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Part 1

Introduction



Anybody can get captivated by solar images of the current telescopes.
Anybody. No need to worry about mysterious wiggly lines to describe,
or scatter plots of faint light sources barely above noise level to analyze.
We can now see with amazing detail the various structure of the Sun’s
atmosphere. One such image speaks for itself. It is like this, that when
seeing an image of the corona roughly 10 years ago (one of the culprits:
Golub & Pasachoff 1997) I just could not refrain from gasping at the beauty
and sizes of such structures (see for instance Fig. 1, a composite of 2 images
taken by SDO/AIA in the filters 171 A and 304 A). T was immediately
compelled to understand.

As some of you know, the amount of work and energy that I have invested
to arrive to the present level of understanding may very well not be worth
the effort. However, that brainless feeling is always a loyal companion.
Anyways, in a subfield of a subfield of a subfield I may say I have a lot to
say. The following work is then basically only for geeks, except perhaps for
the images, which of course should captivate everybody!

In the following I will try to come up with an amazingly logical reason
for why this thesis is composed of the addressed parts. However, one has
generally only a faint idea at the beginning of how the big picture will end
up looking like! Fortunately, in this case, I am tempted to say that it does
not look so bad®.

This thesis is (mostly) observational work. However, it started from
modeling, namely, numerical simulations of coronal heating by Alfvén waves.
In an attempt to predict observational signatures for coronal heating mecha-
nisms I started a comparative study of two strong candidates for heating the
solar corona: the Alfvén wave model and the nanoflare-reconnection model.
While performing simulations of the later a funny event would sometimes
occur: the hot corona would collapse (completely or only locally). I thought
there was something wrong with my simulation, too little heating or little
efficiency of the heating mechanism. However, when increasing the heating
rate for those suspicious models the collapse of the corona would occur even
more frequently. Fortunately, my supervisor at that time (Professor Shibata)
pointed me in the correct direction by specifying that the observational con-
sequence of that phenomenon could be coronal rain. Unfortunately, that
mechanism (known as thermal non-equilibrium, or the catastrophic cooling
mechanism) had already been discovered a long time ago (Goldsmith 1971;
Hildner 1974)...

Coronal rain is a plasma with chromospheric properties. Thus, the study
of the heating of the corona naturally led to the study of the chromosphere.
But in the present case, I did not have to look down into lower atmospheric
heights, but just look carefully enough in the corona itself. This is what

!Unless it ends up published in New Inquisitor or some journal of the kind, which even
then you would be able to read in the kitchen of our lovely institute, thanks to Line.



Figure 1: Active region loops observed by the SDO satellite with the ATA
instrument on October 20, 2011. The figure is a composite of two images:
one taken with the 171 A channel (showing gas with temperatures around
1 million Kelvin), revealing the hot corona in green, and the other with the
304 A channel (showing gas with temperatures around 80000 K), revealing
the chromosphere in red (white color is the addition of the two). Loop
structures at transition region - coronal temperatures seem to fill the solar
corona. This picture was made with the JHelioviewer program (Miiller et al.
2009).

coronal rain is all about. In this thesis I investigate the potential of this
phenomenon in other fields of solar physics, such as coronal heating and
coronal seismology.

This thesis is structured as follows. The first part consists of two chap-
ters. A general introduction can be found first in chapter 1, which sets the
historical context and defines the motivation of the thesis. In chapter 2 we
present the structure of the thesis, the connection between the articles and
the results. The second part presents the articles.






Chapter 1

The solar corona: hot and
cold

The coronal heating problem constitutes a long standing problem not only in
solar physics but in astrophysics, since it is addressed to all stars that possess
a corona. The Sun, a middle aged main sequence star of class G2V, has been
unveiling many mysteries to us in the last century, especially since the advent
of the space era. More than 70 years ago a very hot temperature component
in the corona was discovered, reaching temperatures as high as a few million
degrees. Such a hot corona came as a surprise to astrophysicists, since it
seemed to contradict the second law of thermodynamics being 200 times
hotter than the underlying photosphere, the source of its energy. Since then
the coronal heating problem has spawned a very active research community
in solar physics that aims to unveil yet another mystery.

Perhaps, what makes this problem very interesting is that it spans ba-
sically all areas of solar physics. Misleadingly, the coronal heating problem
does not only involve the corona. The constituents of the solar atmosphere,
the photosphere, the chromosphere, the transition region and the corona,
are always interacting, and thus cannot and should not be treated sepa-
rately. For instance, the coronal heating problem also involves a chromo-
spheric heating problem, since the chromosphere requires 10 to 100 times
more energy than the overlying corona. The source of energy resides in the
lower (photospheric) layers, where convection (kinetic energy) continuously
stresses the magnetic field (magnetic energy), which is the main transport
agent of the energy throughout the solar atmosphere. How this magnetic
energy is transformed into thermal energy, on which timescales, what spatial
distribution does it have, are some of the main open questions to address.
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1.1 Structure of the solar atmosphere

The structure of the solar atmosphere can be understood in terms of the lo-
cal dominating physical processes that define, among others, the ionization
state of the constituents of the gas. As the height increases from the solar
surface (defined as the point at which the optical depth 7 at 500 nm is 1)
the density decreases roughly exponentially throughout the first few hun-
dred kilometers, and then more slowly with height (more as a power law).
A total of 9 orders of magnitude are spanned for the density from the photo-
sphere to the corona. On the other hand the magnetic field decreases more
slowly with height, thus defining a transition from 2 very different regimes:
non-magnetic to magnetic-dominated plasma. The plasma-/3 parameter de-
fined as the ratio of magnetic to gas pressure, § = sg—.f, is a first proxy
for understanding the structuring of the solar atmosphere: the photosphere
(8 >1), the chromosphere (8 2 1 to § < 1) and the corona (f < 1). The
accordingly enormous change in the thermodynamic length and time scales
of the physical processes throughout the solar atmosphere imposes a huge
challenge for observing instruments and atmospheric modeling. For the lat-
ter, it requires simplifications based on approximations. Let us review the
main characteristics of the structure of the solar atmosphere.

1.1.1 The photosphere

The photosphere in the Sun is a relatively small layer of about 500 km
in height, and it is the region where the gas passes from being convectively
dominated to being radiatively dominated. As the name states (‘photos’ and
‘sphairos’, respectively light and sphere) it is the region where most of the
visible light is generated. In the deep photosphere, a photon travels a short
distance before interacting with an atom or another particle. The contin-
uous absorption and emission of photons assures continuous thermalization
processes. The gas is in local thermodynamic equilibrium (LTE) and its
constituents are mostly neutral (its spectrum approximates that of a black-
body). At the outmost layer the temperature of the gas is roughly 5700 K
and its number density is roughly 1017 cm™3. Because of the exponentially
decreasing density the photons produced at the top of the photosphere es-
cape freely towards space without much interaction with matter. Opaque
gas (optically thick in all wavelengths) becomes transparent (optically thin
in most wavelengths, especially in the visible and near infrared parts). At
short length scales rising hot gas adiabatically expands and cools, thus be-
coming more dense. The gravitational forces compete with the gas and
magnetic pressure creating a granular structure with rising hot gas in the
center and falling cool gas in the boundaries (called intergranular lanes).
This granular pattern can be seen in the upper panel of Fig. 1.2, which is an
image taken with the CRisp Imaging SpectroPolarimeter (CRISP; Scharmer
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Figure 1.1: SST/CRISP observation of a decaying active region at disk
center on June 14, 2008. Different offsets from Ha line center are shown:
—0.13 nm. —0.04 nm and 0 nm (line core) from top to bottom, respectively.
Sweeping the line from the wing towards line center different atmospheric
layers can be observed. Here, the upper panel corresponds to an image of
the photosphere (notice the granules as well as the bright points, bright
network and pores of the active region), and the lower panel corresponds
to an image of the chromosphere (notice the fibrillar structure revealing the
magnetic field topology).
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et al. 2008) at the Swedish 1-m Solar Telescope (SST; Scharmer et al. 2003)
close to continuum (at an offset from He line center of 0.13 nm towards the
blue wing). Each star has granules with a characteristic pattern depending
on its gravitational force and magnetic field. In the Sun, the granules have
an average size of 1 Mm and an average lifetime of 6 min (Schwarzschild
1959; Bahng & Schwarzschild 1961).

As the magnetic pressure is much smaller than the gas pressure in the
photosphere (8 > 1), the magnetic field lines are swept away by the granular
flows, thus creating large concentrations of magnetic flux along intergranu-
lar lanes that seem to be ubiquitous in the Sun (Orozco Sudrez et al. 2007;
Ishikawa et al. 2008; Tsuneta et al. 2008a). These kG magnetic field concen-
trations appear as bright points in visible light. Due to hydrostatic equilib-
rium, the pressure outside (mainly gas) equals the inside pressure (mostly
magnetic). The locally reduced density allows photons from deeper (and
hotter) photospheric layers to reach the observer, thus appearing brighter
due to the higher temperatures.

