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Abstract

The corona is the outer layer of the solar atmosphere and has a puzzling temperature hundreds of
times higher than the underlying surface, which is a major unsolved astrophysics problem. The
corona also contains a substantial quantity of cool material called coronal rain, hundreds of times
colder and denser plasma grouped in showers, and is mainly observed in quiescent and flaring
active regions (AR). The properties of rain are known to be deeply linked to the way the corona
is heated, but its dynamics, origin, and morphology are yet poorly understood. In particular, the
rain’s spatial and temporal occurrence in an AR is unknown. Rain formation is driven by thermal
instability (TI) in coronal loops that are in thermal non-equilibrium (TNE). In this thesis, using
the IRIS and SDO instruments, I conducted the first high-resolution imaging statistical study of
coronal rain (and showers) to investigate its origin, dynamics, morphology, energetics, and its link
to coronal heating and solar flare mechanisms. In particular, I find that the volume under TNE-
TI conditions can be over half the AR volume, indicating a prevalence of strongly stratified and
high-frequency coronal heating. Overall, plasma downflows in the form of rain showers can be as
energetic or more than the upward flare-driven chromospheric evaporation, placing coronal rain as

a major player in the mass and energy circulation in the quiescent and flaring solar corona.
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Chapter 1

Introduction

The introduction section provides the background information necessary to comprehend the topics
discussed in this dissertation. It begins with the fundamental structure of the Sun and gradually
focuses on specific features, such as coronal heating, coronal loops, coronal rain, and showers.
The chapter culminates in an overall outline of this dissertation, wherein the research problems

are addressed.

1.1 Our Star: The Sun

The Sun is one of the hundred billion stars hosted by our home galaxy, the Milky Way, that
provides all energy that fuels and nurtures life on the planet Earth. It is 149600000 kilometers (km)
away from the Earth, and this distance is known as an Astronomical Unit. It is the only star whose
surface can be directly observed from the Earth in great detail, and it hosts a variety of complex
and dynamic physical processes that occur within its interior and atmosphere. The Sun is a middle-
aged (4.6x 107 yr) star of the G2V spectral class located at the main sequence of the Hertzsprung-
Russell diagram (abbreviated as H-R) and rich in elements heavier than Helium. It primarily
comprises Hydrogen (about 73% by mass), Helium (about 25% by mass), and a relatively small
amount of other elements such as Oxygen, Carbon, and Neon. The Sun has a nearly spherical

form, a solar mass (M) of 2x 1030 kg, and a radius (Rg) of 6.957 x 108 m.

The Sun can be divided into two parts: its inner structure (see Figure 1.1), which we study via in-

direct observations and theoretical inferences (for instance, using Helioseismology), and the outer
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atmosphere, which can be directly observed with various astrophysical instruments. A brief review

of the solar interior and atmosphere is presented in the following subsections 1.2 and 1.3.

Internal structure:

core
radiative zone Subsurface flows

convection zone

. Photosphere

~ Y

o _ AR Sun spots
Prominence " ' | !
3 :

Coronal Hole
Chromosphere

Figure 1.1: The Solar interior and outer atmosphere (Image Credit: NASA/Goddard)

1.2 Solar interior

The solar interior refers to the interior structure of the Sun, and it is bounded by the photosphere, a
layer in the solar atmosphere from which all solar light is initially emitted. The interior is separated
into four regions (Figure 1.1), namely, the core, the radiative zone, the interface layer (tachocline),
and the convection zone. The core, which extends up to 0.25 R, is the central region of the Sun,
and 99% of the Sun’s energy is generated from the conversion of hydrogen into helium by means
of nuclear reaction (e.g., Borexino Collaboration et al., 2018). The temperature and the density of
the core are (1.5 x 107 K) and (150 g cm~3), respectively. The energy generated in the core is
carried out by photons through the radiative region situated above the outer edge of the core and
extending up to 0.7 R. Here, in the radiative region, the temperature and density of the solar

plasma drop from 20 g cm~3 to 0.2 g cm™3 and from 7 x 10% K to 2 x 10° K, respectively. Even

2
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though photons travel at the speed of light, the numerous and complex interactions of the photons
with particles within the radiative zone make it difficult for energy to propagate outward, and
therefore, it takes millions of years for a photon to undergo a multitude of transformations. The
outermost layer of the solar interior is known as the convection zone, where the main mechanism
for energy transport to the outer layer is convection rather than radiation. This transition from
radiation to convection is attributed to the decrease in temperature and the ionization degree of the
plasma. Hence, the opacity of the plasma increases (absorption processes). So, radiation becomes
progressively less efficient in transporting energy outwards. Eventually, at some point, convection
becomes the more efficient energy transfer, taking over radiation as the primary mechanism for
energy transportation up to the solar surface. The convection motions, with hot plasma rising and
cool plasma sinking, produce cellular patterns of various spatial scales, and the smallest cells,
known as solar granulation, represent the outer boundary of the solar interior that can be directly
observed with telescopes. The temperature and density in the convective region are around 5800 K
and 2 x 10~"g cm ™3, respectively. The transition from a roughly static environment (the radiative
zone) to an environment with bulk motions (convection) introduces a significant change in the
solar environment. The dynamo mechanism involves the creation of strong toroidal magnetic
fields through the interaction of velocity shear motions between these regions. These toroidal
magnetic fields rise through the convection zone, driven by magnetic buoyancy and associated
instabilities. These magnetic fields emerge at the Sun’s visible surface, manifesting as bipolar
magnetic regions. Due to the highly conductive nature of the plasma, this dynamic environment
gives rise to a dynamo effect, hence giving birth to a region where magnetic fields are generated,

the tachocline (Spiegel and Zahn, 1992; Charbonneau, 2020).

1.2.1 The Solar Magnetic Field and the Plasma-Beta Parameter

The Sun’s magnetic field is responsible for most of the dynamic events in its atmosphere. As
mentioned in the previous section, magnetic field generation occurs in the depths of the solar
interior due to the dynamo mechanism. The kinetic energy in the Sun comes from the turbulent
churning of ionized plasma within its interior and the dynamo mechanism can convert kinetic
energy into electricity. These generate magnetic fields by transporting electrons in the form of
electric currents. The magnetic fields produced by the Sun’s dynamo undergo interactions that

cause them to break, reconnect and rise through the Solar surface.
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The formation of active regions involves the ascent of a flux tube in a {2-shaped configuration
from the base of the convection zone. As the flux tube rises, its apex intersects the photosphere,
creating a bipolar region. Studies have demonstrated that magnetic buoyancy instability, or Parker
instability, plays a crucial role in this process. This instability arises due to the accumulation
of magnetic pressure at the boundary of the photosphere. The magnetic flux that reaches the
photosphere undergoes dynamic expansion into the stably stratified solar atmosphere (Shibata

et al., 1989).

The solar atmosphere, on the other hand, exhibits a complex plasma structure where the interplay
between magnetic and plasma pressure often determines the dominant force at play. This dynamic
balance is encapsulated by the plasma beta (), representing the ratio of gas pressure to magnetic

pressure, as defined in the following Equation (Equation 1.1):

P, nekpT,
f=pt=" a.n
" 2p0

Here, P, and P, are the thermal (or gas) and magnetic pressure, respectively. n. is the electron
density, kp the Boltzmann constant, 7' the gas temperature, B the magnetic field, and p the

permeability of free space.

1.3 Solar Atmosphere

The long and gruelling travel of photons within the solar interior ends at the solar “surface”,
a thin (300 km), corrugated layer of solar plasma where photons can freely escape into space.
That “surface” can therefore be directly observed with scientific instrumentation and is called the
photosphere, the sphere of light. Above the photosphere is situated the solar atmosphere, which is
a product of extremely complex interactions between plasma and magnetic fields (Priest, 2014).
The solar atmosphere is usually divided into four distinct layers based on the physical properties of
plasma, such as temperature and density. These regions are called the photosphere, chromosphere,
Transition Region (TR), and corona (see Figures 1.1 and 1.2). Semi-empirical temperature and
density profiles across these layers vary by several orders of magnitude within a relatively small
height interval of 3,000 km. Of course, the observed profiles are much more complex and also

vary strongly in time from one area to another, depending on the underlying magnetic fields.



CHAPTER 1. INTRODUCTION 1.3. SOLAR ATMOSPHERE

These strong vertical and horizontal gradients combined with highly structured magnetic fields
give rise to numerous complex and dynamic plasma structures that make the solar atmosphere
mesmerizing to observe and often difficult to understand. While some of the structures can only
be observed in the visible range of the solar spectrum, others emit light over the entire span of
the spectrum, ranging from gamma rays to near Infra-Red radiation. The following subsections

briefly review the properties of the solar atmosphere and the events it hosts.
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Figure 1.2: Temperature (solid) and density (dashed) profiles with height from the solar surface
(Image Credit: Priest (2014))

1.3.1 Photosphere

The photosphere is the “sphere of light” that can be directly observed from space. It is the base
of the Sun’s atmosphere, and it represents an interface between the solar interior and its outer
atmosphere. The thickness of the photosphere is approximately 500 km (i.e. less than 0.1%
of solar radius), and within this layer, all observable solar energy is released. The temperature
decreases with the height from about 10000 K at the bottom of the photosphere to about 4400 K

at the so-called temperature minimum (T,,,;,,, Figure 1.2).
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Optical depth describes absorption when light passes through an absorbing medium (such as a
planetary atmosphere or interstellar dust cloud). If the optical depth at that wavelength is below
unity, the probability of a photon escaping the solar atmosphere is very high. In the photosphere,
the optical depth, 7, at 500 nm is unity (75090 =1). The photosphere is very opaque (i.e., optically
thick in all wavelengths) due to the presence of negative H™ ions that are abundant under the
existing favourable plasma conditions (the temperature of ~5800 K and the density of 2 x 1074
kg m~3) in this region. While the photospheric radiation covers the entire visible range of the
solar spectrum, it is best observed using several narrow spectral ranges associated with molecular
bands such as G-band at 430 nm and Titanium-Oxide (TiO) band at 705.7 nm, as well as in the
blue continuum at 470 nm.
Plasma Beta Model

1 Illlllll 1 ]I|Ill|| I LB ll|] T l[]ll[ll T I[IIIIII T rrrrm

Solar Wind
Acceleration Region

1 llllllll

1 l.Il]IIlI

102} Corona

1 llIJIlI

SXT Limb Dotg

fé‘\ | —
&
- 'IO‘l — -3
" = = -
o - -
2 - R
T - ]
" SOOI . . . ... . .. ... . ooeoosscocssnsss g 1
1
100 i 3
- Chromosphere ]
|~ Photosphere |
10-1 =
5 i i
10_ 1 1 II]IIII 1 1 lllllll 1 1 lllllll 1 Illltll L__1 lllllll 1 Ll Liiil
1074 1072 1072 107" 100 10’ 102

Beta (16mnKT/B?)

Figure 1.3: The plasma beta (/3) model as a function of distance in the solar atmosphere above
active regions, shaded for open and closed field lines originating between a sunspot of 2500 G and
a plage region of 150 G. (Gary, 2001).
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As shown in Figure 1.3, the gas pressure is significantly higher than the magnetic pressure in the
photosphere (8 >> 1). So, the flow of gas within the photosphere, specifically the granular flows,
tends to push and displace the magnetic field lines. This displacement leads to the formation of
an active network of magnetic flux along the intergranular lanes, which are commonly observed
throughout the Sun (see review by van Driel-Gesztelyi and Green (2015)). This is primarily man-
ifested as photospheric granulation (Figure 1.4). The granulation can generally be described as a
dynamic field of convection cells where hot plasma arises from the convection zone in the centre
of cells (granules), cools down and then sinks back at the edges of the cell, thus forming cooler
(and darker) inter-granular lanes (network of dark lanes in Figure 1.4). Granules have a typical
size of about 1.5 Mm (Nordlund et al., 2009), and the lifetime between 6 and 20 minutes (Bahng
and Schwarzschild, 1961; Nordlund et al., 2009).

Sunspots are the visible outcome of the interaction between the concentrated solar magnetic fields
and the solar plasma. Magnetic fields within the sunspot are strong enough to suppress the convec-
tive flow of plasma near the solar surface, reducing the heat flow to the region. The temperature of
a sunspot (= 4000 K) is lower than that of the surrounding photosphere (= 5800 K). Therefore,
they appear dark in the photosphere when toroidal flux ropes rise through the convective layer (see
Section 1.2.1). A well-developed sunspot (see Figure 1.4) consists of two components. One is
the darkest part of the sunspot, called the umbra, and the second one is the penumbra (the lighter
part), which encircles the umbra. While the magnetic field is mostly vertical and strongest inside
the umbra, it is weaker and nearly horizontal in the penumbral region. The magnetic field of a
typical round sunspot may be roughly described as having a fan-like shape with its focal point
positioned within the umbra. The other endpoints of the sunspot’s magnetic field lines are usually

rooted at both other sunspots and spotless areas of intense magnetic fields called faculae.

1.3.2 Chromosphere

The chromosphere is the next atmospheric layer which begins at the height of approximately
500 km, which corresponds to the “temperature minimum” layer (see Figure 1.2). The upper
bound of the chromosphere represents a rugged surface formed by a multitude of spicules and jets
shooting up into the corona. The temperature of the chromosphere increases with height from

4400 K to ~ 10* K over the height span of nearly 2000 km, while its density decreases from
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Figure 1.4: Left: Image of a well-developed sunspot of AR NOAA 1084 surrounded by the granu-
lation field taken on July 2, 2010, with the Goode Solar Telescope using TiO (706 nm) broadband
filter (Image Credit: Big Bear Solar Observatory). Right: Schematic representation of a photo-
spheric granule Freedman and William III (2008)

As seen in Figure 1.3, plasma-/ passes from being “ >> 1" (at the bottom) to being “f << 17
(at the top), which creates a distinct 3 = 1 region where important mode conversion processes
occur. Additionally, high temperatures cause the chromosphere to be partially ionized and only
partly transparent to radiation. Partial ionization introduces additional effects, such as ambipolar
diffusion and the Stark effect, which modify the typical properties of waves and shocks observed
in the plasma. Thus, the chromosphere is a somewhat difficult region to observe and study due to
plasma-3 variation, partial ionization, and radiative transfer effects, which significantly influence

its physical characteristics and phenomena.

The off-disk chromosphere can be observed during a total solar eclipse (Figure 1.5), when the
Moon blocks out the solar disk (up to the photosphere), revealing the reddish-pink glow of the
chromosphere (“sphere of color”). Since hydrogen constitutes about a quarter of the Sun’s mass,

and is abundant in the chromosphere, the hydrogen Ho line at 656.3 nm, which is the first line of
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the Balmer series, is one of the strongest absorption lines in the spectrum of the chromosphere.
This wavelength corresponds to the red part of the spectrum, which explains the reddish-pink
shade of the chromosphere seen during a total eclipse. While the chromosphere can be directly
observed using a variety of spectral lines, the interpretation of data and modelling efforts face
serious challenges due to the zoo of various dynamical events that the chromosphere hosts. Both
gas pressure force and magnetic forces are important in the chromosphere, which makes it very

rich in terms of physics.

Spicules

Chromosphere

Figure 1.5: The Chromosphere during a total solar eclipse and the zoomed area above corresponds
to the spicules (Image Credit: Freedman and William III (2008))

The temperature, density, and magnetic field strength of chromospheric plasma situated in a dy-
namic magnetic environment covers a wide range, which creates favourable conditions for various

phenomena to occur, including spicules, jets, and solar flares. Spicules, seen in Figure 1.5, are



1.3. SOLAR ATMOSPHERE CHAPTER 1. INTRODUCTION

thin, elongated, short-lived, cold, and dense structures that are observed almost everywhere in the
chromosphere extending up to 15 Mm into the solar corona (Beckers, 1972; De Pontieu et al.,
2004). They are often seen as dark features against the bright background of the chromosphere

and are typically several thousand kilometres in length.

1.3.3 Transition Region

The transition region (TR), as the name suggests, is a thin layer between the hot corona and the
much cooler chromosphere. The temperature in this region dramatically increases from approxi-
mately 10* — 10 K (Stix, 2002). The TR is also characterized by a high degree of ionization, with
a significant portion of hydrogen and helium being in a state of ions due to the intense UV and
X-ray emission and low plasma density. As the density decreases with height, heating events will
have an easier time heating the plasma, so the heating per unit mass increases with height. This
effect is particularly pronounced if the magnetic field strength does not decrease rapidly. Dissi-
pative events (whose nature is still unclear) increase the heating, which strips more and more of
the plasma of electrons until it becomes fully ionised, and any additional heating unavoidably in-
creases its temperature. This interplay of diminishing electron density and increasing temperature

explains the narrowness of the TR.

The TR is studied using spectroscopic and imaging data collected by space-based telescopes such
as Solar Ultraviolet Measurements of Emitted Radiation (SUMER; Wilhelm et al., 1995; Lemaire
et al., 1997) onboard the Solar and Heliospheric Observatory (SOHO) and the Interface Region
Imaging Spectrograph (IRIS; De Pontieu et al., 2014) and the Solar Dynamics Observatory (SDO;
Pesnell et al., 2012) (see Section 2.1 for more detail), which operate within the ultraviolet (UV)
range. All these observations show that the TR is also dynamic and inhomogeneous, similar to the

Chromosphere.

1.3.4 Corona

The corona is the outermost layer of the solar atmosphere composed of hot (106-107 K), tenuous
(10%-10°cm™3), and highly ionized plasma, where up to 15 electrons may be stripped off heavier
atoms (Priest, 2014). The corona (as in the case of the chromosphere) is invisible to the naked

eye since it is much fainter than the solar disk. It may, however, be observed during a total solar
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eclipse when it reveals itself in all its complexity and beauty. Some of the most prominent coronal
emission lines are located in the UV region of the solar spectrum and result from transitions of

ionised elements and, in particular, metals.

Magnetic fields permeate the coronal plasma. Here the plasma-{ is lower than unity (5 < 1) (see
Figure 1.3), indicating the magnetic pressure is greater than the thermal pressure of the plasma.
Moreover, because of the high electrical conductivity, low plasma density and large spatial scales,
coronal plasma is said to be “frozen” into the magnetic field, a condition that allows the plasma
to move only along the field lines while the displacement of plasma across the field is prohib-
ited on average. These effects result in the magnetic fields shaping coronal plasma and forming
plasma structures, such as loops, coronal holes, X-ray bright points, prominences, and coronal
rain. Since it is very difficult to directly measure coronal magnetic fields with a high spatial
resolution (Tomczyk et al., 2008), the measurements of these magnetic fields can be studied by
interpreting various plasma structures that magnetic fields generate. Recently, Landi et al. (2020)
developed the technique known as the magnetically induced transitions (MIT) to measure coronal
magnetic field using Hinode/EIS observations and found that the magnetic field strength evolves
in non-flaring active regions over time, with values between a few tens to a few hundred of Gauss.
They also produced, for the first time, two-dimensional magnetic maps for several active regions,
including both on-disk and off-limb. The topology of the local magnetic field can vary, with some
regions being magnetically closed, when the magnetic field lines originate and terminate at the so-
lar surface (e.g., coronal loops) and other areas being magnetically open with magnetic field lines
extending into the interplanetary space (e.g., coronal holes). It is thought that the energy for the
hot corona is sourced from the convective motions of the solar photosphere, and the magnetic field
plays an essential role in maintaining this extremely high temperature in the hot corona. However,
how the energy is converted into heat, transported and dissipated is still not fully understood. So,
this introduces the coronal heating problem. A detailed description of the coronal heating problem

and its proposed mechanisms are given in the next section (Section 1.4).

Small-scale emerging flux regions have the potential to act as a contributing factor in what is
known as the mass and energy cycle in the solar atmosphere (Mclntosh et al., 2012). Since coronal
plasma is not stationary, some plasma parcels are descending down toward the chromosphere, and

they are being constantly replenished by new plasma injected from the lower layer of the solar
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atmosphere. Coronal rain, representing patches of plasma falling down along magnetic field lines,
is an example of such dynamic coronal flows. Since it allows us to trace the associated magnetic
field, coronal rain studies offer yet another way to infer the coronal field structure and also the
field strength through spectropolarimetry. See Section 1.5.4 for a comprehensive discussion about

coronal rain and magnetic field.

Observations of the solar corona are mostly divided into two parts: quiet Sun regions (QSs) and
active regions (ARs). These regions refer to regions of the Sun with different levels of magnetic
activity. ARs are regions with high magnetic activity (containing structures and events such as
sunspots, solar flares, coronal loops, and prominences) (see bright regions in Figure 1.6). QS
(magnetic bright spots, coronal holes, etc.) are the regions which have a weak magnetic field (see
remaining regions in Figure 1.6) (Gibson, 1973). On the other side, QS is also filled with loops,
but they are much more diffuse, therefore, they cannot be distinguished against the background.
Both active and quiet regions play important roles in the dynamics of the solar atmosphere and can

impact the Earth and the rest of the Solar System through their effects on space weather.

1.4 Coronal Heating

The solar corona is multi-million degrees hotter than its underlying surface. However, the reason
for that excess of temperature remains an unresolved problem known as the coronal heating prob-
lem. It has been a central problem in solar physics for decades (see e.g., Grotrian, 1934; Zirker,
1993; Klimchuk, 2006, and reference therein). While the solar community seems to agree that
the energy to heat the corona is supplied by the magnetic field, it is debatable how the energy is
released and transported. To fully understand the perplexity of the coronal heating problem, it
is essential to have a good understanding of the second law of thermodynamics. According to
this law, heat naturally flows from hotter regions to cooler regions, and this process can never be
reversed entirely without the input of external energy. Therefore, energy cannot be transferred by
conduction from the cooler photosphere (=5800 K) to the TR and the corona (=1-2 MK). This
means that other mechanisms must be at work in order to heat and maintain the observed coronal

temperatures.

There are two plausible mechanisms for coronal heating which can roughly be distinguished by the

time scale of photospheric driving and Alfvén wave time (74): alternating current (AC) and direct
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Figure 1.6: An image of the solar corona with coronal loop structures captured by the Atmospheric
Imaging Assembly (AIA) at 171A at the edge of the Sun on the 14th-15th October 2017 (Image
Credit: Solar Dynamics Observatory/NASA)

current (DC), referring to waves and magnetic reconnection heating, respectively. The Alfvén time
refers to the characteristic timescale associated with Alfvén waves. It represents the time it takes
for an Alfvén wave to traverse a given distance or propagate through a medium. It is defined as

follows, where L is a typical loop length and v 4 is Alfvén speed:

L
Th = — (1.2)
VA

The AC model suggests that the dynamics of the photospheric movements are characterized by
timescales lower than the Alfvén time, and energy realises and propagates in the forms of MHD
wave. Conversely, in the DC model, the timescale of photospheric movements is greater than the
Alfvén time. These movements result in the braiding or twisting of the coronal magnetic field

lines and bring in the hot plasma that could be released during magnetic reconnection.
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According to the AC heating mechanism, in addition to Alfvén waves (Alfvén, 1947), there are
two other types of waves that involve the magnetic field that can propagate in the solar atmosphere,
which are known as fast and slow magnetosonic wave modes. The Alfvén waves are character-
ized by the perturbation of only magnetic field lines with magnetic tension as the only restoring
force and propagate along the magnetic field lines. In contrast, the fast and slow magnetosonic
wave modes correspond to the combination of sound waves and the magnetic field. Their restoring
forces are a combination of magnetic and gas pressures and can propagate across the magnetic field
lines. Magnetosonic wave modes exhibit wave speeds that are influenced by both the direction of
propagation and the properties of the surrounding gas. However, due to significant pressure and
density gradients in the region between the chromosphere and the corona, these waves undergo
reflection when encountering the TR. Therefore, the ability of magnetosonic waves to transport
energy from the photosphere to the corona is limited. In contrast, Alfvén waves possess greater re-
silience and are advantageous in that they can traverse the TR unhindered. However, this resilience
poses a challenge in converting the wave energy into heat once it reaches the coronal region. In or-
der to achieve efficient AC heating, it becomes necessary to enhance wave dissipation and promote
the conversion of wave energy into thermal energy. Alfvénic turbulence, shear flow instabilities
and generalised phase mixing are a few of the mechanisms proposed for wave dissipation in the

corona. See review by Van Doorsselaere et al. (2020) for more detail on wave heating.

The DC heating mechanism, on the other hand, suggests the dissipation of magnetic energy by
processes such as magnetic reconnection (Sturrock and Uchida, 1981) and viscous turbulence (van
Ballegooijen, 1986). Most DC mechanisms rely on magnetic field braiding (Peter et al., 2004),
in which the nearby magnetic field lines in the corona become intertwined and twisted due to
displacement. It increases the free magnetic energy, which is then released through reconnection
in the corona. The magnetic field in the solar corona is rooted in the photosphere, where the
dominant convection processes exert a significant influence. So, the magnetic field lines at the
surface are subject to displacement due to the stochastic motion of their footpoints. Consequently,
gradients in the magnetic field are formed, generating electric currents (Galsgaard and Nordlund,
1996). When a critical shear is reached, the current sheets become thin, thus allowing the field
lines to reconnect, releasing energy (an average of 10! J or lower) (nano-flare) that effectively

heats the corona (Parker, 1972, 1988). Moreover, Parker (1991) proposed a model in which 20%
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of the energy released by reconnection events in the solar corona may be in the form of Alfvén

waves.

1.5 Heating and Cooling in the Solar Corona

Solar corona has many unsolved questions, and the most important one is, as mentioned in the
previous section, how it is heated. Coronal loops and solar flares are considered key elements
in the transfer of energy and matter throughout the solar atmosphere. However, the corona hosts
not only hot structures but also cool and dense structures. For instance, prominences have been
known for hundreds of years (Secchi, 1875). Another example of cool and dense material in the
solar corona is coronal rain, which has been observed since the 1970s (Kawaguchi, 1970; Leroy,

1972).

This section provides a detailed description of coronal heating and cooling events in the upper
solar atmosphere, linking the properties of heating to cooling. By providing a comprehensive
overview of the characteristics, dynamics, and formation mechanisms of these solar events, this
section lays the groundwork for the remaining part of the thesis, which focuses on investigating

coronal rain and its role in the heating and dynamics of the upper solar atmosphere.

1.5.1 Coronal Loops

Figure 1.6 shows the solar corona as captured by SDO. The bright EUV regions seen in the im-
age are active regions (ARs) which can be defined as areas on the sun that include one or more
sunspots. ARs host bright, arch-like structures known as coronal loops (Reale, 2014), thought to
be hot and dense plasma confined by magnetic flux tubes anchored in regions with opposite mag-
netic polarity (such as sunspot pairs or plage regions). They are the building blocks of the inner
solar corona and allow us to investigate coronal magnetism, dynamics, and the coronal heating
mechanism. They are observed in extreme UV (EUV) and soft X-ray (SXR) spectral range (Peres
et al., 2000). Plasma temperature in coronal loops ranges from 0.1 to 10 MK (Aschwanden and
Boerner, 2011; Peter et al., 2013; Gupta et al., 2019) depending on the region in which they are
rooted. Loops with temperatures below 1 MK are generally referred to as cool loops, which were
first detected in UV lines by Foukal (1976). Temperatures of around 1-2 MK indicate warm loops

that are well observed in EUV (Del Zanna, 2003), while hot loops display temperatures above 2
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MK, and they comprise most of the structures visible in X-ray images (e.g., Nagata et al., 2003). It
is important to note that this classification does not aim to distinguish between different structures
but rather represents different stages in the evolution of the structures. For instance, a coronal loop
can exhibit varying temperatures, ranging from hot to warm and cool, at different stages of its
lifetime, depending on the frequency of the heating events. Typically, coronal loops can be seen
simultaneously in several spectral lines, which allows us to study their multi-thermal structure.
This critical data allows us, in turn, to make progress in understanding the underlying heating
mechanism. Regarding the loops’ morphology, their lengths and widths cover a vast range from
a fraction of a few hundred km to several hundred Mm (Aschwanden and Boerner, 2011; Peter

etal., 2013).

The high spatial resolution of the collected data plays a vital role in advancing our understanding
of the solar corona. Observational studies using current solar instrumentation showed that some
coronal loops (not all!) are composed of finer loops made of several individual strands. High-
Resolution Coronal Imager (Hi-C, Rachmeler et al., 2019), data acquired with cadence ~4 s and
a pixel size of 0”.129, has provided evidence of width of coronal strands being as thin as 200
km (Brooks et al., 2013; Williams et al., 2020). Observations of coronal rain obtained by CRisp
Imaging SpectroPolarimeter (CRISP, Scharmer et al., 2008) with a very high spatial resolution
(see Section 1.5.4 for details) also showed that the width of coronal strands is of a few hundred

km (Antolin and Rouppe van der Voort, 2012).

The duration and characteristic timescales of the three distinct phases of the loop emission (rise,
steady, and decay) are much longer than the cooling time (so-called radiative cooling time) for a
loop. As shown in Figure 1.7, this suggests that the heating rate of the loop can increase gradually,
reach a constant level, and then decrease gradually (L6pez Fuentes et al., 2007). The radiative

cooling time, 7,44, can be estimated following Equation (Antiochos, 1980):

_(3/2)p @ T
Trad = Th2p ~ 300( n )(106

)s (1.3)

Here, p represents the pressure. The number of electron density, n, is taken 10° cm™3 for the
quiescent loops, and the optically thin loss function is approximated as A =10-21-3! for that tem-

perature. For flaring loops (n =3 x 1019 cm™3), the radiative cooling time is then only 30 s.
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Figure 1.7: The SXI telescope on board GOES observed three phases of emission, which suggests
that the lifetime of the coronal loop is significantly longer than the characteristic cooling times
(Image Credit: Reale (2014)).

When a loop undergoes monolithic evolution, it experiences rapid heating followed by gradual
cooling. A distinct characteristic of this process is the cooling that occurs through a specific
passband. This passband corresponds to a narrow range of EUV wavelengths sensitive to the
specific ion dominating the passband. Consequently, the loop only appears in the EUV passband
for a brief period relative to its overall lifetime, which is determined by the time it spends around
the temperature of maximum formation for that particular ion. This cooling through a passband
phenomenon significantly influences the observed dynamics and temporal behaviour of coronal

loops and can be incorrectly interpreted as heating.

There is also an ongoing debate about the apparent lack of expansion of loop structure as ob-
served in soft Xray, EUV, and visible light wavelengths (Klimchuk, 2000; Watko and Klimchuk,
2000; Lopez Fuentes et al., 2008; Klimchuk and DeForest, 2020, and reference therein). Due
to the strong decrease of density with height, the magnetic field originating in the photosphere

must diverge with height to fill the available volume in the force-free environment of the corona.
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Since coronal loops are confined by the magnetic field lines, it is also expected that the majority
of coronal loops should also diverge with height, where they appear wider at their apex than their
footpoints. However, the observed loop structures give the impression that they have a uniform
thickness throughout their length (Golub et al., 1990; Klimchuk, 2000). In the MHD simulation
study by Peter et al. (2012), it was found that non-trivial density and temperature distribution
throughout the cycle leads to the appearance of uniform thickness. It is difficult to clearly identify
a coronal loop through observation due to the optically thin nature of the solar corona that leads to
strong line-of-sight (LOS) superposition. There is also a possibility that the current understanding
of coronal loops is not well defined due to ambiguous descriptions of what represents a coher-
ent structure, particularly when considering its thermodynamic evolution and expected continuous
changes in connectivity at chromospheric and photospheric levels, as suggested from numerical
simulations (Gudiksen and Nordlund, 2005; Malanushenko et al., 2022). This is most clearly
shown through 3D MHD simulations of the “coronal veil” concept introduced by Malanushenko
et al. (2022). They proposed that some bundles of coronal loops are optical illusions in EUV
passbands due to the overlap of the coronal emission along a given LOS, leading to a misleading
loop-like structure. However, several phenomena indicate that loop structures defined as coher-
ently evolving thermodynamic structures do exist. For example, the fact that transverse MHD
waves are observed everywhere directly indicates that the structures that host the waves are co-
herent and not an artefact of LOS superposition. Also, the phenomenon of long-period intensity
pulsations (explained in Section 1.5.2) observed within loops is proof of the coherent evolution of

some coronal loops on a global scale.

