharpening lIter using

the UNSHARP_MASK function from the Interactive Data Language (IDL, Exelis Visual
Information Solutions, Boulder, CO) to increase the global image contrast. This unsharp
mask involves the following steps: (i) the original image is smoothed with a Gaussian
Iter having a width of 10 pixels; (ii) this smoothed image is then subtracted from the
original image; and (iii) the resulting difference image is again added to the original
image. In a next step, an adaptive histogram equalization is performed, described in
detail by Pizer et al. (1987), again using the implementation in IDL (version 8.3) with the
standard parameter settings to further increase the contrast. Finally, we apply a boxcar
smoothing with a width of 3 pixels to remove frequencies beyond the spatial resolution of
SUNRISE, introduced by the steps described above.

The resulting contrast-enhanced images highlight most of the brils very well and
allow the application of a binary mask with a threshold of 50% of its maximum intensity,
separating the brils from their surroundings. The same threshold was used for the entire
FOV of SUFI and for all frames in the time series, ensuring an unbiased determination of
the length, width and shape of the identi ed brils.

Finally, we exclude all detected regions smaller than 200 pixels in area (corresponding
to 0.1 arcset), which is approximately the area of a circle corresponding to a spatial
resolution element close to the diffraction limit. An example of such a binary mask re-
sulting from this process is shown in Figure 2.1 C.

The next step is to track individual brils in time to analyze their evolution. For this
task we take six consecutive frames and identify those regions where the binary mask
marks the presence of a bril in at least 10 pixels at the same image position in at least
ve out of a total of six consecutive frames. After this, we assign each bril a tracking
index. Then we advance one frame and repeat the same analysis, checking whether each
newly identi ed bril already has a tracking index. If so, it is counted as the temporal
continuation of the bril from the previous frame; if not, it is counted as a new bril.

This method ensures, with a high level of con dence, that we catch the temporal
evolution of individual brils. The method works very well for nicely separated brils,
but it has some limitations in two special cases: (i) if a signi cant number of other brils
cross the identi ed bril, the binary mask will show either interruptions or the crossing

brils are counted toward the identi ed bril, and (ii) if the identi ed bril has a high
transverse velocity (i.e., perpendicular to the bril axis), it will move out of the detection
window in the next frame. The latter effect is particularly important in the regions of
magnetic ux emergence (near= 12°%y = 9% where the brils are much more dynamic
than in the rest of the &1 FOV.

Due to the large density of brils, about 80% of those detected brils suffer from the
presence of crossing or very close neighboring brils. The identi ed bril and those cross-
ing it are often misidenti ed as a single structure with a complex, frayed shape instead
of the expected linear, elongated one identi ed by the white arrow in Figure 2.1. If such
a complex shape does exist over several consecutive frames, a correct bril identi cation
using a binary mask is nearly impossible.
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2.5 Fibril morphology

To address this problem we introduce the concept of a bril's reference backbone,
which we de ne as the second-order polynomial best tting the long axis of the bril
and therefore marking the ridge of maximum brightness. It is computed by rst reducing
the bril in every frame of the time series of GaH images to a shape that is a single
pixel in width. Each such pixel is equidistant from the bril's lateral boundaries (which
are the locations where the brightness drops below the threshold). The set of all such
(single) pixels constitute the bril's backbone. Afterwards, the brils of the individual
frames are tted with a second-order polynomial. This polynomial is extended by the
average width of this bril (see Sect. 2.5.2), on both end points of the bril to compensate
for the shortening due to the reduction of the bril to a single pixel line. The resulting
curve we de ne as the reference backbone. Fibrils of complex shape, often produced by
intersecting brils or by not well separated brils, are usually poorly tted¥ values
are higher than 6), and are excluded from this averaging. An example of this process is
illustrated in Figure 2.2, where we show one identi ed bril and its temporal evolution
(left panels) and the overplotted bril backbone (black line, right panels). The gray shaded
area around the skeleton displays the width of the bril, computed in every single frame
using the method described inSect. 2.5.2.

The bril is well identi ed in all six plotted time steps. However, its length may well
be underestimated, as the detection method often fails to follow the bril to its very end, as
can be seen by eye. Fibrils often become too faint near their ends to be reliably identi ed
by our method. Being faint, they are also susceptible to interference from background
structure and crossings by other brils. We have therefore not attempted to extend the
lengths of the individual brils. Instead, we consider that the brils that we have identi ed
are often in fact bril fragments (see Pietarila et al. 2009), i.e., parts of longer brils. For
brevity we will continue to call them brils (or SCFs) in the following, although in many
cases we may be discussing only parts of the full brils.

We obtain a total of 598 brils in the 8FlI FOV over the entire time series. One
snapshot with the identi ed brils overlayed on top of the correspondingi€himage is
presented in panel D of Figure 2.1.

2.5 Fibril morphology

The result of the bril tracking allows for a statistical analysis of the SCFs and to compute
several of their morphological properties. In this section we present the results obtained
for lifetime, length, width, and curvature of SCFs extracted using information obtained
from the detection and tracking methods.