Active regions, regions with stronger magnetic field in the Sun, have a
high concentration of bright points, and also areas where the magnetic field
is strong enough to suppress convection (up to 3 kG). Depending on their
size, such regions are defined as pores if small, or sunspots if large enough
to develop a surrounding penumbra. Both of these regions appear as dips in
the solar surface (termed the Wilson effect, after its discoverer back in 1769),
and the lack of convection makes the gas inside about 1000 K to 3000 K
lower than the surrounding photosphere, giving them their distinctive dark
color. Active regions often comprise a bipolar region due to the emerging
flux processes from which they form. The magnetic field ensuing from such
regions fills significantly the overlying atmosphere, making the chromosphere
and corona significantly different than in other regions of the Sun (quiet Sun
regions or coronal holes).

1.1.2 The chromosphere

A few hundred kilometers up from the solar surface the gas becomes par-
tially ionized. Radiation from the photosphere, sound waves generated from
convective motions and magnetically driven processes (leading to heating
through ohmic and viscosity dissipation) contribute to this state. It is
throughout this region where the famous Ha line in the red wing of the
visible spectrum (6563 A) is produced, corresponding to the transition from
n = 3 to n = 2 of the neutral Hydrogen atom. Actually, the chromosphere
owes its name to this line (‘kroma’ and ‘sphairos’, respectively color and
sphere), since it appears reddish to the naked eye (as is observed during so-
lar eclipses). Although the variations are large, characteristic ranges are, for
temperature and number density: 4000 — 20000 K and 10'° — 10 cm ™3, re-
spectively. In the chromosphere, the dissipated energy goes mostly towards
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Figure 1.2: Schematic picture by Wedemeyer-Bohm et al. (2009) of the
lower solar atmosphere (focusing on the quiet Sun), from the convection
zone to the low corona, displaying roughly the locations in height for various
processes. The solid thick lines and dotted lines extending from the network
regions in the photosphere are magnetic field lines. As shown in red and
blue patches, the gas is constrained to follow the magnetic field in the upper
chromosphere and corona, creating fibrillar structure such as fibrils and
spicules. Some MHD waves such as slow waves also follow the magnetic
field lines, while fast waves can travel across field lines. Sound waves are
ubiquitously produced by the constant granulation, and mostly heat the
lower chromosphere due to their very fast dissipation with height. Dense
structures such as loops define the region known as the ‘magnetic canopy’
and can serve as waveguides for MHD waves such as kink modes and sausage
modes. The Alfvén wave travels along surfaces of constant magnetic field
and are torsional (azimuthal) in dense structures. The red-dotted line in the
figure denotes the hypothetical location for the 8 = 1 region (where linear
mode conversion approximately takes place).
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excitation of the elements, leaving the average temperature of the gas rela-
tively constant with height. A photon in such a gas travels a long distance
before interacting, making the radiative processes non-local (a state known
as non-LTE). Furthermore, the transition from a 8 > 1 to a 8 < 1 gas
implies an increasingly important role of the magnetic field in the (thermo-)
dynamics of the gas, allowing wave conversion processes and hence energy
conversion between magnetic, kinetic and thermal forms. The partial ioniza-
tion state of the gas implies the coexistence of ions, electrons and neutrals,
a situation which in some cases requires a multi-fluid approach and leads to
more exotic (beyond MHD) phenomena such as Landau damping and am-
bipolar diffusion. In such cases electric fields become important (specially at
small spatial scales), which creates current sheets that through anomalous
resistivity can lead to significant ohmic dissipation via magnetic reconnec-
tion processes. The small spatial and temporal scales involved in all these
physical processes complicates the problem substantially, making the chro-
mosphere perhaps the most poorly understood layer in the solar surface.
Even when assuming only MHD (a one fluid approach) correct numerical
modeling of this region involves solving the population rate equations for
the most important elements (H, He, Ca, Mg, Na) together with detailed
non-LTE radiative transfer coupled with the 3D MHD equations of mass,
momentum, energy and charge conservation, a task that only recently is
being achieved (Gudiksen et al. 2011).

The importance of the magnetic field in the chromosphere can be clearly
seen when comparing images obtained at different spectral offsets from the
line core for a chromospheric line such as Ha. An example of this is shown in
Fig. 1.1, where images at 3 different wavelengths from the wing to the core
of Ha are displayed, taken with CRISP of SST. Different parts of the line
are formed at different atmospheric heights, and by changing the wavelength
position from the wing towards line center we observe higher atmospheric
layers. In the figure, the upper panel corresponds to the photosphere, while
the lower panel corresponds to the chromosphere. Notice the appearance
of fibrillar structure as we go to upper layers, revealing the increasing dom-
inance of the magnetic field on the gas dynamics. Solar physicists have
defined a zoo of different observable structures, especially in the chromo-
sphere. Fibrils, spicules, straws and swirls are some examples (Beckers 1972;
Suematsu et al. 1995; Hansteen et al. 2006; Rutten 2006; De Pontieu et al.
2007a; Wedemeyer-Béhm & Rouppe van der Voort 2009; Rouppe van der
Voort et al. 2009). Some of these structures and processes are sketched ac-
cording to their average location in height in Fig. 1.2 (Wedemeyer-Bohm
et al. 2009).

In the upper chromosphere the magnetic field has already expanded to fill
most of the solar atmosphere. Both closed and ‘open’ (closing at ‘infinity’)
magnetic field lines can be found, depending on the height (more closed field
lines are found at lower heights), but also depending on the region in the Sun
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(coronal holes, as the name indicates, have more open magnetic field lines
than quiet Sun regions or active regions). The expansion of the magnetic
field and the increasing dominance over the gas pressure (5 < 1 region) also
defines what is called as the ‘magnetic canopy’, a region that has special
relevance for wave heating mechanisms. Such regions are thought to define
good waveguides due to the higher densities with respect to the ambient
corona. A schematic picture of the location with height of diverse structure
in the lower solar atmosphere is shown in Fig. 1.2.

1.1.3 The transition region and corona

Higher up, about 2 Mm from the solar surface, starts a region which is
characterized by its very low density and very high temperature, with rough
ranges between 10 — 10° cm™3 and 1 — 5 x 10 K, respectively. This region
is known as the corona, which means ‘crown’ in latin due to its shape when
observed during solar eclipses. The drastic change of density and tempera-
ture as compared to the chromospheric values happens over a region known
as the transition region, and corresponds to a very thin atmospheric layer
of about 500 km in thickness. In these higher regions the gas is mostly
magnetically dominated, a condition known as ‘frozen-in’ since it is not al-
lowed to move freely in all directions but is constrained to the magnetic field
structure (8 < 1). In quiet Sun regions and active regions large structures
known as coronal loops invade the atmosphere (spanning from 10 to several
100 Mm), a scenario that is shown in Fig. 1.

Apart from prominences and coronal rain (that we discuss below) most
of the elements in the corona are completely ionized due to the high amounts
of dissipated energy per particle. Considering that the gas in the corona is
very tenuous (optically thin), the dominating excitation and de-excitation
processes are, respectively, collision with thermal electrons and radiative de-
cay. Radiative transfer in the corona is thus greatly simplified (known as the
‘coronal approximation’, this regime breaks down in solar flares, where very
large energy dissipation takes place leading to temperatures above 107 K
and electron number densities exceeding 10'© cm™3). After most of the
elements become fully ionized the excess energy cannot be radiated away,
leading to an abrupt increase of the temperature and subsequent decrease in
density and pressure, thus creating the transition region. The main mech-
anism through which the dissipation is achieved, its spatial and temporal
characteristics, is currently unknown, and constitutes the famous coronal
heating problem that is discussed in section 1.2.

1.1.4 Coronal rain and prominences

But not everything in the corona is hot. The structures observed at all
heights in the solar atmosphere are very dynamic. A significant number of
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Figure 1.3: Upper panel: SST/CRISP observation of an active region at the
east limb of the Sun on June 26, 2010. The image corresponds to an offset
from Ha of 0.68 A towards the red wing. Coronal rain can be observed
as an elongated structure falling towards the sunspot along a loop-like path
(bright in emission above the limb, and dark in absorption against the bright
background). Lower panel: Composite color image obtained by co-aligning
simultaneous observations by SST and SDO. Two images by SDO/AIA in
the 171 A (green) and 304 A (blue) channels are added to the SST image
above (red).
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loops (as those observed in Fig. 1 in green), called coronal loops due to their
big sizes, seem to be out of hydrostatic equilibrium (Aschwanden et al. 2001;
Aschwanden 2001; Winebarger et al. 2003) and exhibit heating and cooling
processes continuously, especially in active regions (Kjeldseth-Moe & Brekke
1998; Ugarte-Urra et al. 2006; Warren et al. 2007; Ugarte-Urra et al. 2009;
Landi et al. 2009). Cool downflows along the legs of these loops are often
reported in EUV lines (Foukal 1976, 1978; Schrijver 2001; O’Shea et al. 2007;
Tripathi et al. 2009). When observing in cooler lines in active regions, such
as with the SDO/AIA 304 A channel (in red in Fig. 1, corresponding to an
approximate temperature of 8 x 10° K) or even cooler chromospheric lines
(around 10* K or lower), such as He, cooling events rapidly appear (in a
timescale of minutes) as blob-like matter falling down from coronal heights
along loop structures, a phenomenon known as coronal rain, which is the
main focus of this thesis.