1.5.2 Long-period EUV intensity pulsations

Periodic intensity variations have been extensively studied for several decades. These periodic
variations occur everywhere in the corona, and their periods range from a few seconds (short-
period) to several hours (long-period). Auchere et al. (2014) discovered the long-period EUV
intensity pulsations, which are the periodic fluctuations in the intensity of the EUV radiation emit-
ted by coronal loops. In that study, they used Extreme ultraviolet Imaging Telescope (EIT; De-
laboudiniere et al., 1995) observations on board the Solar and Heliospheric Observatory (SOHO;
Domingo et al., 1995) throughout more than a solar cycle from January 1997 to July 2010. Later

on, Froment et al. (2015) and Froment (2016) used six coronal EUV channels (94, 131, 171, 193,
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211, and 335 A) of SDO/AIA to confirm the existence of the widespread pulsations reported by
Auchere et al. (2014) in the corona, as shown in Figure 1.8. In those studies, the periods of detected
pulsations range from 2 to 16 hours, and 50% of them are associated with loop-like structures. Fro-
ment et al. (2020) also conducted a thermal analysis and found these pulsations in the corona can
be attributed to repetitive heating and cooling cycles. They also observed a cooling trend from
temperatures exceeding several million K to below 1 MK during the AIA channels. Significantly,
their findings reveal that the temperature variations precede the density increase in each pulsation,
typically by approximately 100 minutes. This aspect is also evident in the evolution of the DEM
slope. Then, thermal non-equilibrium (TNE), which will be discussed in detail in Section 1.18,
was first proposed by detecting long-period intensity pulsations (Auchere et al., 2014; Froment
et al., 2015, 2020) in the EUV emission of specific coronal loops, where the quasi-steady heating
(i.e. high-frequency repetition time of the heating events relative to the radiative cooling time) is

localized close to its footpoints.

Auchere et al. (2016) critically assessed the discovery of these long-period EUV pulsations using
Fourier and wavelets analysis, including a proper noise model, global confidence levels, and en-
suring that no source of artefacts, such as prefiltering of the data, were present. The study demon-
strated high confidence in the detection of these pulsations (see Section 2.2.5). They also showed
that the Fourier spectrum does not correspond to the periodicity obtained by a wave phenomenon

but by a pulsation (i.e. a mechanism that is repeating itself).

Moreover, the importance of coronal rain has also been emphasized in studies of long-term EUV
intensity pulsations in coronal loops with a detailed analysis of the thermal structure of three events
detected by AIA channels (Froment et al., 2015, 2017). Froment et al. (2015) used the method
of Guennou et al. (2012, 2013) for the DEM analysis and the method of Viall and Klimchuk
(2012) for the time delays between the AIA bands. They concluded that these events are caused
by TNE. Then, Froment et al. (2017) performed 1D hydrodynamic simulations, and they show
that the density profiles observed by AIA are well reproduced by TNE, thus strengthening the

interpretation that the long-period density pulsations are the result of TNE.
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Figure 1.8: Left: The AIA 171 A images on 29 August 2017, with the contour of detected long-
period intensity pulsation regions. Different contour colours represent the regions with normalised
power above 5o (green) and 100 (black). Right: The average intensity evolution over the black
contour shown in the left panel over 3 days in seven AIA channels. Obtained period, Fourier power
and the probability occurrence are given in the legend for each channel. (Adapted from Froment
et al. (2020)).

1.5.3 Solar filaments and prominences

Solar filaments and prominences are magnetic arcade-like structures of cool and dense plasma
that appear to be suspended at chromospheric and coronal heights in the hot and tenuous solar
corona (see reviews by Labrosse et al., 2010; Mackay et al., 2010). These long dark slabs are
called filaments when seen against the solar disk, and they are called prominences when observed
near the edge of the sun as protruding features of various shapes and sizes. Temperature of solar
prominences are around 102 —10* K and an electron density is 10° —10'! cm~2 (Vial and Engvold,
2015). The plasma in the prominence is usually 100 times cooler and denser than the surrounding
corona. They typically occur above polarity inversion lines (PIL) (Babcock and Babcock, 1955;
Mclntosh, 1972) within filament channels (Martin, 1998) where there is a strong shearing of the
magnetic field (Antiochos and Klimchuk, 1991; Venkatakrishnan et al., 1989). They appear in
the chromosphere as fibrils observed in the Ho line that aligns with the PIL (Tandberg-Hanssen,
1995; Martin, 1998) Prominences are typically divided into two types as shown in Figure 1.9a,b:
quiescent and active (Zirin, 1988; Tang, 1987; Martin, 1998). Quiescent prominences are relatively
stable features, mostly above the solar limb. Their lifetime varies from a few days to several
months, equivalent to several solar rotations. They are approximately 10* — 10° km in length

and 103 — 10* km in width, with a height range of 10* — 10° km (Wang et al., 1998). Active
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prominences are dynamic features that often appear near active regions and have a short lifetime.
They are usually not as high up as quiescent prominences. In quiescent prominences, the plasma
is much more turbulent and often oriented vertically. Magnetic bubbles, plumes and vortices
are often observed, strongly suggesting Rayleigh—Taylor instability (RTI) and Kelvin—Helmholtz
instability (KHI) processes (Berger et al., 2010, 2017). Active region prominences, on the other
hand, exhibit much more field-aligned flows of plasma, so they are more filamentary, and the
flows are much faster in general (reaching 200 km s~!) (Arregui et al., 2018). These differences
are explained by the difference in the plasma beta, being closer to 1 for the quiescent prominences

(due to the lower field strengths) and much lower than 1 for active region prominences.

Prominence observations indicate that these structures are composed of dense, cool material from
the chromosphere, which is immersed into the surrounding hot corona with a temperature of 1 MK.
The region where these two environments meet is thought to be very thin and is referred to as the

Prominence-Corona-Transition Region (PCTR).

2007 April 25 2001 April 15

Hinode BBSO

SOT 65 cm Vacuum
Reflector

Figure 1.9: a)A quiescent solar prominence above the limb taken by Hinode Solar Optical Tele-
scope (SOT) in NFI filter (Heinzel et al., 2008), b)An active solar prominence above the limb taken
by BBSO 65 Vacuum Reflector in H-ac (Image Credit: Big Bear Solar Observatory with private
communication).

The prevailing understanding suggests that thermal instability (TI; see Section 1.18) plays a sig-
nificant role in prominence formation, as proposed by Parker (1953). Furthermore, the presence
of a favourable magnetic topology capable of supporting the plasma within the corona, such as

long and predominantly horizontal magnetic fields or dipped fields, has been considered essential
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for prominence formation, as highlighted by Vial and Engvold (2015). However, the discovery of
TNE (see Section 1.18) (Karpen et al., 2001) has provided new insights into prominence forma-
tion. TNE, characterized by an evaporation-condensation cycle, has been proposed as a potential
model for prominences, potentially aided by magnetic dips, and observational evidence exists

supporting this type of prominence formation (Liu et al., 2012).

1.5.4 Coronal Rain

Coronal rain, the main subject of this dissertation, is a spectacular phenomenon observed in the
solar atmosphere, where large amounts of cool (103 - 10° K) and dense (~ 10'° - 10'2 cm™?)
material falls towards the solar surface along the magnetic field lines due to the solar gravity
and other forces. The most optimal observation of coronal rain occurs at the solar limb (i.e.
off-limb), displaying strong contrast against the dark background. This phenomenon becomes
visible in chromospheric lines (Ha (Kawaguchi, 1970), Ca 11 K & H and He 1 10830A triplet
(De Groof et al., 2004; Schad, 2018)), and also in transition region lines (Si IV 1402 A or/and in
He 11 304 A (Vashalomidze et al., 2015; Antolin et al., 2015)).

Coronal rain has been the subject of solar physics since the 1970s (Leroy, 1972; Kawaguchi,
1970); however, it has only been significantly studied in the last decade because it was considered
to be simply downflows from prominence structures. Its significance is becoming apparent with
the advent of high-resolution observations from Hinode, Solar Swedish Telescope (SST; Scharmer
et al., 2003), and Interface Region Imaging Spectrograph (IRIS; De Pontieu et al., 2014). While
the local formation process of prominences is related to coronal rain, they differ significantly in
terms of morphology, kinematics, and magnetic field topology. These differences have led to the
emergence of coronal rain as a significant research field in solar physics (Antolin and Rouppe van

der Voort, 2012; Antolin, 2020).

Coronal rain forms relatively quickly, typically within minutes; however, it falls toward the solar
surface over an order of magnitude longer timescales (Antolin and Rouppe van der Voort, 2012).
Figure 1.10a shows a 3D sketch of a cross-section of a coronal loop with coronal rain clumps. The
core of rain clumps is surrounded by thin, warmer TR temperatures, which are also surrounded
by coronal plasma. This is called the Corona Condensation Transition Region (CCTR) (Antolin,

2020), similar to the PCTR for prominences. This unique arrangement highlights the clumpy
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nature of coronal rain that is most noticeable in chromospheric wavelengths, as mentioned above.
The loop intensity in the chromospheric and TR region along the LOS is given on panel b in the

same figure.
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Figure 1.10: A cross-section of a coronal loop with rain clumps. Cool cores are surrounded by a
relatively thinner but highly emissive transition region, referred to as the CCTR (Condensation-
Corona Transition Region), which connects the chromospheric region to the outer coronal enve-
lope that forms the loop. a) A line of sight (LOS) that is transverse to the loop under consideration.
b) Estimated intensities of emerging radiation in a chromospheric and a transition region line (An-
tolin, 2020)

There are three distinct types of coronal rain observed within the solar atmosphere (Antolin and

Froment, 2022). These are:
* quiescent coronal rain
e flare-driven coronal rain
* hybrid-prominence coronal rain

In Figure 1.11, these three coronal rain forms are presented. Quiescent coronal rain is the most
common form of coronal rain associated with AR coronal loops. Flare-driven coronal rain is
observed during the gradual phase of a solar flare (Bruzek, 1964; Foukal, 1978; Hara et al., 2006;
Scullion et al., 2016). Hybrid prominence/coronal rain is observed in the magnetic configuration
within the magnetic dips and magnetic null point topologies (Liu et al., 2016; Li et al., 2018;
Chen et al., 2022). This type seems to be composed of two parts: an upper body that resembles
quiescent prominences in terms of dynamics, morphology and duration and a lower arcade that

hosts coronal rain-type downflows; therefore, they are called “hybrid prominence/coronal rain”
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(Liu et al., 2016).

hybrid/prominence coronal rain

quiescent coronal rain flare-driven coronal rain

IRIS SJI 2796
MgII) 10K

Flare-driven
rain

AIA 171 A 08:36:12 UT At

40,000 km

SDO/AIA

AIA 304 A 08:36:08 UT

Figure 1.11: Three types of coronal rain: quiescent coronal rain (left), flare-driven coronal rain
(middle), and hybrid-prominences coronal rain (right) (These figures are adapted from Antolin
(2020), Antolin and Froment (2022), and Li et al. (2018), respectively,)

The observed properties of coronal rain mainly pertain to the quiescent coronal rain category.
However, the exact differences between these types of coronal rain are unknown in terms of mor-
phology and kinematics. Coronal rain quantity appears to have a significant association with the
intensity and duration of flares (Mason et al., 2019). While there is not yet enough statistical
data to fully understand flare-driven coronal rain, early research by Foukal (1978) and Tandberg-
Hanssen (1995) suggests a strong connection between flare-driven coronal rain and flare evolution
(see Section 1.5.5). Observations suggest that the morphology and dynamics of flare-driven rain
are similar to the quiescent coronal rain observed in Hey, with clumpy, multi-stranded structures
and downward velocities on the order of 100 km s~! (Jing et al., 2016; Scullion et al., 2016;
Kuridze et al., 2019). Another similarity is the multi-thermal nature of the rain. However, there
are also important differences, such as the increased density of coronal rain during large flares,
which is estimated to be in the range of 10'? to 10'3 cm™3, as determined from the white light
continuum caused by Paschen and Brackett recombination (Jejcic et al., 2018) or Thomson scat-
tering (Martinez Oliveros et al., 2014). This is also supported by non-LTE inversions of Ca II 8542
and HS lines (Koza et al., 2019).

A common proposed physical mechanism for the formation of coronal rain (and also for promi-
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nences) is the thermal instability (TT) (Antiochos et al., 1999) within a coronal loop that undergoes
TNE. It is known as the TNE-TI scenario, which is described in detail in Section 1.5.6, (Antolin,

2020; Antolin and Froment, 2022).

The formation mechanism of hybrid-prominence coronal rain, on the other hand, seems to involve
the interaction of higher-lying open structures (or very long loops) and lower-lying closed loops.
The curved higher-lying structures move down towards the surface and reconnect with the lower-
lying closed loops (1.12a), forming a magnetic dip in the former (Li et al., 2018). The newly
reconnected closed loops and open structures appear and retract from the reconnection region (see
purple stars in Figure 1.12b,c). The coronal plasma surrounding the magnetic dip of higher-lying
open structures converges into the dip, enhancing plasma density in the dip. Eventually, the mate-
rial catastrophically cools down through TI, forming condensations that further push downwards
and force reconnection (Srivastava et al., 2019). The cool material can then form a prominence in
the magnetic dip (see 1.12¢) and also slip through the null point and down into the coronal arcade

as coronal rain. The cool material then facilitates the reconnection process.

Condensation

Figure 1.12: A sketch of the magnetic reconnection and coronal condensation. The thick grey
curve indicates the solar limb. The magnetic field lines of loops L1, L2, L3, and L4 are represented
by green, blue, and green-blue lines, with their directions indicated by red arrows. a) Green
magnetic field lines (L1) create a dip where plasma accumulates and rapidly cools, leading to the
formation of condensations. b,c) Magnetic reconnection (shown by purple stars) occurs between
loops L1 and L2, allowing cooler material to fall down to L1 as coronal rain. Reconnection creates
loops (L3 and L4) that may transport some condensed material. (This figure is adapted from Li
et al. (2018))

1.5.4.1 Temperatures and Spectral Characteristics

Estimates of low temperatures have been derived from spectral line widths in He, Ca II H, and
Ca II 8542 (Antolin and Rouppe van der Voort, 2012). These estimates indicate average tem-
peratures ranging from 5000 K to 33000 K, with some minima reaching 2000 K or even lower

(Antolin et al., 2015). Schrijver (2001) observed EUV variability, indicative of cooling associated
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with coronal rain, using data from the Transition Region and Coronal Explorer (TRACE, Golub
et al., 1999). The study reported time delays between the light curves of coronal channels and
TR/chromospheric channels (see also the paper of Froment et al. (2020)). These findings provided
compelling evidence of the cooling process occurring from coronal to chromospheric tempera-
tures. However, coronal rain emits radiation in EUV, UV, and visible wavelengths despite the
cooling, indicating the presence of multi-thermal and highly heterogeneous fine-scale structures.
Continuous multi-thermal emission observed at high resolution indicates a more intricate structure
surrounding individual coronal rain clumps. Specifically, each chromospheric clump is enveloped
by CCTR (Antolin, 2020), as mentioned previously. This shell has a narrow width, as confirmed
by the 0.”33 resolution of IRIS, in agreement with 1D modelling by Xia et al. (2011). Moreover,
the shell emitting in UV and EUV wavelengths is expected to exhibit a greater longitudinal ex-
tension (along the field) compared to the chromospheric emission, as supported by observational
evidence (Ahn et al., 2014; Antolin et al., 2015; Vashalomidze et al., 2015). This is attributed to
the pronounced compression exerted by the falling coronal rain downstream, particularly prior to
its impact on the chromosphere, resulting in an increase in both density and temperature (Miiller
et al., 2003, 2004). The inhomogeneous nature of the rain results in the formation of highly local-
ized high-density regions, as demonstrated in multi-dimensional simulations (Fang et al., 2015).
As shown in Figure 1.13, the differential longitudinal velocity causes denser clumps to fall faster
than lighter ones, giving rise to a distinctive V-shape structure in two dimensions, where the head
of the clump is denser than the tail. Therefore, the UV and EUV emission is further extended

along the path of the rain (Antolin, 2020).

Non-thermal broadening values reported averages between 6 and 12 km s~!, with maximum val-

1

ues of 20 km s™*. These values are crucial in studying coronal heating as they set limits for

turbulence that could be dissipated into heat in thermally unstable coronal loops.

1.5.4.2 Morphology

Rain morphology is very dependent on wavelength and spatial resolution. For instance, obser-
vations in Ha with the SST instrument (with ~ 100 km resolution) lead to an average width of
200-300 km (Antolin and Rouppe van der Voort, 2012; Froment et al., 2020). On the other hand,

higher resolution observation of flare-driven rain with the GST (around 40 km) showed an average
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width of 120 km, with a range of 70 to 250 km (Jing et al., 2016). Thus, the current structure may
be a small portion of a larger distribution with more clumps visible at higher resolution (Scullion
et al., 2014). This is also supported by 2.5D simulations conducted by Fang et al. (2013) and Li
et al. (2022), in which the size of rain clumps is obtained between 50-100 km. Additional evidence
can be seen in the observational study by Antolin et al. (2015) using the IRIS SJI 2796 passband at
approximately 240 km resolution, dominated by the Mg Il k line at similar formation temperatures
to Ha. The width values in this observation show a significant increase, with 580 km on average,

with minimum and maximum values of 300-900 km, respectively.

Lengths, on the other hand, distribute more widely, and their temperature dependence is unclear
(Antolin and Rouppe van der Voort, 2012; Antolin et al., 2015). Although their average length is
around 1000 and 3000 km, their tails can reach up to thousands of km (Antolin et al., 2015). This is
due to factors like shear flows (Fang et al., 2015; Li et al., 2022) and regulated downward velocities

(Oliver et al., 2014; Martinez-Gémez et al., 2020) that cause clumps to stretch out.
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Figure 1.13: Left: Density variations over time as a clump falls due to gravity in a uniform atmo-
sphere using a 2.5D MHD simulation. The dashed red line is the position corresponding to the
free fall of rain. Right: The relationship between density ratio (blob density/reference density)
and maximum falling speed of rain. Simulations with varying magnetic fields are indicated by
different colours. (Image Credit: Martinez-Gémez et al. (2020).

1.5.4.3 Dynamics

Rain clumps velocities vary widely between 10 — 200 km s~! with 70 km s~! on average (Schri-
jver, 2001; Miiller et al., 2005; Antolin and Rouppe van der Voort, 2012). Additionally, the ve-
locity distribution shows an extended tail, reaching higher speeds up to 200 km s~! (Kleint et al.,

2014; Schad et al., 2016).

Coronal rain does not fall towards the surface at the speed of free-fall or determined speed by
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effective gravity, given the curved nature of coronal loops. TRACE and EIT have revealed that
the downward accelerations are about a third of the solar gravity value (Schrijver, 2001; De Groof
et al., 2004), and about half of what is expected based on the effective gravity along an ellipti-
cal loop (Antolin and Verwichte, 2011; Antolin and Rouppe van der Voort, 2012). On the other
side, it is thought that gas pressure forces also play a major role, which leads to deceleration and
even reversal of the direction of the rain (Antolin et al., 2015; Kohutova and Verwichte, 2017).
Additionally, it is noted by Mackay and Galsgaard (2001) that the chromosphere operates as a pis-
ton that can effectively stop the downward motion of the rain, owing to downstream compression
(Adrover-Gonzalez et al., 2021). Oliver et al. (2014, 2016) have also conducted studies with a
1D simulation of fully and partially ionised plasma, and they found that the condensation forma-
tion produces a restructuring of the gas pressure downstream. This leads to constant downward
velocities, in agreement with some observational studies (Antolin et al., 2010). It is important
to mention that this gas pressure effect leads to a terminal speed dependence on density with an
exponent of 0.64 (see Figure 1.13) for low beta environments (Martinez-Gémez et al., 2020). This
relation is still not understood but may be the effect of drag or friction. The ponderomotive force
generated by transverse MHD waves has been considered as another possible explanation. How-
ever, the observed wave amplitudes are typically insufficient to explain the dynamics of coronal

rain Verwichte et al. (2017).

Furthermore, coronal rain observation shows that rain clumps not only move downward but also
show upward motion and change in trajectories (Antolin et al., 2010). The numerical analysis, as
demonstrated in the study by Li et al. (2022), supports the upward motion of coronal rain; however,

no proper statistics on the upward motions existed prior to the work presented in this thesis.

1.5.4.4 Coronal Rain Shower

A notable feature of coronal rain is that it consists of clumps in groups. These rain clumps fall
along a similar trajectory within the relatively large volume and at very similar times. For the first
time, Antolin and Rouppe van der Voort (2012) (see Figure 1.14) introduced the notion of a rain

shower to describe this attribute.

The shower behaviour has been partially explained by Fang et al. (2013, 2015) through their multi-

dimensional simulations. The proposed underlying mechanism is known as “sympathetic cooling”
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(see Figure 1.15). As shown in panel a in the same figure, coronal rain occurs first in a region
consisting of magnetic field lines that are critically thermally stable. These lines are subjected to
the same heating function but vary in length. Due to perturbations, TI will be triggered first in
a given magnetic field line. In turn, this produces fast-mode perturbations that trigger TI in the
neighbouring field lines. Those perturbations trigger TI in the neighbouring field lines, leading to
continuous rain clumps forming. Clump formation is fastest in the transverse direction (panel d)
and then grows longitudinally (panel g) to the field lines. This perpendicular growth happens in a

minute or so.

SST/CRISP Ha+0.3 A 2009-05-10 09:14:28 UT

0 10 20 30 40
[Mm]

Figure 1.14: Observation of a group of coronal rain clumps (showers) falling down to the solar
limb, indicated by the red arrow in H-a with the CRisp Imaging Spectro Polarimeter (CRISP;
Scharmer et al., 2008) at the Solar Swedish Telescope (SST; Scharmer et al., 2003) on May 10,
2009, (Antolin and Rouppe van der Voort, 2012).

As will be shown later (Section 4), showers have large widths and lengths, producing EUV ab-
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sorption characteristics (Antolin et al., 2015). An example of showers are the dark EUV flaring

loops (or Dark Post-Flare Loops (DPFLs, Song et al., 2016)), as mentioned previously (Ruan et al.,

2021).
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Figure 1.15: The formation process of 2.5D MHD modelling of coronal rain, which zoomed within
a loop arcade (Fang et al., 2015)

Until now, no observational investigation adequately quantifies the rain shower properties, includ-
ing the spatial and temporal scales within which the occurrence of sympathetic cooling. In this
dissertation, for the first time, a statistical examination of rain showers is provided over an AR in

Section 4.
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1.5.5 Solar Flares

Solar flares are one of the most fascinating and, at the same time, the most energetic phenom-
ena that can be resolved in time and space anywhere in the universe. These events involve the
reconfiguration of the magnetic field, which is known as a magnetic reconnection (e.g., Sweet,
1958; Shibata and Magara, 2011). During this reconnection, a solar flare suddenly releases energy
(10%8-10% erg) stored in the magnetic field (Fletcher et al., 2011) within a typical timescale of
tens of minutes. This released energy travels along newly reconnected magnetic field lines and is
deposited in the chromosphere at the footpoints. Solar flares are observed in a wide range of the

electromagnetic spectrum, from radio to gamma rays (Benz, 2008).

reconnection outflows

hard X-ray source quasi-periodic fast

]
]
. propagating waves

electron beam

hot soft X-ray chromospheric
loops evaporation
coronal rain

Figure 1.16: The Standard Solar flare model. The red star depicts the reconnection region in the
corona. The sketch also includes some of the commonly observed processes during a flare. (Image
Credit: (Antolin and Froment, 2022))

Figure 1.16 shows a so-called standard solar flare model of a twisted magnetic flux rope and over-
lying fields that stabilize the flux rope. When the system loses its stability (which may happen
for various reasons), the flux rope expands upward and stretches the strapping fields. Magnetic
reconnection takes place within the current sheet at the boundary between two oppositely directed
field lines (red stars in Figure 1.16), releasing the free magnetic energy previously stored in the
system. Energy is deposited in heating and accelerating the particles (electrons and ions), which
escape the current sheet and propagate down along the magnetic field lines towards the chromo-
sphere. Outflows driven by magnetic tension are produced perpendicular to the direction in which

the initial field lines came together, leading to the contraction of the loops below the current sheet
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towards the chromosphere and the expulsion of the closed field from above the current sheet. The
newly formed hot loops are known as a Post-Eruption Arcade (PEA), while the escaping flux rope

is further observed as a Coronal Mass Ejection (CME).

Solar flares have three distinct phases (Golub and Pasachoff, 2009) in their temporal evolution as

follows:
* apre-flare (precursor)
* asudden impulsive phase
* a gradual or post-flare phase

In the pre-flare phase, small brightenings, called precursors, occur before the onset of a flare. The
precursors are usually the first response to a flare trigger, which may be a new flux emergence, or
filament activation, to name a few. The destabilized system causes magnetic fluxes (particularly
reconnection) to interact, leading to the flare onset. The flare region is heated, and the coronal
plasma becomes visible in soft X-ray and EUV lines. In the impulsive phase that follows, a large
number of electron and ion beams are accelerated, and energy is suddenly released by the magnetic
fields that rapidly transition to a lower energy state. It is easily seen in flare lightcurves derived
from HXR, SXR, v-rays, EUV, and, in some cases, white light emission (Fletcher et al., 2011). A
significant fraction of this released energy is transported downward toward the lower atmosphere
(TR and upper chromosphere) through radiation, thermal conduction, and high-energy particles
(Priest and Forbes, 2002; Fletcher et al., 2011). This energy heats the local plasma at TR, chro-
mospheric and even photospheric levels if the flare is strong enough to coronal temperatures and
raises the plasma pressure, which leads to the upward motion of plasma known as chromospheric
ablation or evaporation. Within the chromosphere and photosphere, flare ribbons are observed as
elongated and concentrated regions of intensified brightness. These regions serve as the points
of energy deposition where magnetic loops undergo reconnection during a flare event. It is the
accelerated particle beams that produce the ribbons as they collide with the dense plasma of the
chromosphere and photosphere. As a result, coronal loops, rooted at the heated locations, are filled
with this hot (= 10 MK) and dense (=~ 10'° cm™) evaporated plasma, allowing it to an apparent
expansion (e.g., Antiochos and Sturrock, 1978) due to the way reconnection progresses in time,

with the oldest reconnected loops (and therefore cooler) at the bottom and the newest (and hottest)
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at the top. This process may be observed as the appearance of a blueshifted component in ion
emission when observing on-disk with a wide range of formation temperatures. The loops then
cool all the way down to chromospheric temperatures. As the plasma cools, the gradual phase

starts.

The gradual phase of a solar flare follows the impulsive phase and can last for several hours and
up to a day or more. This phase is also characterized by cooling processes and a decrease in the
intensity of X-ray and EUV emissions. The cooling process is also divided into three phases in
itself, as shown in Figure 1.17 by the vertical dashed lines and highlighted regions of conductive
cooling (phase III), radiative cooling (phase IV), and catastrophic cooling (phase V). The cooling
process starts with thermal conduction (phase III) as the dominant loss mechanism due to high
temperatures. In flaring conditions, conductive cooling may cause faster cooling (Doschek et al.,
1982). According to the GOES light curve in Figure 1.17, the temperature peaks start in phase III
at 15.4 MK and drop to 13.4 MK as phase III loses efficiency. Then, radiative cooling becomes
more efficient as the radiative losses also increase when the temperature decreases, and the loop
density increases (Antiochos and Sturrock, 1976; Cargill, 1994), which initiates phase IV. In this
phase, the cooling is accelerated due to the shape of the optically thin loss function (Culhane
et al., 1970), which eventually leads to a “catastrophic cooling” (or runaway cooling) event (phase

V).

The chromospheric evaporation, as mentioned above, can result from both small localized heating
events and large flares. While the former leads to the gradual heating of a few loop strands (Sahin
et al., 2019), the latter may lead to the appearance of a large-scale system of very hot loops called
post-flare loops (PFLs, Bruzek, 1964). These PFLs can be observed during their cooling stage as
they progressively appear in X-ray and later in EUV and visible spectral lines. PFLs appear in
Ha images when the hot plasma cools down to the chromospheric temperature, which results in
coronal rain. These downflows (in PFLs) appear as dark loop-like features in EUV images due to
the hydrogen and helium absorption in this cooling stage, and therefore, they are called DPFLs
(Song et al., 2016). On the other hand, Reep et al. (2020) studied flaring loops using HYDRAD,
focusing on the electron beam as the primary energy input and thermal conduction. They found
that the electron beam heating alone cannot directly produce coronal rain since the electron beam

heating localisation at the footpoint is too short. This short lifetime and its tendency to quickly

33



1.5. HEATING AND COOLING IN THE SOLAR CORONA CHAPTER 1. INTRODUCTION

T T T T TTT T T T T T T T T T LI | T T T T T T T T | T T
16— phase Ip‘i\aSﬁ I phase l | l I Ihasef 0.30
- oren Lo Iv v
| ."'}".,_ I '}(\ EUV Loop leg source | ]
14— o I (Fig. 11&12) | o5
- Z R I * EUV Loop top source | ]
5 R I (Ag.13) 21
12— T d.__ I I = h 'E
[ o A W * Chromospheric 8 PN
L °S= oy | Coronal Rain | O |7 %
= a1 3
e T | 21 8
8 gl gf 0.15 2
8 b - 5
-, A —
s L : : A | O] 3
: g S
6 : 4 5
r : &= 0.10 0
. Rt (V) | o
| o) =z 0]
41— (@] = |
- O 8 |
s Su Y,
| E E| E o 0.05
an a2z = Zl
: Z= o=
o (o] 8| < ol
||. ol I I ﬁI‘J 11 1 1 | Il I | 1 | | | | QI | 000
15:40 15:45 15:50 15:55 16:00 16:05 16:10

Start Time (01-Jul-12 15:40:00) CRISP

Figure 1.17: The cooling process of a flare with the temperature evolution from the impulsive
phase until the catastrophic cooling time. The impulsive phase was observed in Geostationary
Operational Environmental Satellites (GOES) (black solid curve) through EUV observations with
AIA (black lines with green error bars). The catastrophic cooling time was observed with CRISP
(star symbols). The solid red curve represents the cooling curve, starting from the cooling phase
(phase III). The five phases (I-V) describe the evolution of cooling processes, with corresponding
transitions indicated by vertical dashed black lines. The split branches of the red cooling curve
during catastrophic cooling represent the temperature evolution of loop-top coronal rain (brown
symbols) and loop-leg coronal rain (yellow symbols). The GOES EM is shown as a black dashed
curve on the right-hand side. (Image Credit: Scullion et al. (2016))

shift from the base to the top, when long-lasting, ensure that the loops are uniformly heated as they
cool down. In contrast, Ruan et al. (2021) achieved replication of post-flare rain using a 2.5D MHD
simulation without the need for a beam. Their model effectively generates sufficient heating and
condensation through magnetic energy conversion during flare reconnection. However, the exact

mechanism leading to rain has not been identified yet.