2.5.1 Lifetime

Visual inspection of the movie created from the time serieswFISmages (see online
material,sufi.mp4 ) reveals the highly dynamical nature of the SCFs. The identi cation
of the individual brils over multiple time steps allows us to produce a lifetime histogram
with a lower limit of 35 s (corresponding to ve consecutive frames, which is the mini-
mum length of time we require for a bril to survive to be identi ed as such) and an upper
limit given by the length of the time series (57 minutes). Only brils with a de ned start-
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Figure 2.2: Example of the temporal evolution of a tracked bril. The left panels show
the original Cal H images, representing the temporal evolution of a bril identi ed over

a set of six consecutiveu®| frames. The right panels show the same images, overplotted
with the result of the detection and tracking method described in the main text. The black
lines represent the individual backbones and the gray regions indicate the width of the
bril computed using the method explained in Sect. 2.5.2.

and end-time are included in the histogram, i.e., brils that are observed in the rst or the
last frame of the series are excluded from this analysis.

This lifetime histogram is presented in Figure 2.3 (all histograms shown in this paper
are normalized so that they have a total area equal to 1). It shows a clear exponential
decay with increasing lifetime at a decay rate of 218 2s 1 (red line). About 80.3%
of the brils have lifetimes between 35s (i.e., the lower threshold) and 100 s, and only
1.6% live longer than 300s (see also Table 2.1). It must be noted that these lifetimes
are likely underestimated for multiple reasons. By considering only brils that are born
and die in the course of the observed time series, we bias the histogram toward shorter-
lived brils due to the nite length of the time series. Changes in either the bril or
its background or neighboring brils can also cause its lifetime to be underestimated.
Changes in the brightness or position of the bril can cause the tracking algorithm to
lose it, thus curtailing its apparent lifetime. Similarly, variations in the overall brightness
and/or quality of the image may cause an apparent disappearance and reappearance of the
same bril, which is then counted as two individual brils, both of them with a shorter
apparent lifetime. In addition, brils clearly visible on the dark background of the outer
parts of the pore and its immediate surroundings become hard to follow above the bright
magnetic concentrations in the right part of the image. Also, there appear to be weak,
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2.5 Fibril morphology

Figure 2.3: Fibril lifetime distribution and an exponential t to the observed distribution
(red line). Plotted is the frequency of occurrence of brils per lifetime bin versus the
lifetime. Only brils with a minimum lifetime of 35 s are included.

short, and strongly inclined brils connecting bipolar regions in the right part of the gure
that are directed from the NE to the SW, which cross the longer mainly E-W directed
brils. Similarly, in the upper half of the gure, brils emanating from the large pore often
cross other brils pointing in different directions. Hence the automated identi cation
catches only individual relatively undisturbed fragments of brils.

To investigate this effect, introduced by the tracking method, we analyzed the position
of the brils in a space-time diagram. Figure 2.4 shows the temporal evolution of brils
along an arti cial slit at a xedx-position,x= 8% indicated by the red, dashed line in Fig-
ure 2.1 A. The slit stays xed at this position throughout the whole time series. Plotted is a
binary mask, with the presence of (identi ed) brils indicated in blue. In many cases, the
blue patches look like an intermittent, nearly horizontal line, indicating that this particular

bril rst disappears and then reappears at almost the same location. For better visibility,
one such intermittent line is highlighted in red. Most of the longer interruptions indicate a
true darkening (or complete disappearance) of the bril, with a later reappearance within
the same magnetic ux tube or set of eld lines, which obviously has a lifetime longer
than the bril itself. Also, some of the brightness variations leading to interruptions of
brils in a space-time plot may be related to the sausage-mode waves identi ed in the
brils by Gafeira et al. (2017a).

To identify the intermittent brils, exempli ed by the one marked in red in the space-
time diagram presented in Figure 2.4, we use exactly the same approach as described in
Sect. 2.4, but with different parameter settings, allowing us bridge the longer temporal
gaps. In Sect. 2.4, we required that 10 common pixels must exist in at least ve out of
six consecutive frames, to ensure that we are really tracing the same bril. Here, we relax
this condition and require that 10 common pixels must exist in only two out of 16 frames.
This closes most of the temporal gaps visible in Figure 2.4, at the expense of an increased
likelihood of catching another bril, which moved into the same position as the previous
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Figure 2.4: Space-time diagram of the presence of brils along an arti cial slit indicated
by the red dashed line in Figure 2.1 A. One bril is marked in red to exemplify its inter-
mittent appearance.

bril within ~ 105s (15 frames).

The so-determined lifetime is still underestimated due to the maximum allowed gap
length of 15 frames, and the nite length of the time series, as longer-lived brils are
more likely excluded because they were alive either at the beginning or the end of the time
series. The latter effect can be corrected following Danilovic et al. (2010): we multiply the
frequency of occurrence of brils that live fonframes by the factojn 2)=(n 1 m),
wheren is the total number of frames in the time series. This correction has been taken
into account in Figure 2.5. The average lifetime of the brils obtained after all these
corrections is Figure 2.5 is 446 s. Other parameters describing the lifetime distribution
are listed in Table 2.1.