Coronal rain corresponds to matter and not flows (De Groof et al. 2004;
de Groof et al. 2005), which catastrophically cools down following a local
thermal instability in the corona (Mendoza-Bricefio et al. 2005; Miiller et al.
2003, 2004). The partially ionized material becomes dense due to a local
pressure loss, thus appearing in chromospheric lines with an emission or ab-
sorption profile, depending on the brightness of the background (Schrijver
2001). In the upper panel of Fig. 1.3 an example of coronal rain in Ha
observed with CRISP of the SST is shown. Here, coronal rain appears as
an elongated and very fine structure (below 1 Mm in width) falling along a
loop-like path rooted in the penumbra of the sunspot. In the lower panel,
an alignment with SDO has been performed. Simultaneous observations
with the AIA instrument in the 171 A (shown in green) and 304 A (blue)
channels are plotted over the CRISP-Ha image (red). The green regions
show the hot coronal plasma (coronal loops in the figure), blue regions show
the upper chromosphere / lower transition region plasma, and the red re-
gions show the chromospheric plasma. Although observed for more than 40
years (Kawaguchi 1970; Leroy 1972), coronal rain has so far been treated
as a rather peculiar and sporadic phenomenon of active regions, attached
to prominences (discussed below), and thus has not received particular at-
tention. The advent of high resolution telescopes such as Hinode/SOT,
SST/CRISP and SDO/AIA is revealing a scenario in which coronal rain
seems to be more frequent than previously thought and has a more ubiqui-
tous character, in agreement with the recurrent findings in EUV lines. In
this thesis we show the large potential that this phenomenon beholds in the
understanding of the coronal magnetic field and coronal heating.

Coronal loops are closed magnetic field lines filed with hot plasma that
follow roughly a bipolar topology of the magnetic field. However, the mag-
netic field topology is far more complex than that of a magnet. As observed
in Fig. 1, twisted, sheared, and inclined coronal loops can be observed. The
magnetic field can also present more complicated shapes, for instance, they
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can present dips and helical structures which are thought to be responsible
for sustaining dense clumps of matter over long periods of time (Kippen-
hahn & Schliter 1957; Low & Hundhausen 1995). Such phenomena are
called prominences (or filaments if observed on disc), and can exist both
in active regions and in quiet Sun regions (with, however, different prop-
erties) over periods of days or even weeks. Apart from providing support
against gravity through the Lorentz force, the magnetic field can also act
as a thermal insulator, due to the very low cross-field transport coefficients.
The partially ionized prominence material can thus be very cool (below
10* K) and long lived, and cross-field diffusion of neutrals may happen, pos-
sibly leading to ambipolar diffusion. Another scenario of prominences has
also been proposed, in which the matter is continuously replaced through
flows and thermal instabilities locally in the corona (Priest & Smith 1979;
Tandberg-Hanssen 1995; Zirker et al. 1998; Karpen et al. 2001, 2005).

Both coronal rain and prominences are part of a phenomenon of thermal
instability in plasmas (Field 1965). First applied to prominences (Parker
1953; Kleczek 1957), this phenomenon has also been suggested for being re-
sponsible of observed structure at larger scales: planetary nebulae (Zanstra
1955), spiral arms condensing out from the galactic halo (Spitzer 1956),
condensation of interstellar clouds (Field 1962), filamentary structure in in-
terstellar medium (Cox 1972). Numerical simulations in the last 30 years
have largely contributed to the understanding of this phenomenon (Gold-
smith 1971; Hildner 1974; Mok et al. 1990; Antiochos & Klimchuk 1991;
Dahlburg et al. 1998; Antiochos et al. 1999; Mok et al. 2008). The thermal
instability occurs when radiative cooling dominates over heating in some re-
gion. This can happen following a density perturbation (anything leading to
an increase of the density, such as a shock wave) since the cooling increases
faster than linearly with density. As a consequence, temperature and pres-
sure drop in the perturbed region, accreting gas from the surroundings and
forming an increasingly larger condensation. This cascading effect proceeds
until heating and cooling balance again at some lower temperatures and
higher densities (and when pressure balance is regained).

In the case of the solar corona, this thermal instability is known as ‘ther-
mal non-equilibrium’ or also ‘catastrophic cooling’. High densities necessary
for the instability onset are thought to be achieved through footpoint heat-
ing. The latter consists on having the heating concentrated towards the
footpoints of coronal loops. In such a scenario, chromospheric evaporation
together with direct mass injection into the corona from the heating events
ensure a dense corona. Thermal conduction results insufficient in transport-
ing enough energy to the dense corona, whose temperature is consequently
reduced over time. At some point a critical state is reached in which any
density perturbation (for instance, any shock wave traveling along the loop)
is enough for triggering the thermal instability. The catastrophic cooling and
condensation that ensues implies recombination of elements. The partially
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ionized clumps form and become visible in cool lines. Depending on the
existing forces (gravity, magnetic and gas pressure gradients), the clumps
either fall (coronal rain), or stay (prominences). Since the material can re-
main over long periods of time in the corona supported by the magnetic
field, the element population can differ significantly between coronal rain
and prominences, as well as the thermodynamics. It is thus important to
distinguish both phenomena.

Solar flares also exhibit a phenomenon that is similar in appearance
to coronal rain. Following the large energy release in the corona through
magnetic reconnection, thermal conduction together with the energetic con-
tribution through collisions of the accelerated non-thermal particles, the
footpoints of post-flare loops are considerably heated. The chromospheric
evaporation that follows creates high enough densities along the loops, a
situation that is ideal for the onsetting of thermal instabilities in the corona
(Parker 1953). Post-flare loops often exhibit catastrophic cooling and sub-
sequent cool downflows observed in chromospheric lines, agreeing with the
thermal instability scenario (Foukal 1978; Schmieder et al. 1995; Shimojo
et al. 2002; Hara et al. 2006).

As one of the main problems in solar physics, and because of its impor-
tance in this thesis, it is interesting and instructive to know how the coronal
heating problem came to be. Let us briefly review its history.

1.2 History of the coronal heating problem

Spectroscopic observations by Grotrian of the solar corona in the late 1930s
revealed unusual absorption lines in the visible spectrum (Grotrian 1934).
The mysterious transition lines were interpreted as belonging to an unknown
element at the time which was then called ‘coronium’. Later, in the 1940s,
the correct interpretation of the spectral lines discovered by Grotrian was
put forward by Edlén showing that they corresponded to transitions of highly
ionized iron (Edlén 1945), namely, Fe X and Fe XI. Rapidly, the discovery of
further spectral lines of highly ionized elements followed (see Alfvén 1941,
for an early review of the accumulating observational evidence). It was
then realized that in order to reach such levels of ionization the gas in the
corona had to be in a very hot permanent state, with temperatures above
one million degrees Kelvin. However, the temperature of the underlying
photosphere was known to be several hundred times lower, close to 6000 K.
The huge discrepancy in temperatures came thus as a surprise in astronomy,
giving birth to the coronal heating problem.

The corona is composed of a very tenuous gas (with a mean particle
density of 108 em™3), and the energetic requirement for heating and main-
taining the corona to the high million degree temperatures is estimated to
be 10° erg cm~2 57! for quiet Sun regions and 10% erg cm=2 s~! for active
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regions (Withbroe & Noyes 1977). This requirement is dwarfed by the ra-
diative energy flux of the Sun (~ 5.4 x 1010 erg cm™2 s~1). Hence the energy
reservoir is more than enough for our purposes. However, since the corona is
so tenuous (optically thin plasma), after traveling through the photosphere
and chromosphere most of the photons escape without interacting with the
gas of the corona.

The problem then consists in finding a suitable mechanism which can
carry enough energy through the lower layers of the solar atmosphere (pho-
tosphere and chromosphere) and dissipate it in the appropriate length and
time scales in the corona. The dissipated energy must be enough to balance
the energy losses in the corona, namely, optically thin radiation and ther-
mal conduction (which acts as an energy redistribution mechanism taking
energy out from the hot corona and pouring it into the cooler chromosphere
along the magnetic field lines). The most important point, however, is that
any proposed coronal heating mechanism must predict observational fea-
tures that match observations (for a review of these facts see for instance
Klimchuk 2006; Aschwanden et al. 2007).