Observations and analysis of upflows in solar flares have been the focus of many studies (Feldman
et al., 1980; Veronig et al., 2010; Doschek et al., 2013, and reference therein), and they found
that chromospheric evaporation can have very high speeds. In particular, Wuelser et al. (1994)

observed 250 km s~! upflows in the Ca XIX X-ray line measured with the YOHKOH spacecraft.
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Using YOHKOH data Doschek et al. (1994) also observed upflows in the X-ray Ca XIX and Fe
XXV lines, with velocities reaching as high as 800 km s~!. Milligan and Dennis (2009) conducted
a multiwavelength survey of Doppler shifted lines using HINODE/EIS data and reported that
all ionization stages of iron above Fe XIII exhibited blueshifts, with the hottest ions indicating

upflows in excess of 250 km s,

On the other hand, downflows have also been observed in
the flaring atmosphere, and they are usually attributed to the so-called flare-driven coronal rain
(Martinez Oliveros et al., 2014; Scullion et al., 2016), which is described in detail in the following

sections.

1.5.6 Thermal non-equilibrium and Thermal Instability

One of the proposed mechanisms to explain the observed cooling of the solar corona (such as
coronal rain and prominences) is TNE and TI. TNE is a fascinating and highly non-linear process
that occurs in coronal structures, and it is important to understand the mass and energy exchange
between the chromosphere and corona. In order to understand the TNE cycle well, first of all, it
is necessary to understand the equilibrium and non-equilibrium states. According to theoretical
models, spatially uniform coronal heating often leads to a state of equilibrium where the plasma
remains unchanged. This equilibrium can be a static equilibrium or an equilibrium with steady
end-to-end flow. In cases where there is a balance between the input energy, thermal conduction,
and radiation, the plasma is at rest, resulting in a static equilibrium. However, most of the coronal

loops are far from being equilibrium.

In addition to the solar corona, much larger scales in the universe also involve mass and energy
cycles with heating and cooling processes linked to TI. These cycles encompass plasma existing
at widely varying temperatures far more extreme than in the corona, ranging from a few K to
108 K, and are commonly referred to as multiphase environments. These different larger scales
are interstellar, circumgalactic media, and intra-cluster media (White and Rees, 1978; Cavagnolo
et al., 2008; Prasad et al., 2015), where plasma exhibit many similarities with coronal rain. These
similarities arise from MHD processes that work regardless of scale; understanding them and the
differences can help solve important problems in astrophysics. TI denotes the instability of the
MHD thermal mode. This wave is also known as the entropy mode and has been shown to become

unstable due to radiation by Field (1965) and Parker (1953). Numerical studies have shown how
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TI leads to the formation of cool and dense condensations, through local pressure loss, with a
filamentary structure that is often associated with the magnetic field structure (Sharma et al., 2010;

Peng and Matsumoto, 2017; Ji et al., 2018).
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Figure 1.18: A sketch of the key physical processes involved in the TNE-TI cycle, with orange
and blue boxes representing the heating and cooling phases, respectively. The three inset images
depict different stages of the cycle, showcasing heating events (depicted as yellow stars) occurring
either higher up or lower down in the atmosphere. Thermal conduction is represented by red
arrows, illustrating the distribution of heat. Chromospheric evaporation is shown by blue arrows,
resulting in the formation of dense loops, particularly in cases of footpoint heating. The loops
become denser, as shown in the second loop image, and emit intense radiation. Radiative cooling
is represented by wiggly black arrows, indicating the dominance of cooling over heating, resulting
in successive peaks of emission in gradually cooler EUV passbands. During this stage, an EUV
pulsation is observed. (Image Credit: Antolin and Froment (2022)).

A sketch of a TNE-TI cycle is shown in Figure 1.18. Here, a typical coronal loop, with the
density of order 10° cm™3 and the temperature of order 10° K (Reale, 2014) in TNE undergoes
a characteristic cyclical evolution. When the heating is concentrated at the footpoints (denoted
by the yellow star in Figure 1.18), it is high frequency, meaning that repetition time is lower than
radiative cooling time. A TNE-TI cycle is produced. TNE-TI cycle has two primary phases,
which are called the evaporation (orange boxes) and condensation (blue boxes) phases (Antolin
and Froment, 2022). Hot upward flows are produced due to chromospheric evaporation, and the

coronal loop is filled by this evaporated plasma. The temperature and density increase as the
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evaporated plasma reaches higher up in the corona. During this phase, the chromosphere operates
as a mass reservoir. Then, the coronal loop becomes overdense, which causes stronger radiation
(proportional to n?) in the corona. The loop apex ends up with excessive radiative losses that
cannot be compensated by the heating, eventually leading to thermal instability (TI). During the
cooling, an EUV pulsation is produced (see Section 1.5.2). The loop begins to cool down gradually
at first but then cools down rapidly by reason of the shape of the radiative loss function (see
Figure 1.19) (Antiochos and Klimchuk, 1991; Antiochos et al., 1999). This rapid cooling is called
catastrophic cooling or runaway cooling. TI produces high-density condensations at the loop
apex. These condensations slide down to the solar surface along the loop’s legs under the action
of gravity, evacuating the coronal loop in a short time. This falling cool material is called coronal
rain. If these condensations accumulate in the upper corona for many hours to several days hosted
by magnetic dips (Adrover-Gonzélez et al., 2021; Jenkins and Keppens, 2021), they can form
prominences. If the heating is unchanged, the TNE-TI cycle is repeated (i.e., the evaporation phase
takes over again). However, in some cases, the plasma undergoes reheating before its temperature
drops to chromospheric temperatures, known as an incomplete condensation (Miki¢ et al., 2013).
It is important to point out that TNE refers to the absence of thermal equilibrium, which differs

from TI, where the system is disturbed from an equilibrium state.

The bottom panels in this figure (Figure 1.18) explain how TI is achieved in a coronal loop, as
given with the schematic representation of the energy balance in three coronal loops. The first
from the left represents the uniformly heated corona. In this case, thermal conduction (blue arrow)
operates as a thermostat, regulating the energy flow. This excess energy is then transferred to the
TR. The energy is subsequently released through radiation. This results in hydrostatic balance.
Suppose the heating (or quasi-steady heating) is concentrated at low coronal heights. Thermal
conduction becomes less effective, as shown in the second and third panels from the left in the
same figure, due to the flat temperature profile in the corona. In that case, the heating decreases
quickly with increasing distance from the footpoints, which means under specific conditions (see
Equation 1.4 and Equation 1.7) discussed by Klimchuk and Luna (2019), it is impossible to achieve
an equilibrium state in a loop due to high density and large radiative losses without an additional
enthalpy flux energy. The specific requirements in order to trigger TNE is given by Klimchuk and

Luna (2019) with two formulas as follows:
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* The heating at the loop apex must be considerably less than the heating in the TR. It depends
on the expansion factor, and it becomes less severe for greater expansion. To simplify, TNE

is more likely to occur in loops that exhibit substantial expansion.

Qmin €11
< (14 = (1.4)
Qx ( T,\)
where
Ap
Iy = 1.5
A=A (L.5)
and
Ry,
¢ = th (1.6)

Here, Qi and @, represent the volumetric heating rates at specific locations in the coronal loop:
loop apex and one heating scale length above TR, respectively. A denotes one heating scale length
along the coronal loop from the top of the TR. Aj and A, refer to cross-sectional areas averaged
along the first heating scale length and TR, respectively. Ry, and R, represent the radiative losses

per unit area, which are integrated along the coronal and TR sections.

* For TNE to occur, the loop should have small asymmetries in cross-sectional area and/or

heating:
Qs Asy T's _ 2 A 1 s L
(Qw)(Aw>(Pw><[1 4.3 x 10 Aw(l 5))\5] 1.7
where
5= 1+ (EIEE) (18)

Here, L is the half-length of the coronal loop. The index S represents the strongly heated footpoint,

while the index W represents the weakly heated footpoint. A and A,, represent the cross-sectional
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areas at the location of minimum heating and one heating scale length above the TR on the weakly
heated side. Typically, the area ratio falls between 1 and 2.2. A higher value of the right-hand side
of Equation 1.7 corresponds to an increased likelihood of TNE occurrence. This value is greater
when two factors are smaller: \;/L (a parameter related to the loop length) and @i, /@5 (ratios
of heat inputs). Both of these factors support the occurrence of TNE in line with the principles
outlined in Equation 1.4. The geometric asymmetry between the left and right footpoints should be
smaller than 3 in order to facilitate the occurrence of TNE (Klimchuk and Luna, 2019). Otherwise,
strong siphon flows can be set in, which effectively reduces the lifetime of the cooling plasma in

the corona.

As shown in the bottom rightmost panel in Figure 1.18, the enthalpy flux is a consequence of the
excessive heating at the loop footpoints, where the material is injected directly upwards (evapo-
ration, see Section 1.5.5). If there are symmetric conditions from both footpoints, then enthalpy
flux results in plasma accumulation at the loop apex. This is an unstable condition set by radiative

cooling caused by a much faster increase in radiative losses with a density increase.
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Figure 1.19: Radiative loss function for a plasma in the corona containing 15 elements. (Image
Credit: Colgan et al. (2008)).
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Observations at multi-wavelength (such as AIA, IRIS, or GST) have shown that coronal rain cor-
responds to the catastrophic cooling phenomenon in coronal loops (Ahn et al., 2014; Antolin et al.,
2015; Kohutova and Verwichte, 2016). The precise role of TI remains a subject of discussion, as
highlighted by Klimchuk (2019). However, the conditions for the onset of TNE are commonly ob-
served in numerical simulations of strongly stratified and high-frequency heating of coronal loops
(Antiochos et al., 1999). These simulations provide a means to explore the formation of coronal
rain and parameter space of TNE-TI, enabling comparisons with observations and constraining the
heating parameter space (Fang et al., 2013, 2015; Froment et al., 2018; Klimchuk and Luna, 2019;
Johnston et al., 2019), as well as the heating mechanisms (Antolin et al., 2010). The specific re-
quirements of spatio-temporal heating distributions necessary for coronal rain formation serve as
valuable indicators of coronal heating properties. When the heating distribution in a coronal loop
stays constant over the temporal and spatial domain, TNE causes the loop to go through cycles of
heating and cooling because of the inability of the loop to reach thermal equilibrium, as shown by

Kuin and Martens (1982).

Besides, some TNE cycles have minimal to no coronal rain, as demonstrated by Froment et al.
(2015), while some, such as the “rain bow” in Auchere et al. (2018a), produce a significant amount
of coronal rain. Moreover, compared to other periodic coronal rain events, the “rain bow” produces
a higher amount of rain showers (Pelouze et al., 2022). Besides, observations indicate the possible
formation of prominence. A recent study by Froment et al. (2018) conducted a parameter space
investigation with varying heating functions of the form of Equation 1.9, to study the onset of TNE

in a loop.

H(s) = Hy + Hy (9™ 4 em9(b=9)/22) (1.9)

Here, the constant background volumetric heating rate is given by Hy, while the stratified volu-
metric heating rate is H;. The A\; and Ao represent the scale heights of the stratified heating at
both footpoints. g(s) = maz(s — A, 0) indicates a mechanism for introducing continuous heating
in the chromosphere, extending up a distance of A = 5 Mm from both footpoints. In order to
achieve stratified heating, H; should be greater than Hy, and both A\; and A2 should be smaller

than the loop length (L). When using smaller heating scale height values or higher H;/H ratios,
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a greater stratification is achieved. Increasing either A\; or A9 results in a higher energy deposition
within the loop. When \; = A9, symmetrical heating is achieved. Through an extensive study
of the parameter space (Froment et al., 2018), TNE cycles exhibiting coronal rain, characterized
by complete condensations, occur only in a relatively small portion of the parameter space. Thus,
to observe coronal rain, highly specific heating and geometric conditions must be met. Pelouze
et al. (2022) also explored the parameter space in the simulations of Froment et al. (2018) and
found that the asymmetrical loops are unlikely to produce full condensations. These asymmetries
give rise to siphon flows, which effectively curtail the duration over which cooling plasma persists
in the corona. Consequently, the condensations encounter insufficient time to cool completely to
temperatures characteristic of the chromosphere. Nonetheless, this outcome is contingent upon
various factors, with the strength of heating, specifically the volumetric intensity of each heating
event, playing a pivotal role. When heating is robust, leading to higher densities, asymmetries
have a diminished impact due to the shorter timescale of radiative cooling. Therefore, instances
of incomplete condensation are likely influenced by a combination of asymmetries and heating

strength, with the latter emerging as a potentially more influential factor.

1.6 Importance of coronal rain to heating

Coronal rain is a distinct multithermal coronal plasma that exhibits simultaneous emission in var-
ious wavelengths at the same spatial location (Antolin et al., 2015). So, it serves as a valuable
proxy for investigating the processes contributing to the coronal heating problem (Antolin et al.,
2010). This contribution of coronal rain to coronal heating can be analysed first in terms of rain-
hosting and non-rain-hosting loops. If the loops in the solar corona do not exhibit coronal rain,
they are believed to be heated by mechanisms whose heating is spatially uniform along the loop.
One such mechanism is the dissipation of nonlinear Alfvén waves through shocks (Moriyasu et al.,
2004; Antolin et al., 2008). These waves, generated by photospheric motions, carry energy that
can be converted into heat by nonlinearly mode converting into longitudinal modes, which then
steepen into shocks in a spatially uniform way. In contrast, loops that do host coronal rain are
thought to be heated through footpoint heating mechanisms (see TNE process in Section 1.5.6).
This scenario is more likely to occur with ohmic heating, which results from slow magnetic stress

caused by convective motions (Gudiksen and Nordlund, 2005; Lionello et al., 2013). Uniform
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heating distributed over the loop fails to produce catastrophic cooling since the heating rate per
unit mass must locally decrease over time within the corona to allow for the onset of thermal in-
stability. Catastrophic cooling can happen without time dependency, even with a constant heating
function. Simulations indicating footpoint-concentrated heating align with observational evidence
from coronal loops above active regions, which are predominantly heated at their footpoints, as

supported by Aschwanden (2001).

Studies mentioned in the above sections have established a correlation between coronal heating
processes (such as loops and flares) and cooling phenomena (like coronal rain) by linking multiple
scales, ranging from active region dimensions to rain clump size and spanning a broad spectrum
of temperatures and energies. TNE occurrence and quiescent coronal rain provide additional sup-
port for the existence of highly stratified heating in active regions. Additionally, their presence
can serve as an indicator of how coronal heating mechanisms are working rather than whether
or not heating is occurring. As mentioned above, the nonlinear torsional Alfvén wave model,
which may result in uniform heating, is unable to generate TNE cycles and coronal rain because
the wave mode converts to longitudinal modes to dissipate their energy uniformly (Antolin et al.,
2008, 2010). Investigating TNE-TI cycles, including coronal rain phenomena, not only provides
valuable insights into coronal heating mechanisms but also offers a promising approach for esti-
mating crucial in situ physical quantities in the solar corona. On the other hand, the detection of
EUYV long-period intensity pulsations (Auchere et al., 2014; Froment et al., 2017, 2020) provide
significant insights into the prevalence of limit cycles involving heating and cooling, resulting
from TNE-TI. These findings carry profound implications for the mass and energy dynamics of

the solar atmosphere.

1.7 Motivation and Outline of the Thesis

Based on the literature review above, it is evident that studying the cooling of coronal loops, par-
ticularly coronal rain, through observations and numerical analysis can provide essential insights
into the temporal and spatial properties of coronal heating. This PhD project aims to investigate
observationally the relationship between coronal rain and the hot corona. The study also includes
a comparative and detailed analysis of quiescent and flare-driven coronal rain. By comparing qui-

escent and flare-driven coronal rain in detail, we aim to gain unique insights into the temporal
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and spatial properties of coronal heating. For this purpose, we employed state-of-the-art multi-
wavelength, high-resolution space-based instruments such as the Interface Region Imaging Spec-
trograph (IRIS) and the Solar Dynamic Observatory (SDO) to investigate the connection between

coronal rain and the hot corona. This thesis is structured as follows:

I begin by introducing the solar instruments in Chapter 2.1 and the methods in Chapter 2.2, which
are used during this PhD research. I then present the analysis of detected quiescent coronal rain
at chromospheric, TR, and coronal temperatures associated with intensity pulsations in Chapter
3 (Sahin et al., 2023). In Chapter 4 (Sahin and Antolin, 2022), I present the statistical study of
rain showers over an AR, including their morphology and plasma’s cooling behaviour, in order
to explore the relationship with the TNE-TI scenario. I also give our results on the estimation of
the TNE volume, which has never been done yet. In Chapter 5, we focus on a C2.1-class flare,
especially its long gradual phases, where flare-driven coronal rain is seen. We present a compar-
ative study of how flare-driven rain differs from its quiescent counterpart. We also investigate the
temperature evolution throughout the flare, suggesting reconnection facilitated by the rain leads to
significant energy release during the gradual phase. Additionally, we investigate the mass and en-
ergy circulation in the quiescent and flaring corona. Finally, in Chapter 6, I summarise the findings

and discuss possible future work.
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Chapter 2

Data and Method

2.1 Instruments

We analyse observations from the Interface Region Imaging Spectrograph (IRIS; De Pontieu et al.,
2014) and Solar Dynamics Observatory (SDO; Pesnell et al., 2012) to investigate the connection
between coronal rain and the hot corona. This study is largely based on analysing observational
data from the aforementioned instruments. Therefore, this chapter provides an overview of those

instruments and their characteristics, along with an explanation of the available data types.

2.1.1 Solar Dynamics Observatory

The Solar Dynamics Observatory (SDO; Pesnell et al., 2012) is one of the most preeminent solar
instruments, and launched on 11th February 2010 at 15:23 UT in Brevard County, Florida, USA.
It is a NASA mission designed to study the solar corona, the outer layer and hottest component
of the solar atmosphere. SDO has been providing high-resolution observations of the full Sun
continuously since then. It provides multi-wavelength views of the Sun, from the photosphere to
the highly ionised corona. There are three instruments onboard SDO which are the Heliospheric
and Magnetic Imager (HMI; Scherrer et al., 2012), Extreme ultraviolet Variability Experiment
(EVE; Woods et al., 2012) and the Atmospheric Imaging Assembly (AIA; Lemen et al., 2012)
(left panel in Figure 2.1). Each instrument provides a comprehensive and continuous view of the
Sun’s atmosphere, from the photosphere to the corona. The EVE instrument measures changes

in the extreme ultraviolet (EUV) radiation of the Sun, which helps understand long-term solar
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activity evolution. These data are mainly used to study Solar wind, and space weather. The HMI
instrument measures the Solar magnetic field and the motions of its surface. The main focus is to
study the solar internal structure and the origins of solar activity, such as sunspots and flares. The
AIA instrument aims to study the Solar atmospheric variation, and it is covered in detail in the

next subsection as it is the only SDO instrument used in this thesis.
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Figure 2.1: Left: A schematic diagram of Solar Dynamics Observatory (Pesnell et al., 2012).
Right: Illustration of the AIA’s different wavelengths filters. (Image Credit:SDO/NASA)

2.1.1.1 The Atmospheric Imaging Assembly

The AIA is an array of four telescopes, providing seven EUV wavelengths (94, 131, 171, 193,
211, 304 and 335A), two UV (1600 and 1700A), and one visible light (4500A) (Pesnell et al.,
2012). The right panel in Figure 2.1 shows these AIA channels with corresponding wavelengths.
These images have 0.6 of spatial sampling rate per pixel, and the EUV wavelengths have 12 s
cadence, while the UV ones have 24 s. AIA captures continuous 4096 x 4096 pixels full-disk high-
resolution images, each corresponding to a range of temperatures emitted from plasma radiated
along the LOS. Table 2.1 provides information about AIA channels and their main emitting ions

and temperatures.

The AIA 94 A channel is blended with three temperature emissions from Fe XV, Fe XIV, and

46



CHAPTER 2. DATA AND METHOD 2.1. INSTRUMENTS

Fe XVIIL. However, the main contribution comes from Fe XVIII 93.96 A line emission with a peak
at ~ 10585 K. It is usually active in flaring conditions, which makes it important to study heating

events (Testa and Reale, 2012; Ugarte-Urra and Warren, 2014).

The AIA 131 A channel has contributions from two Fe VIII and Fe XXI lines at 130.94A and
131.214A, with a peak at 10> and 1070 K, respectively, from the transition region and flaring

corona.

Table 2.1: The primary ions observed by each AIA bandpass and their corresponding solar atmo-
spheric region (Lemen et al., 2012).

Channel (A) Primary ion(s) | Region of Atmosphere Char. log(T) [K]
4500 Continuum photosphere 3.7
1700 Continuum temperature min, photosphere 3.7

304 He II, Si XI chromosphere, transition region 5.0
1600 CIV + cont. transition region, upper photosphere | 5.0

171 Fe IX quiet corona, upper transition region | 5.8

193 Fe XILLXXIV | corona and hot flare plasma 6.2,7.3
211 Fe X1V active-region corona 6.3

335 Fe XVI active-region corona 6.4

94 Fe XVIII flaring corona 6.8

131 Fe VIII,XXI transition region, flaring corona 5.6,7.0

The AIA 171 A channel is dominated by the resonance transition from Fe IX at 10°8 K.

The AIA 193 A channel has two contributions formed at Fe XII at 1052 and Fe XXIV at 1073 K,

which includes corona and hot flare plasma.

The AIA 211 A is the least understood channel since it has many unidentified lines, which include
cool and coronal (Del Zanna, 2009, 2012) lines. However, the main contribution comes from the

Fe XIV 211.3 A at 1093 K.

The AIA 304 A has two contributions from He II 304 A emission with a temperature response
peak at 10° K and Si XI 303.32 A at 1052 K. However, it is mainly dominated by He II 304 A

emission. In Section 2.2.6, we show how to separate these two emission components.

The AIA 335 A is also multi-thermal. The main ion is centred in Fe XVI 335.4A in the core of

active regions (Liang et al., 2009).
The levels of data processing for AIA can be summarized in the following way:

* Level 0 data contains images from the raw telemetry stream.
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* Level 1.0 data comprises images derived from Level 0, wherein processing involves tasks
such as eliminating bad pixels, reducing spikes, and applying flat-field correction. All

higher-level AIA data are based on this level of data.

e Level 1.5 data represents images modified to a common 0.”6 plate scale. These images
share uniform centres and rotation angles. Note that the exposure time is not corrected in

this level of data.

2.1.2 Interface Region Imaging Spectrograph

The Interface Region Imaging Spectrograph (IRIS) (Figure 2.2) was launched on 27 June 2013 (De
Pontieu et al., 2014) in a Sun-synchronous, low Earth orbit. The main focus of its mission is to
understand the transport of energy and heat from the lower solar atmosphere to the corona through
the chromosphere and transition region. IRIS provides high-resolution imaging and spectroscopic

observation data from the photosphere to the corona.

Figure 2.2: The Interface Region Imaging Spectrograph (IRIS). Image Credit: IRIS Data notes
(https://iris.lmsal.com/itn51/inst_overview.html)

IRIS uses a spectrograph (SG) and slit-jaw images (SJI) in various wavelengths, sensitive to the
cool and hot plasma in the solar atmosphere. SG feeds light from three passbands, two in the
far ultraviolet (FUV) and one in the near ultraviolet (NUV) (see Table 2.2), with 0.”166 spatial
pixel size and 175" spatial extent (long). SJI, on the other hand, captures images in four wide-
range filters, two in the NUV and two in the FUV (see Table 2.3), with 0.”166 spatial pixel size
and 175" x 175" maximum FOV. IRIS also captures data at high temporal, spatial and spectral

resolutions, providing information about the temperature, density, and velocity of the solar plasma,
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as well as the structure of the magnetic fields.

Table 2.2: Overview of spectrograph (SG) channels of IRIS. This table is adapted from the IRIS
data notes website (https://iris.Imsal.com/itn51/inst_overview.html)

Passband Wavelength (A) | Temperature log(T)
Far Ultraviolet (FUV1) | 1331.7-1358.5 | 3.7-7.0

Far Ultraviolet (FUV2) | 1389.0 - 1407.0 | 3.7-5.2

Near Ultraviolet (NUV) | 2782.7 -2851.1 | 3.7-4.2

The IRIS data are divided into six levels. Level-0 (LO) is the raw image from the Joint Science
Operations Center (JSOC) at Stanford University and Lockheed Martin Solar and Astrophysics
Laboratory (LMSAL). Then, the JSOC generates the Level-1 (L1) data by removing mirroring
effects along various axes and adding informative headers (such as temperature, roll, and pointing
data). Level-1.5 (L1.5) data are the lowest level of scientific data and are produced at LMSAL.
These data are aligned and corrected for dark current, cosmic ray spikes, bad pixels, and flat
fielding. Geometric and wavelength corrections are also applied to L1.5 data. Level-2 (L.2) data
(also the mainly used data type in this thesis) is generated at LMSAL using Level 1.5 data. L2 data
have spectral rasters and SJI image time series (based on the observational identifier (OBS-ID)).
Finally, the Level-3 (L.3) data can be produced by the user using the “iris_make_fits_level3.pro” in
the Interactive Data Language (IDL) SolarSoft (SSW). L3 data are mostly used in CRIsp SPectral
EXplorer (CRISPEX; widget-based tools programmed in IDL) for spectral rasters. A detailed
explanation can be found in (De Pontieu et al., 2014).

Table 2.3: Overview of slit-jaw images (SJI) channels of IRIS. This table is adapted from the IRIS
data notes website (https://iris.Imsal.com/itn51/inst_overview.html)

Passband Wavelength (A) Temperature log(T)
CII (FUVl) 1330 3.7-7.0
Si IV (FUV2) 1400 37-52
Mg II h/k (NUV) 2796 3.7-42
Mg Il wing (NUV) | 2832 3.7-3.8

In this thesis, the high temporal and spatial resolution images of IRIS and SDO helped us to inves-
tigate the highly dynamic solar coronal rain and its contribution to the coronal heating problem.
Both SDO! and IRIS? data are available to the public on the websites, which allows anyone to

access and study the sun’s activity.

"http://jsoc.stanford.edu
Zhttps://iris.Imsal.com/search/
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2.2 Data Analysis Techniques

We mainly study the properties of the coronal rain with IRIS spectro-imaging observations and

simultaneous observations from SDO/AIA.

This section will provide a fundamental description of the image processing and automatic detec-
tion techniques utilized in this study. The general methodology and a thorough explanation of the
various parameters utilized throughout the analysis will be outlined. The following sections will
present a comprehensive exposition of the specific algorithms and image processing techniques

employed and the corresponding parameter values.

2.2.1 Co-alignment between SDO and IRIS

Co-alignment is aligning two or more images to have the same spatial registration. This pro-
cess results in corresponding features in the images lining up with each other. In this thesis, the
SDO/AIA and the IRIS/SJI are co-aligned to compare and analyze the observations. To achieve
co-alignment between AIA and SJI data, it is necessary to account for differences in the spatial
scale of the two instruments. The AIA and SJI instruments have different pixel scales (0.6 arc-
secs pixel ! and 0.3327 (or 0.166) arcsecs pixel ~!, respectively), which means that features in the

images appear at different physical sizes.

Co-alignment is achieved by comparing the features observed on off-limb and on-disk in simul-
taneous images of SJI 2832 A and AIA 1600 A in quiescent coronal rain data (see Chapter 3).
These two passbands are captured under similar conditions, ensuring accurate alignment between
these two. For the flaring coronal rain data (see Chapter 5), the SJT 1330 A and AIA 304 A have
been used since there is no SJI 2832 A data. For the co-alignment, first, the shifts in the x-axis and
y-axis are determined for different instances of time. Then, an interpolation process is conducted
in order to estimate shifts for any other time. After that, these computed shifts are applied to all

other channels accordingly.

2.2.2 Coronal Rain Detection: Rolling Hough Transform

The Hough transform (HT) is a robust image-processing technique for detecting linear and curvi-

linear structures. It was first introduced and patented by Paul V.C. Hough to detect complex lines in
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bubble chamber photographs (Hough, 1962). Then, Clark et al. (2014) adapted the HT technique
by introducing a rolling version (Rolling Hough Transform, or RHT) to detect linear structures in
astronomical images. Later, Schad (2017) modified the concept of the RHT using error analysis
in multidimensional data sets. In this thesis, the RHT technique developed by Schad (2017) has

been used for the detection and quantification of the rain material and its apparent motion.

This section is divided into three subsections to describe the input parameters (2.2.2.1) of the RHT

routine, how it works (2.2.2.2), and what the outputs are (2.2.2.3).

2.2.2.1 Input Parameters
The RHT routine contains some parameters (see below) that the user can define the values.
¢ nlev is a background noise level (0,,;s¢) for a single image.

* rmean (w,) is the number of images to sum for running mean before the high pass filter.
This parameter is used to make sure that the coronal rain clumps follow a trajectory for
each specific time interval along the temporal axis. Subsequently, this path is employed to
ascertain a direction of flow in the POS. The w, value is chosen by considering the observed

speed of rain clumps and the time needed for a visible change to appear in the image.

* wlen (D,,) represents the diameter of the circular RHT kernel width. It is centred on every
image pixel that needs assessment at a given image time. It represents a minimum length of
linear structures. Therefore, the value for this parameter is chosen based on the minimum
length of the observed rain clump (see one example with three different values in Figure

2.3).

» smr_xy (D) is the highpass filter kernel size to enhance the large-scale components from

the image (see Figure 2.4).

* med xy is the median filter kernel size to remove some unwanted pixels from the image.

Choosing a large number for this parameter may lead to the loss of some rain clumps pixels.

* bidirectional difference filter step: The RHT routine also uses a bidirectional difference
filter along the temporal axis to help the segmentation of flow. Users can decide on the

bidirectional step.
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The bidirectional filter (bdf) with two-time steps is given as follows:

Toag (2, y) lm = (L (2, Y)lm = L@, Y)lm—2 = (L@, 9)[m = 12, Y)|m+2)) 2.1)

Here, I(x,y)| indicates the mth frame within the time series.
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Figure 2.3: Top-left: Single IRIS SJI 2796 A image from one of the analysed data in Sahin and
Antolin (submitted). All other panels are the spatially segmented version of this IRIS SJI 2796
image resulting from the circular RHT kernel width (wlen; D,,).