We then compared this lifetime distribution with that from the automatic tracking
method. The new distribution, presented in Figure 2.5, now shows a maximum at a life-
time of 150-300s. More than 58% of the brils have lifetimes longer than 300 s; 8.5%
even live longer than 15 minutes. The red line indicates an exponential t to the tail
of the distribution (i.e., to the distribution of lifetimes longer than 400s) and the green
line indicates a log-normal t to the entire distribution. The decay rate is now found to
be 30 10 3s !, meaning that the distribution drops off nearly an order of magnitude
slower than before the correction of the lifetimes for the intermittency. Obviously, the
magnetic structure (possibly some kind of ux tube) housing the SCFs is considerably
longer-lived than the brightenings in the C&l line. It could also be that the source of
the brightening (located, e.g., in the photosphere) is intermittent, causing a bright bril to
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appear equally intermittently.

Figure 2.5: Fibril lifetime distribution taking into account the intermittency of the detected
brils. The red line indicates an exponential t for brils with a lifetime 400s. The
green line indicates the respective log-normal t.

2.5.2 Width

Figure 2.6: Example for the determination of the bril width by tting a superposition of

a Gaussian and a linear function (dashed blue line) to the brightness variation (red line)
perpendicular to the bril backbone. The linear function (dashed green line) takes into
account the variation of the background brightness. The width of the bril, indicated by
the vertical dashed lines, is the FWHM of the Gaussian.

The automatic detection method delivering the backbone of the brils facilitates the
computation of the widths of the SCFs. This computation, illustrated in Figure 2.6, is
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done by rst selecting the position of the maximum intensity of a bril along a virtual slit,
with a length of 8%, oriented perpendicularly to the backbone of the bril and placed at
the center of the bril's backbone. Then we t a weighted Gaussian function plus a linear
background to the intensity on the slit. Points closer to the maximum intensity are given
larger weights, in order to avoid that the t is negatively in uenced by close neighboring
brils. We then take the FWHM of the Gaussian as a measure of the bril's width. To
further minimize the in uence of neighboring or intersecting brils we require that the
side anks of the bril to be clearly visible and the linear background brightness variation
to have a slope smaller than 0.002 per km in units of the normalized intensity.

The above procedure is repeated for all brils in each frame to produce the histogram
presented in Figure 2.7. This distribution of bril widths is reasonably well represented
by a Gaussian function (red line) with a mean width df82 km (see Table 2.1 for the
other t parameters of this Gaussian). The narrowest bril was determined to have a
width slightly smaller than 100 km, which is above the spatial resolution rRSsE
of around 70 km at the wavelength of C&l. This fact might suggest that100 km is
a lower limit for the width of solar brils, and that SNRISE is actually resolving the
brils. However, we are aware of the fact that the determination of the bril width is not
without problems. The brils have to be identi ed against a relatively bright photospheric
background contamination resulting from the broad transmission pro le of theCa
Iter used in SUFI. Additionally, the width determination method, based on the tting
of a Gaussian function, is likely to smear out structures at the diffraction limit of the
telescope, resulting in a larger minimum width.

The study of the width of Ca K brils by Pietarila et al. (2009) showed minimum
bril widths of only 70 km, corresponding to the diffraction limit of the SST. Their analy-
sis method was based on a binary mask, which is possibly better suited to determining the
minimum widths of the brils, but has disadvantages in properly characterizing broader
brils. When applying our technique to a sample of the brils in the data set used by
Pietarila et al., we also get100km for the minimum width of their GaK brils, in
accordance with our &\RISE/SUFI measurements. We therefore conclude that the min-
imum width of our Cal brils is likely to be set by the spatial resolution of theySRISE
telescope.

2.5.3 Length

An important parameter returned by the automatic tracking method is the length of the
detected SCFs, which we de ne as the length of the reference backbone as described in
Sect. 2.4, plus the average of the widths computed in Sect. 2.5.2 at both end points. This
addition is necessary to compensate for the effect when reducing the bril to the single-
pixel backbone, which reduces the backbone length on both ends approximately by the
width of the bril. The length of the bril as determined here would correspond to the
distance from end-to-end of the shaded area in each of the right-hand panels of Figure 2.2.
Fibrils at the edge of the FOV are excluded from the analysis.

The histogram in Figure 2.8 shows that the detected brils are rather short, with a
minimum length of 500 km. The mean length of the brils is1300 km, and we could
not nd any bril longer than 4500 km. The length distribution nicely follows a log-
normal distribution, indicated by the red line in Figure 2.8 (for the t parameters see
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Figure 2.7: Width distribution for each individual bril detected in all the frames and its
respective Gaussian t (red curve).

Figure 2.8: Distribution of the backbone length, averaged over the lifetime of the SCFs
(blue), and respective log-normal t (red curve).

Table 2.1).