For the last 70 years many heating mechanisms have been put forward
in order to explain this fascinating problem. First theories were based on
acoustic heating (Biermann 1946; Schwarzschild 1948), where acoustic waves
are generated by convection. This mechanism was attractive since acous-
tic waves are easily generated by the solar granulation. Also, due to the
high stratification in density of the solar atmosphere it was realized that
waves would rapidly increase in amplitude, convert into shocks and heat the
plasma. The acoustic wave energy fluxes were estimated at first to be suffi-
cient to heat the chromosphere or atmosphere of non-magnetic stars (Stein &
Nordlund 1991; Narain & Ulmschneider 1996; Fawzy et al. 2002). However,
in the case of the Sun, it was soon realized that the energy budget from these
waves was only enough for the lower chromosphere. Indeed, Athay & White
(Athay & White 1978) pointed out that the observed broadening of lines
in the chromospheric spectrum gave an upper limit to the amplitudes, and
therefore to the energy flux of the waves available there, and this upper limit
was below the energetic requirement for heating the upper chromosphere or
the corona.

Around the same time of the theory of heating by acoustic waves a mag-
netic heating mechanism was proposed by Alfvén (1947). It was proposed
that magnetic modes would carry the required energy to heat the corona.
The propagation of such waves was then studied extensively (Ferraro 1954;
Ferraro & Plumpton 1958; Osterbrock 1961), and was generally found that
the energy flux from these waves was enough to supply the estimated heat-
ing. However the easy reflection and refraction of the fast magnetohydro-
dynamic (MHD) mode posed a problem for it to be accounted as a viable
coronal heating agent. The slow MHD mode, being essentially the counter-
part of the acoustic waves when traveling along magnetic fields, faced the
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same problems as for the non-magnetic counterpart. Focus was then put
into the third MHD mode, the Alfvén mode, which was found to carry the
required amounts of energy into the corona and not to suffer from reflection
nor refraction. Alfvén wave heating rapidly became one of the leading candi-
dates for heating the solar corona. Alfvén wave heating is further discussed
in section 1.3.1.

The important role played by the magnetic field in the heating of the
solar corona became apparent with the advent of high resolution solar tele-
scopes since the days of the Skylab mission (1970s). Any simultaneous
magnetogram and X-ray image of the Sun could then reveal the correlation
between the strong magnetic field regions and high temperature regions in
the solar atmosphere, suggesting a magnetic origin for the coronal heating
mechanism. For the wave heating scenario this meant further support for
MHD waves. Later, it was realized that the magnetic field topology of the
solar corona was essentially closed (composed mostly of coronal loops, closed
magnetic field structures). Arguing on the restricted cross-field transport
coefficients (as compared to the field aligned direction) researchers concen-
trated mostly on the heating of loops as separate entities (one-dimensional
loop modeling). Also, due to the different physical characteristics between
the regions in the Sun (quiet Sun, active regions and coronal holes) the pos-
sibility of equally important but different heating mechanisms acting in each
region was considered.

In his seminal paper, Parker (1988) suggested the other strong candi-
date of coronal heating. Due to the constant shuffling of the magnetic field
from convective motions, the resulting build-up of magnetic stresses as non-
potential free magnetic energy in the corona was suggested to be dissipated
in discrete events uniformly distributed over the corona. These events are
thought to be magnetic reconnection events in which the bulk of the dissi-
pation takes place either through anomalously high resistivity (sweet-Parker
model, Sweet 1958; Parker 1957) or through slow shocks in the reconnec-
tion region (Petschek model, Petschek 1964). Parker estimated the energy
release in such event to be roughly 10?4 erg, that is, 10° times smaller than
that of a solar flare, thus giving rise to the ‘nanoflare’ concept. Since waves
have also been shown to reproduce the bursty intensity profile characteristic
of observed nanoflares in X-ray or EUV lines (Katsukawa & Tsuneta 2001;
Krucker & Benz 1998; Parnell & Jupp 2000), this heating model is some-
times referred to as the nanoflare-reconnection model (Moriyasu et al. 2004;
Antolin et al. 2008).

The heating mechanisms have been divided into two categories regard-
ing the timescales in which they perturb the magnetic structures in which
they act. On one hand we have AC heating mechanisms, in which the
perturbation of the magnetic field is faster than the relaxation time of the
structure t4 = L/va, where L is the size of the structure (a coronal loop
for example) and vy is the Alfvén velocity. Waves enter in this category
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(with appropriate dissipation mechanisms such as are resonant absorption,
phase mixing, mode conversion, parametric decay or also through turbu-
lence). On the other hand we have DC heating mechanisms, or stressing
models, in which the perturbations caused on the magnetic structures are
slow compared to the relaxation time 4. In this case the coronal magnetic
field lines become twisted, braided, shuffled around, or sheared and build up
nonpotential free magnetic energy, which eventually becomes unstable and
released by a magnetic reconnection process.

Recent 3D-MHD simulations with proper radiative transfer treatment
are producing an impressively realistic model of the solar atmosphere (Gudik-
sen et al. 2011). Called Bifrost, the code is adapted to model a large section
of the solar atmosphere, from a convective layer to the corona (the simulation
box has a few tens of Mm in each direction). As initial condition a previously
determined magnetic field is set (which can be potential), and after a few
convective turn-over times the dissipation of magnetic field stresses through
joule heating produces a large enough energy per particle that satisfactorily
produce a chromosphere, transition region and corona. The obtained spatial
and temporal line profiles for the most important elements seem to agree
well with observations. 3D models such as Bifrost underline the fact that
it is impossible to avoid the creation of a corona, due to the large magnetic
field dissipation. However, it is not yet known how the dissipation occurs,
on which spatial and time scales. While the heating seems to fall exponen-
tially with height with a scale length similar to that of the magnetic field
(in close resemblance to a footpoint heating scenario), more detailed spatial
and temporal characteristics of the heating await. The knowledge of such
would allow an assessment of the roles of AC and DC heating mechanisms.

1.3 Some heated debates in the solar physics com-
munity

1.3.1 On the look for Alfvén waves

New observations from polarimetric, spectroscopic and imaging instruments
are revealing a corona permeated with waves. Compressive modes such as
the slow and fast MHD modes have a long chapter in observational history
(see reviews by Nakariakov & Verwichte 2005; Banerjee et al. 2007; Ruder-
man & Erdélyi 2009; Taroyan & Erdélyi 2009). Having magnetic tension as
its restoring force, the 3rd MHD mode, the Alfvén wave, is less affected by
the large transition region gradients with respect to the other modes. Also,
when traveling along thin magnetic flux tubes they are cut-off free since
they are not coupled to gravity (Musielak et al. 2007; Verth et al. 2010).
Alfvén waves generated in the photosphere are thus able to carry sufficient
energy into the corona to compensate the losses due to radiation and con-
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duction, and, if given a suitable dissipation mechanism, heat the plasma
to the high million degree coronal temperatures (Uchida & Kaburaki 1974;
Wentzel 1974; Hollweg et al. 1982; Poedts et al. 1989; Ruderman et al. 1997;
Kudoh & Shibata 1999) and power the solar wind (Suzuki & Inutsuka 2006;
Cranmer et al. 2007; Matsumoto & Suzuki 2011).

Despite its importance in coronal heating, only recently, through the de-
velopment of high resolution instruments, strong evidence for the existence
of the Alfvén wave in the solar atmosphere is being obtained. However,
in the majority of the observational reports of Alfvén waves ambiguity ex-
ists and clear distinction from other modes is difficult (De Pontieu et al.
2007b; Erdélyi & Fedun 2007). Using the Coronal Multi-Channel Polarime-
ter (CoMP) Tomczyk et al. (2007) analyzed properties of infrared coronal
emission line Fe XIIT (1074.7 nm) across a large field of view with short inte-
gration times. Waves propagating along magnetic field lines with ubiquitous
quasi-periodic fluctuations in velocity with periods between 200 s and 400 s
(power peak at 5-min) and negligible intensity variations were reported.
Wavelengths and phase speeds were estimated to be higher than 250 Mm
and 1 Mm s~! respectively. In this work it was suggested that these waves
were Alfvén waves probably being generated in the chromospheric network
from mode conversion of p-modes propagating from the photosphere (hence
explaining the peak in the power spectrum of the waves). On the other
hand Van Doorsselaere et al. (2008) argued that an interpretation in terms
of fast kink waves was more appropriate due mainly to the observed collec-
tive behavior which should be absent in the case of Alfvén waves. Being
compressible waves it was argued that kink waves would appear however
incompressible in the corona for an instrument such as CoMP due to the
very small variation in intensity they produce.

The difficulty in detecting the Alfvén wave is due in part to its incom-
pressible nature. Being only a transverse disturbance in the magnetic field,
it is practically invisible to imaging instruments, unless the structure of
propagation is displaced periodically from the line of sight (Williams 2004).
Also, due to the large wavelengths (a few megameters) and short periods
(a few minutes) that may be involved in the corona, a large field of view,
short integration time and proper resolution are needed for their detection
in the corona. With polarimeters and spectrographs, however, Alfvén waves
are more easily detected. In the presence of a stable waveguide, these waves
propagate as torsional disturbances of the magnetic field along iso-surfaces
of the field (known as torsional Alfvén waves), causing a periodic and spa-
tially dependent spectral line broadening (Zaqarashvili 2003). Using the
Solar Optical Universal Polarimeter (SOUP) of the SST, Jess et al. (2009)
report the detection of such waves.