2.2.2.2 How does the RHT work?

Figure 2.5 shows the demonstration of the RHT. The left image first illustrates a binary image, and
its graphical representation is shown in the middle panel. In these plots, the light blue highlighted
area (left) and green circle (right) denote the diameter of the circular kernel size (D,,). The sum

of the illuminated pixels within the kernel size in the binary image is calculated. This calculation
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IRIS SJT 2796 2014-09-17T20:14:20.800 Spatial Segmentation, 2014-09-17T20:14:20.800
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Figure 2.4: Top-left: Same IRIS SJI 2796 A image shown in Figure 2.3. All other panels are the
spatially segmented version of this IRIS SJI 2796 image resulting from the highpass filter kernel
(smr_xy; Dy).

is done for all pixels in each axis direction (i.e. (#)). Subsequently, it is normalized to the total
number of pixels. In the polar plots (right panel), the RHT function (H,,(¢)) has been shown
for both the noiseless and the noise-added cases. Here, H,, (¢) varies from O to 1, and a value
of 1 represents that all pixels in this direction are illuminated. In these panels, H,(f) is peaked
along the direction of the line in both noiseless and noise-added cases. An adaptive threshold
(hgy; see Equation 2.2) is defined in the routine to control the pixels that do not contribute to the
mean direction. The reason behind this is simple. If random noise is present, non-isotropic noise
groups will negatively influence the H,,. So, with this adaptive threshold, the routine scales to
pixels according to the peak of H,, values. This means that values within some peak range are

still counted as a measure of the peak’s significance.
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Figure 2.5: Demonstration of the RHT routine. Left: a binary image of a thick and straight
line with added noise. The blue crosshair and its transparent overlay show the RHT is analyzing
the pixel within the circular kernel. Middle: the RHT and the pixels that intersect the axis at
angle 6. Right: the transformed function (H,,(¢)) without noise (top) and with noise (bottom).
The black arrow indicates the line’s orientation, while the orange arrow represents the orientation
angle derived from the RHT. (Schad, 2017)

Hey(0), if Hey(0) > max[Hey (0)] — f
hay(0) = (2.2)

0, if Hyy(0) < max[Hyzy(0)] — f

Here, f defines a criterion for isolating peaks from the surrounding noise using adaptive thresh-
olding (h4y(6)). It means that a peak in the signal needs to have an amplitude that is f% greater
than the surrounding noise in order to be effectively detected and separated from the noise by the
adaptive threshold. During our analysis, we set f to 0.25 (same value as in Schad (2017)). It is
ensured that the difference between the peak and the surrounding noise is substantial enough to
identify the peak using the adaptive threshold method confidently. The RHT routine considers the
direction axes within the D,, (for # > 0 and # < 7) and defines the mean direction (f) and its
error. In the routine, the data are transformed into vectorial data because the orientations of 2° and
178° are not widely separated in the axial data. Then, using this vectorial statistics data, the mean

direction is derived (see Equation 2.4).

o > g hay(0)[cos 20] 5 > g hay(6)[sin 26 23)

> hay(0) 220 hy(9)

Here, C and S are the weighted Cartesian coordinates of its vectorial counterpart.
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_ 0.5 arctan(S/C), ifC >0
0) = (2.4)

0.5arctan(S/C) +m, ifC <0

Then, the mean resultant length is defined (Mardia, 1999; Schad, 2017) as follows as a measure of

the concentration:

R=1\/C"+5§ (2.5)

The resultant length helps quantify the concentration of the mean angles. In other words, it gives
an idea of how concentrated (dispersed) angles are around the D,,. R is also related to the circular

standard deviation (o) (Mardia, 1999) as shown in the following Equation:

oc=V-2nR (2.6)

Fisher and Lewis (1983) established an estimated confidence interval (with a confidence level of
approximately 1-cv) for the mean axial direction @, without requiring assumptions about the un-
derlying distribution shape. As the number of samples n becomes significantly large, the interval

takes the following form (Schad, 2017):

€)= sinfl(ua ——s) 2.7

Here, u,, represents the upper %a quartile of the standard normal distribution N (0, 1), while v is

associated with the distribution’s variance and is calculated as:

= S haey(6)[cos2(6 — 8)]
Z@ hxy(e)

(2.8)

RHT aims to detect structures with lengths greater than or equal to (D,,) and brightness greater
than an intensity threshold Z. Choosing a wider Dy, reduces the detection of rain clumps but also

decreases background noise.
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2.2.2.3 Outputs

There are four main outputs in the RHT algorithms. All these outputs are characterized by 3D
dimensions, featuring positions x, y, and time t, and give spatial and temporal information for

every input parameter. These outputs are itemized as follows:
Spatial Part

* resultant length (Rry)

« peak of the RHT function (max|[H,(6)])

* mean axial direction (6,)

* error in the mean axial direction (e,)
Temporal Part

* resultant length (R;)

» peak of the RHT function (max[H;(6)])

* mean axial direction (6;)

e error in the mean axial direction (€;)

The mean axial direction shows the spatial (6,,,) and temporal (6;) direction of each detected pixel.
The spatial mean angle is linked to rain inclination in the POS, while the temporal mean angle is
associated with the dynamic variations along a given path. In the flare-driven (Section 5) case, a 0°
spatial mean angle corresponds to the horizontal axis (x-axis), and increases in the anti-clockwise
direction (vertical axis is then 90°). In the quiescent coronal rain case, a 90° spatial mean angle
corresponds to the horizontal axis (x-axis), and increases in the anti-clockwise direction (vertical
axis is then 0°). The reference direction for the temporal mean angle is aligned with the radially
outward axis, and 0° corresponds to no motion and 90° (-90°) corresponds to maximum upward
(downward) motion. The RHT function (both in spatial, H,,,(6), and temporal, H;(¢), parts) accu-
mulates pixels in order to define mean directions accurately. To achieve this, an adaptive threshold
(hzy) is established using the RHT function peak (i.e., (max[H,(¢)])). Values lower than this
threshold are excluded from the calculation of the mean direction. R indicates the dispersion of

the length of the average vector in the mean axial direction, ranging from O to 1. A value around
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0 indicates the presence of an ill-defined mean axial direction, while a value around 1 indicates
a well-defined mean axial direction. ¢ is the final output generated by the RHT, which indicates
the error in the mean axial direction. Please refer to the paper by Schad (2017) for a thorough

description of these parameters.

2.2.3 Rain Shower Identification: Region Grow

The region_grow algorithm is used in image processing and computer vision to segment an image
into distinct regions based on specific predefined criteria. The algorithm starts by selecting an
initial seed point within the image and then expands the region by adding adjacent pixels that meet
the predefined criteria. The process is repeated until the entire region is defined or until a stopping

criterion is reached.

IRIS SJI 2796 IRIS SJI 2796
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Figure 2.6: a) Single IRIS SJI 2796 A image from one of the analysed data in Sahin and Antolin
(2022), showing a selected region by the small red square. b) obtained segmented region using
region_grow.

In this research, we used region_grow to identify rain showers. For this purpose, the information
on spatial mean angle and time occurrence are initially extracted from the RHT routine for each
pixel. Two shower events can have either similar paths but different occurrence times, or they
can overlap but have different paths. Therefore, before applying the region_grow algorithm, we
created a new array by multiplying time occurrence data with the spatial mean angle data. Then,
the region_grow is applied to the newly obtained data to identify a shower. This pre-procedure

effectively distinguishes between spatial and temporal overlap.

Figure 2.6 shows how the region_grow algorithm works. The red circle shows an initial seed point
in Figure 2.6a. Then, adjacent pixels are checked according to the initial seed point. Suppose the

neighbouring pixels meet the predefined rules (threshold or standard deviation). In that case, the
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pixel is added to the region of the seed pixel and so on until no similarity remains (see Figure

2.6b).

2.2.4 Differential Emission Measurements

We have used the differential emission measure (DEM) to obtain information about the thermal
structuring of the solar corona that hosts coronal rain. The DEM measurement provides a de-
composition of the emission distribution of the plasma along the LOS according to its tempera-

ture.

Several routines have been developed to obtain DEM results from SDO/AIA images (Aschwanden
and Boerner, 2011; Hannah and Kontar, 2012; Cheung et al., 2015; Plowman and Caspi, 2020).
The algorithm developed by Hannah and Kontar (2012) struggles to remove negative emissions
that are not realistic and may produce excessive high-temperature emissions in the results. There-
fore, here, in this thesis, we have used two of them: the Basis Pursuit (bp) algorithm developed
by Cheung et al. (2015) and a simple, robust algorithm (“simreg”) by Plowman and Caspi (2020)
to estimate the emission distribution of the coronal rain and its surroundings. The “basis pur-
suit” routine aims to identify the smallest set of non-zero basis coefficients necessary to accurately
represent the data while accounting for reasonable uncertainties. To prevent undesirable negative
outcomes, a positivity constraint is imposed on each of the non-zero coefficients that are deter-
mined. The DEM simple robust algorithm is a method designed to derive a differential emission
measure distribution that is less sensitive to noise and uncertainties in the observed data. It focuses
on minimizing the impact of measurement errors and outliers on the derived temperature distribu-
tion. This algorithm tends to provide a more reliable estimate of the true temperature distribution

in the presence of noise and uncertainties.

Narrow-band EUV and broadband X-ray observations help understand the physical properties of
the optically thin coronal plasma by integrating over temperature variations. The total intensity is

given in Equation 2.9 for the EUV-UYV optically thin lines.

I(\) = 4177/1 Ab G(Te,ne)nenpdl (2.9)

Here, [ denotes the LOS through the emitting plasma. The abundance of the element is given
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by Ab with respect to hydrogen. G (T, n.) is the contribution function containing all the atomic
physics parameters. n., Te, and ny are the electron number density, temperature, and hydrogen

number density, respectively.

The distribution of the plasma emission measure (EM) with temperature along the LOS (1) is

calculated in the following equation:

EM = /neanl (2.10)
l

Then, the DEM is proportional to nen in the temperature intervals d7,, and it is obtained by the

following equation:

dl
DEM(T,) = neng—— 2.11
(Te) = neny it (2.11)

Here, n.(T") represents the electron number density of plasma at a certain temperature 7. The
emission measure (EM) is obtained by integrating DEM over a finite temperature range. The main

aim is to use EUV imaging to deduce the EM distribution in the solar corona.

The effective temperature (DEM-weighted average) is obtained as follows:

[ DEM(T) x TdT
[ DEM(T)dT

Ty = (2.12)

Even though AIA has seven EUV channels, the DEM routine uses six (94, 131, 171, 193, 211, and
335 A channels, i.e., m=6) of them to obtain EM measurements. The reason for this is emission
in the AIA 304 is often optically thick, which cannot be accurately modelled with the CHIANTI
database under the optically thin assumption. On the other hand, the DEM routine returns a series
of EM maps calculated over a user-defined temperature range (denoted as N), which spans any
logT[K] value to another logT[K] value at intervals of A logT[K] (for instance, 18 temperature

bins (i.e., N=18) spanning logT[K]=5.5-7.2 at intervals of A logT[K]=0.1).

This section provided a basic statement of the DEM, establishing the foundational understanding

of this technique. Building upon this basis, the selection of the DEM version and temperature bins

59



2.2. DATA ANALYSIS TECHNIQUES CHAPTER 2. DATA AND METHOD

with intervals will be presented for the purpose of each study.

2.2.5 Detection of the Long-period EUV Intensity Pulsations

In this thesis, I use an automatic long-period EUV intensity pulsations routine developed by
Auchere et al. (2014) and Froment (2016). The automatic detection routine utilized for identi-
fying the pulsations is briefly summarized in Figure 2.7. A detailed description can be found in

Auchere et al. (2014) and Froment (2016).

First, the routine builds an AIA image cube in the specified spectral band (94 A, 131 A, 171 A,
193 A, 211 A , and/or 335 A) from a starting date and end. Using the aia_prep procedure of the
IDL SSW, the AIA data are read and calibrated to L1.5. Then, we first normalised the intensity
data to exposure times and applied 4x4 pixel binning to enhance the signal-to-noise ratio. Fur-
ther details can be found in Froment et al. (2017, 2020). Second, Fourier analysis is performed
independently on each cube pixel, in other words, on each time series independently. Each time
series is resampled at a frequency twice greater than the data selection frequency chosen to build
the cube to satisfy Shannon’s theorem. To avoid aliasing, the time series are apodized with a sine
on 5% of the signal at each foot. The power spectrum is calculated using a Fast Fourier Trans-
form (FFT) algorithm. Each power spectrum (PSD: Power Spectral Density) is normalized to the
variance of the signal (¢3). To determine if a coherent signal exists at a particular frequency bin,
each bin’s value is compared to the average local power. The average local power is assumed to
be representative of locally present white Gaussian noise (Torrence and Compo, 1998), which acts
as the background power. If the value of a frequency bin in the PSD is significantly higher than
the average local power, it indicates the potential presence of a coherent signal at that frequency.
White noise is a type of random signal with a constant power spectral density (equal energy at all
frequencies). Here, the main criterion is a detection threshold 100 above (solid line in Figure 2.8)
an estimate of the average local power (dashed line in Figure 2.8). The reason behind this is if
the value of a frequency bin is greater than “m” (100, i.e. m=10) times the average local power,
it suggests a higher probability that a coherent signal is present at that specific frequency (i.e. the

signal is stronger than the local background noise).

The confidence level (so-called global probability) is calculated as follows:
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Pg(m) =1— (1 — e ™)N/2 (2.13)

Here, N is the number of data points in the time series (Auchere et al., 2016). This equation
explains the probability that, among the N/2 frequency bins, there is at least one peak of power
greater than mo that occurs purely by random chance and not due to any underlying signal or

pattern of interest.

Building the Data Cube
Region of interest followed over several days,
passage of the cube in heliographic coordinates

* y
Building the power cube
Pixel-by-pixel Fourier analysis

v

Selection of events with several criteria | —>

Backing up movie and event settings
detected for statistical analysis

Figure 2.7: Representative diagram of the main steps followed in the long-period EUV intensity
pulsations routine (With permission, this diagram is adapted from Froment (2016) thesis.)

It may be worth noting that in the detection routine, the images are actually converted to Carrington
heliographic coordinates (see (Thompson, 2006)), and the differential rotation is corrected for
on-disk data sets. However, in the thesis, we analyse off-limb data sets. We, therefore, do not
compensate for the solar rotation, which led to slight shifts in the position of structures over
the three-day observed period (see Section 3.2). However, it was observed that the pulsations
corresponded to large areas in the POS, as shown in Figure 2.8 and also in Froment et al. (2015,
2020). As a result, small spatial shifts over time did not significantly reduce the Fourier power of
all pixels, making the pulsations detectable. The off-limb application was also tested by Froment
et al. (2020), and the three-day interval at the solar limb was a good compromise, as changes due to
rotation did not significantly affect the height of the structures off-limb and allowed for reasonable

frequency resolution.
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Figure 2.8: Left: the studied region by Auchere et al. (2014). The white contour shows the
detected event from the long-period EUV intensity pulsation routine. Right: The average intensity
variation over the white contour region (top) and obtained Fourier power spectrum (right). The
average local power and detection threshold (100) is given by the dashed and solid lines.

2.2.6 Resolving AIA 304 channel emission

The AIA 304 passband exhibits two peaks (shown by red arrows in Figure 2.9) in temperature
response functions. The first one is He 1I 303.8 A emission at 10° K, and the second one is
Si X 303.32 A emission at 10%2 K. Hereafter, these emissions are referred to as the cool and
hot components, respectively. In the off-limb coronal rain observation, the hot component (i.e.
Si X) originating from the surrounding diffuse hot corona has a greater extent along the LOS
than the cool clumpy component (i.e. He II), which results in comparable intensity. In addition to
temperature, there is a distinct difference in the appearance of plasma emissions. The hot emission
is diffuse, while the cool emission appears clumpy. In this PhD thesis, two different approaches are
used to separate hot and cool components. The first one is a morphology-based approach known
as Blind Source Separation (BSS). The second one is the temperature-based approach called the

Response Fitting (RFit).

2.2.6.1 Blind Source Separation (BSS)

The Blind Source Separation (BSS) routine developed by Dudok de Wit et al. (2013) based on the
fixed-point fast Independent Component Analysis (FastlICA) method (Hyvarinen, 1999) is used

to separate the hot and cool components in the AIA 304 A images. BSS decomposes images (or
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Figure 2.9: AIA temperature response functions (Adapted from Peter et al. (2012).)

signals) into sources that are independent of each other. The intensity of an AIA passband is given

in the following equation:

N

In=) VixSc+ By (2.14)
k=1

Here, S}, denotes the source components and V;, y is the mixing coefficients. Instrumental noise
and other errors are given with B),. First, a set of m equations is generated for each AIA passband,
and then source terms and mixing coefficients are obtained by minimizing errors. /N in Equation
2.14 refers to the number of sources and must be specified beforehand. It is important to identify
a minimum number of N source images in each AIA passband from which most of the original
image can be recovered. Since there was not much improvement for N>3 (Dudok de Wit et al.,
2013), Antolin et al. (manuscript in preparation) took N=3 and tested different combinations of
various AIA channels, obtaining the combination of four source AIA passbands (AIA 193, 211,
304, and 335 A) as a good compromise. Each source function focuses on specific morphological

structures and has a narrow temperature response with little overlap with other sources. This
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essentially improves the sources as temperature gauges and Equation 2.14 turns into the following

equation:

3
Iie = Z Vi,3045k (2.15)
k=1

Here, I ffﬁi represents the cool 304 components of a AIA 304 A image; hereafter, we refer to it
as cool AIA 304 A. Vj, and Sj, indicate the mixing coefficients of cool emission and source terms,

respectively. The hot component of the channel is obtained using the following equation:

3
I735 =" Vihot, Sk (2.16)
k=1

where j=1,2

The original (left), cool (middle) and hot (right) AIA 304 A images are shown in Figure 2.10. The

cool AIA 304 A data are used in Chapter 3.

Original AIA 304 Cool BSS source Hot BSS source

Solar-Y [arcsec]

—1100 —1050 —1000 —-950 —1100 —1050 —1000 —-950 —1100 —1050 —1000 —-950
Solar-X [arcsec] Solar-X [arcsec] Solar-X [arcsec]

Figure 2.10: Comparison between original AIA 304 A (left), cool AIA 304 A (middle), and the
hot AIA 304 A (right) using the BSS approach. The solar disk is removed for better improvement.

2.2.6.2 AIA 304 response fit (RFit)

This method also aims to separate hot and cool components from the AIA 304 images. However,
this method relies on understanding how the ATA 304 A response function (see Figure 2.9) changes

in relation to temperature. As can be seen in this figure, the first peak of the AIA 304 A is isolated
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on the left side, which corresponds to the cool temperature range. The second AIA 304 A peak
is located in the hot temperature region where there is a large overlap of EUV response functions.
This indicates that a suitable decomposition of the hot part of the AIA 304 response function can

always be found with all other EUV response functions.

In the RFit routine developed by Antolin et al. (manuscript in preparation), everything above
logT=5.8 (in Figure 2.9) is defined as the hot temperature range in the AIA 304 emission. Then,
everything below logT=5.5 is set to 0 and apodized with a cosine function between logT=5.5
and logT=5.8 to obtain the hot AIA 304 emission response function to fit (25, 4,)- Apodisation
minimizes the impact of lower temperature boundary fitting. The fit to 135, , with all other

response functions is minimized using the least squares method (see Equation 2.17).

Rioyp, = c1Roa + caRu31 + csRir1 + caRigz + c5 Rann + co Rsss (2.17)

Here, c;...cg represents the coefficients resulting from the fitting.

In the next step, the dot product is obtained between the coefficients (c;...cg) and the 6 AIA EUV
images (/¢ pyv) that use response functions (in the same order) in the fitting procedure to obtain

the hot component of the AIA 304 image, as given in Equation 2.18.

IR = I puy - (2.18)

Here, the current 304 response fit method is given by “RFit”. Finally, the hot component of the
AIA 304 emission is subtracted from the original image (I3g4) to obtain the cool AIA 304 A

emission (see Equation 2.19).

ISEY = Isoq — ISHY (2.19)

The original (left), cool (middle) and hot (right) AIA 304 A images are shown in Figure 2.11. The
cool AIA 304 A data are used in Chapter 5.

Here, in this section, we presented two approaches to separating the hot and cool components
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Figure 2.11: Comparison between original AIA 304 A (left), cool AIA 304 A (middle), and hot
AIA 304 A (right) using the RFit approach.

from AIA 304. In the RFit method, the intensities are expected to add up (as shown in Equation
2.19, i.e., Original image = cool + hot), meaning that we have one cool and one hot image from
the original AIA 304 image. However, the BSS method differs from RFit in generating the cool
and the hot emission. As mentioned in the previous section, in the BSS routine, we have as many
images (N) as there are sources, and the user should identify a minimum number of N source
images. Based on the result of Dudok de Wit et al. (2013), in our study, we have chosen 3 images
(i.e. N=3), and we obtain one cool image, corresponding to the cool AIA 304 image, and two hot

images, correlated with AIA 193 and AIA 94.

The ability of RFit to provide a hot AIA 304 image in addition to the cool AIA 304 image made
it more useful in the flare-driven dataset (see Section 5) than the BSS routine. Indeed, the hot
AIA 304 image allowed an additional view of the chromospheric evaporation dynamics. For the
quiescent rain dataset (see Section 3), this was not required. However, the BSS method seems
to perform better in noisy datasets, removing better the noise from the image, as can be seen
comparing Figures 2.10 and 2.11. Hence, the BSS method was chosen over the RFit method for

the quiescent rain dataset.
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Chapter 3

Quiescent Coronal Rain Analysis

In this chapter, I build upon the findings and insights presented in my paper? titled “Spatial and
Temporal Analysis of Quiescent Coronal Rain over an Active Region”. The content covered here
draws extensively from the information and results detailed in that paper, allowing for a deeper

exploration and analysis within the context of my thesis.

3.1 A Brief Overview

Coronal rain is a remarkable phenomenon that is produced in the corona and is characterized by its
significantly cooler and denser composition compared to its surroundings. Its morphology, origin,
and dynamics remain poorly understood despite its connection to coronal heating. The TNE-TI
scenario, which suggests that TT occurs in coronal loop structures experiencing TNE, is the leading

theory for its origin.

This chapter presents the first high-resolution statistical investigation of quiescent coronal rain
over an AR and long temporal scales of EUV intensity pulsation to provide valuable insights into
the distribution, dynamics, and behaviour of coronal rain, using IRIS and SDO imaging data. It
also contributes to advancing our knowledge of coronal rain and the occurrence of the underlying

mechanisms.

Our findings reveal a pervasive presence of coronal rain throughout the observed AR, irrespective

3 Sahin, S., Antolin, P., Froment, C. and Schad, T. (2023). Spatial and Temporal Analysis of Quiescent Coronal Rain
over an Active Region. The Astrophysical Journal Letters, 950, 171.
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of loop inclination, exhibiting minimal variation over a 5.45-hour observation period. The majority
of the coronal rain follows a downward trajectory (87.5%), although upward motions (12.5%)
are pervasive as well. The dynamics of rain exhibit a notable consistency across the range of
temperatures observed, hinting at a co-localization of the TR and chromospheric emissions on

average.

We also revealed the prevalence of long-period EUV intensity pulsations within the AR. Surpris-
ingly, we detected a shorter periodicity (16 minutes) associated with the appearance of coronal rain

and present challenges in explaining the short-term periodicity under the TNE-TI scenario.

3.2 Data and Method

3.2.1 Data

The studied AR was observed on June 2 2017, between 07:28:00 UT - 12:54:39 UT (5.45 hours)
when it was close to the Solar East limb (see Figure 3.1). Level 2 SJI data from IRIS (De Pontieu
et al., 2014) are used in this study, which combines both near-UV (NUV) and far-UV (FUV)
passbands. One of them is centered on 1400 A (dominated by the Si IV 1402.77 A TR line forming
at 10*8 K) and other one is centered on 2796 A (dominated by the Mg 112796.35 A chromospheric
line forming at 10* K). IRIS spectrograph has a 64-step raster observation centred at [-970",143"]
with a maximum SJI FOV of 232" x 182", The SJI data sets have a pixel scale of 0”.3327 pixels—!
and an exposure time of 15 s. The average cadence for the SJI 1400 and 2796 is 43.1 s and
32.3 s, respectively. We also analyzed this AR using the SDO/AIA observations with a cadence
of 12 s. The exposure time for this dataset is around 2.9 seconds. We particularly analyzed the
AIA 304 A channel, which is dominated by the He II line and forms at approximately 10° K,
to detect and study the rain. The AIA observations have seven passbands, but we specifically
focused on the ATA 304 A channel. The AIA pixel size is originally 0”.6 pixel "', but we have
adjusted it by rebinning to align with the SJI plate scale. To differentiate between the data sets
used in this study, we will assign specific names to each. The data set mentioned earlier will be
called the “rain data set,” and the data set presented below will be called the “pulsation data set.”
We analyze the long-term intensity pulsations in the AR over three days in all seven AIA EUV

channels (94, 131, 171, 193, 211, 304, and 335 A), starting from the 1st to 4th of June, using Level
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1.5 datasets. The FOV for this channel is 332" x 282" (shown in Figure 3.1, right panel) with a
centre at [-970”,142"]. The cadence for these data set is 5 minutes. The AIA data are processed
using the routine “aia_prep” in IDL SSW to read and calibrate to Level 1.5. The intensities are
normalized based on exposure times, and the signal-to-noise ratio is improved by applying a 4 x4
pixel binning (see Section 2.2.5 and see Froment (2016)). We also investigate the presence of
short-term periodicities (i.e., <1 hour) using the “rain data set” in the same AR, contrary to the
previous works.
SI12796 (Mg IT) SIT 1400 (Si IV) AIA 304 (He II)

AIA 171 (Fe IX)
200

100

-1100-1050-1000 -950 -900 -850
X [arcsec]

-1000 -980 -960 -940 -920  -1000-980 -960 -940 -920  -1000-980 -960 -940 -920
X [arcsec] X [arcsec] X [arcsec]

Figure 3.1: The studied AR of the Sun on 2 June 2017 taken by SJI 2796 A, SJI 1400 A, and
AIA 304 A, respectively, (from left to right). The most right panel displays a wider FOV with
AIA 171 A over the same AR. The white rectangle corresponds to the FOV shown on the left
images. All SJI and AIA images were obtained by summing over ten images in the interval 07:28
- 07:34 UT. The movie of this figure is available in Sahin et al. (2023).

3.2.2 Data preparation

As explained in Section 2.2.1 and in Sahin et al. (2023), the AIA data are adjusted to align the
SJI plate scale to ensure precise alignment between these channels. Co-alignment is achieved by
comparing the features observed on off-limb and on-disk in the co-temporal images of SJI 2832 A
and ATA 1600 A. The data in these two filters is captured under similar conditions, ensuring
accurate alignment between these two channels. At various time intervals, X and y shifts are
obtained, and then an interpolation process is performed to estimate shifts for any other time

sequence. After that, these computed shifts are applied to all other channels accordingly.

IRIS channels exhibit a discernible influence of scattered light, which is pointing-dependent, as

outlined in Wiilser et al. (2018). This can be challenging to characterize off-limb observations.
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As a consequence of this imperfect flat-fielding and scattered light in IRIS’s raster mode, the
resulting SJI images display a background contribution exhibiting apparent motion relative to the
solar image. This phenomenon introduces a non-trivial time-dependent noise, leading to 17.2 min
periodic intensity increases in the SJT 1400 A and SJT 2796 A images. This artificial periodic
intensity is more noticeable in SJI 2796 A closer to the limb, while it is comparatively more
distinct in SJI 1400 A relative to coronal rain intensity occurring at higher heights. To reduce this
noise, the method involves computing the minimum intensity evolution over a grid in both SJI
channels for each pixel. Then, these cubes are normalized by dividing each pixel and time step by

its corresponding minimum intensity value.

As mentioned in Section 2.2.6, the ATIA 304 A passband exhibits two main peaks in the tem-
perature response function, which have comparable intensities. To separate these cool and hot
emissions in the AIA 304 A emission, the BSS technique is employed (see Section 2.2.6). The
subsequent analysis during this study utilizes the modified cool AIA 304 A images to display the

results from the cool emission.

3.2.3 Detection of coronal rain

Before running the semi-automatic technique for detecting coronal rain, the solar limb and its
region were removed to prevent its large brightness contrast. Besides, to avoid most spicules
and other low-lying, cool features, the spicular region above the solar limb was also removed.
These features are commonly observed at altitudes between 4 and 10 Mm above the solar surface
(Beckers, 1968); therefore, the minimum height for the spicular region was chosen as 6 Mm from
the off-limb FOV. Then, the RHT algorithm (as described in detail in Section 2.2.2) was applied

to detect and quantify the observable coronal rain motion.

For the running mean filters (w,), 13-step(~7 minutes), 10-step (=7 minutes), and 17-step (=3 min-
utes) were used for the SJI1 2796 A, SJT1 1400 A, and ATA 304 A, respectively. For the bidirectional
filter, a 5-step (=3 minutes for the SJI 2796 Aand ~4 minutes for SJI 1400 A) bidirectional filter
was used in the SJI channels and a 21-step (=4 minutes) filter for the AIA 304 channel. The
reason why the large step size is used in AIA 304 A is to accommodate for the faster cadence.
For instance, for ~70 km s~ flow, the number of SJI pixels the flow would cross would be ~62

pixels. This is large enough to calculate the evolution of the flow accurately. However, the same
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bidirectional filter step in AIA 304 A results in ~17 pixels, which is insufficient. Therefore, a
21-step bidirectional filter is used for the AIA 304 A, and ~73 pixels for the distance covered by
the rain, matching the results with the SJI filter. RHT kernel width was chosen as 29 (i.e., D,, =
29) for all channels. The standard deviation (o) for the background noise was chosen as 2 (for
SJI 2796 A), 2.1 (for SJI 1400 A), and 0.008 (for AIA 304 A). The reason behind the different
noise values in AIA 304 A is because of the preprocessing image technique (BSS), as explained

above.

In total, 4x10°, 2x10%, and 3x 106 rain pixels were detected in SJT 2796A, SJI 1400A, and AIA
304A, respectively. Afterwards, we applied the following conditions. Pixels were included from
all channels if they met the criteria: R,y > 0.8, max[Hyy(0)] > 0.75, Ry > 0.8, maz[H(0)] >
0.75. In addition to this, for the AIA 304 A channel, the condition was set at THJ < 84°, while
for both SJI channels, it was set to Et| < 88° (see Figure 3.2), since the resulting velocity error is
larger than the reasonable maximum cut-off for measurable projected velocity. The calculation of

a reasonable maximum cutoff velocity is given in Schad (2017) as the following equation:

Oz
Veutoff = 5, tan(m/2 — 6p) 3.1)

Here, Jy is the angular sampling of the RHT (i.e., = 1/(D,, — 1), with Dw the kernel width). A
reasonable maximum cutoff for measurable projected velocities for AIA 304 A and SJI channels
is 591 km s~! and 215 km s—!, respectively. Using the above condition, the results shown here

are limited to ~215 km s 1.

The confidence interval is given in Equation 2.7 in Chapter 2.2.2.2, which is derived from the RHT
angles. Therefore, it also gives the error estimation for the derived projected velocities as follows

(Schad, 2017):

5UH ~ (5i) ]tan(@t + 69‘15) — t(m(@t — 69’15)’

5 5 (3.2)

In Figure 3.2, the average 68% (green) and 95% (blue) confidence intervals are shown for the total
projected coronal rain velocities for the SJI 2796 A (a) and AIA 304 A (b,c). For the Etl < 88°,

AIA 304 A shows large errors for high velocities, while for Tﬁtl < 84°, the errors are reasonable
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(panel c).

After all these conditions, the remaining rain pixels are 7x10°, 2x10°, and 3x10° in the SJI
2796A, SIT 1400A, and AIA 304A, respectively.

(a) |6, < 88°SI1 2796 (b) |6,| < 88° AIA 304 (c) |6, < 84° AIA 304
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Figure 3.2: Confidence intervals for the projected velocity of the SJI 2796 A (a) and
Cool AIA 304 A (b,c) with different conditions.

3.2.4 EUYV Pulsation Detection

A study was conducted on 3-day data (i.e. “pulsation data set.”) with a cadence of 5 minutes,
spanning from 2017 June 1 at 05:00 UT to 2017 June 4 at 05:15 UT, for the long-period pulsation
analysis. The study utilized AIA channels and implemented a modified version of the automatic
detection algorithm (see Section 2.2.5) developed by Auchere et al. (2014) and by Froment (2016),

specifically adapted for off-limb observations (Froment et al., 2020).