Just as with the longer-lived brils, the longer brils are also more likely to be ex-
cluded because they touch one of the boundaries of the FOV. We again follow Danilovic
et al. (2010) and multiply the frequency of occurrence of brils that have a length of
pixels by the facto(n 2)=(n 1 m), wheren is the distance from one edge of the
frame to the other in the average direction of the bril. This correction has been taken
into account in Figure 2.8. The average length of the brils is found to be 1.38 Mm. Itis
worth noting that their length does not correlate very well with their lifetime of the brils
(the correlation coef cient is only 0.3).
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The short length of the brils may be an artifact of the automated identi cation tech-
nigque, so that we are looking at fragments of brils in many cases (see the discussion
in Pietarila et al. 2009, and in Sect. 2.4). In the blow-up of the central section of the
Call Himage plotted in Figure 2.1 B (data after MFBD reconstruction) many long brils
are seen, some of them reachind4®length. However, these long brils are often inter-
rupted, or cut by other structures, making it hard for our simple identi cation algorithm to
recognize them as a single long entity. Instead, the identi cation procedure breaks them
into shorter brils.

There is also a general geometrical separation between the longer and shorter brils,
at least as seen by eye, in the sense that the longer brils are found more in the central-
lower part of Figure 2.1 B directed roughly E-W, while the shorter brils are located in
the upper part of the gure, in particular surrounding the small pores. In addition, the
pattern of seemingly very short brils, or rather small bright patches in the lower left part
of the image, may be produced by crisscrossing longer brils.

2.5.4 Curvature

The reference backbone of most of the brils can be tted nicely with a second-order
polynomial. This has partly to do with the fact that the automatically identi ed brils are
rather short, but also because the brils are expected to outline loop-like magnetic ux
tubes (although rather at ones; see Jafarzadeh et al. 2017; Wiegelmann et al. 2017): the
slanted view at a heliocentric angle@f 22 makes loop-like structures appear similar

to parabolas.

We de ne the curvatures, of a bril as the reciprocal value of the radius of the largest
circle tting the bril tangentially, i.e., the so-called osculating circle. For a second-
order polynomialk is de ned as 2, wherea is the second-order polynomial coef cient.
The histogram in Figure 2.9 shows the curvature distribution obtained from all reference
backbones of the time series. The distribution is nearly symmetric with a slight offset
toward a positive curvature, with a mean value of 0.002 arcsec

2.5.5 Brightness variation

The de nition of a bril backbone simpli es not only the study of the morphological
properties discussed in the previous section, it also allows us to visualize the temporal
evolution of intensity uctuations within the bril itself. This is achieved by putting an

arti cial mesh onto the reference backbone of the bril, with the grid lines being parallel
and perpendicular to the backbone. The perpendicular grid lines cover a regi@h3¢
around the backbone; the parallel grid lines have the same length and curvature as the
backbone itself. More information on the mesh and gridlines, including an illustration,
can be found in Gafeira et al. (2017a).

This mesh allows us to straighten the bril by interpolating the brightness of the orig-
inal image to the grid points of the mesh. Since the mesh was de ned on the reference
backbone of the bril, we can now nicely follow the temporal brightness variation within
the individual brils in plots such as the examples presented in Figs. 2.10 and 2.11. These
two plots show two different types of brightness variation and propagation along the b-
ril backbones. In Figure 2.10 the intensity decreases from the center to the endpoints,

42



2.5 Fibril morphology

Figure 2.9: Curvature distribution of the bril's reference backbones.

whereas in Figure 2.11 the intensity decreases from the endpoints of the bril to its cen-
ter. After visual inspection of all brils we nd that the rst type is the more common
(around 54% of the the brils are of this type), and the second type is observed5fo

of the brils. For the remaining 21% of the brils it is dif cult to clearly categorize the
distribution of the brightness along the bril axis, with only a very small fraction of those
showing a brightening at one endpoint only. We could not nd any obvious correlation
between the type of the brightening (central or endpoint) with other parameters of the
brils (length, width, absolute value, lifetime). It can also be seen that the width of the
brils is not constant along the the length of the bril. In general, the brils are broader
at the locations where they are also brighter.

Note that in some cases, a bril changes from having its brightness peak at its center
to having it near its ends. Obviously, the brightness of the bril varies with time, as can be
seen in Figs. 2.10 and 2.11. Gafeira et al. (2017a) have pointed out that these variations
are often periodic and occur mainly in (anti-)phase with oscillations in the width of the
bril. They identi ed these variations with sausage-mode waves.
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Figure 2.10: Temporal evolution of a SCF with a central brightening. The stacked images
show the straightened bril, with the backbone parallel totkeis in the center of each

bin, surrounded by a 0.3°4wide area covering the bril. The individual images, recorded
every 7s, are separated by horizontal black lines. The length of the reference backbone
of this bril is 1620 km.
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2.5 Fibril morphology

Figure 2.11: Same as Figure 2.10 for a SCF with endpoint brightening. The length of the
reference backbone of this bril is 2800 km.
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2.6 Discussion and conclusions