As first described by Alfvén (Alfvén 1947), this wave holds its nature in
the presence of an homogeneous medium. It is being argued that such ideal
conditions do not exist in the corona and, although the restoring force would



20

The solar corona: hot and cold

remain the magnetic tension, a coupling with other modes is inevitable. The
pure Alfvén mode is thus expected to share its energy with other modes,
such as the longitudinal slow and fast modes (Moriyasu et al. 2004; Antolin
et al. 2008; Antolin & Shibata 2010) and also transverse ‘trapped’” MHD
modes such as the kink mode (Pascoe et al. 2011), which would explain the
historical ambiguity in the interpretation of such waves. Due to the mixed
properties of the resulting wave, a new nomenclature has been suggested for
its description. Termed ‘Alfvénic’, McIntosh et al. (2011) have reported their
detection with the SDO/AIA instrument. Found to permeate the transition
region and corona, these waves present enough energy to heat the quiet Sun
corona and accelerate the fast solar wind.

The main problem faced by Alfvén wave heating is to find a suitable
dissipation mechanism. Being basically an incompressible wave it must rely
on a mechanism by which to convert the magnetic energy into heat. Sev-
eral dissipation mechanisms have been proposed, such as parametric decay
(Goldstein 1978; Terasawa et al. 1986), mode conversion (Hollweg et al.
1982; Kudoh & Shibata 1999; Moriyasu et al. 2004), phase mixing (Hey-
vaerts & Priest 1983; Ofman & Aschwanden 2002), or resonant absorption
(Ionson 1978; Hollweg 1984; Poedts et al. 1989; Erdelyi & Goossens 1995).
The main difficulty lies in dissipating sufficient amounts of energy in the
correct time and space scales. For more discussion regarding this issue the
reader can consult for instance Klimchuk (2006); Erdélyi & Ballai (2007)
and Aschwanden (2004).

Due to the high densities (and therefore higher intensity contrast with
respect to the surroundings), as is the case for spicules in the chromosphere,
coronal rain and prominences offer easier direct wave detection possibilities
in the corona. An example for transverse MHD waves in the case of promi-
nences is provided by Okamoto et al. (2007) and Terradas et al. (2008). In
this thesis it is shown that coronal seismology can be further performed with
coronal rain (paper II). We also show that Alfvén waves can have a definite
effect on thermal non-equilibrium, thus regulating the presence/absence of
coronal rain (paper I).

1.3.2 Footpoint heating vs. uniformly distributed heating

Uniform heating in the corona is only achieved when energy losses, due to
radiative cooling and thermal conduction, are balanced efficiently by the
energy input. Famous analytical work by Rosner et al. (1978) showed that
quasi-steady loops with this characteristic have their thermodynamic prop-
erties linked to their geometry by means of scaling laws (RTV scaling laws).
This work further presented significant observational support for coronal
loops being mostly uniformly heated along their lengths. Probably based
on this and subsequent work, Parker (1988) suggested a corona heated by
nanoflares uniformly distributed along braided and twisted coronal loops.
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However, in the last 10 years, observational evidence not only for uniform
heating (Priest et al. 1998) but also for footpoint heating (Aschwanden 2001)
has been found, thus generating a debate in the solar physics community.

Footpoint heating in active region loops has received significant obser-
vational support in recent years. As stated previously, a significant number
of loops is observed to be out of hydrostatic equilibrium (Aschwanden et al.
2001; Aschwanden 2001; Winebarger et al. 2003; Schmieder et al. 2004; As-
chwanden et al. 2009), a state that is generally explained through footpoint
heating. Similar interpretations have been made from findings of upflows
that often appear correlated with nonthermal velocities at the footpoints of
some active region loops (Doschek et al. 2007; Hara et al. 2008; Nishizuka
& Hara 2011). Furthermore, Hansteen et al. (2010) and De Pontieu et al.
(2011) have shown that a considerable part of the hot coronal plasma could
be heated at low spicular heights, thus explaining the fading character of the
ubiquitous type II spicules (Rutten 2006; De Pontieu et al. 2007a; Rouppe
van der Voort et al. 2009). But perhaps one of the clearest evidences for
footpoint heating is put forward by the presence of cool structures in the
active region coronae, such as filaments/prominences and coronal rain, as
explained in section 1.1.4.

A solution to this debate seems to lie on the fact that different families of
coronal loops may exist in the Sun, as supported by recent studies of coronal
loops (see for instance Ugarte-Urra et al. 2009). For instance, loops that are
out of hydrostatic equilibrium seem to have in general temperatures below
2 — 3 x 10 K, and are thus denoted as warm loops. These show significant
changes over relatively short timescales as compared to hotter loops, which,
on the other hand appear to be uniformly heated. Cool loops, with transition
region temperatures, define a third branch of loops. Different lifetimes,
dynamics and thermodynamics properties define each of these groups (see
the extensive review by Reale 2010).

It is not known, however, how much is footpoint heating important
(and therefore the phenomenon of thermal non-equilibrium). On one hand,
through one dimensional simulations of loops, considering both monolithic
and multi-stranded scenarios (see section 1.3.3), Klimchuk et al. (2010) have
shown that thermal non-equilibrium produces observables that do not seem
to match observations (for instance, monolithic models end up with far too
much intensity structure, while multi-strand models are either too struc-
tured or too long-lived). On the other hand, 3D-MHD models of an active
region with a footpoint heating function leading to thermal non-equilibrium
have provided satisfactory results (Mok et al. 2008). The resulting evolution
of the light-curves, the variation of temperature along the loops, the density
profile, and the absence of small scale structures in the intensity profiles are
all compatible with real loops, thus supporting the thermal non-equilibrium
scenario (Lionello et al. 2010).

Coronal rain, being a direct manifestation of thermal non-equilibrium
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(and therefore of footpoint heating), can help estimate the importance of
this mechanism in the solar corona. Based on TRACE observations, Schri-
jver (2001) estimated the occurrence time of coronal rain in a coronal active
region loop to be at most once every two days suggesting a sporadic charac-
ter of coronal rain, and thus suggesting that thermal non-equilibrium may
not play a significant role in coronal heating. However, these observations
are constrained by the resolution of TRACE (1 arcsec at most), and thus
can only show the tip of the iceberg. Observations of coronal rain with
instruments such as the Solar Optical Telescope (SOT, Kosugi et al. 2007)
on board of Hinode (Tsuneta et al. 2008b) or CRISP of the SST, which
provide much higher spatial resolution (down to 0”2 arcsecs or below), can
drastically change the statistics of coronal rain, as is shown in this thesis
(paper III).

1.3.3 Multi-stranded vs. monolithic loops

Images of the corona obtained with TRACE or SDO/AIA (such as that
of Fig. 1) show a corona permeated by loop-like structures. Since the
field-aligned transport coefficients (such as the conductivity coefficient) are
much larger than their cross-field counterparts, these coronal loops are often
treated as separate entities with a specific magnetic flux and thermodynamic
state, different from the surroundings. However, since the intensity is de-
pendent on the density squared, only a small density difference is needed in
order for these structures to appear as single isolated structures in the ima-
ges. Furthermore, since the channels of such coronal instruments normally
have very narrow temperature coverage, a multi-temperature loop would
appear only partially in one channel. These facts can make the concept of
coronal loops ill-defined. As discussed in the previous section, the concept
of a loop as a waveguide can be controversial also because of the relatively
short lifetimes of warm loops and fast apparent changes in their internal
structure.

Due to the limiting spatial resolution of current coronal instruments
(achieving a maximum resolution of roughly 1 arcsec), the internal struc-
ture of these entities is still under debate. Depending on the thermodynamic
variables and magnetic field gradients such loops are either considered to be
monolithic (if homogeneous across the main magnetic field axis) or multi-
stranded (if heterogeneous), where the concept of a strand is defined as a sin-
gle magnetic flux entity with no internal change in the cross-field direction).
Since the magnetic field topology is especially essential for understanding
the upper (low-3) solar atmosphere, the multi-strand vs. monolithic prob-
lem is then not only relevant for the wave community, but to all of solar
physics.

On the other hand, chromospheric instruments such as Hinode/SOT or
CRISP of the SST provide much higher spatial resolution. Since coronal rain
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is a chromospheric phenomenon occurring in the corona (and it is matter
where the neutrals are strongly coupled to the ions, and therefore follow
the magnetic field lines), its observation provides a unique insight into the
coronal magnetic field structuring. This is one of the ideas exploited in this
thesis (papers I, IT and III).
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Chapter 2

Results from the thesis

In this chapter a summary of the results of the thesis is provided. This is
divided into 3 sections, where each section corresponds to a paper (in order).
As explained in section 1.3, the subject of this thesis is to show the potential
that coronal rain beholds in the understanding of the coronal magnetic field
and the coronal heating problem.