3.3 Results

3.3.1 Spatial and Temporal Mean Angle and Rain Occurrence

Figure 3.3 shows the average spatial (gxy; top panels) and temporal (f;; middle panels) mean
angle maps over an entire observational time. Here, the spatial mean angle maps illustrate the
rain inclination in the POS relative to the vertical direction, whereas temporal mean angle maps
reveal the dynamic variations along a given path. All the coloured pixels in these maps represent
coronal rain pixels, which occupy a large POS area over the AR. The FOV contains approximately
ten times more rain pixels; however, not all are shown in these panels. This is due to the strict

conditions mentioned above for detecting coronal rain pixels. In this way, the rain dynamics and
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trajectories are accurately captured.
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Figure 3.3: Average spatial (top) and temporal (middle and bottom) mean angles maps over the
whole observational time. Average temporal mean angle maps show the upflow and downflow
motions (middle), and upflow motions (bottom) only. The dashed black curves denote the solar
limb.

The rain trajectories observed were consistent with the large-scale magnetic field topology of the
active region, which was centred on the sunspot within the FOV. This study represents the first
instance of achieving extensive, high-resolution tracking of coronal field lines using coronal rain
on such a large scale. The green and red colours in the bottom panels of Figure 3.3 represent
downward motion in the temporal mean angle maps. As seen on these panels, the downward
motion is more dominant than the upward motion (shown by blue colours), as expected from the
gravity effect on coronal rain. The total rain pixel numbers of downflow and upflow motions
and their percentage are given in Table 3.1. As shown in the table and also seen on the bottom
panels in Figure 3.3, the upward motions are also ubiquitous, particularly near the sunspot. This
is unsurprising as gas pressure can impact coronal loops, as shown in previous research (Antolin

et al., 2010) and confirmed by numerical simulations (Oliver et al., 2014; Li et al., 2022).
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Table 3.1: The obtained rain pixel numbers of downflow and upflow motions and their percentage
representation in all three channels.

Channel (A) Ndownflow %downflow Nupflow %upflow
2796 6x10° 90 7x10% | 10
1400 2x10° 83 3x10%* | 16
304 29x10° 89 3x10% |11

Figure 3.4 shows the percentage difference in the occurrence of coronal rain (on the top panels)
across the channels, along with scatter plots presenting the Pearson correlation coefficient of the
spatial mean angle maps (on the bottom panels). In these panels, an equal number of time steps and
the absolute spatial mean angle values were used across channels in order to obtain the difference
maps in the occurrence of coronal rain. The SJI 1400 A passband has the lowest cadence (43.1 s);
therefore, it is used as a reference channel. Then, the closest times on SJI 2796 A and AIA 304 A
are found according to it. The total number of rain pixels is calculated for each pair of cubes in this
set of three. Then, the result is gathered in a new cube, based on their x and y positions over time,
considering rain pixels as any spatial mean angle values that are nonzero. Finally, the difference
between the two is computed, and this result is divided by the total number of images to yield the
percentage difference in the occurrence of coronal rain.
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Figure 3.4: Top: Percentage difference panels in coronal rain occurrence. The solar limb is indi-
cated by the dashed lines. Bottom: The scatter plots of the spatial mean angle maps. In the title of
these scatter plots, the Pearson correlation coefficient (R) is given.

The scatter plots in the bottom panels in Figure 3.4 demonstrate a strong correlation (R=0.84 be-
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tween SJI 1400 A and SJI 2796 A, 0.79 for AIA 304 A and SJI 1400 A, and 0.85 for AIA 304 A
and SJ12796 A) in coronal emission in all channels, which suggests that coronal rain is multither-
mal at a global level, where chromospheric emission is colocated on average with TR emission.
However, strong localized differences are also seen in all channels in top panels in Figure 3.4.
From the top right and left panels, more rain can be seen in SJI 2796 A than in SJI 1400 A and
AIA 304 A toward the footpoints. In the top middle panel, more rain emission in SJI 1400 A
is seen than in AIA 304 A. These differences could also arise from line opacity (intensity), their
contrast with the background, the instrumental spatial resolution and low instrumental sensitivity

(particularly for AIA 304 A).
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Figure 3.5: Average (top panels) and extremum (bottom panels) difference of absolute spatial
mean angle as shown in Figure 3.3. To see the spatial variation better, we saturated these panels
by 11°. The solar limb is indicated by the black dashed lines.

In Figure 3.5, we show the average and extremum difference maps of absolute spatial mean angle
on the top and bottom panels, respectively, to examine the variations in trajectories across the
temperature range. Similar to Figure 3.4, an equal number of images are used for the channels.
First, common non-zero locations to both channels are found. Then, the difference between them
is taken. Next, for a given time t, a time length around t is chosen to be equal to the running mean
filter (see Section 2.2.2). This approach ensures that significant changes are locally seen within the
selected time interval. The average and extremum of the differences between the two channel pairs
over this time range (excluding zero instances) were computed, and these values were stored in

two new cubes. This process was repeated for all spatial pixels. Finally, the average and extremum
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of these two cubes over time were calculated over all non-zero time instances (see Figure 3.5 top
and bottom panels, respectively). On average, the differences across channels are below 10°,
while the extremum values cluster around 10°, with a few isolated instances reaching up to 20°.
Here, the figure is saturated at 11° to see clear spatial trends). The panels for [1400] — |2796]
indicate that, on average, differences occur in regions with inclined structures or loop apexes.
In addition to this, an increased variation can also be seen close to the solar surface or sunspot.
Panel |304| — |1400]| and panel |304| — |2796| exhibit more spatially uniform distributions of the
differences. The differences observed in these panels are likely influenced by the accuracy of the
RHT method near the apex of the loop because of the slower clumps’ speeds in these regions.
However, structures with higher speeds, such as those near sunspots and inclined structures, are
more likely to have genuine differences observed. There are two possible scenarios to consider.
First, they might be caused by overlapping loops in the LOS, particularly for SJI 1400 A, since
it is usually optically thin. Similarly, the rain’s narrow width can cause a reduction of the optical
thickness of SJI 2796 A. Second, shear motions may be caused by multithermal plasma moving

differently within the same pixel elements.

3.3.2 Morphology

Here, the statistical determination of the width and length of each detected rain clump is presented.

To measure the width of the clumps, the following calculation step is applied:

1. For a clump pixel at a particular location and time, spatial mean angle information is ob-

tained from the RHT.

2. A Gaussian is fitted to the intensity profile, which is interpolated over the perpendicular line

to the trajectory (see the orange lines in Figure 3.6).

3. The Full Width at Half Maximum (FWHM) is obtained from the Gaussian fit, which is

considered the width for the rain clump at that particular pixel.

In addition, a condition is set on the intensity of the profile to avoid background noise, and an
intensity threshold is also set below which the intensity profiles are neglected. An area without
any visible structure is chosen to determine the thresholds for each channel, and the average in-

tensity throughout the observation sequence is calculated. As mentioned before, scattered light
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and imperfect flat-fielding cause non-uniform noise levels during one raster and in the image. Al-
though this non-uniform noise has been corrected in data calibration, it has not been completely
eliminated. Therefore, a temporally and spatially non-uniform secondary noise threshold is taken

into account, which is used to calculate the length.

In Figure 3.6, the depicted procedure establishes an intensity threshold known as the “intensity at
half maximum” (indicated by filled circles aligned with the positions of the dotted lines in panel
(d)). This threshold is utilized as the non-uniform intensity threshold for determining lengths (with

intensity values corresponding to the positions of the dotted lines in panel (¢)).
To calculate the length of the clumps, the steps below are followed:

1. Given a pixel location, we determine the centre point of the Gaussian fit used to calculate

the width of clumps at that location.

2. Using the spatial mean angle (from RHT) at this centre point, a path along the same trajec-

tory is drawn.

3. Along this path, the locations where the intensity of the clump falls below the non-uniform

noise threshold are identified, as explained above.

4. These locations yield two points below and above the centre point, which define the extrema

for the length calculation.

5. This process is performed for all pixels of a given clump, and length calculations are ob-

tained for each.

6. Finally, the average of all the length calculations is obtained, which provides an accurate

measurement of the length of clumps.

Panels a and b in Figure 3.7 show the width and length distribution of the detected coronal rain
clumps in SJI 2796 A (blue), SJT 1400 A (red), and AIA 304 A (green). The distributions for all
channels are similarly shaped and slightly asymmetrical, with a small tail at higher values. The
average widths and lengths found are summarised in Table 3.2. The widths between SJT 2796 A
(~0.8 Mm) and SJI 1400 A (~0.7 Mm) are found similar, but the widths found in Cool AIA 304 A
(1.2 Mm) are considerably larger. This could be due to the lower spatial resolution in AIA 304 A

and the narrow rain widths being slightly larger than the instrumental resolution (~=0.5 Mm for the

77



3.3. RESULTS CHAPTER 3. QUIESCENT CORONAL RAIN ANALYSIS

IRIS SJI 2796 IRIS SJI 1400 SDO AIA 304
-940 EE§S : '
-945
2 -950
S,
<
-955
-960
201204207 210213 201204207 210213 201204207 210213
Y [arcsec] Y [arcsec] Y [arcsec]
AIA 304 SJI 1400 SJI2796 AIA 304 SJI 1400 SJI2796
1.2 _IIIIIIIII|IIIIIII:’:IIIIIIIIII!l:IlIIIIIIIIIIIIIIII_ 1,2 _I T T | l| T :| |:I TT | LI I:l I:I T | T
(@) . ) ]
2 1.0 ] 2 1.0 Lo ]
= : i £ B ]
2 08 — 3 0.8 ]
= - ) k= C )
3 0.6 EF 3 g 06 F .
N L ] N L ]
£ 04F - g 04F -
S ] S ]
Z 02F - Z 02 F .
i < :I 11 1l 1 l] Ill 11 I 11 III IlI 1 11 I_
0'00 1 2 3 4 0'00 2 4 6 8 10 12
Widthwise cut [Mm] Lengthwise cut [Mm]

Figure 3.6: A method to determine the width (d) and length (e) of rain clumps in SJI 2796 A (a),
SJ1 1400 A (b), and AIA 304 A (c). In these panels, the orange line represents a cut crossing the
rain clump at a particular pixel perpendicular to the clump trajectory. This line is employed for
calculating the clump width using a Gaussian fit to the intensity profile (i.e. FWHM, cyan line
cut). The white lines indicate the cuts for the rain clump that determine its length (blue line). d,e)
the intensity profiles of the clump along the orange and white cuts are shown in panels a,b, and c,
together with the resulting extrema positions indicating the width and length (dashed lines in each
panel with blue (SJI 2796 A), red (SJI 1400 A), and green (AIA 304 A)). Filled circles in these
plots indicate the positions of intensity at FWHM.

SJIs and ~0.9 for the AIA). The lengths show a smaller degree of similarity compared to the
widths, despite being ten times larger. On the other hand, the length and width variations with
height above the surface of the Sun (z=0) are shown in panels ¢ and d in the same figure. The

widths remain constant as the rain clump falls, but the lengths vary considerably, where the rain
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Figure 3.7: a,b) 1D histogram distribution of widths and lengths of rain clumps in SJI 2796 A
(blue), SJI 1400 A (red), and AIA 304 A (green). c,d) The width and length variation of rain
clumps with height. Here, the filled circles and error bars indicate the average length and width
and their average standard deviation at each height bin, respectively.

passes from ~15 to 6 Mm. This shortening rain clump length is likely attributed to their crossing

below the limb, making it challenging to track them any further.

Table 3.2: The average width and length values found in all three channels.
Channel (A) | Average width (Mm) | Average length (Mm)
2796 0.8£0.2 5.3+39
1400 0.7£0.2 4.8£3.5
304 1.2£0.3 6.9+4.9
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3.3.3 Dynamics

In this part, the dynamical results are presented. The top panels in Figure 3.8 show the projected
velocity maps, including both downflow and upflow motions from the individual rain clumps
measurements. The RHT temporal mean angle (6;) is used to determine the velocity on each

curvilinear path, as shown in Equation 3.3 (Schad, 2017):

vy = tan 6y ( (3.3)

5

Here §x corresponds to the spatial sampling on the date, which is 244.75 km for the AIA channel
and 244.72 km for the SJI channels. The ¢ indicates the average cadence, which is 32.3 s, 43.1 s,
and 12 s for the SJT 2796 A, SJI 1400 A, and AIA 304 A, respectively.

The average velocity is also dependent on the spatial mean angle (Ewy) through the vertical (Equa-
tion 3.5) and the horizontal (Equation 3.4) velocities:
Ve = ’UH COS gﬂ;y (3-4)

vy =) sin@my 3.5

The projected velocity can also be decomposed in terms of the radial and tangential components,

as shown in Equation 3.7 and Equation 3.6, respectively.

Vtan = Ug(— cos (@) + vy(—sin (o)) (3.6)

Vrad = Vz(—sin (a)) + vy cos (@), 3.7)

Here, « indicates the angle between the horizontal (parallel to the x-axis) and radial directions in

radians. Then, the projected velocity is calculated as follows:
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UP - ‘UH‘ = vt2an + U?ad (38)
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Figure 3.8: Average projected velocity maps with respect to downward (top) and upward (bottom)
direction in the SJT 2796 A, SJT 1400 A, and AIA 304 A. The dashed lines correspond to the solar
limb.

The average projected velocity maps with respect to the downward and upward direction of the
rain are shown in Figure 3.8. As shown in these maps, most of the rain clumps accelerate during
their fall, and this can be clearly observed as higher velocities in the centre of the AR (or near the
sunspot) in SJI and AIA channels in the top panels. Interestingly, this is also true for the upflow
motions, indicating that gas pressure becomes more important at lower heights (See the discussion

section for further details.)

Figure 3.9 shows the differences between projected velocities for each channel pair by following
the same method as for Figure 3.5. In these maps, the highly localized red and blue values can be
seen, indicating a salt-and-pepper distribution. This may happen when a rain pixel is detected in
one passband but not the other passbands. However, there are notable differences on a large scale.
For instance, the |1400| — |2796| panel shows more blue pixels around the sunspot, indicating
higher velocities (20 km s~! higher) in the SJT 1400 A compared to SJT 2796 A. In the [304| —
|2796] panel, the larger loop patches are observed, and they exhibit consistency with a single
colour. Higher velocity values seem to be found in the AIA 304 A near the sunspot, supporting

the previous finding. Finally, the |304| —|1400| panel displays more red than blue, which suggests
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Figure 3.9: The average (top) and extremum (bottom) differences of the projected velocities.
These panels are saturated by 55 km s~!. The dashed lines correspond to the solar limb.

higher speeds in the SJI 1400 A. This suggests the existence of shear flows that have multiple
temperatures and/or speeds that are dependent on both temperature and density. However, the
opposite result is predicted by the drag effect, which is dependent on density, indicating higher

speeds for denser (and thus cooler) rain.

The SJ12796 A, ST 1400 A, and AIA 304 A passbands have different numbers of snapshots (1)
and exposure times (D;). These differences influence the characteristics of the rain clumps, espe-
cially their length. Therefore, the rain area per second in each passband was calculated using the

pixel size (dx, dy), number of snapshots (n;), and exposure times (D;) (see Equation 3.9).

Rain area per second = (Npjzers/n¢) % (dxdy/Dy) (3.9

Here, Nj;zes denotes the total number of pixels in the specific passband, and the units of this

equation are arcsec s .

The left panels in Figure 3.10 show a broad projected velocity distribution of downward (up)
and upward (bottom) motions for the SJI 2796 A (blue), SJT 1400 A (red), and Cool AIA 304 A
(green). The peaks in these plots are below 50 km s~! and long tails reaching up 160 km s~!. The

distributions have a similar shape across all the channels, and the median velocities are given in
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Figure 3.10: Top: The projected velocity histogram distribution and height distribution of down-
flows, separated by colour for the SJT 2796 A (blue), SJI 1400 A (red), and AIA 304 A (green),
along with their median and standard deviation. Bottom: Analogous to the upper panels, but fo-
cusing on upflow motion.

Table 3.3. The right panels in the same figure illustrate the median projected velocities variation for
both downward (top) and upward (bottom) motions at different projected heights for each channel.
In these plots, zero height indicates the solar limb, also shown in the previous figures with dashed
lines. The downflow motions (top plot) display similar median projected velocities at all heights,
especially when comparing the SJT 2796 A (blue) and AIA 304 A (green). However, SJI 1400 A
demonstrates relatively higher velocity values at higher heights (>18 Mm), supporting the results

from Figure 3.8. Moreover, the plot demonstrates that the rain clump accelerates slightly at higher
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heights (around the apexes of the loop) and then falls at an nearly constant speed. It could be
due to the gas pressure force (Oliver et al., 2014). On the other hand, the projected velocities in
the upward direction show much more variation with height, indicating significant changes in gas
pressure related to the rain’s fall. The high speeds shown in Figure 3.10, which corresponds to
highly localized measurements, are likely caused by apparent effects or errors in the RHT routine
rather than large-scale bulk flow due to gravity. A point to note here is that if the cool material does
not move significantly during the time set by the running mean filter (rmean; see Section 2.2.2.1),
then the RHT fails to detect it. This is the case if the LOS is roughly aligned with the POS and
the rain occurs at the apex since the projected speed in the POS for this case is very small. In this
study, many loops do appear to have their planes close to being aligned with the LOS, which is the

reason why the RHT detects little rain at high altitudes.

Table 3.3: The median downflow and upflow projected velocities found in all three channels.

Channel (A) Downflow Velocity (km s7h) Upflow Velocity (km s—h
2796 38428 45447
1400 43436 49446
304 41434 62451

In Figure 3.11, the time-distance plots of spatial mean angles are obtained to investigate the time
evolution of the rain clumps dynamics in SJT 1400 A (top), SJI 2796 A (middle), and AIA 304 A
(bottom). The positive and negative inclinations are given separately on the left and right panels
by overlaying all time-distance plots for each radial axis. As can be clearly seen in these dia-
grams, rain clumps and showers are seen throughout the entire duration of the IRIS and AIA data.
Despite many overlapping rain trajectories over time, the spatial mean angle changes with time
and distance for individual trajectories. This suggests a change in the projected velocity of rain
as it falls. This change appears to be an acceleration due to the small angle between the plane
of the loop and the LOS, causing slower speeds for rain near the apex of the loop. On the other
hand, Figure 3.10 demonstrates that as height decreases, velocity increases linearly, indicating a
small constant acceleration. This could be due to the restructuring of gas pressure produced by the
formation of the condensation (Oliver et al., 2014; Martinez-Gémez et al., 2020). The change in
the slope may not indicate acceleration but could result from a shift in the angle between the LOS
and flow tangent vector to the flow. The angle between the vector tangent to the flow and LOS will

be almost zero at the loop apex if the LOS makes a small angle with the loop plane. This makes
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Figure 3.11: The time-distance diagram of negative (left) and positive (right) spatial mean angle
inclinations for the SJT 2796 A SJI 1400 A and AIA 304 A (from top to bottom panels). The
grey-shaded areas in SJI plots indicate times when cosmic rays are present, causing a disruption
in the detection of coronal rain.

the projected velocity very small. However, as the angle increases 90° towards the loop leg, the

projected velocity approaches the total velocity.

Figure 3.12 shows the 2D probability distribution function (pdf) of the tangential (top), radial
(middle) and downflow projected velocities (bottom) with height. As seen in Figure 3.3, rain
clumps are distributed almost equally on both sides of the AR, resulting in a bimodal distribution
in the tangential velocity maps in the top panels in Figure 3.12. In the middle and bottom panels
in the same figure, the downward velocities are lower than the freefall speed limit (considering an
average starting position from the rest of 45 Mm). These findings are in consistent with previous

studies by Schrijver (2001), De Groof et al. (2004), and Antolin et al. (2015).
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Figure 3.12: 2D PDFs of the tangential (top), radial (middle), and downflow projected (bottom)
velocities for the SIT 2796 A (left), SJI 1400 A (middle), and AIA 303 A (right). The white
parabola indicates the change in freefall velocity with height, starting from the observed average
height.

3.3.4 Long and short term periodicity
3.3.4.1 Long-term periodicity

In this section, the presence of long-period intensity pulsations is investigated using the “pulsation
data set” (i.e., 3-day data set) between June 1, 2017, at 05:00 UT and June 4, 2017, at 5:15 UT.

The cadence of this data set is 5 minutes.

Figure 3.13 shows some of the detected pulsations regions through contour lines, with AIA 171 A
(cyan) and AIA 193 A (dark blue) over an AIA 171 A image of the active region. Additionally,
the SJI 2796 A spatial mean angle (see Figure Figure 3.3) from the rain detection is also shown
as an overlaid image. These contours represent the regions with normalized power exceeding 100
(see Section 2.2.5). We find four pulsation regions that are predominantly at the coronal loop top
or apex. This occurrence can be reasonably explained by a decrease in the superposition presence
of bright coronal structures at higher altitudes. Smaller regions are manually selected within the

contour regions (i.e. detected pulsations regions) to check the periodicity through Fourier power
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Figure 3.13: Detected long-period EUV intensity pulsation regions over AR in AIA 171 A (cyan
contours) and AIA 193 A (dark blue contours) with normalised Fourier power above 100. Each
contour is labelled with its dominant frequency: 75.97 uH 2/3.65 hr (1), 65.28 pH 2/4.25 hr (2),
38.40 uH=2/7.23 hr (3), and 49.92 uH 2/5.56 hr (4). The SJI 2796 A spatial mean angle map is
also overlayed.

calculation. The periods are found to be between 3 and 9 hours. Figure 3.14 shows one example
of this analysis. In the top left figure, the selected subregion was shown with a pink square and
analyzed in detail. On the right, the light curve of AIA 171 A shows how the intensity varied
over the 2.4-day period for the summed intensity variation within the pink square. The normalized
power map (in a logarithmic scale) of the AIA 171 A and the Fourier spectra are presented in the

bottom left and right panels, respectively.
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Figure 3.14: Top left: The AIA 171 A map displaying one of the detected pulsation regions (cyan
contour). The pink square denotes the selected sub-region for the detailed analysis. Top right: the
temporal evolution of ATA 171 A intensity throughout the observational period, summed over the
pink subregion. The vertical dashed line marks the time corresponding to the right map, while
the vertical blue dotted lines indicate the observation window of the IRIS instrument (i.e., 5.45
hours). Bottom left: a normalized power map of AIA 171 A, presented on a logarithmic scale at
a frequency of 75.97 yHz (3.65 hr). Bottom right: the Fourier power spectrum of the AIA 171 A
light curve. The solid red curve represents the estimation of the average local power, and the blue
curve signifies the 100 detection threshold. Animation of this Figure is available in Sahin et al.
(2023).

In the bottom right panel, the Fourier spectra of the AIA 171 A passband are shown. The highest
power peak in this plot corresponds to the frequency of 75.97 ;Hz (3.65 hours). On the bottom left
panel, the normalized power map of the ATIA 171 A at this frequency (75.97 ;:Hz) of the highest
power peak is presented in the logarithmic scale. Note that this figure has the same FOV as in
the top left panel. The solid red curve in the Fourier spectrum represents the average local power,
indicating the noise level. The blue curve represents the 100 detection threshold. Power peaks at a
frequency of 76.8 ;tHz are observed in the AIA 131 A and AIA 193 A channels, with normalized

power values of 11.330 and 8.770, respectively. There is no significant power for channels 94,
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Figure 3.15: The average time series (top left) in the detected region is shown in Figure 3.14 with
cyan colour and its time-averaged wavelet and Fourier power spectrum (grey histograms and black
curves) (bottom).

211, and 335 A. The 171 A has the highest power at 14.30c. This periodicity was also checked
with a wavelet analysis as shown in Figure 3.15 and found that the power was clearly distributed in
the time series, backing up the Fourier results. The result also shows a 95% confidence level for a

significant power distribution (13.94 o) for a time range between 18:55:09 and 3:15:09 UT.

3.3.4.2 Short-term periodicity

Figure 3.11 shows the presence of apparent quasi-periodic downflows in the time-distance series
across the entire FOV. In this section, this phenomenon and the existence of short periodicity, in
general, are investigated. For this purpose, specific data sets and time intervals were used wherein
coronal rain is observable in both AIA and SJI channels (i.e. 5.45-hour data in SJI 2796 A,
SJT 1400 A, and AIA 304 A). Short periodicity was initially sought by establishing a constant
height above the limb, where intensities were summed across the entire field of view and locally,
with a constraint on the Y-axis range. Light curves are constructed at 8§ Mm intervals, commenc-
ing from the solar limb and summing data over an 8 Mm height thickness. Subsequently, the

corresponding Fourier spectrum is examined to identify prominent power peaks.

The red square at 15-23 Mm heights is presented in Figure 3.16 in the left panels for the SJT 2796 A,
SJI 1400 A, AIA 304 A, AIA 171 A, and AIA 131 A. The significant Fourier power spectra found
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Figure 3.16: From top to bottom, the SJI 2796, SJI 1400, AIA 304, AIA 171, and AIA 131 A
images (left panels), and their Fourier power spectrum (right panels) for the light curves generated
by summing over 15-23 Mm heights (indicated by red squares in the left images). The red and
blue lines represent the average power and the power levels at 100, respectively.

are shown in the right panels. In these plots, AIA 171 A has a peak of 11.040, dominating
with 2749.71 pHz (6.06 min) frequency. Two peaks of 12.360 and 13.840 were found in the
AIA 131 A, with the frequency of 1934.98 1Hz (8.61 min) and 2902.48Hz (5.74 min), respec-
tively. We have not detected any peak at those frequencies in AIA 304 A. However, we detected
a peak of 10.78c power at 1018.41 ;Hz frequency (16.36 min) in the AIA 304 Achannel. The
confidence levels and power at the same frequency are significantly lower for SJI 2796 A and
SJI 1400 A, at 4.120 and 6.260, respectively. The IRIS rastering mode, as mentioned in the

previous chapter, causes a non-uniform background noise due to the apparent motion caused by

90



CHAPTER 3. QUIESCENT CORONAL RAIN ANALYSIS 3.3. RESULTS

imperfect flat-fielding and light scattering. This effect causes a non-uniform increase in intensity
across the AR, with the centre experiencing the most significant impact. The periodicity of this
apparent motion is 17.2 minutes in the case of these SJI channels. Although the Fourier periodicity
is not exactly this one, it is also possible that the power found in nearby frequencies is attributed to
this apparent motion. To clear up this possibility, the time-distance maps over the blue path shown
in Figure 3.16 are presented in Figure 3.17. These maps were produced using the CRISPEX tool

(Vissers and Rouppe van der Voort, 2012).

To reduce the impact of the apparent motion effect, the IRIS raster is initially identified in both
SJ12796 A and SJT 1400 A with little to no coronal rain presence (depicted by the red rectangles
in the figure). Subsequently, the intensity values within these identified rectangular areas are
subtracted from all other IRIS rasters present in the time—distance maps (illustrated in the second
and fourth panels). This process aids in enhancing the visibility and clarity of the coronal rain
observations. As a result, the recurring short-timescale rain showers become readily discernible
in both SJT 2796 A and SJI 1400 A channels. Furthermore, these repetitive downflows are also
apparent in the time-distance maps of AIA 304 A, ATIA 171 A, and AIA 131 A. The consistent
presence of these downflows across multiple wavelengths reinforces the reliability and validity
of the observed phenomenon, supporting the notion of periodicity in the detected coronal rain

events.

3.3.5 Discussion and Conclusion

This study is the first high-resolution work on quiescent coronal rain for a duration of 5.45 hours,
covering an entire off-limb of an AR, in order to enhance our knowledge of its fine structure. This
duration is long enough to examine the TNE cycles’ cooling phase that lasts for hours (Froment

et al., 2015).

We investigated rain dynamics and morphology, from its formation point high along coronal loops
down to the chromospheric heights, as seen in a variety of channels that probe varying densities
and temperatures. Previous observations of coronal rain have generally been limited to ground-
based telescopes, which can only observe rain at the loops’ base off-limb due to the limitations
of adaptive optics. These observations have also focused on small-scale events rather than on the

scale of active regions. Studying coronal rain is important for understanding coronal heating since
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Figure 3.17: Time-distance maps for five channels along the blue paths in the left panels of Figure
3.16. The red rectangle area given in the first and third panels indicates the minimum solar activity
region to quantify the apparent motion variation effect for each SJI channel. To minimize apparent
motion effects, the intensity of this time-distance area is subtracted from all other rasters in the
map. The first and third panels show the original time-distance maps, while the second and fourth
panels display the corrected versions.
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the properties of coronal rain can provide valuable information about the spatiotemporal properties

of the heating mechanisms.

Our statistics indicate that rain clumps occur at chromospheric and TR temperatures, where Si
IV and Mg II ions are formed. These clumps have widths ranging from 0.2 Mm to 2 Mm and
lengths ranging from a few to 20 Mm. We found similar results for the rain widths to those found
by Antolin et al. (2015), despite using a 2x lower resolution dataset. On the other hand, these
findings also agree with simulation results (Li et al., 2022). These widths are about 5.8 times
wider than in Ho and 1.4 times wider in the same SJI channels of IRIS. This may be due to
our data set having 6 times lower resolution than the SST (Antolin et al., 2015) and twice lower
resolution than the IRIS data set used in their study. In addition to resolution, the wider widths
in the Mg II and Si IV lines compared to Ha studies may be caused by their larger opacities.
Moreover, the degradation of the SJI channels could also play a substantial role in increasing the
rain widths. However, the length measurements obtained are notably longer. This difference is
attributed to the analysis of larger spatial scales and the impact of longitudinal effects along loops,
for instance, gravity and gas pressure. This is confirmed by the similarity between the length
measurements in AIA 304 A and those found in Antolin et al. (2015) using the same passband.
The findings indicate that factors determining the width of coronal rain act quickly upon formation
and remain constant as they fall along the loop length. The width of a coronal rain clump may be
influenced by both the fundamental nature of coronal heating (Antolin et al., 2015, 2022) and the
granular scales and currents that may be associated with it (Martinez-Sykora et al., 2018). Another
explanation is that the rain’s width is determined by the cooling mechanism (i.e., TI). This can
occur through the wavelength of the unstable mode, as discussed in van der Linden and Goossens
(1991). The data set has good resolution for scales above 800 km, but may not effectively capture
structures below 500-600 km. Using the Gaussian fitting, we can identify consistent variations in
width ~800 km with height. We also recognize that our limit to detect a discernible pattern, if
it exists, might be constrained by factors such as low resolution and the impact of degradation.
In any case, this finding suggests that the width of the clumps does not change due to heating or
cooling as they fall. Rain clumps exhibit a wide range of velocities, from a few to over 100 km
s~1, which is in agreement with numerical simulations (Fang et al., 2015; Li et al., 2022) and

observational studies (De Groof et al., 2005; Miiller et al., 2005; Antolin and Rouppe van der
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Voort, 2012). We analyzed how rain dynamics change with height and found small downward
accelerations at heights of between 30-40 Mm. Nevertheless, rain clumps exhibit nearly constant
speeds during most of the fall, with a minor average linear increment. This increment in velocity
at lower heights could be due to a combination of gravity and pressure changes (Antolin et al.,
2010; Oliver et al., 2014; Martinez-Gémez et al., 2020). We have not observed any higher speeds
in the chromospheric SJI 2796 A channel, which is normally expected because of higher densities
than SJT 1400 A. This could be due to the rain’s strong multi-thermal nature, as discussed further

below.