In this paper we present a rst quantitative study of the morphological properties of
SCFs aimed at measuring their parameters, such as lifetime, length, width, curvature,
and brightness structure. We apply an automatic bril detection algorithm based on sev-
eral unsharp masking steps to identify the backbone of the brils (i.e., the curve following
the central brightness ridge along the long-axis of the SCF). This allows us to identify,
measure properties of, and perform a statistical analysis on 598 SCFs. We obtain values
for the lifetime between half a minute and half an hour (when taking into account the
intermittency in bril visibility), lengths between 0.5 and 4.5 Mm, and widths between
100 and 270km. The brils show a wide distribution of curvatures, with a slight pref-
erence for a positive curvature, in agreement with the expected curvatures of low-lying
loops observed at a position away from the solar disk center. We also identify two dif-
ferent morphologies of the evolution of the brightness within individual brils. In one
type the intensity increases starting from the center and moving to the edges, while in the
other type the increase in intensity rst becomes visible near one or both of the ends and
expands from there toward the center of the bril.

Intersecting brils and not well separated brils cause problems in the automatic
tracking them, mainly leading to a failure in detecting brils longer than 4.5 Mm, al-
though the visual inspection of theugl Call H images shows that such brils do exist.

The contrast between the measured short lengths and the pattern of extended brils in
parts of the 8FI FOV suggests that the automated technique is identifying relatively
undisturbed parts of brils as whole brils. Between these undisturbed fragments a given
long bril may be intersected by other brils, or disturbed by underlying bright points,
reversed granulation, and acoustic grains. This complex picture may arise because at the
height of the SCFs, the GaH line may not be entirely optically thick, so that radiation
from below can pass through possibly multiple layers of brils. This may have to do with
the 1.1 A FWHM of the Iter employed by S8FI, which includes not just the Hand H
features of the line core, but also parts of the inner wings. Thertd H; features sample

the lower to middle chromosphere, while the inner wings are mainly sensitive to the upper
photosphere (see the heights of formation computed by Danilovic et al. 2014; Jafarzadeh
etal. 2017).

The results of the present analysis allow us to relate SCFs to small-scale elongated,
chromospheric structures already known from the literature. In Table 2.2 we list the prop-
erties of the SCFs together with those of type | and type Il spicules (from Pereira et al.
2012), and of Ca K brils (as deduce by Pietarila et al. 2009). Spicules show consid-
erable similarities to the SCFs with regard to the range of widths (although the Ca brils
studied by us and, in particular, those by Pietarila et al. are on average narrower).

The difference in width between the brils seen by Pietarila et al. inl®aand those
studied by us in CaH is puzzling. It has at least partly to do with the difference in
technique, as the application of our technique to a sample of brils identi ed by Pietarila
et al. (2009) returns larger widths than those found by those authors. Other factors may
also contribute to the difference in width. Thus, it may have to do with different optical
thicknesses, or that our observations were recorded in a larger, more intensely active
region.

Both types of known spicules are considerably longer than our SCFs, with even the
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Table 2.2: Comparison of some morphological properties between SCFs observed in
Call Hand in and Ca K spicules.

Lifetime Width Length
SCFs (thiswork) 35-450s  100-500km 0.5-4.5Mm
(35-20005)
mean value 80s 182km 1.38Mm
Type | spicule  150-400s  100-700km  4-8 Mm
mean value 262s 348 km 6.87 Mm
Type Il spicule8 50-150s 100-700km  3-9Mm
mean value 165s 319km 7.75Mm
CankK®¢ 75-150 km
mean value 100 km 0.9Mm

aafter taking into account the intermittent brils, see Sect. 2.5.1
bPereira et al. (2012)
®Pietarila et al. (2009)

shortest spicules being close to the longest SCFs that we nd. This difference in length
may be a selection effect, however, as only the longer spicules are clearly identi ed at
the limb, whereas shorter ones are buried in the forest of features at the solar limb. Con-
versely, our technique most likely underestimates the lengths of the brils, as it often fails
to follow the brils to their usually faint ends and often identi es the undisturbed frag-
ments of a bril (lying, e.g., between locations at which the bril crosses other structures)
as complete, separate brils. The lifetimes of spicules appear to lie in between those we
obtain without considering SCFs to survive gaps and those obtained after interpolating
across such gaps.

Such a similarity in some properties does not imply that SCFs and spicules both occur
in similar magnetic structures. Firstly, spicules are clearly identi ed only at some distance
from the limb, i.e., at a much greater height than the SCFs, which are clearly located in
the low chromosphere. Secondly, whereas spicules are more or less outward directed,
as clearly shown by limb observations, the SCFs we see are well visible on the disk
over a distance of up to #&km, which implies that they are nearly horizontal. This
conclusion is supported by the comparison carried out by Jafarzadeh et al. (2017) between
the SCFs imaged by 8| and the magnetic eld extrapolated into the chromosphere
on the basis of a magnetostatic equilibrium (Wiegelmann et al. 2017). Jafarzadeh et al.
(2017) found that the azimuthal directions of both agreed very well, that the magnetic
eld lines corresponding most closely to the brils remained nearly horizontal. These
eld lines also mostly returned to the solar surface, thus forming very at, low-lying
magnetic loops. However, there are also (shorter) brils that are associated with eld
lines that reach up into the corona. These may be more closely related to spicules.