2.1 List of included publications

e Coronal rain as a marker for coronal heating mechanisms
Antolin, P., Shibata, K., Vissers, G.
AplJ, 716, 154 (2010)

e Transverse oscillations of loops with coronal rain observed by Hinode/Solar
Optical Telescope
Antolin, P., Verwichte, E.
AplJ, 736, 121 (2011)

o Observing the fine structure of loops through high resolution spectros-
copic observations of coronal rain with the CRISP instrument at the
Swedish Solar Telescope

Antolin, P., Rouppe van der Voort, L.
AplJ, 745, 152 (2012).

2.2 A marker for coronal heating mechanisms. Ef-
fects of Alfvén waves on the thermal stability
of loops

In this paper we start by reporting very high resolution limb observations

of coronal rain with Hinode/SOT in the Ca 11 H line. At this resolution
coronal rain is observed to separate and elongate as it falls into strand-like
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structures. Statistics of the dynamics are obtained in which accelerations
are in average lower than the effective gravity along loops, confirming earlier
finds by De Groof et al. (2004); de Groof et al. (2005); Schrijver (2001) with
coarser instruments. This implies that the structure and dynamics of the
condensations are far more sensitive to the internal pressure changes in loops
than to gravity.

We perform 1.5-D MHD numerical simulations including thermal con-
duction and radiative cooling (with an optically thick approximation for
the lower atmosphere) of a loop where Alfvén waves are generated through
random azimuthal motions at the footpoints, in close resemblance to con-
vective processes (Matsumoto & Shibata 2010). The waves mode convert
non-linearly to longitudinal modes (through wave-to-wave interaction, den-
sity fluctuations and deformation of the wave shape during propagation),
that subsequently dissipate their energy in the corona through shock heat-
ing. The ensuing Alfvén wave heating has a characteristic uniformity in the
corona, as has been shown previously (Moriyasu et al. 2004; Antolin et al.
2008). For instance, the resulting Alfvén wave heated coronae follow closely
the RTV scaling law (Rosner et al. 1978, see section 1.3.2). The loop is also
subject to small-scale discrete heating events artificially added at the foot-
points of the loops (simulating for instance nanoflare-reconnection heating,
see section 1.2), which easily trigger thermal non-equilibrium.

It is found that if a loop is predominantly heated from Alfvén waves,
thermal non-equilibrium is inhibited due to the characteristic uniform heat-
ing they produce. Hence, coronal rain would not be generated in such loops.
Coronal rain may then not only point to the spatial distribution of the heat-
ing in coronal loops but also to the agent of the heating itself. We thus
propose coronal rain as a marker for coronal heating mechanisms.

2.3 A tool for coronal seismology of loops. Obser-
vations with Hinode/SOT

Observations of coronal rain at the limb in the Ca 11 H line with Hinode/SOT
are performed. As coronal rain falls, the condensations separate and elon-
gate, delineating the loop-like structure of a loop whose axis appears to be
roughly aligned along the line of sight. By tracking down the rain several
fine strand-like structures are observed, which exhibit in-phase transverse
oscillations (with respect to the main loop axis) with periods between 100 s
and 200 s, similar to those normally observed in prominences (Okamoto et al.
2007; Terradas et al. 2008). The amplitudes of the oscillations have ranges
between 250 km and 500 km, and are observed to vary significantly with re-
spect to the position along the loop, having a maximum at roughly halfway
through one leg and minimums at both the apex and toward the footpoint
of the leg. We interpret this result as a signature of a first harmonic of a
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standing transverse MHD wave in the loop, although an upward propagating
wave is also a possible, but less likely, scenario. This interpretation implies
a wavelength equal to the loops length, 80 £ 15 Mm.

Since this active region loop exhibits a catastrophic cooling event we
expect the internal density to be significantly higher than that of the external
corona for an interval of time long enough to create a waveguide along the
loop. The obtained phase speeds of the waves are between 400 km s~! and
1000 km s~!, implying either a fast (horizontal) kink mode or a torsional
Alfvén mode. The wide distribution of speeds found may be due to the
possible uncertainties in the measurements, given the short time in which
the loop can be observed. On the other hand, if the distribution in the
phase speeds is real, it implies a loss of collective behavior which can be
explained in terms of phase-mixing, present both in a scenario in which
each strand has its own kink mode and in the scenario of a torsional Alfvén
wave. The average coronal magnetic field inside the loop is estimated to be
between 8 +2 G and 22+ 7 G, in agreement with other estimates of coronal
magnetic fields in active region loops through coronal seismology techniques
(Nakariakov & Ofman 2001).

As the condensations fall they exhibit large distributions of velocities but
rather concentrated accelerations around a much lower value than that of the
average effective solar gravity along the loop, thus implying the presence of
a different force. An estimate of the force imparted by the transverse MHD
wave into the plasma gives values in accordance with the observed deceler-
ation. Also, a rough estimate indicates an average plasma-{ parameter of
0.1 in the condensation due to the high densities and strong shocks that are
normally created by the thermal non-equilibrium mechanism. This would
explain the often observed initial separation of the condensations, and can
also be linked to the deceleration of the plasma.

2.4 A probe for the internal structure and local
thermodynamic conditions in loops. Observa-
tions with SST/CRISP

In this work we present spectropolarimetric observations in Ha with CRISP
of the SST of coronal rain above an active region at the limb of the Sun.
The excellent quality of the data (close to the theoretical diffraction limit for
the SST at the wavelength of Ha: A/D ~ (/14) provides a unique picture
of coronal rain in which it literally invades the entire field of view. On-disc
blobs dark in absorption are also observed and shown to have the same
dynamical, morphological and thermodynamical properties as the off-limb
blobs, from which we conclude that it corresponds to the same phenomenon.

From the projected (on the plane of the sky) and Doppler velocities
we are able to measure absolute velocities and accelerations, which, as in
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the previous studies, show values that are, respectively, significantly lower
than free fall speeds and the effective gravity along loops. In some cases
the condensations show strong decelerations near the footpoints, which is
expected due to the higher atmospheric densities at chromospheric heights.
The condensations present small but elongated cores of a few 100 km in
width and lengths (along the path) of 700 km or so, stressing the need of high
spatial (and temporal) resolution to fully observe coronal rain. The shapes
are however non constant during their fall, but continuously change along
the trajectories. The blobs further present average temperatures of 7000
K, and possibly even lower if turbulence and the Stark effect are important.
Some evidence of progressive cooling over time was found, as suggested from
previous work (de Groof et al. 2005; Schrijver 2001).

Through orders of magnitude estimates we show that the coronal rain
observed in Ha is expected to come from a neutral Hydrogen population
strongly coupled to the protons. At least on length scales on the order of
the blob sizes (a few hundred km) no diffusion across the magnetic field is
expected. Coronal rain can thus be considered as a tracer of the coronal
magnetic field. Combining the projected (on the plane of the sky) and
Doppler velocities we show that it is possible to retrieve the angles of fall
of the blobs, allowing a reconstruction of the coronal magnetic field. No
evidence for twisting or braiding of strands in loops is found, but we do
not discard their existence at lower length scales (under 100 km), where
turbulence may also be important. The tracing of strands by the blobs
further suggest a constant area cross-section in the corona for these loops
with no significant expansion down to chromospheric heights. The expected
flux tube expansion may happen at lower (photospheric?) heights.

We further find that coronal rain occurs frequently in neighboring strands
in a simultaneous way, forming groups of condensations which, if close
enough together, are seen as large clumps. We term these sporadic events
as ‘showers’, and they can have widths up to a few Mm. This is probably
what has been observed in the past with instruments of lower spatial resolu-
tion such as TRACE and SOHO/EIT. Co-temporal Hinode/EIS observation
in EUV lines of the same region does not show any trace of coronal rain,
from which we suspect that loops with coronal rain are multi-thermal, as
suggested previously by Schrijver (2001).

Our observations support the multi-stranded loop scenario and suggest
that a significant fraction of strands in a loop do not have an independent
thermodynamic evolution. Indeed, neighboring strands often display a co-
herent cooling (in the form of coronal rain) of a significant number of strands
in a loop, suggesting a heating mechanism which acts in roughly the same
way on neighboring strands. A footpoint heating mechanism imparting a
similar heating scale height over all or part of the strands in a loop is a
simple scenario that can explain the observations. Since we expect an ex-
pansion of the loops at low (possibly photospheric) heights spatially small
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heating events may suffice for such purpose.

The presented observations suggest that coronal rain may not be a spo-
radic phenomenon of active regions as previously thought, but a rather com-
mon phenomenon deeply linked to the heating mechanisms of coronal loops.
We estimate the fraction of coronal volume with coronal rain to be between
7 % and 30 %. This is however strongly dependent on the magnetic field
filling factor and on the projection effects. We further estimate the occur-
rence time of this phenomenon in a loop to be between 5 and 20 hours.
Longer datasets with larger fields of view are needed to clearly answer the
question on how common coronal rain is. The obtained mass drain rate in
the form of coronal rain is roughly 5 x 10° g s~! taking a mass density of
10~13 g cm ™3 for the condensations. This number is on the same order of
magnitude as the estimated mass flux into the corona from spicules (Beckers
1972), reinforcing the idea that coronal rain is an important phenomenon.
This suggests a scenario in which the hot spicular material injected into the
corona falls back cool, ‘raining’ down.