In addition to moving downwards, coronal rain can also exhibit upward motion and undergo com-
plex trajectory changes. The upward motion of coronal rain has not been thoroughly studied.
However, Antolin et al. (2010) have observed changes in the trajectory of rain clumps, includ-
ing upflows. Our study determined the amount of downflow to upflow motions in the observed
clumps over time, with an average ratio of 7 and widespread spatial incidence. The upward rain
motions have also been observed in a study by Li et al. (2022) using a 2.5D MHD simulation. Our
findings indicate that the upward and downward speeds of coronal rain are similar, with upward
speeds being slightly higher on average. One explanation could be that the upward motions are
caused by a perceived change in opacity during the fall. For sure, rain experiences cooling as it
falls (Antolin et al., 2015), leading to increased opacity during its fall. This appearance can oc-
cur suddenly, resulting in an apparent fast upward motion. Conversely, these dynamics may be
real and indicate a substantial impact from gas pressure. Indeed, Mackay and Galsgaard (2001)
state that the chromosphere can stop the rain by acting as a piston and compressing the down-
stream. Adrover-Gonzélez et al. (2021) studied a loop system caused by line-tying conditions in
the lower atmosphere. These conditions result in oscillations and therefore upflows as well. The
gas pressure gradients adequately eliminate the acceleration of downflow motions as shown by
Oliver et al. (2014). Therefore, changes in gas pressure can lead to both upflows and downflows

at similar speeds.

As the rain falls, we notice that the upward speeds increase while the height decreases. This
matches the greater gas pressure difference caused by compression. Most of the observed down-
ward motions move toward the sunspot, with only a small number falling into nearby regions

where the other loop footpoints are anticipated. This indicates that the sunspot’s lower gas pres-
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sure, caused by the strong magnetic field, creates siphon-like conditions that are thermally unstable
under the TNE-TI scenario. Other sunspot observations have consistently shown that rain tends to
fall more heavily in either the penumbra or umbra (Ahn et al., 2014; Kleint et al., 2014; Antolin
etal., 2015; Schad et al., 2016; Froment et al., 2020). The rain’s impact is expected to cause strong

pressure changes, creating upflows and modifying the dynamics of the trailing rain clumps.

During the 5.45-hour observation, we observed coronal rain spread uniformly in the POS above
the AR (on both sides of the sunspot). This indicates that many loops, regardless of their geometry
and footpoint location, experienced coronal rain at some point. As shown in the next chapter and
in Sahin and Antolin (2022), we estimated the volume by quantifying the rain showers over the
spatial and temporal extent. This helped identify coronal loops against the LOS superposition
because of the optically thin coronal radiation. We found up to 150 showers with a TNE volume
estimated to be at least half (50%) of the active region volume. This indicates the prevalence of
TNE over the active region. However, this statement contradicts the findings of Mikié et al. (2013)
and Froment et al. (2017), which indicate that the geometry and heating asymmetries between loop
footpoints are significant factors in the formation of coronal rain, and even slight changes in these
conditions can prevent TNE. However, Froment et al. (2018) and Pelouze et al. (2022) discovered
that stringent conditions are relaxed with stronger footpoint heating, resulting in TNE becoming
prevalent in the parameter space. Therefore, This implies that the loops we observe in this study

experience relatively strong, stratified, and high-frequency heating.

Furthermore, we also showed a strong correlation between chromospheric emission in SJ12796 A
and TR emission in SJI 1400 A and AIA 304 A from coronal rain. This indicates a multi-thermal
character, as previously indicated by isolated rain events (Antolin et al., 2015) and supported by
2.5D radiative MHD simulations (Antolin et al., 2022). This suggests that catastrophic cooling
driven by TI is very rapid, happening much faster than the plasma’s freefall time. As a result,
the AR experiences “complete” condensations rather than “incomplete” or “aborted” ones (Mikié
et al., 2013). Although in some isolated cases, an extended tail at TR temperatures may result in
longer coronal rain lengths in lines like Si IV A1402 or He II A304, but not in general, as suggested
by the numerical results (Antolin et al., 2022). The simulation results show that chromospheric
emission is limited to the rain’s head, contrary to our results where SJI 2796 A emission is, in

general, co-located with SJT 1400 A. This could indicate that TI is extended along the loops we
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observe and that Joule heating is excessive in the simulations.

We detected several long-period EUV pulsations that were associated with the coronal rain. These
pulsations occurred at the loop apex with periods ranging from 3 to 9 hours. Our findings support
the conclusion of Froment et al. (2020) that the coronal rain and EUV pulsations are two sides
of the same coin, connected through the TNE-TI scenario. We are only detecting the strongest
pulsations using the Fourier method, indicating there may be more pulsations that we are not
currently detecting. We may be only observing some of the coronal rain connected to longer
pulsations (around 9 hours) due to the limits of our data set. As mentioned in the next chapter
and in Sahin and Antolin (2022), observed coronal rain and associated TNE-TI volume above the
AR are lower limits. We observe them near the apexes of the coronal loop because there is less
superposition along the LOS, which has been noted in previous studies (Auchere et al., 2018b;

Froment et al., 2020).

The TNE cycles typically last for a few hours, which is determined by how long it takes for a
coronal loop to cool through radiation. However, we observed faster timescales (5-20 minutes)
in this study, posing a challenge to explain using the TNE-TI scenario. This behaviour may be
attributed to a partially sustained TNE cycle where only one loop leg is impacted by the TNE while
the other is consistently supported by a siphon flow. In this scenario, the loop remains partially
dense, and temperatures consistently stay at the warm upper transition region level. Under these
circumstances, the radiative cooling timescale is short and could lead to TI in a cyclic manner. To

investigate this possibility, future models need to investigate TNE parameter space.
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Chapter 4

Rain Shower Analysis

In this chapter, I build upon the findings and insights presented in my paper” titled “Prevalence of
thermal non-equilibrium (TNE) over an Active Region”. The content covered here draws exten-
sively from the information and results detailed in that paper, allowing for deeper exploration and

analysis within the context of my thesis.

4.1 A Brief Overview

Coronal rain is frequently observed to occur simultaneously over a large area in comparison to
the width of the clump. This widespread occurrence is typically defined as a “shower” with a
cross-field length scale of a few Mm and is observed in both simulations (Fang et al., 2013) and
observations (Antolin and Rouppe van der Voort, 2012). The present chapter focuses on the ther-
modynamic and morphological multi-wavelength study of rain showers. The main objective of
this study is to quantify the properties of showers within the temporal and spatial scales where
sympathetic cooling takes place. To achieve this objective, rain showers have been studied us-
ing the off-limb data taken with SDO and IRIS instruments, spanning chromospheric to TR and
coronal temperatures. The rain showers are found to be widespread across the AR over 5.45-
hour observing time. These showers exhibit an average width, length, and duration of 2+0.7Mm,
27412 Mm, and 35420 minutes, respectively. A good correspondence was found between the

cooling coronal loops (subject to catastrophic cooling) and rain showers. This is consistent with

4Sahin, S., & Antolin, P. (2022). Prevalence of Thermal Nonequilibrium over an Active Region. The Astrophysical
Journal Letters, 931(2), L27.
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the TNE-TI scenario, thereby identifying coronal loops in the “coronal veil”, including the strong
cross-section expansion at low altitudes and a roughly zero expansion in the solar corona. This
finding is consistent with previous studies, which suggest that specific cross-field temperature dis-
tribution is the reason for the observed zero expansion in the EUV. When the temperature across
the entire loop bundle varies significantly, it indicates that the loop is not evolving coherently and,
instead, is subjected to catastrophic cooling. Hence, a particular EUV passband will likely see
part of the loop, but this part of the loop is also the loop that catastrophically cools down and
shows rain. Consequently, we do not observe an expanding shower or loops in the EUV images
because expansion implies thermodynamic changes across the field. These changes manifest as
longer loop lengths, variations in the heating from the apex to the footpoint of the loop, and dif-
ferent conductive fluxes. All of these factors can influence the way a loop evolves. On the other
hand, the total number of showers was estimated to be 155440, which led to a TNE volume of
4.56+[3.71]1x10%8cm?, indicating that the TNE volume was on the same order of magnitude as
the volume of the AR under study. Our finding indicates the prevalence of TNE over the AR,

which also suggests an average of strongly stratified and high-frequency heating.

The following subsections will comprehensively explain data and methodology in Section 4.2 and
Section 4.3, respectively. Subsequently, the findings and a detailed discussion will be presented in

Section 4.4 and Section 4.5, respectively.

4.2 Observations

The data presented in this chapter (shown in Figure 4.1(a)) is an observational sequence obtained
on 2017 June 2 between 07:28:00 UT and 12:54:39 UT at the east limb by IRIS/SJI on 1400 A
and 2796 A. This is the same data used in the previous Chapter and in Sahin et al. (2023). The
IRIS/SJI was focused on the active region NOAA 12661, and FOV for this AR is 232" x 182".
We also used observations of this AR in seven passbands (94, 131, 171, 193, 211, 304, 335 A) by
SDO/AIA.
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4.3 Methodology

4.3.1 co-alignment

As mentioned in Section 2.2.1, to achieve co-alignment between the AIA and the SJI channels,
we aligned the solar limb (off-limb) and on-disk features at similar times for both SJI 2832 A
and AIA 1600 A. These two channels have similar chromospheric conditions. This method is

explained in detail in Section 2.2.1.

4.3.2 RHT and region grow

The automatic detection algorithm RHT (Schad, 2017), as mentioned in Section 2.2.2, was applied
to detect coronal rain. The RHT provides the time occurrence of detected rain pixels and spatial

mean angle (i.e., inclination of rain pixels) in the FOV.

On the one hand, a pair of showers may appear simultaneously and follow similar trajectories. On
the other hand, they may also overlap and fall in different directions. To identify these showers,
we employed a semi-automatic method that considers the time occurrence and spatial mean angle
of the showers. This method creates a new array by considering the time occurrence, spatial mean
angle data, and the shower’s trajectory-time domain values. This procedure can help distinguish

between temporal and spatial overlaps mentioned above.

As described in Section 2.2.3, the ‘region_grow’ routine has been applied to this new trajectory
time array to identify a shower. This routine is an algorithm for filling spaces that allows the
selection of pixels within a specified range of values defined in a domain along with a standard
deviation. The routine starts with an initial pixel that serves as a seed to identify all the pixels that
belong to a shower. The algorithm then looks for all the pixels that belong to the shower within
a specified range of values in the trajectory-time domain, which is determined by a standard de-
viation. The standard deviation is carefully chosen by visually determining time range values and
possible trajectory. To ensure accuracy, this process was repeated for 50 showers by choosing 50
starting positions over the FOV and across the time sequence, with a preference given to isolated
events to minimize errors due to overlaps. Most of the rain clumps are visible through all chan-
nels, so most (if not all) of the showers can be seen through each channel. Considering this, 50

shower events were manually chosen to analyse their properties in each channel for the rest of this

99



4.4. RESULTS CHAPTER 4. RAIN SHOWER ANALYSIS

chapter.

4.3.3 Differential Emission Measurement

The Differential Emission Measure (DEM) algorithm based on the bp (see Section 2.2.4) method
(Cheung et al., 2015) was also used to estimate the temperature variation of the coronal loops
hosting the shower events. Data taken from six EUV channels of SDO/AIA (94 A, 131 A, 171 A,
193 A, 211 A, and 335 A) were used to derive the emission measure (EM) distribution for every

pixel.

4.4 Results

The results are organized into three subsections: morphology, thermal evolution, and TNE Volume
estimation. In the first subsection, the morphological properties of the showers are presented. This
is followed by a discussion of our results related to the thermal properties of the showers in the sec-
ond subsection. Finally, in the third subsection, the estimation of TNE volume is presented.
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Figure 4.1: (a) Composite image of a studied AR on June 2, 2017. It is observed by SJI 2796 A
(red, dominated by the Mg II k line), SJT 1400 A (green, dominated by the Si IV 1402.77 A line),
and AIA 171 A (blue, dominated by the Fe IX 171.073 A line). The image shows the variation
of 30 images taken between 08:59:54 UT and 09:16:05 UT for each channel. We enhanced the
coronal structures in AIA 171 A using multi-scale Gaussian normalization technique (Morgan and
Druckmiiller, 2014). The depicted yellow arrows denote two legs (19 and 20, referred to as Shower
19+20) of a traced shower event, which we focus its thermal evolution in Section 4.4.2. Panels (b)
to (i) are the composite images of some detected showers. The dotted curves denote the shower
contours based on the SJT 2796 A.
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4.4.1 Morphology

Initially, the focus of the investigation was on the morphological properties of the showers. Several

parameters, including their width, length, and duration, were analyzed.

Figure 4.1a shows the studied AR, combining the SJI 2796 A (red), SJI 1400 A (green), and
AIA 171 A (blue). Panels b to i in the same figure show eight shower events with their corre-
sponding length (L), width (w), and time duration (At) in the inner caption. To determine these
parameters, we used the methods summarised in Section 4.3. These shower events have been cho-
sen based on their clean coronal emission (in blue) and their relative isolation. Here, the dotted
lines correspond to the SJT 2796 A contours. As can be seen, these contours match the coronal
structure well, suggesting that the widths of coronal loops and showers are very similar. Further-
more, most of these shower events occur in one of the two loop legs, while only some of the
shower events cover the entire loop structure, including the loop apex. The average of both in
the respective measured quantity (width (W), length (L) and duration (At)) was taken for the few
cases where shower events occurred along both loop legs. Shower events are estimated to occupy

one-third of the loop length based on visual inspection.

Figure 4.2 displays all the traced 50 shower events in SJI 2796 A (a), SJI 1400 A (b), and
Cool AIA 304 A (c) (top panels). The colours in these panels correspond to the time occurrence
of shower events. Slight differences are observable among the channels, arising from variations
in intensity (line opacity) and contrast against the background, amount of noise (instrument sen-
sitivity), spatial resolution of the instrument, and differences in height occurrences. In any case,
the shower events can be distinguished and appear ubiquitous over AR. Panel (d) and panel (e) in
the same figure (Figure 4.2) show 1D histogram distributions of the lengths (L oe-) and widths
(W shower) Of shower events, respectively. A very similar average Lgpower and W gp e Were found
across the channels. Namely, average L oper Of 28212 Mm for the SJI 2796 A, 27411 Mm for
the SJI 1400 A, and 26-£13 Mm for the AIA 304 A, and average W s, o, Of & 240.7 Mm, for all
channels. The Lgpower and Wgpower appear slightly shorter in SJI 1400 A and AIA 304 A due to
the higher noise, lower sensitivity and opacity, compared to SJI 2796 A. A detailed explanation of

these differences between the channels is given in the previous chapter in Figure 3.6.

As shown in panel (f), shower events are relatively long-lived. Their time durations across chan-
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nels are similar (35+19 min for the SJI 2796 A, 35422 min for the SJT 1400 A, and 36419 min for
the AIA 304 A) and lasting up to 80 minutes. Panel g in the same figure shows the average width
variations with height. Here, the zero indicates the solar limb. We found almost no expansion in
the upper corona up to 40 Mm height, while the very strong expansion can also be seen below
12 Mm. The RHT routine does not accurately track the rain at the loop apex because of the low
velocities, especially when the angle between the LOS and loop planes is minimal. This causes

significant variations in the measured widths observed above 40 Mm in Figure 4.2.
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Figure 4.2: Top: Time occurrence panels of traced 50 shower events in SJ1 2796 A (a), SJT 1400 A
(b), and AIA 304 A (c). Bottom: 1D Histogram distribution of shower lengths (d), widths (e), and
durations (f) (from left to right, respectively) and their corresponding mean and standard deviation
in the inner caption. The average width of the shower and its standard deviation with height (g).

4.4.2 Thermal Evolution

The apex of loop structures where showers occur often appears bright in the EUV, prior to or
during the appearance of coronal rain and catastrophic cooling. An example of this is displayed
in Figure 4.3, where Shower 19+20 is shown (see also panel (d) and panel (e) in Figure 4.1). In
order to investigate the thermodynamic evolution in more detail, we focus on relatively isolated
two shower events (Shower 19420 and Shower 32 in Figure 4.1 on panels d and e, respectively),

thus minimising loop overlapping.
Figure 4.4 (and the corresponding animation in Sahin and Antolin (2022)) shows the DEM results
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Figure 4.3: SJI and AIA channels of Shower 19+20. Each image represents an average of an
11-minute time period. The loop apex is indicated by the solid white contour. The cyan contour
shows the loop legs derived from AIA 171 A, while the red contour corresponds to the shower
captured by the “region_grow” algorithm. The AIA 304 A correspond to the original AIA 304
(i.e. without removal of the diffuse component). The accompanying animation (between 7:55 and

09:45 UT) is available in Sahin and Antolin (2022).
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for various temperature bins corresponding to Shower 19+20 (shown by arrows in Figure 4.1). The
loop apex hosting this shower event can be identified in almost all EM maps inside the solid-white
contour lines. This shower event started at 08:54:29 UT and lasted 48 minutes. However, the DEM
was examined one hour before the start of the shower event. The cooling is particularly clear in
this loop despite being observed coronal temperature throughout the FOV. The DEM increases in
the cooler temperature bins within the solid-white contour lines (loop apex), indicating evidence

of loop cooling.

We display the scaled total DEM over the loop apex (solid white-contour line in Figures 4.3 and
4.4) in Figure 4.5 with respect to time in order to see the cooling trend more clearly. We com-
pare the emission evolution at hot temperatures with that at cool temperatures, seen in the his-
tograms corresponding to coronal rain pixels for these shower events at the loop apex and along

the legs.

4.4.3 TNE Volume

In this part of the study, the aim is to estimate the volume affected by TNE over the AR. Given
the very good match found between the widths of the shower and coronal loop, as well as the
significant loop portion occupied by showers, for the TNE volume calculation, the properties of
the rain clumps and showers were used. This calculation is divided into the following steps, which
are performed for each channel. Since coronal rain is dynamic and falls on average, two successive
snapshots may overlap rain pixels in the FOV area, depending on the clump length (1.1,p), width
(Welump)> velocity (Veump) and cadence of the instrument. The length and area of this overlap

are:

< length_overlap > = <lgump > —cadencex < Veymp > “4.1)

< area_overlap > = <length_overlap > X < Weump >, 4.2)

The area in the FOV occupied by a single rain clump as:

< area_clump >=<lcump > X < Welymp > 4.3)
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Figure 4.4: EM maps of Shower 19+20. The loop apex is indicated by the solid white contour.
The dashed contour indicates the loop legs derived from AIA 171 A, while the dotted contour
corresponds to the shower captured by the “region_grow” algorithm. The accompanying animation
(between 7:55 and 09:45 UT) is available in Sahin and Antolin (2022).

Then, the fraction of rain clump overlapping between 2 consecutive images is:

< area_overlap > 4.4)
< area_clump >
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Figure 4.5: Top: Scaled EM plots for showers 19+20 (left) and 32 (right) over the white-solid
contour shown in Figures 4.3 and 4.4. The histograms indicate the rain pixels (including both legs
of shower 19+20), which are detected with RHT and “region_grow” routines in SJI 2796 A (blue)
and SJT 1400 A (red). The legend for each curve is shown in the top left plot and it is the same order
and colours for Shower 32. The blue dashed-dotted vertical line on Shower 19420 plot indicates
to the time of Figures 4.3 and 4.4. Bottom: DEM-weighted temperature plots for showers 19+20
(left) and 32 (right). The vertical black dashed lines depict the beginning of the shower events,
while the black dotted line shows the time when the shower is not observed anymore at the loop
apex.

The number of pixels in the non-overlapping area is then given by:
Nno_overlap = Ngzy X (1— < fraction >), 4.5)

where Ny, is the number of coronal rain pixels detected with the RHT routine. The number of

expected shower events is given by:

Nno-overlap X Nshower (4 6)

Y

Ney =
p_shower
Nshower.pixels

where Ngpoper = 50 corresponds to the manually identified showers, and Ngpower pizels 1S the

total number of pixels for these 50 showers.
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The TNE volume is estimated as:

< Wshower -~ ) 2 7 (47)

1
VTNE = W?Nexp,showerx < lshower > ( 2

where f shows the average fraction of the loop occupied by a shower (we take f = 1/3), and we

approximate a shower as a cylinder.

In order to estimate the number of showers (in Equation 4.6), we used the average < Weymps >
(1.240.3, 0.740.2, and 0.84-0.2 Mm for the AIA 304 A, SJT 1400 A, and SJ12796 A, respectively)
and < loumps > (117, 745, and 946 Mm for the AIA 304 A, SJI 1400 A, and SJI 2796 A,
respectively). We found 185 + 39, 208 4 77, and 71 - 4 expected shower events in the SJT 2796 A,
SJT 1400 A, and AIA 304 A, respectively. Then, the TNE volume is found to be 6.34 +4.91 x 1028
cm? for SJI 2796 A, 5.26 & 4.52 x 10%® cm? for SJI 1400 A, and 2.07 + 1.71 x 10%® cm? for
AIA 304 A. The estimated TNE volume is expected to be higher since the rain detection conditions
used for the RHT routine are strict to avoid any influence from noise, since the rain intensity can

sometimes be in the same order as the noise (see Schad, 2017, for detailed information).

4.5 Conclusion and Discussion

In this study, one of the first big questions we focus on is whether a proper definition or identifica-
tion aid for what is loosely and observationally attributed as a coronal loop can be derived from the
coronal volume occupied by a shower. This question is important because the coronal magnetic
field cannot be observed directly. The optically thin coronal emission can create a loop-like struc-
ture that may be misleading, which is demonstrated by the concept of “coronal veil” introduced by
Malanushenko et al. (2022). Furthermore, there is a debate on whether coronal loops have a clear
definition, as global MHD simulations indicate that there are continuous magnetic connectivity
changes and fuzzy boundaries among various magnetic field structures (Gudiksen and Nordlund,
2005). As shown in Antolin (2020), on the other hand, a coronal rain shower occurrence indicates
a TNE-TI scenario and, consequently, a coherent thermodynamic evolution over a bundle of mag-
netic field lines. Showers of high coronal rain densities and an abundance of rain clumps can cause

notable optical thickness in chromospheric and TR lines. This reduces the projection effect.

During a 5.45-hour observation of an AR at the east limb, we observed a widespread presence of
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showers. We detected 50 shower events and measured their average length and width, which were
approximately 27+11.95 Mm and 2+0.74 Mm, respectively. There was a small variation in these
measurements across the temperature range we examined. The widths found closely match the
initial estimates made in Antolin and Rouppe van der Voort (2012) and Antolin et al. (2015) for
individual events. The observed coronal loops in the EUV bands are compared with the shower
in terms of morphology and a good agreement is found. The widths we found match previous 3D
MHD simulations (Peter and Bingert, 2012) and X-ray and EUV observations (Aschwanden and
Boerner, 2011; Peter et al., 2013). Showers within coronal loops can reliably identify loop struc-
tures in observations, particularly those in a TNE state, due to their ubiquity and estimated length
of one-third of the entire loop length. Our analysis of the shower morphology is consistent with
the literary study of loops and provides insight into the mystery of their constant cross-section.
In agreement with EUV observations (Aschwanden and Nightingale, 2005; Lépez Fuentes et al.,
2008), little average expansion of the shower cross-section with height was found, further sup-
porting that this effect is not apparent (Lépez Fuentes et al., 2008). Only a part of the flux tube
is affected by TNE, specifically a 2 Mm width where the temperature is evenly spread, even if
the cross-section expands in volume. This agrees with Peter and Bingert (2012) that a particu-
lar thermodynamic distribution perpendicular to the magnetic field is responsible for this effect.
However, we see significant growth in lower coronal altitudes. Above the solar surface (at a height
of 8 to 12 Mm), the width expands from 1 to 2.4 Mm resulting in an area expansion of 5.7, which

is consistent with earlier findings by Antolin et al. (2015).

We further examined the thermal evolution of a few coronal structures that hosted showers. These
structures were chosen based on their relative isolation in the FOV. According to the DEM results,
cooling patterns are consistent with prior studies (Viall and Klimchuk, 2012). These cooling pat-
terns were most noticeable in the coronal structures. An hour before the shower events, consistent
heating and cooling were observed in the hot (logT 6.3-6.5) and cool coronal temperatures (logT
6-6.1), respectively. This matches the expected time it takes for loops to cool through radiation at
the start of the TNE cycle, with an average temperature of 3x 10° K and density of 10° cm™3 (see
Equation 18 in Antolin and Froment (2022)). Stronger variation was observed during TR temper-
atures (log7’ = 5.6-5.9) and shower events throughout this time period. This type of increased

activity is often observed in AR (Ugarte-Urra et al., 2009; Reale, 2014) and corresponds to the
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radiation-dominated evolution of coronal loops, followed by catastrophic cooling at the end of the

TNE-TI cycles (Antolin et al., 2022).

We have finally determined the amount of coronal volume in an AR that is in a state of TNE.
Coronal volume determination is important because TNE is associated with highly stratified and
high-frequency heating (Klimchuk and Luna, 2019), which limits potential heating mechanisms.
Therefore, in this study, we estimated the total number of showers and found an average of 155440
across all channels. We estimated the average TNE volume of 4.56+3.71x10?® cm® by assuming
that a shower takes up 1/3 of a coronal loop. Assuming the same length along the LOS as the width
of the IRIS FOV, we estimate the total AR volume to be roughly 8.7x10?® cm?®. This approach
relies on an approximation where the AR is modelled as a trapezoidal shape that encompasses the
observed coronal loops. Our estimated volume for TNE is approximately 50% of the volume for
AR. However, it is important to note that this estimation is very likely a lower estimate since we
are not able to detect certain TNE cycles through IRIS that do not experience catastrophic cooling
and therefore do not reach TR temperatures or lower. Likewise, the probability of detecting loops
with TNE cycle periods longer than our observation sequence decreases with the period. Studies
by Auchere et al. (2014) and Froment (2016) show that these cycles occur at a similar rate between
6 and 16 hours in AR. Moreover, we applied strict conditions to detect coronal rain, disregarding
rain with low emissivity. These findings indicate that TNE is prevalent in this AR with strong

stratification and high-frequency heating on average.
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Chapter 5

Flare-driven Coronal Rain Analysis

Parts of this chapter form the basis of the content of a paper> entitled “From Chromospheric Evap-
oration to Coronal Rain: An Investigation of the Mass and Energy Cycle of a Flare” that has been
submitted to the Astrophysical Journal. We also submitted a short review entitled “Comparison of

Quiescent and Flare-driven Coronal Rain” to A&G journal.

5.1 A Brief Overview

Solar flares often display very puzzlingly long gradual phases, which has led to conjectures about
their sub-structure and the existence of additional heating mechanisms besides the coronal mag-
netic reconnection above the loop tops (Fang et al., 2015; Reep and Toriumi, 2017). Similarly,
little is known about the coronal rain often seen during the gradual phase (Scullion et al., 2016;
Song et al., 2016; Jing et al., 2016), how it differs from its quiescent counterpart and, in particular,
its formation mechanism. 1D radiative MHD simulations clearly show that electron beams alone
are not enough to generate it (Reep et al., 2020), and it is not clear whether additional long-duration
heating mechanisms exist and/or whether multi-dimensional effects are necessary. In this Chap-
ter, we investigate a C2.1-class flare with IRIS and SDO imaging data spanning chromospheric to
coronal temperatures and pay particular attention to the flare-driven rain. We analyse its evolu-
tion, dynamics, and morphology and compare it to quiescent rain in the same dataset. In response

to the large energy release, compared to the pre-flare state, the amount of coronal rain increases.

5Sahin, S., & Antolin. From Chromospheric Evaporation to Coronal Rain: An Investigation of the Mass and Energy
Cycle of a Flare.
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The average widths and lengths of the clumps exhibit similarity across the examined temperature
range. We estimate the total mass transported upwards due to chromospheric evaporation and
downwards in shower events. Our findings reveal a noteworthy interplay: the mass draining from
the shower matches with mass sourced from chromospheric evaporation. This mass correlation
indicates that most of the loop undergoes catastrophic cooling and suggests an essential role of
coronal rain in the mass and energy cycle of a flare. We also investigated the impact of the flare on
neighbouring quiescent coronal rain. Interestingly, we observed a velocity increase of 10%-20%
during the transition from pre-flare to gradual phases, indicating a discernible impact of the flare
on the thermal properties and dynamics of neighbouring loops. Finally, using the DEM method,
we also investigate the temperature evolution throughout the flare. The chromospheric evapora-
tion is directly observed (also in the Fe XVIII line) with an average of 138 km s~! for episodes
lasting almost an hour. We observe a Kelvin-Helmholtz vortex pattern emerging in the corona
as a consequence of the evaporation process. Additionally, there is a distinct and pronounced
similarity in shape between the chromospheric evaporation and the subsequent occurrence of a
rain shower. Notably, during this rain event, we observed a secondary increase in temperature
to 7 MK highly co-localised with a rain shower, alongside nanojet-like features, which indicates
a reconnection process in the post-flare loop. To our knowledge, this is the first observation of
such extreme multi-thermal behaviour at the small coronal rain scales. This observation points to-
ward the possibility that reconnection continues in the post-flare loops, probably facilitated by the

partial ionisation state of the rain, and may explain the long duration of the gradual phase.

5.2 Data and Method

5.2.1 Data

We studied the AR of NOAA 12158 observed by IRIS and AIA on 2014 September 17, between
18:18:34 and 22:02:51 UT. It is located at the west limb, which is shown in Figure 5.1. Dur-
ing the observed period, a C2.1-class solar flare occurred in 19:29:11-20:24:26 UT time range.
We use IRIS level 2 slit-jaw imager (SJT) 2796 A and 1330 A data which are retrieved from the

instrument website*. The SJT 1330 passband is dominated by the C 11 1335.5 A in the upper chro-

“https://www.lmsal.com/hek/hcr?cmd=view-event&event-id=ivo%3 A %2F%2Fsot.Imsal.com%2FVOEvent%
23VOEvent_IRIS_20140917_181834_3860107353_2014-09-17T18%3A18%3A342014-09-17T18%3A18%3A34.xml

112


https://www.lmsal.com/hek/hcr?cmd=view-event&event-id=ivo%3A%2F%2Fsot.lmsal.com%2FVOEvent%23VOEvent_IRIS_20140917_181834_3860107353_2014-09-17T18%3A18%3A342014-09-17T18%3A18%3A34.xml
https://www.lmsal.com/hek/hcr?cmd=view-event&event-id=ivo%3A%2F%2Fsot.lmsal.com%2FVOEvent%23VOEvent_IRIS_20140917_181834_3860107353_2014-09-17T18%3A18%3A342014-09-17T18%3A18%3A34.xml

CHAPTER 5. FLARE-DRIVEN CORONAL RAIN ANALYSIS 5.2. DATA AND METHOD

mosphere/lower transition region forming at 10*3 K, but emission from the Fe XXI 1354.08 A
chromospheric line forming at 107 K can also be observed during flares. The SIJI 2796 pass-
band is dominated by the 2796 A emission from Mg 11 2796.35 A chromospheric line forming at
10* K. The IRIS SJI obtained 10.36 s cadence images in the 1330A and 2796A over an area of

120" x 119" with an image scale of 0”.3327 pixel ~*.

The SDO/AIA data also analyzed in this study are level 2 downloaded through the same instrument
website as IRIS with a 12 s cadence. The AIA observations contain seven broad passbands (94 A,
131 A, 171 A, 193 A, 211 A, 304 A, and 335 A). However, we focused on the AIA 304 A channel
dominated by He II 303.8 A line (forming at ~ 10° K) for the rain detection and its analysis. The
pixel size of AIA is 0”.6 pixel ~!; however, for the purpose of co-alignment, we have rebinned the

AIA data to match the SJI plate scale.

Based on the C-class solar flare, we have divided our analysis into three parts: the pre-flare,
impulsive and gradual phases. In the result section, we present the analysis of each phase. We
also provide the observational time range for the pre-flare and gradual phases in Table 5.1 for each

instrument.
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Figure 5.1: The studied region (AR NOAA 12158) at the West limb of the Sun on 17 September
2014, observed by IRIS/SJI 2796 A (left), 1330 A (second from left), and SDO/AIA 304 A (third
from left). The separated panel on the right shows a wider FOV with SDO/AIA 171 A over the
same AR, with a white rectangle outlining the FOV shown on the left panels.