Also, we nd that brightenings in around 50% of the SCFs start in the body of the
bril, rather than at its edge. These features are obviously not driven from one footpoint,

48



2.6 Discussion and conclusions

as are jet-like structures such as spicules. For anotB&fs of the SCFs, the brightness
variation is similar to that presented in Figure 2.11, with the two edge-points of the SCF
being brighter than the central part, which is also not compatible with a jet-like structure,
where only one end of the structure is rooted in the photosphere, from where it points
toward the upper layers of the atmosphere. All this suggests that our SCFs are more likely
to outline small, loop-like structures, an interpretation which is also supported by the
analysis of the curvature computed in the Sect. 2.5.4. The brightness enhancement at both
ends of the SCFs may be a result of a footpoint heating process, although the structure
may simply re ect the fact that the broad Ca Iter oU& | allows the photospheric bright
points to shine through. This is very similar to the structures seen by Pietarila et al. (2009),
who also found many of their narrow brils to be rooted in underlying bright points.

The radiation transmitted through the/Bl 1.1 A Cail H Iter comes from either the
photosphere, or the lower chromosphere (average height of 600—-700 km). This is very
close to the limit of the small-scale canopies created by the granulation (Wedemeyer-
Bohm et al. 2008), which are also found by Jafarzadeh et al. (2017) on the basis of the
magnetohydrodynamic-simulation assisted Stokes inversion output of Riethmdller et al.
(2017). Some of the shorter SCFs may indeed be associated with the small-scale granular
canopies, with possible similarities to the seething horizontal magnetic elds described
in Harvey et al. (2007), or the horizontal elds detected by Hinode (Lites et al. 2008)
and SUNRISE (Danilovic et al. 2010). However, the longer SCFs are likely more closely
related the larger-scale canopy found over the network by Jones and Giovanelli (1982)
and modeled by Solanki and Steiner (1990). Such extended horizontal eld lines were
found lying nearly parallel to the SCFs in the magnetostatic equilibrium computed by
Wiegelmann et al. (2017).
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3 Paper ll- Oscillations on width and
intensity of slender Cail H brils !

3.1 Abstract

We report the detection of oscillations in slenderid brils (SCFs) from high-reso-
lution observations acquired with theuSRISE balloon-borne solar observatory. The
SCFs show obvious oscillations in their intensity, but also their width. The oscillatory
behaviors are investigated at several positions along the axes of the SCFs. A large ma-
jority of brils show signs of oscillations in intensity. Their periods and phase speeds are
analyzed using a wavelet analysis. The width and intensity perturbations have overlapping
distributions of the wave period.

The obtained distributions have median values of the period of B2s and 36
25 s, respectively. We nd that the uctuations of both parameters propagate in the SCFs
with speeds of 1175 kms  and 15 3¢km's 1, respectively. Furthermore, the width and
intensity oscillations have a strong tendency to be either in anti phase or, to a smaller
extent, in phase. This suggests that the oscillations of both parameters are caused by
the same wave mode and that the waves are likely propagating. Taking all the evidence
together, the most likely wave mode to explain all measurements and criteria is the fast
sausage mode.

3.2 Introduction

Magnetohydrodynamic (MHD) waves have been observed in various plasma structures
in the solar atmosphere, particularly in elongated features in the solar chromosphere and
in the corona (for recent reviews see, e.g., Banerjee et al. 2007; Zaqgarashvili and Erdélyi
2009; Mathioudakis et al. 2013; Jess et al. 2015). According to the theory of MHD os-
cillations, the waves may appear as a single mode or as a combination of several modes
(i.e., kink, sausage, torsional, or longitudinal) with distinct properties and different ob-
servational signatures (Edwin and Roberts 1983). These waves are often excited at pho-
tospheric heights (e.g. by granular buffeting, Evans and Roberts 1990, or vortex motion,
Kitiashvili et al. 2011), and either propagate away from their source or form a standing
oscillation.

1This chapter reproduces the article Morphological properties of Balender brils by R. Gafeira,S.
Jafarzadeh,S. K. Solanki, A. Lagg, M. van Noort, P. Barthol, J. Blanco Rodriguez, J. C. del Toro Iniesta,
A. Gandorfer, L. Gizon, J. Hirzberger, M. Knélker, D. Orozco Suarez, T. L. Riethmdiller, and W. Schmidt,
published in ApJS, 229, 2017, DOI 10.3847/1538-4365/229/1/7. Reproduced with permission of ApJS
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While transverse waves such as kink or global Alfvénic modes cause the swaying
of a ux tube or of an elongated feature, sausage-mode oscillations result in a periodic
axisymmetric expansion and contraction of the structure at one position. Torsional or
twisting motions are associated with torsional Alfvén waves propagating along the axis
of brillar structures (e.g., Spruit 1982; Solanki 1993a).