2.5 Other publications, conferences, workshops and
schools

Refereed Journals

e Predicting observational signatures of coronal heating by Alfvén
waves and nanoflares P. Antolin, K. Shibata, T. Kudoh, D. Sh-
iota, D. Brooks, The Astrophysical Journal, Volume 688, 669-682
(2008)

e The Role Of Torsional Alfvén Waves in Coronal Heating P. An-
tolin, K. Shibata, The Astrophysical Journal, Volume 712, 494-
510 (2010)

Proceedings

e Predicting observational signatures of coronal heating by Alfvén
waves and nanoflares P. Antolin, K. Shibata, T. Kudoh, D. Sh-
iota, D. Brooks, Proceedings of the International Astronomical
Union, TAU Symposium, Volume 247, 279-287, ” Waves & Oscilla-
tions in the Solar Atmosphere: Heating and Magneto-Seismology”
(2008).

o Alfvén Wave and Nanoflare Reconnection Heating: How to Dis-
tinguish Them Observationally? P. Antolin, K. Shibata, T. Ku-
doh, D. Shiota, D. Brooks, Proceedings of the Astronomical So-
ciety of the Pacific, ASP Conference Series, Volume 415, 247,



Results from the thesis

”The Second Hinode Science Meeting: Beyond Discovery-Toward
Understanding” (2009).

o Signatures of Coronal Heating Mechanisms P. Antolin, K. Shi-
bata, T. Kudoh, D. Shiota, D. Brooks, Astrophysics and Space
Science Proceedings, ISSN 1570-6591 (Print), pp. 277-280, ”Mag-
netic Coupling between the Interior and Atmosphere of the Sun”
(2010).

e Implications for coronal heating from coronal rain P. Antolin, K.
Shibata, M. Carlsson, L. Rouppe van der Voort, G. Vissers, V.
Hansteen. Scheduled for publication in ASP Conference Series,
"The 3rd Hinode Science Meeting”. (editors: Takashi Sekii, Tet-
suya Watanabe and Takashi Sakurai).

e A Sharp Look on Coronal Rain with Hinode/SOT and CRISP
of SST P. Antolin, M. Carlsson, L. Rouppe van der Voort, E.
Verwichte, G. Vissers. Scheduled for publication in ASP Confer-
ence Series, "Hinode-4: Unsolved Problems and Recent Insights”.
(editors: L.R. Bellot Rubio, F. Reale, and M. Carlsson).

Conferences, Workshops and Schools
(O): Oral presentation
(P): Poster presentation

e Some problems related to coronal heating. P. Antolin, K. Shibata.
Summer School in ”Radiative Transfer and Numerical Magneto-
hydrodynamics”, Institute of Theoretical Astrophysics, Univer-
sity of Oslo, Oslo - Norway, 19-29 June 2007. (O)

o On the Frequency Distribution of Heating Fvents in Coronal Loops,
simulating Observations with Hinode/XRT, P. Antolin, K. Shi-
bata, D. Shiota, D. Brooks, International Astronomical Union
Symposium 247 ”Waves & Oscillations in the Solar Atmosphere:
Heating and Magneto-Seismology”, Caracas - Venezuela, 17-22
September 2007. (O)

e Coronal Rain as an Indicator of Coronal Heating Mechanisms, P.
Antolin, K. Shibata, International CAWSES Symposium, Kyoto
- Japan, 23-27 October 2007. (P)

e Some indicators of coronal heating mechanisms: power law in-
dexes and coronal rain. P. Antolin, K. Shibata. Hinode Informal
Workshop, Kyoto - Japan, 13 November 2007. (O)



2.5 Other publications, conferences, workshops and schools

31

An introduction to MULTI - a radiative transfer code-, MULTI
Workshop, National Astronomical Observatory of Japan, Mitaka
- Japan, 27-28 February 2008. (O)

Hinode data analysis - EIS -. P. Antolin, S. Kamio, S. Park,
K. Lee, Y. Kim. Asian Solar Physics Winter School, National
Astronomical Observatory of Japan, Mitaka - Japan, 4-7 March
2008. (O)

Predicting observational signatures of coronal heating by Alfvén
waves and nanoflares, P. Antolin, K. Shibata, T. Kudoh, D. Sh-
iota, D. Brooks, Solar research from Hinode and outlook on Solar-
C Science, Symposium, National Observatory of Japan, Mitaka -
Japan, 17-18 March 2008. (P)

The role of torsional Alfvén waves in coronal heating, P. Antolin,
K. Shibata, T. Kudoh, Summer School in Space Weather, Ya-
manashi - Japan, 28-31 August 2008. (P)

Predicting observational signatures of coronal heating by Alfvén
waves and nanoflares, P. Antolin, K. Shibata, T. Kudoh, D. Sh-
iota, D. Brooks, Second Hinode Science Meeting ”Beyond Dis-
covery - Toward Understanding”, Boulder - Colorado (USA), 29
September - 3 October 2008. (O)

The role of torsional Alfvén waves in coronal heating, P. Antolin,
K. Shibata, Symposium ”From the Sun to the Earth”, Rikubetsu
- Hokkaido (Japan), 27-28 October 2008. (O)

Predicting observational signatures of coronal heating by Alfvén
waves and nanoflares, P. Antolin, K. Shibata, T. Kudoh, D. Sh-
iota, D. Brooks, Evershed Meeting ”Magnetic Coupling between
the Interior and the Atmosphere of the Sun - Centenary Com-
memoration of the discovery of the Evershed effect”, Bangalore -
India, 2-5 December 2008. (O)

Cooling of coronal loops P. Antolin, K. Shibata, USO Gathering
and Inversion School, Abisko - Sweden, 2-6 February 2009. (O)

Dynamics at footpoints of coronal loops. P. Antolin, H. Hara.
EIS Workshop, Kwasan Observatory, Kyoto University, Kyoto -
Japan, 17 July 2009. (O)

The role of torsional Alfvén waves in coronal heating P. An-
tolin, CAS-TAU Joint Solar Eclipse Meeting ” The Dynamic Solar
Corona”, Suzhou - China, 23-26 July 2009. (O)



32

Results from the thesis

Coronal rain as a marker for coronal heating mechanisms P. An-
tolin, K. Shibata, M. Carlsson, L. Rouppe van der Voort, G. Vis-
sers, V. Hansteen, Third Hinode Science Meeting, Tokyo - Japan,
1-4 December 2009. (P)

A new view on coronal rain with the SST P. Antolin, M. Carlsson,
V. Hansteen, G. Vissers, L. Rouppe van der Voort, USO-SP Final
Meeting, Tammsvik - Sweden, 9-11 January 2010. (O)

Coronal rain - The 6th coronal heating constraint? P. Antolin,
L. Rouppe van der Voort, K. Shibata. Asia Oceania Geosciences
Society (AOGS) Meeting, Hyderabad - India, 5-9 July 2010. (O)

Numerical simulations of chromospheric dynamics and coronal
heating V. Hansteen, M. Carlsson, P. Antolin, Asia Oceania Geo-
sciences Society (AOGS) Meeting, Hyderabad - India, 5-9 July
2010. (O)

A Sharp Look on Coronal Rain with Hinode/SOT and CRISP
of SST P. Antolin, M. Carlsson, L. Rouppe van der Voort, E.
Verwichte, G. Vissers. Fourth Hinode Science Meeting, Palermo
- Italy, 11-15 October 2010. (O)

Transverse oscillations of loops with coronal rain observed by Hi-
node/SOT P. Antolin, E. Verwichte. Third Spanish Meeting on
Solar and Heliospheric Physics, Granada - Spain, 7-9 June 2011.
(0).

Observing the fine structure of loops through high resolution spec-
troscopic observations of coronal rain with the CRISP instrument
at the Swedish Solar Telescope P. Antolin, L. Rouppe van der
Voort. The Fifth Coronal Loops Workshop, Mallorca - Spain, 29
June - 2 July 2011. (O).

A rainy day on the Sun P. Antolin, L. Rouppe van der Voort, E.
Verwichte. ESPM-13 Meeting, Rhodes - Greece, 12-16 September
2011. (O)

A rainy day on the Sun P. Antolin, L. Rouppe van der Voort, E.
Verwichte. Fifth Hinode Science Meeting, Boston - United States,
10-15 October 2011. (O).