5.2.2 Data preparation

We first resample the AIA images to match the IRIS SJIs and co-align them by matching the solar
limb and using several characteristic features (such as bright points and filament patterns) on the

disc and off-limb. We computed spatial shifts (x and y) at various time instances using the images
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of AIA 304 A and SJI 1330 A. These shifts were then applied to all other AIA channels to align

images with respect to the SJI images.

As mentioned in Section 2.2.6, the AIA 304 A channel exhibits a temperature response peak at
~ 10° K, resulting from He 11 304 A emission. However, the bandpass also includes an additional
secondary peak at == 1052 K, which can be attributed to ion Si XI 303.32 A. To remove the hot
emission from the AIA 304 passband, we first fit the response function of AIA 304 over the hot
temperature range with the other EUV passbands of AIA (which offer good coverage over that

specific temperature range), as shown in Equation 2.18 and Equation 2.19.

The convolution of the new response function with the EUV passbands, therefore, provides the hot
AIA 304 emission. The cool AIA 304 emission is then obtained by subtracting this hot component
from the original AIA 304 intensity. Further details on this procedure can be found in Antolin et

al. (manuscript in preparation).

Similarly to the AIA 304 A channel, the AIA 94 A channel is blended with three tempera-
ture emissions from Fe XV, Fe XIV, and Fe XVIII. Here, in this study, we separated the hot
Fe XVIII 93.96 A line emission with a peak at ~ 1058 K from the warm component in the
AIA 94 A channel since it is particularly important to study heating events (Testa and Reale,
2012; Ugarte-Urra and Warren, 2014). For this, we use the empirical method by Del Zanna (2013)
to compute the hot contribution from a weighted combination of emissions from the AIA 94 A,

AIA 211 A and AIA 171 A channels (see Equation 5.1).

I Lim

Irexvimr = Ioa — ——

5.1
120 450 SR

From now on, we will refer to those images as Fe XVIII, as opposed to the original AIA 94 A.

5.2.3 Detection of coronal rain

Before running the semi-automatic technique for detecting coronal rain, the solar limb and its
region were removed to prevent its large brightness contrast, as we did the same in Chapter 3. We
have chosen a 6 Mm minimum height above the solar surface to avoid most spicules and other
low-lying, cool features. Then, the automatic detection routine called the RHT (as described in

detail in Section 2.2.2) was applied to detect and quantify the apparent motion of the coronal rain
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5.3. RESULTS

Table 5.1: Observational time range with total average detected rain pixel per image for the

SJI 2796, SJI 1330, and Cool AIA 304 for the pre-flare and gradual phases

Instruments pre-flare phase Npizei/Nimage | gradual phase Nyizet/Nimage

SII 2796 18:18:40-19:29:06 | 955 20:24:42-22:02:56 | 2180

SJI 1330 18:18:34-19:29:01 | 460 20:24:37-22:02:51 | 1548

Cool AIA 304 | 18:18:31-19:28:55 | 718 20:24:43-22:02:55 | 2003
material.

For the running mean filters (w;.), we used 18-step (=3 minutes) for the SJ12796 Aand SIT 1330 A,
and we used 16-step(~3 minutes) for the AIA 304 A. For the bidirectional filter, an 18-step bidi-
rectional filter was used in three channels. For the circular RHT kernel width (D,,), the value was
chosen as 31 (i.e., D,, = 31) for all channels. The standard deviation (o) for the background noise

was chosen as 1.1 DN for the SJT 2796 A and SJT 1330 A, and 1.4 DN for the AIA 304A.

As shown in Table 5.1, in total, we detected 955, 460, and 718 coronal rain pixels per image
in the SJI 2796 A, SJI 1330 A, and AIA 304 A, respectively, during the pre-flare phase. These
numbers are 2180, 1548, and 2003, in the same order for the gradual phase. The following set
of conditions has also been applied considering the maximum cut-off for measurable projected
velocity. Only the pixels for which R, > 0.8, max[H,,(6)] > 0.75, R, > 0.8, max[H;(f)] >
0.75 were included for all channels, and Etl < 85° for the AIA 304 A and Wt\ < 84° for both SJI
channels (see Figure 3.2), in order to make the velocity error smaller than the reasonable maximum
cut-off for measurable projected velocity (see Equation 3.1). A reasonable maximum cutoff for
measurable projected velocities for AIA 304 A and SJI channels is 576 km s~! and 670 km s™!,

respectively. Using the above condition, the results shown here are limited to ~226 km s~ ..

5.3 Results

In the following subsections, I present a comprehensive analysis of the outcomes obtained from
our investigation into chromospheric evaporation, flare-driven coronal rain, and neighbouring qui-
escent coronal rain topics. This exploration delves into the detailed aspects of morphology, dy-

namics, and thermodynamics.
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5.3.1 Chromospheric Evaporation

Flare ribbons in chromospheric lines such as Ha, which are a direct signature of the impact of
electron beams in the chromosphere, set the onset of chromospheric evaporation (CE). Here, we
study the impulsive phase of the solar flare, where we see the flare ribbons and CE (i.e. hot
regions). CE occurs between 19:29 and 20:24 UT time range. In Figure 5.1, the characteristics
of the diffuse emission signature of CE can be clearly seen in the SJT 1330 A and AIA 304 A.
The SJI 2796 A, on the other hand, presents an absence of this evaporation while showcasing
the intricate clumpy morphology of quiescent coronal rain. We applied the RHT routine to SJIs
and AIA data during the impulsive phase and found that RHT was also able to detect the CE
dynamics. In Figure 5.2, we show the spatial (top) and the temporal (bottom) mean angles of
the observed active region. Here, in the SJT 1330 A (bottom-middle) map, the region filled with
pink-purple colours corresponds to pixels within the CE. As can be clearly seen, the other two

channels (SJI 2796 A and Cool AIA 304 A) do not have any signature of this chromospheric

evaporation.
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Figure 5.2: Average spatial mean angle (top) and temporal mean angle (bottom) map over the
entire time sequence of the impulsive phase as derived using the RHT
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In the following subsections, we focus only on the upward direction originating from CE.

5.3.1.1 Dynamics

Using this ability of RHT, we eliminate the coronal rain pixel and focus only on the region where
CE occurs (see the left panel in Figure 5.3) in the SJI 1330 A. Note that, in this plot, we relaxed
the conditions we used after the RHT routine to capture more material in the CE. We only include
pixels for which @t\ < 87° instead of |T9t| < 84°. The left panel in Figure 5.3) shows the projected
velocity (saturated by 200 km s~1) in the SJT 1330 A, which is obtained using the above conditions.
The right panel in the same figure shows a 1D velocity distribution which is derived from the left-
side plot. The maximum velocity is up to ~400 km s~!. We found that the average speed of CE

is 139483 km s~ L.

Chromospheric Evaporation
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Figure 5.3: Average upflow projected velocities of chromospheric evaporation in SJT 1330 A and
its 1D velocity histogram distribution.

We have also tracked the CE along the loop with the help of the CRisp SPectral EXplorer (CRISPEX)
and Timeslice ANAlysis Tool (TANAT), two widget-based tools programmed in the Interactive
Data Language (IDL). These tools provide easy browsing of the image or spectral data, the deter-
mination of loop trajectory, extraction, and further analysis of time-distance diagrams. The white
dashed line on the left top panel in Figure 5.4 shows the tracked path along the CE loop over
the SJT 1330 A image. Its time-distance map from TANAT is shown on the bottom panel in the
same figure. The region between the two solid vertical lines on this diagram shows the region of

interest (i.e. observation time range of CE), where we derived the velocity information from the
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observed slopes. The velocity of the CE varies along their paths. Therefore, we made multiple
velocity measurements at different heights. A 1D histogram plot of these measurements is given
on the top-right panel in the same figure. A broad distribution of velocity between 50 km s~!
and 100 km s~! with an average 136432 km s~! is obtained. Notably, this result is in agreement
with the velocity from the RHT finding. In the existing literature, the velocities associated with
CE display a range of values. For instance, Li et al. (2022) reported an observed velocity of 126-
210 km s~—! with the C6.7-class solar flare. We also observed a vortex, as shown in Figure 5.5,
produced by the CE flow, closely resembling the results of Fang et al. (2016) in the 2.5D MHD
model. Therefore, it is likely that this is a Kelvin-Helmholtz vortex produced by shear flow. In the

numerical model, the shear flow is produced due to asymmetric heating at both footpoints, leading

to asymmetric CE between both footpoints.
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Figure 5.4: Top-left: IRIS observation in the SJT 1330 A at 19:38:00 UT. The white dashed line
denotes the paths of the tracked chromospheric evaporation. Top-right: Measured speed distribu-
tion of chromospheric evaporation. Bottom: time-distance map of the traced paths.

118



CHAPTER 5. FLARE-DRIVEN CORONAL RAIN ANALYSIS 5.3. RESULTS

19:48:21 19:49:13 19:50:05 19:50:57

i1 [TYTTTTET ATTTTINTI FATTATITI IOON) 1 FESTITTITA ITTTNIT CISTATTnA (O B L b b b e [« TT IETTTITRT FRTATTITA (RTTRTII IOOIE:

19:51:48 19:52:40 19:53:32 19:54:24

. H1 ITTTTTTET AITTTITI ARRTRIRITI OO0 B Ls v Lol b o B e b el o B b b il

200 210 220 230 200 210 220 230 200 210 220 230 200 210 220 230
Y [arcsec] Y [arcsec] Y [arcsec] Y [arcsec]

Figure 5.5: The evolution of Kelvin-Helmholtz (KH) type vortex (shown by white arrow) in re-
sponse to the shear flow in the SJT 1330 A.

5.3.1.2 Morphology

We compare CE and flare-driven coronal rain to determine if the regions where we observe the
rain showers align with those of CE. Figure 5.6 presents a composite image showing impulsive
and gradual phases together. Here, the red and blue corresponds to the SJT 1330 A and AIA 94 A
images, respectively, taken during the impulsive phase (19:30 - 20:25 UT), while the green is only
taken from the SJT 2796 A images in the time corresponding to the gradual phase (20:25 - 20:37
(left) and 21:45 - 21:57 (right) UT). Contours drawn in different colours correspond to regions
obtained using the SJI 1330 A with different threshold values in the impulsive phase. Here, the
region with the highest intensity value is given with the innermost contour (brightest red), and the

intensity decreases as you go further out (darkest red).

We select two main shower events that correspond to two main CE regions. These shower events
are also shown in Figure 5.6 with the black arrows; hereafter, shower 1 (or SH1; left panel) and

shower 2 (or SH2; right panel). Similarly, CE events are hereafter named CE1 and CE2. In
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Figure 5.6: Composite image of the SJI 1330 A (red), SJI 2796 A (green), and AIA 94 A (blue)
taken by different observational time range. The SJT 1330 A and AIA 94 A were obtained by
summing the images in the interval 19:30 - 20:25. The SJI 2796A results from images summed
during the 20:25 - 20:37 UT (left panel) and 21:45 - 21:57 UT (right panel) interval. The contour
lines are derived from the SJI 1330 A, emphasizing chromospheric evaporation region based on
the different intensity thresholds. The black arrows show the two shower events (SH1 (left) and
SH2 (right)).

Figure 5.7, we show the CE1 (left) and SH1 (right) observed during the impulsive and gradual
phases, respectively. The rainbow colours show the cut along the shower and CE events at the
same locations. In other words, the cuts on panel al have the same locations as the cuts on panel
bl. The bottom panels in the same figure provide the intensity over the distance of these coloured
cuts. The black line on these plots corresponds to the average intensity of these cuts. Similarly,
in Figure 5.8, we show the other CE and SH events; CE2 and SH2. We have obtained the width
measurement from FWHM. However, we have only taken into account the measurements where
the CE/shower does not cross other CE/shower events. The average substructure width (wgsrand)
is 838 km and 1339 km for the SH1 and CE1, respectively, while it is 973 km and 1535 km for the
SH2 and CE2, respectively. For the larger structure, the average width is 4965 km and 5586 km
for the SH1 and CEl, respectively. It is 6369 km and 6184 km for the SH2 and CE2, respectively.
These results suggest that there is a strong correspondence between CE and shower in morphology.

The narrow Gaussian distribution indicates the substructure (<1535 km) in the CE (as can also be

seen in Figure 5.6 with the shades of red contours).

Note that we have also checked CE and shower events in the other channels (including AIA 304,
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Figure 5.7: Top: The observed chromospheric evaporation (CE1, al) and shower (SH1, b1) events
during the impulsive phase in Fe XVIII (al) and the gradual phase in SJT 2796 A (b1). The rainbow
colours indicate the perpendicular cuts to the loop trajectory. Bottom: The intensity variation over
the distance of these perpendicular cuts.

131, 171, 193, 211, 335 A), where we present these maps and their intensity plots in Figures A.5
to A.4 in the Appendix. The average width measurements for these channels are given in Table
5.2 for each CE and SH event. As can be seen in this table, CE and SH events are observed in
the SJT 1330 A. As mentioned in the data preparation section mentioned, this channel has two
components: a hot emission at ~10” K, and a cool emission at 103 K. Therefore, it is possible to

observe both cool structures (SH events) and hot components (CE) in this filter.

5.3.1.3 Energetics and Thermodynamics

We also examined the mass and energy cycles during the CE time (i.e. impulsive phase). As
mentioned in the previous section, there are two CEs (CE1 and CE2) at different times. We first
applied the DEM method based on the “simreg” technique (see Section 2.2.4; Plowman and Caspi,

2020) and obtained the emission measure (EM) for each temperature bin (from logT 5.5 to 7.2)
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Figure 5.8: Top: The observed chromospheric evaporation (CE2, al) and shower (SH2, b1) events
during the impulsive phase in SJT 1330 A (al) and the gradual phase in SJT 2796 A (bl). The
rainbow colours indicate the perpendicular cuts to the loop trajectory. Bottom: The intensity
variation over the distance of these perpendicular cuts.

for each CE event.

In Figure 5.9, we show two EM maps for the logT = 6.9 - 7.0 (left) and logT = 7.1 - 7.2 (right)
temperature bins, which are the only bins in which the CE is observed. We defined subregions
(denoted by white rectangles) for each CE (CE1 and CE2). We start our analysis by obtaining the
average EM variations for the two temperature bins and each CE event over individual observed
times. The logT = 6.9 - 7.0 bin starts at 19:40:07 and ends at 20:13:07, while the logT =7.1 - 7.2
bin starts at 19:33:07 and ends at 19:50:55 (see Figure 5.11 for the CE1. For the CE2, logT = 6.9
- 7.0 bin starts at 19:29:07 and ends at 20:12:43, while the logT = 7.1 - 7.2 bin starts at 19:29:19
and ends at 19:55:31.) The average DEM-weighted temperature (See Equation 5.2) is found to be
9.4x10% K and 8.6x 106 K for the CE1 and CE2, respectively.
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ments for the CE and SH events across the channels

Table 5.2: Obtained width measurer
CEl [km] | CE2[km] | SHI [km] | SH2 [km]
SII2796 | - - 5339+90 | 63504187
SJI 1330 | - 43224253 | 4916+101 | 5460177
AIA 304 | - - 4818489 | 85884211
AIA 171 | - - 56261128 | 52214146
AIA 193 | - - 5394+129 | 59734101
AIA 211 | - - 6089173 | 5798483
AJA 335 | 6872+280 | 87614146 | - -
AIA 94 3986157 63314250 | - -
AIA 131 | 3995+44 5752+174 | - -
log EM [cm ™)
27.78 28.71 29.64
[
log T = 6.9 - 7.0 19:45:19 logT =7.1-72
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Figure 5.9: Emission Measurement (EM) for the logT = 6.9 - 7.0 (left) and logT = 7.1 - 7.2 (right).
The white rectangle areas show the focused region within the CE1 and CE2 for the detailed mass-

flux analysis.

We first calculated the average EM for these temperature bins using the total EM equation:

Tpem =

240

210
Y [arcsec]

[ DEM(T) x TdT
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EM = / DEM(T)dT. (5.3)
2 logT=69-70
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Figure 5.10: The EM variation over the observed time for individual temperature bin for the CE1,
with mean and maximum values.

We found the average EM is 4.02x 10%? cm~5 and 9.35x10? cm ™~ for the CE1 and CE2, respec-

tively. Using this, we calculated the number density as follows:

EM
n=4—— (5.4)
1.2 X wstrand

Here, 1.2 is a constant that comes from under a 10% Helium abundance and a fully ionised plasma
assumption. We are also assuming that the strand width (wgt-qnq) 1S representative of the smallest
sub-structure present in the loop that undergoes CE. Hence, we consider that the loop can be

composed of a certain number of strands whose summed intensities along the LOS result in the
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observed overall CE image. The smallest sub-structure, as mentioned previously, is found to be
1339 km and 1535 km for the CE1 and CE2, respectively. We found the number density of the
strand is 4.77x10'° cm™3 and 7.13x10'% cm™3. We then calculated the mass density (p) by

0—24

multiplying the number density by the proton mass (1.67x 1 g). Then, we calculated the mass

flux (Finass) and mass rate (R,,,qs5) as follows:

Frass = PUce

(5.5
Ripass = pAcevce

where, v, and A, indicate, respectively, the velocity and area (772, assuming a cylinder) of the
CE events. The calculated velocity is taken as 115 km s~! based on the previous section for the
CEl and is taken as 136 km s~! for the CE2. For the thinnest CE strand observed, the mass
flux (F,pess/strand) and mass rate (R,,qss/strand) are found to be 9.17x10~7 g cm~2 571 and
1.29x1010 g s respectively, for the CE1. For the CE2, the mass flux (F,,qss/strand) and mass
rate (Ryqss/strand) are 1.62x 1076 g ecm™2 s71 and 2.99x 1010 g s~1, respectively. Given the 33
and 18 minutes time range for the logT = 6.9 - 7.0 and logT = 7.1 - 7.2, respectively, for the CE1,
the total mass (MasSstrand = Rmass Xtime) is 1.97x 1013 g. It is found to be 6.29x 1013 g for the
CE2 for the time range of 44 and 26 minutes. To calculate the respective quantities for the entire
CE, we calculated the minimum number of strands needed to cover the CE width (which is almost
5586 km for the CE1 and 6184 km for the CE2) and found the number of loop strands should be
4 for both CE1 and CE2, respectively. Then, we found that the total mass rate (Total R,,4ss) iS
5.39x10'Y g s~! for the CE1 and 1.21 x 10! g s~! for the CE2. We found that 8.22x10'3 g and

2.53x10' g of total mass going up in the CE1 and CE2, respectively. Finally, we obtained kinetic

energy using the following equation:

2 (5.6)
V = mrivt

where v and V indicate, respectively, the velocity and volume of the CE events. t is the duration
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over which we see the upflow. We found that the kinetic energy is 5.22x 102" erg for the CE1 and

2.33x10?® erg for the CE2. A summary of all these calculations is given in Table 5.3.

2 logT=69-7.0
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Figure 5.11: The EM variation over the observed time for individual temperature bin for the CE2,
with mean and maximum values.

5.3.2 Flare-driven Coronal Rain

Now, we turn to the gradual phase of the solar flare, where we see coronal rain (i.e. flare-driven
coronal rain). The gradual phase happens between 20:24:42 and 22:02:56 UT time range. As in the
chromospheric evaporation part, in this Section, we will focus on flare-driven coronal rain in terms
of morphology, dynamics and thermodynamics. Additionally, we will also present a comparison
between flare-driven coronal rain and its quiescent coronal rain counterpart observed in the same

FOV.

We first investigate the pre-flare and gradual phases, where we observe the quiescent and flare-
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Table 5.3: Obtained measurements for the mass-energy cycle for the CE events

CEl CE2

At [min] 33& 18 44 & 26

v [km s™1] 115 136

Wetrand km] 1339 1535

< EM > [cm™] 3.66x10% | 9.36x10%

Tpem (K] 9.5x10° 8.6x10°

n [cm ™3] 4.77x10'° | 7.13x10"

Dstrand [g cm 3] 7.97x1071 | 1.19x10~13

R, nass/strand [g s71] 1.29%x1019 | 2.99x1010

Foass/strand [gecm ™2 s71] [ 9.17x1077 | 1.62x107°

Total Ryss [g 57! 5.39x10Y | 1.21x10M

MasSgirand (€] 1.97x103 | 6.29x10'3

Total mass [g] 8.22x10™ | 2.53x10™

Kinetic Energy [erg] 5.22x10%7 | 2.33x10%®

driven coronal rain, respectively. For this purpose, we use SJ1 2796 A, SJI 1330 A, and AIA 304 A

channels. In Figures 5.12 and 5.13, we present the average spatial (top) and temporal (bottom)

mean angle maps over the pre-flare and gradual phases from the RHT analysis, respectively.
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Figure 5.12: Average spatial mean angle (top) and temporal mean angle (bottom) maps over the
entire time sequence of the pre-flare phase as derived using the RHT. The dashed white lines indi-
cate the solar limb. The right side of the vertical black dashed line represents the (neighbouring)
quiescent coronal rain that is observed at all times.
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Figure 5.13: The same maps as shown in Figure 5.12 but for the gradual phase.

The spatial mean angle is associated with the inclination of the coronal rain observed in the plane
of the sky (POS), whereas the temporal mean angle indicates the dynamic variations occurring
along the trajectory of the coronal rain. The coloured pixels on these maps represent coronal rain,
and the negative values in the temporal mean angle maps (bottom panels in Figure 5.12 and Figure
5.13) indicate the downward motion of coronal rain. As can be seen in these maps, downward
motions are dominant, as expected. In these figures, the dashed white lines indicate the solar limb.
We also divide these maps into two regions with the vertical dashed black line. The region to the
right is observed during the entire observation time (i.e. from pre-flare to the gradual phases), and
we refer to it as neighbouring coronal rain, which deserves to be analysed under a separate heading

in this Chapter.

As shown in Table 5.1, the average number of detected rain pixels per image is 463, 176, and 410
for the pre-flare phase in the SJI 2796 A, SJI 1330 A and AIA 304 A, respectively, while it is
1003, 646 and 1041 for the gradual phase. We would like to highlight that these average numbers
are based on the left side of the vertical dashed black line shown in Figure 5.12 and Figure 5.13.

Notably, the SJT 1330 A exhibits the smallest numbers compared to the other two channels. It
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Table 5.4: Increase in intensity and quantity from pre-flare to gradual phases for the SJI 2796,
SJI 1330, and AIA 304

SJI2796 | SJI 1330 | Cool AIA 304
%Intensity | 172 130 252
%Quantity | 128 236 179

might be because of the surrounding hot material. Although coronal rain occupies a large POS
area on the AR in both phases (see Figure 5.12 and Figure 5.13), it is clear that the rain quantity
increases by 128%, 236% and 179% from pre-flare to the gradual phases for the SIT 2796 A,
SJ1 1330 A and AIA 304 A, respectively.

We also investigate the relationship between the intensity of coronal rain over the solar limb and
the detected rain pixel number. The top panels in Figure 5.14 show the detected rain pixels at one
particular time for the SJI 2796 A, SJI 1330 A, and Cool AIA 304 A, with spatial mean angle.
The bottom panels in the same figure provide information on the quantity of these detected rain
pixels (bottom left) and the average intensity variation above the limb (roughly 8 Mm to avoid
eruption occurring in the limb) and above the threshold given in the RHT conditions over the
observation time. Similarly to the rain quantity, the average intensity above the limb also increases
by 172%, 130%, and 252% from pre-flare to the gradual phases for the SJI 2796 A, SJI 1330 A,
and Cool AIA 304 A, respectively. All these calculations are given in Table 5.4. The increase in

intensity shows a similar trend as the increase in quantity.

5.3.2.1 Morphology

We perform a statistical analysis of the width and length of individual rain clumps during the pre-
flare and gradual phases. The width and length are calculated in the same way as we described
in the previous Chapter (see Section 3.3.2) and in Sahin et al. (2023). The histogram plots in
Figure 5.15 show the distribution of the rain clump width in all three channels during the pre-flare
(left) and gradual (right) phases. In each phase, these distributions are similar in shape across
all channels. The average widths are found to be 0.840.2 Mm for SJI 2796 A, 0.740.2 Mm
for SIT 1330 A, and 1.24-0.4 Mm for the AIA 304 A in the pre-flare phase. These findings are
consistent with those presented in Section 3 and in Sahin et al. (2023) where we also investigated
the widths of quiescent coronal rain. In this study, widths increased by 10%, 4%, and 2% in the

gradual phase and were found to be 0.840.3 Mm, 0.840.2 Mm, 1.240.4 Mm for the SJI 2796 A,

129



5.3. RESULTS CHAPTER 5. FLARE-DRIVEN CORONAL RAIN ANALYSIS

Spatial Mean Angle [deg]
0

-90 -45 45 90
N ] B
SJ1 2796 (Mg 11)--20:35:03UT SJI 1330 (C 1I)--20:35:09UT Cool AIA 304 (He I1)--20:35:07U0T
980
8 960
o
s
>~ 940
920 v -
e . 'tf\ ™ - ——
180 200 220 240 260 180 200 220 240 260 180 200 220 240 260
X [arcsec] X [arcsec] X [arcsec]
2500 T T T T | T T T T | T T T :I T T T T T ] L T T T T | T T T T T T T : | T T T T
" SI11330 ] E E Tsiisso ]
s 2000 Nos12706 - 15 L Ty 2796
a Cool AIA 304 ] - I
.= 00 B\ = ~Cool AIA 304
5 g
5 1000 =
fa)
g 5
2 500 E ]
O 1 y O C 1 1 1 1 | 1 1 1 1 | 1 1 1 :I | 1 1 1 1 | 1 I_
0 50 100 150 200 0 50 100 150 200
Time, min Time, min

Figure 5.14: Top: An example of detected rain pixels at 20:35 UT in SJT 2796 A, SIT 1330 A, and
Cool AIA 304 A. Bottom: Number of rain pixels (left) and intensity (right) variation over time
for the SJT 1330 A (red), SJT 2796 A (green), and Cool AIA 304 A (blue). The grey-shaded areas
show where the cosmic ray happens in the SJI channels. The vertical dotted lines show the time
of the top panels.

ST 1330 A, and AIA 304 A, respectively. However, these increments are within the standard
deviation (though SJI 2796 seems more relevant), so they may not be statistically significant. The
bottom plots in the same figure show the width variation with height above the solar surface, where
z =0 indicates the solar limb. In both phases (pre-flare (left) and gradual (right)), the widths remain

roughly constant as the rain falls.

In Figure 5.16, we show the distribution of the rain clump lengths during the pre-flare (left) and
gradual (right) phases. The average lengths are found to be 5+3 Mm, 443 Mm, and 746 Mm
for the SJI 2796 A, SJT 1330 A, and AIA 304 A, respectively. These lengths increased by 50%,
55%, and 13% in the gradual phase and were found to be 8+6 Mm, 745 Mm, 8+7 Mm for
the SJT 2796 A, SJI 1330 A, and AIA 304 A, respectively. Contrary to the width variation with
height, the lengths of the clumps show considerable variation, becoming shorter as the rain falls.
This reduction in length might be attributed to the clumps passing below the solar limb, making

it difficult to continue tracking them. As given on top panels in these figures (Figure 5.15 and
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Figure 5.15: Top: Histograms of rain clump widths during the pre-flare (left) and gradual (right)
phases. Green, blue and red denote SJI 2796 A, SJT 1330 A, and AIA 304 A, respectively (see
legend). Bottom: The width variation with projected height during the pre-flare (left) and gradual
(right) phases. Here, the circles and error bars correspond to the median width and their standard
deviation at each height bin.

Figure 5.16), the average width and length between the SJI 2796 A and SJI 1330 A are similar,
in ATA 304 A they are found significantly larger. A similar result but a bit higher degree is seen
for the gradual phase for the average widths and lengths. In the pre-flare phase, rain lengths are
quite different across the channels. The width discrepancy between the SJI and 304 channels may
simply be due to the lower spatial resolution, which is close to the resolution limit. However,
lengths are significantly longer, so it is likely that other factors are at play, such as higher opacity
in 304 A. However, during the gradual phase, they all become very similar. This may simply be
due to the large increase in rain quantity, with rain lengths becoming roughly 20% of half the loop

length.
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Figure 5.16: The same plots as shown in Figure 5.15 but for the length of rain clumps.

5.3.2.2 Dynamics

‘We now turn to the dynamics of coronal rain clumps. Figure 5.17 and Figure 5.18 provide the pro-
jected velocity of each rain clump obtained from the RHT analysis over the pre-flare and gradual
phases, respectively. The velocity on each curved path is obtained using the RHT temporal mean

angle as shown in Equation 3.3 in Chapter 3:

V)| = tan 6 (5.7)

x
5t
Here, d, and §; represent the spatial sampling on the given date and the average cadence, respec-

tively. d,, is 242.51 km for the SJI channels and 242.45 for the AIA channel. ¢, on the other hand,

is 10.36 s and 12 s for the SJI and AIA channels, respectively. Then, the horizontal and vertical

132



CHAPTER 5. FLARE-DRIVEN CORONAL RAIN ANALYSIS 5.3. RESULTS

Projected Velocity [km s ']
50

IRIS SJI 1330

980
E
% 960
=
= 940
downflows downflows ]
920 P're ﬂare P‘re ﬂare ]
180 200 220 240 260 180 200 220 240 260 180 200 220 240 260
Y [arcsec] Y [arcsec] Y [arcsec]
IRIS SJI 2796 IRIS SJT 1330 Cool ATA 304
l||||||||||1—Y-.L||||||-| L |||||||||||||||||||_ _III)III]|I»I+II~I_,(‘IIIIJ_‘II..‘I_'..l_
980 | - L T 3 F Fe CARIIE
F F Pt A TR S : .
o~ L L P o 1t
2 C C i ey A L
£ 960 o AR O B
= o MRS A R i
> 940 | T =
Ex’ E 52; e upflows E
920 [ W W IO s [ .}:.|...|...|...Pz’e.-t.la|re_. [ PRI SPRSTRI ISUN o TR
180 200 220 240 260 180 200 220 240 260 180 200 220 240 260
Y [arcsec] Y [arcsec] Y [arcsec]

Figure 5.17: Average downflow (top panels) and upflow (bottom panels) projected velocities in
SJ12796 A (left), SJT 1330 A (middle), and Cool AIA 304 A (right) over the pre-flare phase. The
dashed white lines over the plots indicate the solar limb. The right side of the vertical black dashed
lines represents the quiescent coronal rain that is observed at all times.

velocities are calculated using Equation 3.4 and Equation 3.5 given in Chapter 3, respectively,
through the RHT spatial mean angle. Using these equations, tangential and radial velocity com-

ponents are derived, which in turn provide the projected velocity as given in Equation 3.8.

Figure 5.17 and Figure 5.18 show the average projected velocity of SJT 2796 A, SJI 1330 A, and
Cool AIA 304 A obtained from the above-mentioned Equations with respect to downflow and
upflow motions. Again, we focus on the left side of the vertical dashed lines for further analysis
of rain dynamics. Most coronal rain clumps have higher downflow velocities at lower heights,

indicating acceleration during the fall. This is especially clear during the gradual phase.