The different wave modes in elongated structures have been mostly observed at coro-
nal heights in, e.g., coronal loops (e.g., Aschwanden et al. 1999; De Moortel et al. 2002;
Wang et al. 2002; Wang and Solanki 2004; Tomczyk et al. 2007; Srivastava et al. 2008;
Nakariakov et al. 2012, see Nakariakov and Verwichte 2005 for a review), as well as at
the upper chromospheric levels in features such as laments, brils, mottles, and spicules
(De Pontieu et al. 2007; Lin et al. 2007; Okamoto and De Pontieu 2011; Pietarila et al.
2011; Tsiropoula et al. 2012).

Images recorded in the @aK passband (with a Iter width of 1.5 A) with the 1 m
Swedish Solar Telescope (Scharmer et al. 2003b) in an active region close to the solar disk
center revealed the presence of slender, bright brils, extending seemingly horizontally
in the lower chromosphere (Pietarila et al. 2009). Only recently, the second ight of the
1-m balloon-borne solar observatory®RISE (Solanki et al. 2010; Barthol et al. 2011,
Berkefeld et al. 2011; Solanki et al. 2017) provided us with a high quality, seeing-free
time-series of Ca H images (with a Iter width of 1.1 A). The relatively long duration of
the observations (one hour) in an active region (close to disk center) enabled a thorough
study of properties of the slender brils (Gafeira et al. 2017b). In addition, Jafarzadeh
et al. (2017) have found ubiquitous transverse waves in the slendeHCarils (SCFs)

In SUNRISE data. The SCFs have been shown to map the magnetic elds in the low
solar chromosphere (Jafarzadeh et al. 2017). Earlier, (Pietarila et al. 2009) had shown
that the brils, or the magnetic canopy outlined by them, either suppressed oscillations or
channeled low frequency oscillations into the chromosphere, depending on their location.

In this paper we investigate width and intensity oscillations in the SCFs observed with
SUNRISE. Periods of the uctuations in individual SCFs are determined and the phase
speed of the waves propagating along the thin structures are quanti ed (Sect. 3.4). We
discuss our results in Sect. 3.5, where we also conclude that the observed oscillations are
likely manifestations of sausage waves traveling along the brils.

3.3 Observations

For the present study we use the data set described in Gafeira et al. (2017b), Jafarzadeh
et al. (2017), and Solanki et al. (2017). The data set includes high spatial and tempo-
ral resolution observations of an active region obtained in the Bgassband (with a

full width at half maximum, FWHM, of 1:1A) of the SUNRISE Filter Imager (®/FI,
Gandorfer et al. 2011) on the 1-metas8RISE balloon-borne solar observatory (Solanki

et al. 2010; Barthol et al. 2011; Berkefeld et al. 2011) during its second science ight
(Solanki et al. 2017). The observations were obtained between 23:39 UT on 2013 June
12 and 00:38 UT on 2013 June 13 with a cadence of 7s. These observations covered a
part of NOAA AR 11768, mainly its following polarity that was dominated by a series of
pores, some of which lie at least partly within the 8 eld-of-view (FOV). The FOV

also contained a number of plage elements and two granulation-scale ux emergences
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(e.g., Centeno et al. 2017). The FOV was centerendatcosg = 0:93, whereq is the
heliocentric angle.

Figure 3.1 illustrates a QaH image (right panel) along with its co-spatial and co-
temporal photospheric Itergram (left panel) recorded at 300 nm with therSsE/SUF |
instrument. The arrow on the @aH image marks an example SCF studied here. All
the intensity values where normalized to the mean intensity of the relatively quiet region,
indicated by the white box in the top left corner of the Figure 3.1.

The Cal H image has both, a photospheric and a low chromospheric component. The
latter is strongly enhanced in an active region (Danilovic et al. 2014; Jafarzadeh et al.
2017). The brils dominating much of the GaH image are expected to be located in the
lower chromosphere, as none of the photospheric channelmRISE even remotely
shows any signs of such brils (see Jafarzadeh et al. 2017).

Figure 3.1: Right: Example of a GaH image recorded by S\RISE/SUFI. Left: An
image recorded at 300 nm, aligned with theiQa Itergram. The white arrow in the
right panel indicates a sample slendenGa bril (SCF). The white box marks the quiet
region (QR) used to normalize the intensities in theiGhand 300 nm images.
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3.4 Analysis and results

To analyze both the intensity and width variations of the SCFs with time, we must rst
extract the brils from the Ca H Itergrams. We follow the identi cation and tracking
method described in detail in Gafeira et al. (2017b). First, this method de nes a binary
mask of the brils. This mask is obtained by applying an unsharp masking and an adaptive
histogram equalization method to the intensity images to increase their contrast. In these
images, a threshold of 50% of the maximum intensity de nes the binary mask isolating
the brils from the background. All features smaller than the diffraction limit of the
telescope are discarded. For the temporal evolution of a bril we require at least 10 pixels
of the bril to be visible at the same position in at least 5 out of 6 subsequent frames,
corresponding to a minimum lifetime of 35 s. In all of frames, a bril backbone is de ned
as the line equidistant to the bril's border. A second-order polynomial is tted to all
backbones of the individual brils. Fibrils of complex shape that are poorly tted are
excluded from the analysis. We extend this tted curve 8930n both end points, the
approximate width of a bril, to compensate for the reduction of the bril to a single-pixel
structure. The resulting line is what we call the reference backbone (see the red line in
Figure 3.2). For more details, we refer to Gafeira et al. (2017b). This reference backbone
is the central line for the mesh, displayed in Figure 3.2. All other points of the mesh are
calculated from equally spaced lines perpendicular to this reference backbone.