In order to see the velocity distribution for each rain clump, we present 1D projected velocity
histograms in Figure 5.19 for downflows (left) and upflows (right) for the pre-flare (top) and the
gradual phases (bottom) based on the left side of the vertical dashed lines. It is apparent from these
plots that downflow and upflow projected velocities have a broad distribution, up to 200 km s~*

The overall shape of the downflow velocity is very similar across the channels for each phase. The
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Figure 5.18: The same plots as shown in Figure 5.17 but for the gradual phase.

median downflow velocities are found 34428 km s~ %, 35+28 km s—!, and 38+27 km s} during
the pre-flare phase and 47435 km s !, 52440 km s !, and 51438 km s ! for the gradual phase in
SJ12796 A (green), SJT 1330 A (blue), and AIA 304 A (red), respectively. On the other hand, these
median velocities are 38441 km s~!, 38442 km s~ !, and 48446 km s~ for the upflow projected
velocity during the pre-flare phase and 38444 km s~!, 48453 km s~!, and 50+ 48 km s~! for
the gradual phase in the SJT 2796 A (green), SJT1 1330 A (blue), and AIA 304 A (red), respectively.
The downflow velocity results indicate a 38%, 51%, and 33% increase in velocity from the pre-
flare to the gradual phases for the SJT 2796 A, SIT 1330 A, and AIA 304 A, respectively. The same
results are also found in the upflow projected velocity. The percentage increases by 1%, 25%, and
5% in upflow from the pre-flare phase to the gradual phase, but this increase is much lower than
in the case of downflow motions. These results represent very small increments that may not be
statistically significant, except SJI 1330 A. This might be explained by the change in opacity of
coronal rain, which undergoes cooling as it falls and results in an increase in opacity. Therefore,
some upflow motions correspond to an apparent effect due to this opacity changes during the fall

and leads to apparent fast upward motion.

134



CHAPTER 5. FLARE-DRIVEN CORONAL RAIN ANALYSIS 5.3. RESULTS

Projected Velocity of Downflow Motions Projected Velocity of Upflow Motions
2.5_IIIIIIIII|IIII|IIII|II_ 0.5IIII|IIII|IIII|IIII|II
= - pre-flare phase 1z pre-flare phase
2 50b <Viree>=34.2222877kms J 3 04 <V,06>=37.76+41.16 km s~
=V <Viz>=34.6122821kms | 2 O <V 550> =38.37+42.39 km s~
= - <V34>=3856£33.63kms g <V, >=47.63+46.52kms™
X 15F 4 * 03
g C 1%
2 - 12
0 1.0 - -1 /@ 02
St B 1 <=
o C 7 o
2 05| 12 04
E 1 & 7
E 43
Z 1 1Z
0.0 L 00
5 LI I L I T T 17T | L | T

graduai phase ! T

<Vi0e>=38.17+44.53 km s |
<V 53> =48.00+53.18 km s~
<V,,>=50.11+48.58 km s~

Number of Events, x10° [count]

gradual phase
<V,06>=47.27+3550 km s~
<V 530> =52.21+40.09 km s~
<V,,>=51.24+38.59 kms™'

0.8

0.6

0.4

0.2

Number of Events, x10* [count]

0 50 100 150 200 00 0 50 100 150 200

Downflow Projected Velocity [km s_l] Upflow Projected Velocity [km s_l]

Figure 5.19: Top: 1D histogram distribution of the projected velocities during the pre-flare phase
for the downflow (left) and upflow (right) motions in SJI 2796A (green), SJI 1330A (blue), and
AIA 304A (red), with the corresponding median and standard deviation in the inner caption. Bot-
tom: Same as the top panels, but for the gradual phase.

We also present the average projected velocities for both downflow and upflow motions with pro-
jected height during the gradual phase in Figure 5.20. Here, zero height indicates the solar limb.
The average projected velocities for the downflow motions are quite similar at all heights. It
is clear that rain clumps have small acceleration at higher heights (between approximately 35 -
43 Mm). Then, they fall roughly at a constant velocity, which is expected from the gas pressure
(Oliver et al., 2014). Relative to the downward motion, the upflow projected velocities exhibit
more chaotic behaviour. This can be clearly seen in Figure 5.21. Here, we only focus on one
particular shower event. As can be seen, downward motions (positive values) are bulk motions,

while upflow motions (negative values) are more localised and sporadic in time.
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Figure 5.20: The variation of the downflow (left) and upflow (right) motions and their stan-
dard deviation at each height bin during the gradual phases. Green, blue and red colours denote
SJ12796 A, SJ1 1400 A, and AIA 304 A, respectively.
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Figure 5.21: Left: One of the shower events observed in SJI 2796 A during the gradual phase. The
coloured detected pixels show the radial velocity obtained from RHT results. Right: The variation
of radial velocity with the observational time. The orange dashed line indicates the time.

5.3.2.3 Energetics and Thermodynamics

Similar to CE, we investigated the mass and energy cycles during two shower events: SH1 and
SH2, which correspond to the same location but at different times as CE1 and CE2, respectively.

Figures 5.22 and 5.23 show obtained EM maps for each temperature bin and each SH case. In
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these maps, we remove the EM trend value at t=0 since the difference will then give us a more
precise EM of the shower without the background. In the CE case, this was not necessary since

the background was dark in the hot temperature bins before the start of the CE.
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Figure 5.22: EM maps for some temperature bins indicated in the title. The white rectangle areas
show the focused region within the SH1 for the detailed mass-flux analysis.

SH1 events start at 20:26:31 UT and end at 20:35:31 UT, while the SH2 is between 21:18:31
and 21:46:43 UT for each temperature bin. The DEM-weighted temperature (see Equation 5.2) is
found to be 4.26x10% K and 5.84x10° K for SH1 and SH2, respectively. The average EM (see

Equation 5.3) is 2.07x 10%® ¢cm ~ for the SH1 and 9.11x 10?7 cm ~ for the SH2.

Using the same equation (Equation 5.4) as in the CE case, we find the density of the optically
thin plasma surrounding the rain, as given by ppgys in Table 5.5. As previously mentioned, the
thinnest strand width (Wgzpqnq) 1S 838 km and 973 km for the SH1 and SH2, respectively, and
we found that the number of loop strands should be 6 for both shower events. To calculate rain
density, we assume that the rain is in pressure balance with its environment and use the surrounding

density, integrated temperature and rain temperature as given in the following equation:
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Figure 5.23: Same EM maps as in Figure 5.22 but for the SH2.
DEMIDEM
— PDEMZDEM (5.8)

Prain =
Train

Here, T4y, is the temperature of rain, and we took the temperature value of the SJ12796 Mg 11 line
(10* K). The mass density (prqirn ) of coronal rain is found to be 1.01 x 10~ g cm 2 and 8.55x 1012
g cm ™3 for the SH1 and SH2, respectively. The calculated average velocity is taken as 61 km s~!
and 76 km s~!. For the thinnest CE strand observed (Wgrqnq), the mass flux (F,,qss/strand)
and mass rate (R,,qs¢/strand) are found to be 6.11x107° g cm™2 s~! and 3.37x 10! g s~!, re-
spectively, for the SH1. These are 6.55x107° g cm™2 s~! and 4.87x 10! g s~! for the SH2,
respectively. Given the 9 and 28 minutes time range for the SH1 and SH2, respectively, for all
temperature bins from logT=5.5-5.6 to logT=7.1-7.2, the total mass (MasSg¢rand = Rmass Xtime)
is found to be 1.82x10'* g for the SHI and 8.24x 10 g for the SH2. To calculate the respec-
tive quantities for the entire SH, we calculated the minimum number of strands (see previous
paragraph) needed to cover the SH width (4965 km and 6369 km for the SH1 and SH2, respec-
tively.) Then, we found that the total mass rate (Total R,,4ss) is 2.36x 102 g s=! for the SH1

and 2.43x10'2 g s~! for the SH2. We found that 1.24x10'5 g and 4.12x10'® g of total mass
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going down in SH1 and SH2, respectively. We found that the kinetic energy (see Equation 5.6) is
1.34% 10?8 erg for the SH1 and 9.65x 1028 erg for the SH2. A summary of all these calculations is
given in Table 5.5. In the case of CE, we found that the number of loop strands is 4 for both CE1

and CE2, while here, for SH1 and SH2, it is 6. These numbers are comparable between the two

cases.
Table 5.5: Obtained measurements for the mass-energy cycle for the SH events
SHI SH2
At [min] 9 28
v [km s~1] 61 76
lstrand [km] 838 973
< EM > [cm™] 2.07x10% | 9.11x10%"
Tpewm [K] 4.2x10° 5.8x10°
NDEM [cm_3] 1.43x1010 8.83x 107
Prain g cm ™3] 1.01x10~1 | 8.55x10712
R,nass/strand [g s~1] 3.37x10't | 4.87x10'!
Foass/strand [gem =2 s71] [ 6.11x107° | 6.55x107°
Total Rynqss [g 57! 2.36x1012 | 2.43x10"?
MasSsirand [g] 1.82x 10 | 8.24x10™
Total mass [g] 1.24x10% | 4.12x10%
Kinetic energy [erg] 1.34x10%% | 9.65x10%®

5.3.3 Quiescent Neighbouring Coronal Rain

In this section, we analyze the quiescent coronal rain that was there during the entire observation
time, as shown on the right side of the vertical black dashed line in Figure 5.12. We refer to
that as neighbouring quiescent coronal rain. Here, we investigate these neighbouring quiescent
coronal rain during the pre-flare and gradual phases to see whether the solar flare had an impact

on it.

In Figure 5.24, we first present the downflow projected velocity maps of the quiescent coronal
rain during the pre-flare and gradual phases. Here, the reason for the gaps between the pixels in
these maps, especially in the gradual phase, is that we disregard the pixels having temporal mean
angle values ranging from -90 to -45 degrees, as they pertain to the loop emanating from the left
side of the vertical black line. Their 1D histogram distribution is presented in Figure 5.25. For
the pre-flare phase, the median velocity was found to be 43416 km s~!, 47420 km s—!, and
50422 km s~! for the SJT 2796 A (green), SJT 1330 A (blue), and AIA 304 A (red), respectively.

These velocities were notably higher in the gradual phase, with a median of 47417 km s~ 1,
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Figure 5.24: Average downflow projected velocities of the quiescent coronal rain that is observed
at all times in the right side of the vertical dashed black line in Figure 5.12 in SJI 2796 A (left),
SJT1 1330 A (middle), and ATA 304 A (right) during the pre-flare (top) and gradual (bottom) phases.
Here, we exclude pixels with temporal mean angle values falling within the range of -90 to -45
degrees as they correspond to loops originating from the left side.
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Figure 5.25: Histogram showing the distribution of projected downflow velocities as shown in
Figure 5.24 during pre-flare (left) and gradual (right) phases.

52421 km s~ !, and 60423 km s~ for the SJI 2796 A (green), SJI 1330 A (blue), and AIA 304 A
(red), respectively. This increased velocity is clearly shown in the velocity maps (see Figure 5.24),
highlighting the similarities and differences between these two phases. The percentage increase

in downflow projected velocities from pre-flare to gradual phases are 10%, 11%, and 20% for the

SJ12796 A, SJT 1330 A, and AIA 304 A, respectively.

We have also checked the rain quantity from pre-flare to the gradual phases. We found that
rain quantity increased by 3% for the SJI 2796 A; however, it decreased by -9% and -1% for
the SJT 1330 A and AIA 304 A, respectively. The increase in SJI 2796 A and the decrease in
AIA 304 A are not statistically significant; however, the decrease in SJI 1330 A is a bit higher than

the AIA 304 A. This may be due to the surrounding diffuse material in the gradual phase.

5.3.4 Secondary Heating

Our attention is once again directed toward SH1 since the analysis of SH1 yields intriguing and
noteworthy outcomes. In Figure 5.26, we show the EM maps panels with the white contour of
SHI1 based on the SJI 2796 A. On the bottom plot, we show the time evolution of EM within the

pink contour for each temperature bin (colours indicated on the right-hand side) over the entire
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observational time, including pre-flare, impulsive and gradual phases. The yellow highlighted
region shows the observational time of SH1. The right-hand side plots show the time evolution of

EM based on the contour of Cool AIA 304 (top) and SJI 2796 (bottom).

The first peak of each temperature bin corresponds to the chromospheric evaporation time, start-
ing at around 90 min, which is followed by the rain shower (SH1) 30 min later. We observe a
Kelvin-Helmholtz (KH) type vortex in the corona in response to the evaporation and a strong mor-
phological correspondence between the evaporation and the (later occurring) rain shower. During
the shower and co-located with it, we observe nanojets-like features (bright, thin structures that
travel perpendicular to the magnetic structures discovered by Antolin et al. (2021)) and a sec-
ondary increase in temperature to 7 MK. To our knowledge, this is the first time such a highly
localised and strongly multi-thermal behaviour has been observed and suggests that reconnection
facilitated by the rain leads to significant energy release during the gradual phase. One question
raised by these findings is what causes the braiding that leads to small-angle magnetic reconnec-
tion. We speculate that dynamic instabilities at the top of the flare loop, such as Rayleigh-Taylor
or Kelvin-Helmholtz, could be the cause of this. Our discovery of the KH vortex supports this

hypothesis.

This part is an ongoing study that is planned to be submitted in the near future.

5.3.5 Discussion and Conclusion

In this Chapter, we present the first high-resolution statistical study comparing quiescent and flare-
driven coronal rain, which is observed by SDO and IRIS with a high cadence over an AR off-
limb. Flare-driven coronal rain is draining in C2.1-class solar flare. Our observational results are

summarized and discussed as follows:

Flare-driven coronal rain increases in quantity at roughly 128%, 236%, and 179% for the SJ1 2796 A,
SJT 1330 A, and AIA 304 A, respectively. Similarly, the intensity also increases from pre-flare to
gradual phases, at around 172%, 130%, and 252% for the SJ1 2796 A, SIT 1330 A, and AIA 304 A,
respectively. This is expected because the flare-driven coronal rain has a higher intensity in the

low TR (Foukal, 1976; Lacatus et al., 2017).

Coronal rain clumps exhibit a wide range of velocities, spanning from a few km s~ to 200 km s~ .
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Figure 5.26: EM maps of SH1 for each temperature bin with the white contour of SH1 based on
the SJI 2796 A. The bottom plot shows the time evolution of EM from pre-flare to the gradual
phases within the pink contour area. The right-hand side plots show the average EM based on the
Cool AIA 304 (top) and SJI 2796 (bottom).

These results are in agreement with the previous findings with both empirical observations (Miiller
et al., 2005; Antolin and Rouppe van der Voort, 2012; Froment et al., 2020; Sahin et al., 2023) and
simulated data (Fang et al., 2015; Li et al., 2022). Coronal rain not only moves downward but also
upward and in varying trajectories. The upward motion of coronal rain dynamics has not been
extensively studied in existing literature. The change in the trajectory of coronal rain, including the
occurrence of upward motion, was first noted by Antolin et al. (2010). Recent observational and
simulation studies have shown that upward motions are also ubiquitous (Li et al., 2022; Sahin et al.,
2023). In a study conducted by Sahin et al. (2023) on only quiescent coronal rain, it was found that
upflow velocities have higher velocities than downward velocities. However, upward motions are
more stochastic and more sporadic, corresponding to localised events and not bulk flows, contrary

to the downward motion. Here, in this study, we considered not only the quiescent coronal rain but
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also flare-driven coronal rain, and we found that the downflow and upflow velocities are increased
by roughly 38%, 50%, and 33% and roughly 1%, 25%, and 5% from pre-flare to gradual phase
for the SJT 2796 A, SJT 1330 A, and AIA 304 A. A possible cause of this increased downflow and
upflow speeds may be an effect due to the way the rain appears. Indeed, as it falls, it undergoes
cooling, which results in an increase in opacity, leading to fast apparent upward and downward
motions. Another possibility is that gas pressure may play a significant role in these upward and
downward dynamics. In the study of Mackay and Galsgaard (2001), the chromosphere acts as
a piston that effectively stops the downward movement of rain by compressing it downstream.
Adrover-Gonzdlez et al. (2021) conducted an analytical investigation of critical points along a
loop, studied as a dynamical system resulting from line-tying conditions in the lower atmosphere.
This analysis revealed that these line-tying conditions induce oscillations, leading to upward flows

in the system.

We have also checked the average projected velocity in terms of downflow and upflow motions
with height. Downward accelerations are found at higher heights in both pre-flare and gradual
phases. However, the rain has a consistently steady speed during their fall, which could be due
to a combination of the effective gravity and pressure changes (Antolin et al., 2010; Oliver et al.,
2014; Martinez-Gémez et al., 2020). We found a higher velocity in the SJT 1330 A and AIA 304 A
during the gradual phase, which would be expected due to the higher densities compared to the
SI1 2796 A. Relative to the downward motion, we found a more chaotic behaviour in the upward
motion in projected velocity variation with height. The fact that we observe an increase in up-
ward speeds for lower heights supports this possibility since compression increases as the rain
falls. However, it is unclear whether this effect can explain the sporadic character of the upflows.
Another possibility is the presence of sporadic small heating events at the footpoints of the loop,

whose localised character may affect single clumps but not the bulk flow.

According to our observational results, the width of coronal rain clumps varies from 0.3 Mm up
to 2 Mm in both phases. These results are consistent with the previous finding (Antolin et al.,
2015; Li et al., 2022; Sahin et al., 2023), which considers the quiescent coronal rain. Here, we
have also investigated the flare-driven coronal rain morphology, and we found that the average
width in flare-driven rain is 10%, 4%, and 2% times larger than in quiescent coronal rain. These

increments might not be statistically significant. However, it points to the fact that rain widths
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are more fundamental and invariable regarding the amount of rain during flaring conditions. This
consistent relationship suggests a connection between rain widths and the interaction between
the magnetic field and thermal instability. For instance, the numerical simulations conducted by
Antolin et al. (2022) elucidate the emergence of a fundamental magnetic field strand produced
from TI due to gas pressure loss and flux freezing. Another study by van der Linden and Goossens
(1991) showed that the widths could be set by the eigenfunction of the thermally unstable mode.
This framework explains our findings and invites future investigation into how magnetic fields and
TI define coronal rain widths. Similarly, the length of coronal rain clumps changes from a few to
22 Mm, and flare-driven coronal rain is 50%, 55%, and 13% times larger than quiescent coronal
rain. This may result from more material being generated at higher heights in the gradual phase,

known from the TNE-TI scenario (Antolin, 2020; Antolin and Froment, 2022).

In both phases, the width of coronal rain is relatively consistent along the lengths of the loops as it
falls. It implies that the factor affecting the width of coronal rain becomes apparent immediately
after it forms. On the other hand, the lengths are longer at higher heights, and they become short

as the rain falls.

We also focused on the impulsive phase during our observational data. We found that the RHT
routine is also able to capture chromospheric evaporation (CE) dynamics in the impulsive phase.
The CE events displayed an average upward speed of 115 km s~! and 136 km s~!. We also
compare this CE with two different flare-driven coronal rain showers (SH). Even though CE has
diffuse emission, substructures suggest strands with a minimum width (Wgqnq) of 1339 km and
1535 km. On the other hand, the observed minimum sub-structure for the SH1 (838 km) and
SH2 (973 km) are found to be comparable with those CE substructures. The average widths of
the entire structure (or whole envelope, in contrast with the sub-structure) are comparable, which
are 4965 km and 5586 km for the SH1 and CEl, respectively and are 6369 km and 6184 km
for the SH2 and CE2, respectively. These findings suggest a strong association between CE and
SH in morphology. The coronal rain widths, as measured in the highest resolution, match the
widths of coronal strands seen by advanced observations such as Hi-C 2.0 (Williams et al., 2020).
Although simultaneous observations in EUV and X-ray wavelengths are yet to be realized, if there
were a direct correspondence between rain and coronal strand widths, it would suggest that we are

indeed capturing the genuine spatial scales of energy transport within thermally unstable coronal
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loops. This idea is supported by Jing et al. (2016). Their findings showed that the widths of
flare ribbons are similar widths with those with the flare-driven rain observations, suggesting a
fundamental scale of mass and energy transport. A recent study by Antolin et al. (2023) with
Solar Orbiter/HRI gy in the 174 channel, with the highest resolution ever achieved in the EUV
of the solar corona, also showed that the observed rain widths are similar to those of EUV strands.
However, they also observed that these EUV strands predominantly manifest just prior to rain
appearance. This suggests that the widths may be defined by the cooling mechanism (TI) and
not the heating length scales. That means both heating length scales and TI produce comparable

widths.

We investigated the mass and energy cycle through the CE during the impulsive phase and SH dur-
ing the gradual phase. We estimated the mass pushed upward to be 8.22x 102 g and 2.53x 10 g
for the CEl and CE2. The estimated total mass going down is found to be 1.24x10% gr and
4.12x10' gr for the SH1 and SH2, respectively. The mass going down is over 1 order of mag-
nitude larger than the mass going up. This discrepancy could be due to the fact that the CE is
more diffuse, so there may be a larger number of strands (our assumptions are lower estimates).
Also, it is very likely that we have CE on the other loop footpoint (that cannot be seen in the IRIS
FOV) but that most of the rain falls on the observed footpoint due to pressure imbalance (which
is the reason why we observe a KH vortex since the pressure imbalance leads to shear flows). In
any case, this large mass coming down suggests that most of the loop plasma undergoes TI and
becomes coronal rain. These numbers indicate that coronal rain plays a significant role in the mass

and energy cycle between the chromosphere and corona.

Furthermore, we studied neighbouring quiescent coronal rain that was observed at all times during
the entire observation time. These quiescent neighbouring rains have roughly 10%-20% higher
velocity in the pre-flare than in the gradual phase, suggesting that the solar flare had an effect
on the rain dynamics. Solar flare produces very strong perturbations, such as quasi-periodic fast
waves. These waves are produced near the reconnection sites, as proposed by the “tuning fork™
model (Takasao and Shibata, 2016). These rapid oscillations, characterized by their quasi-periodic
nature, play a significant role in influencing the dynamics of the neighbouring environment. These

fast waves have the potential to trigger TI within adjacent critically stable loops.

Finally, we focused on the SH1 and found evidence of secondary heating 30 min after the first
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peak of solar flare observed at logT 7.1-7.2. This finding suggests that it is possible that such
heating happens during the gradual phase of a flare, which could be the reason for both the long

duration of flares and the formation of flare-driven coronal rain.
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Chapter 6

Conclusion and Future Work

Recent studies have shown that the corona contains a large amount of cool material called coronal
rain, which is formed by TI within a coronal loop in a state of TNE. In this thesis, we report the
first high-resolution statistical study of the quiescent and flare-driven coronal rain over an active
region off-limb. Over the course of this thesis, we have been wholly focused on the study of this
fascinating phenomenon. Our investigation has encompassed a thorough analysis of its morphol-
ogy, dynamic behaviours, and thermal attributes, resulting in a comprehensive understanding of

its fundamental nature.

In Chapter 3, we aimed to investigate the dynamic behaviours and structural characteristics of
quiescent coronal rain as observed in different wavelengths. We examined coronal rain, which
spans from the formation point high along the loops and extends downward to the chromosphere.
It is noteworthy that the majority of the previous observations of coronal rain have been conducted
either utilizing ground-based telescopes, limiting the off-limb observations to the loop base due to
constraints in adaptive optics capabilities off the limb, or have been confined to examining local-
ized instances. We found that rain clumps exhibit widths spanning from 0.2 Mm to 2 Mm, with
lengths extending an order of magnitude larger, ranging from a few to 20 Mm. On the dynamic
side, these clumps have a broad velocity distribution and show small downward accelerations at
higher heights. However, during most of the fall, the rain shows almost constant velocities, with
only a small linear increase on average. We also found that coronal rain was evenly distributed

in the POS above the AR. This indicates that many loops experience coronal rain at some point
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regardless of their geometry and footpoint location. We found that coronal rain in SJI 2796 A
is highly correlated with transition region emission in SJI 1400 A and AIA 304 A indicating a
strongly multithermal character. The catastrophic cooling driven by TI is very fast, occurring on
timescales much faster than the freefall time of the plasma. We found multiple long-period EUV
pulsations associated with the observed coronal rain, and it is likely that we are only observing
part of the rain associated with the pulsations that have periods longer than the duration of our
data set. Lastly, we observed TNE cycles that were much faster than the radiative cooling time
of a coronal loop. This behaviour may partially correspond to a TNE cycle in which the loop is

continuously sustained by a siphon flow.

In Chapter 4, we focused on groups of coronal rain clumps, which are called “showers”. This
study is also the first observational study on rain showers that properly quantifies their properties
on the spatial and temporal scale over which sympathetic cooling occurs. The quantification of
showers holds significance due to its capacity to offer an assessment of the estimation of the
coronal volume. We found coronal rain showers to be ubiquitous over an active region. The
average lengths, widths, and duration of the showers are found to be 27 Mm, 2 Mm, and 35 min.
The morphological compatibility of our shower analysis with the studied loops in the literature
sheds light on another puzzle about loops linked to the observed constant cross-section along
their lengths. As mentioned before, it is expected that magnetic field lines should expand with
height (wider at the apex than the footpoints) to maintain the pressure balance between the internal
and external plasma of the loop, which arises due to gravitational stratification and decreasing
strength of the magnetic field. However, the observed coronal loops give the impression that they
have a constant cross-section with height. This aligns with the findings of (Peter and Bingert,
2012), indicating that a specific thermodynamic distribution perpendicular to the magnetic field is
responsible for this effect. The expansion factor of 5.7 observed in this study between 8 and 12
Mm above the surface is in agreement with previous individual results. We found global-averaged
cooling, which is particularly evident in the coronal structures hosting the showers. Stronger
variation, particularly at transition region temperatures, was found throughout this time and also
during the shower events. This is in agreement with the large EUV variability associated with
coronal rain found by Solar Orbiter/EUI (Antolin et al., 2023). Finally, we have addressed how

much of the coronal volume in an active region is in a state of TNE. We estimated the total number

150



CHAPTER 6. CONCLUSION AND FUTURE WORK

of showers in the active region and obtained an estimate for the average TNE volume of 4.56x 10%®

cm?. This is a lower estimate than the actual TNE volume because we are not able to detect loops

with TNE cycles without catastrophic cooling.

In Chapter 5, we focused on a C2.1-class flare and paid particular attention to the flare-driven
rain. This is the first study that directly compares the morphologies, dynamics and energetics
between quiescent and flare-driven coronal rain. We presented the first high-resolution statisti-
cal study comparing these two types of coronal rain over a flaring active region. We found that
rain quantity increased at around 116%, 268%, and 154% from pre-flare to gradual phases in the
SJ1 2796 A, SJI 1330 A, and AIA 304 A, respectively. We found that the observed flare-driven
rain displays almost the same average widths as the quiescent coronal rain, suggesting an under-
lying fundamental relationship unaffected by rain amount during flares, potentially linked to the
magnetic field and TI interactions. Coronal rain clumps can vary in length from a few to 22 Mm.
Flare-driven coronal rain is significantly larger than quiescent coronal rain, with a 50%, 55%,
and 13% increase. This is likely due to the very high densities in the flaring loop, which lead to
enhanced TI. We found that the downflow and upflow velocities also increased by roughly 38%,
50%, and 33% and roughly 1%, 25%, and 5% from pre-flare to gradual phase for the SJI 2796 A,
SJ11330 A, and AIA 304 A, respectively. The higher speeds during the gradual phase may simply
be due to the larger densities. However, this would also point to larger speeds in SJT 2796 A, which
are not found. This suggests that other mechanisms are at play (such as opacity effects). On the
other hand, we also found that the upflow motions are more sporadic during the gradual phase.
This may be because the compression increases as the rain falls or the presence of sporadic small
heating events at the loop footpoints, where the localised character may affect single clumps but
not the bulk flow. Furthermore, we also study chromospheric evaporation and compare its mass
and energy flux to that obtained from the rain. The average upward speed of the CE events was
115 km s~ ! and 136 km s~!. In the literature, CE speeds exhibit variation from tens of km s~! to
hundreds of km s~ * (Tomczak, 1997; Liu et al., 2006; Huang et al., 2020, and references therein).
For example, the speeds of 126210 km s~! observed by Li et al. (2022) for a C6.7 class solar
flare, which aligns with our findings. We also found a strong morphological association between
CE and SH. We found a mass drain from the shower (=~10'® g) comparable with the mass supply

from CE (=10 g), indicating that most of the loop undergoes TI. The mass going down is 1
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order of magnitude larger than the mass pushed up, probably due to the diffuse CE, potentially
resulting in a larger number of strands. We would like to highlight that our assumptions are the
lower estimation. Also, we have only analysed one footpoint of the CE since the other footpoint is
out of the IRIS FOV. However, most of the rain falls on the observed footpoint. This may be due to
the pressure imbalance produced by the asymmetric heating that leads to the KH vortex. Finally,
we observed a secondary increase in temperature to 7 MK roughly 30 min after the flare peak.
This is the first observation of such localized and multi-thermal behaviour, indicating significant

energy release during the gradual phase as a result of rain-facilitated reconnection.

Advances in observational techniques, such as those provided by the Solar Orbiter and/or DKIST
mission, are expected to provide new insights into coronal rain. Using these new observations, we
can refine the models of coronal rain and gain a better understanding of the formation mechanisms.
The mechanism behind the rain widths is still unclear. Why does the rain have clumpy and fila-
mentary morphology? It may be related to both the cooling through TI and the heating mechanism
(as found in our flaring case). On the other hand, we found that the TNE volume over an active
region could be in the same order as the coronal volume. However, this is a lower estimation and
it may vary from region to region. Therefore, the following questions, as mentioned in Antolin
and Froment (2022), are still open: What is the fraction of the coronal volume that is controlled
by TNE and that is subject to thermal instability? How pervasive is coronal rain? How do these
volume fractions vary across the solar cycle? Another open question is how flare-driven rain is
produced and how common it is. We conducted a comprehensive study on flare-driven coronal
rain, and showed evidence of secondary heating. Hence, it is possible that such heating happens
during the gradual phase, which would explain why the gradual phase of flares can be so long.
In addition, the additional heating observed may happen throughout the gradual phase and may
be concentrated towards the footpoints, that is, the kind that leads to TI. This secondary heating
may, therefore, also explain the formation of coronal rain. We found nanojet-like features at the
location of the rain, indicating that small-angle magnetic reconnection is on-going in the post-flare
loops. One question that results from these findings is what generates the braiding that leads to
small-angle magnetic reconnection. We conjecture that this may be caused by dynamic instabili-
ties at the flare loop top, such as Rayleigh-Taylor or Kelvin-Helmholtz. The KH vortex we found

provides support for this theory. However, we need more studies to understand their formation
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mechanism. Here, we found a lower estimation for the mass and energy of the flare-driven rain
and showed that they are comparable to the chromospheric evaporation and, therefore, the entire
flare energy. This shows that the rain plays a major role in the mass and energy circulation in a
flare. However, rain is often neglected in flare energy budget estimates. Thus, we need to continue
examining the rain and flare types to understand the correlation between them. This will bridge a

major gap in the standard flare model.
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Appendix A

Flare-driven Coronal Rain Analysis
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Figure A.1: The observed CE1 event shows a summed image over 19:29 and 20:15 time intervals
during the impulsive phase. The rainbow colours indicate the perpendicular cuts to the loop tra-

jectory.
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Figure A.3: The observed CE2 event shows a summed image over 19:32 and 19:56 time intervals
during the impulsive phase. The rainbow colours indicate the perpendicular cuts to the loop tra-

jectory.
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Figure A.5: A shower (SH1) event shows a summed image over 20:26 and 20:34 time intervals
during the gradual phase. The rainbow colours indicate the perpendicular cuts to the loop trajec-

tory.
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Figure A.7: A shower (SH2) event shows a summed image over 20:50 and 22:02 time intervals
during the gradual phase. The rainbow colours indicate the perpendicular cuts to the loop trajec-
tory.
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