This mesh is based on the bril backbone, i.e. the temporal average of all brils, and is
therefore time independent, allowing the study of the temporal variations of its brightness
and width. We use a mesh with a xed total width di°2 for all the brils, while the
length is the same as the reference backbone of each individual SCF. This procedure
results in a total number of 598 detected SCF over the full data set with lifetimes of 35s
or longer.

Using this approach, we straightened each identi ed SCF in each image (observed at
different times) by interpolating its intensity onto every point of the mesh. After these
steps we can represent the SCF along a straight line, as shown in Figure 3.3 for an ex-
ample bril pictured at 40 timesteps. Every black-framed box in Figure 3.3 includes the
straightened SCF at a given time. This way of stacking the temporal snapshots of a bril
allows us to easily follow uctuations of its intensity (and with some additional effort also
of its width) at any location along the reference backbone of the SCF during its entire life-
time. Thus we can identify different types of oscillations/pulsations in these structures.
The example shown in Figure 3.3 illustrates a clear uctuation of the intensity with a
period of approximately 147 s (21 frames), indicated by the double-headed vertical arrow.

To inspect the uctuations in both the intensity relative to the mean intensity of the
quiet Sun and the width of the SCFs in detail, we evaluate the intensity at 17 positions
along the backbone of the bril (lying between 20% and 80% of the full length of the
reference backbone measured from one of its ends), perpendicular to which we create
arti cial slits (that correspond to a given set wipositions in the mesh frame). We then
compute the position of the maximum intensity of the bril, the intensity at this position,
as well as the width of the bril along each of these slits following the method outlined
further below.

In some cases, a second bril may be presentinside the mesh determined for one bril,
usually near the edge of the mesh. As a result, more than one local maximum is present
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Figure 3.2: lllustration of backbones of a sample SCF (at different times and averaged)
and the grid associated with the SCF. The individual backbones of this bril determined

in the images recorded at different times are represented by the individual black lines.
The reference backbone is represented by the red line and the mesh is shown by the black
grid.

along the arti cial slit used for the determination of the bril's width. In such cases,
we choose the local maximum that is closer to the center of the mesh, i.e., the reference
backbone of the bril.

The width of a bril is computed by tting a Gaussian function plus a linear back-
ground to the intensity pro le perpendicular to the backbone. To minimize the in uence
of neighboring brils, the six points closest to the maximum intensity position are given
30% higher weights. The FWHM of the tted Gaussian de nes the bril width. In Fig-
ure 3.4 we present an example of these measurements, where positions of the maximum
intensity (red circles) and the width of the bril (vertical black lines) are marked at vari-
ous positions along the SCF (within each image) and at different times (from one image
in the stack to the next). For better visibility, we have chosen a relatively short-lived SCF
for clarity (i.e., we need to show fewer timesteps). The plot clearly shows that the width
is bigger in the brighter part of the bril. The way the width is determined (see above)

Is independent of the bril's intensity as long as the pro le shape of the intensity per-
pendicular to the bril's axis does not change and the bril's intensity is higher than the
background. We note that the locations along the brils are determined only as long as the
intensity along the SCF is larger than the average intensity of the image at each time step.
Therefore, the positions close to the left end of the example SCF shown in Figure 3.4 are
not detected at all times.

3.4.1 Wavelet analysis

We apply a wavelet analysis to characterize the temporal variation of the power spectrum
of the width and intensity oscillations. We use the wavelet algorithm described by Ja-
farzadeh et al. (2017). For the cases with a clear intensity and width oscillation, we also
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Figure 3.3: Temporal variation of a SCF. The images of a straightened bril at differ-
ent times are vertically stacked. Individual images, recorded every 7 s, are separated by
horizontal black lines. The vertical arrow indicates the period of the bril's intensity uc-
tuation. The colour represents intensity, normalized to the mean value of the quiet region
marked in Figure 3.1.

calculate cross-power spectra, i.e., the multiplication of the wavelet power spectrum of the
oscillation in a given quantity at one position along the bril by the complex conjugate

of the same wavelet power spectrum at a different location along the same bril. This
provides us with the phase differences between the consecutive positions in width and
intensity oscillations, and hence, with the phase speed of the waves along the brils. Fi-
nally, we also determine the wavelet cross-power spectrum between brightness and width
oscillations that provides the phase difference between them.

In some cases, the determination of the maximum intensity and width of a bril at
some positions along the bril at a given time is dif cult, leading to gaps in some of the
17 positions along the bril backbone. These gaps are lled by linearly interpolating in
time to provide the wavelet analysis with equidistant data points. Such interpolations can
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