Bibliography

Alfvén, H. 1941, Arkiv for Matematik, Astronomi och Fysik, 27 A
Alfvén, H. 1947, MNRAS, 107, 211
Antiochos, S. K. & Klimchuk, J. A. 1991, ApJ, 378, 372

Antiochos, S. K., MacNeice, P. J., Spicer, D. S.; & Klimchuk, J. A.
1999, AplJ, 512, 985

Antolin, P. & Shibata, K. 2010, ApJ, 712, 494

Antolin, P.; Shibata, K., Kudoh, T., Shiota, D., & Brooks, D. 2008,
AplJ, 688, 669

Aschwanden, M. J. 2001, ApJ, 559, L171

Aschwanden, M. J. 2004, Physics of the Solar Corona. An Introduction
(Chichester: Praxis Publishing Ltd)

Aschwanden, M. J., Schrijver, C. J., & Alexander, D. 2001, ApJ, 550,
1036

Aschwanden, M. J., Winebarger, A., Tsiklauri, D., & Peter, H. 2007,
ApJ, 659, 1673

Aschwanden, M. J., Wuelser, J.-P., Nitta, N. V., Lemen, J. R., &
Sandman, A. 2009, ApJ, 695, 12

Athay, R. G. & White, O. R. 1978, ApJ, 226, 1135
Bahng, J. & Schwarzschild, M. 1961, ApJ, 134, 312

Banerjee, D., Erdélyi, R., Oliver, R., & O’Shea, E. 2007, Sol. Phys.,
246, 3

Beckers, J. M. 1972, ARA&A, 10, 73

Biermann, L. 1946, Naturwissenschaften, 33, 118



34

BIBLIOGRAPHY

Cox, D. P. 1972, ApJ, 178, 143

Cranmer, S. R., van Ballegooijen, A. A., & Edgar, R. J. 2007, ApJS,
171, 520

Dahlburg, R. B., Antiochos, S. K., & Klimchuk, J. A. 1998, ApJ, 495,
485

de Groof, A., Bastiaensen, C., Miiller, D. A. N., Berghmans, D., &
Poedts, S. 2005, A&A, 443, 319

De Groof, A., Berghmans, D., van Driel-Gesztelyi, L., & Poedts, S.
2004, A&A, 415, 1141

De Pontieu, B., McIntosh, S., Hansteen, V. H., et al. 2007a, PASJ, 59,
655

De Pontieu, B., MclIntosh, S. W., Carlsson, M., et al. 2011, Science,
331, 55

De Pontieu, B., McIntosh, S. W., Carlsson, M., et al. 2007b, Science,
318, 1574

Doschek, G. A., Mariska, J. T., Warren, H. P., et al. 2007, ApJ, 667,
L109

Edlén, B. 1945, MNRAS, 105, 323

Erdélyi, R. & Ballai, I. 2007, Astron. Nachr., 328, 726
Erdélyi, R. & Fedun, V. 2007, Science, 318, 1572
Erdelyi, R. & Goossens, M. 1995, A&A, 294, 575

Fawzy, D., Rammacher, W., Ulmschneider, P., Musielak, Z. E., &
Stepien, K. 2002, A&A, 386, 971

Ferraro, C. A. & Plumpton, C. 1958, ApJ, 127, 459
Ferraro, V. C. A. 1954, ApJ, 119, 393

Field, G. B. 1962, Interstellar Matter in Galaxies (New York: Ben-
jamin)

Field, G. B. 1965, ApJ, 142, 531
Foukal, P. 1978, ApJ, 223, 1046
Foukal, P. V. 1976, ApJ, 210, 575



BIBLIOGRAPHY

35

Goldsmith, D. W. 1971, Sol. Phys., 19, 86
Goldstein, M. L. 1978, ApJ, 219, 700

Golub, L. & Pasachoff, J. M. 1997, The Solar Corona (Cambridge
University Press)

Grotrian, W. 1934, Zeitschrift fur Astrophysik, 8, 124

Gudiksen, B. V., Carlsson, M., Hansteen, V. H., et al. 2011, A&A, 531,
Al154

Hansteen, V. H., De Pontieu, B., Rouppe van der Voort, L., van Noort,
M., & Carlsson, M. 2006, ApJ, 647, L73

Hansteen, V. H., Hara, H., De Pontieu, B., & Carlsson, M. 2010, ApJ,
718, 1070

Hara, H., Nishino, Y., Ichimoto, K., & Delaboudiniere, J.-P. 2006, ApJ,
648, 712

Hara, H., Watanabe, T., Harra, L. K., et al. 2008, ApJ, 678, L67
Heyvaerts, J. & Priest, E. R. 1983, A&A, 117, 220

Hildner, E. 1974, Sol. Phys., 35, 123

Hollweg, J. V. 1984, ApJ, 277, 392

Hollweg, J. V., Jackson, S., & Galloway, D. 1982, Sol. Phys., 75, 35
Tonson, J. A. 1978, ApJ, 226, 650

Ishikawa, R., Tsuneta, S., Ichimoto, K., et al. 2008, A&A, 481, .25

Jess, D. B., Mathioudakis, M., Erdélyi, R., et al. 2009, Science, 323,
1582

Karpen, J. T., Antiochos, S. K., Hohensee, M., Klimchuk, J. A., &
MacNeice, P. J. 2001, ApJ, 553, L85

Karpen, J. T., Tanner, S. E. M., Antiochos, S. K., & DeVore, C. R.
2005, ApJ, 635, 1319

Katsukawa, Y. & Tsuneta, S. 2001, ApJ, 557, 343
Kawaguchi, 1. 1970, PASJ, 22, 405
Kippenhahn, R. & Schliiter, A. 1957, ZAp, 43, 36



36

BIBLIOGRAPHY

Kjeldseth-Moe, O. & Brekke, P. 1998, Sol. Phys., 182, 73

Kleczek, J. 1957, Bulletin of the Astronomical Institutes of Czechoslo-
vakia, 8, 120

Klimchuk, J. A. 2006, Sol. Phys., 234, 41

Klimchuk, J. A., Karpen, J. T., & Antiochos, S. K. 2010, ApJ, 714,
1239

Kosugi, T., Matsuzaki, K., Sakao, T., et al. 2007, Sol. Phys., 243, 3
Krucker, S. & Benz, A. O. 1998, ApJ, 501, L.213

Kudoh, T. & Shibata, K. 1999, ApJ, 514, 493

Landi, E., Miralles, M. P., Curdt, W., & Hara, H. 2009, ApJ, 695, 221
Leroy, J. 1972, Sol. Phys., 25, 413

Lionello, R., Winebarger, A. R., Linker, J. A., Mikic, Z., & Mok, Y.
2010, AGU Fall Meeting Abstracts, C1811

Low, B. C. & Hundhausen, J. R. 1995, ApJ, 443, 818
Matsumoto, T. & Shibata, K. 2010, ApJ, 710, 1857
Matsumoto, T. & Suzuki, T. K. 2011, ArXiv e-prints

MeclIntosh, S. W., de Pontieu, B., Carlsson, M., et al. 2011, Nature,
475, 477

Mendoza-Bricenio, C. A., Sigalotti, L. D. G., & Erdélyi, R. 2005, ApJ,
624, 1080

Mok, Y., Drake, J. F., Schnack, D. D., & van Hoven, G. 1990, ApJ,
359, 228

Mok, Y., Miki¢, Z., Lionello, R., & Linker, J. A. 2008, ApJ, 679, L161

Moriyasu, S., Kudoh, T., Yokoyama, T., & Shibata, K. 2004, ApJ, 601,
L107

Miiller, D. A. N., Fleck, B., Dimitoglou, G., et al. 2009, Computing in
Science & Engineering, 11, 38

Miiller, D. A. N., Hansteen, V. H., & Peter, H. 2003, A&A, 411, 605
Miiller, D. A. N., Peter, H., & Hansteen, V. H. 2004, A&A, 424, 289



BIBLIOGRAPHY

37

Musielak, Z. E., Routh, S., & Hammer, R. 2007, ApJ, 659, 650
Nakariakov, V. M. & Ofman, L. 2001, A&A, 372, L53

Nakariakov, V. M. & Verwichte, E. 2005, Living Reviews in Solar
Physics, 2, 3

Narain, U. & Ulmschneider, P. 1996, Space Science Reviews, 75, 453
Nishizuka, N. & Hara, H. 2011, ApJ, 737, L43
Ofman, L. & Aschwanden, M. J. 2002, ApJ, 576, L153

Okamoto, T. J., Tsuneta, S., Berger, T. E., et al. 2007, Science, 318,
1577

Orozco Suéarez, D., Bellot Rubio, L. R., del Toro Iniesta, J. C., et al.
2007, ApJ, 670, L61

O’Shea, E., Banerjee, D., & Doyle, J. G. 2007, A&A, 475, L.25
Osterbrock, D. E. 1961, ApJ, 134, 347

Parker, E. N. 1953, ApJ, 117, 431

Parker, E. N. 1957, J. Geophys. Res., 62, 509

Parker, E. N. 1988, ApJ, 330, 474

Parnell, C. E. & Jupp, P. E. 2000, ApJ, 529, 554

Pascoe, D. J., Wright, A. N., & De Moortel, I. 2011, ApJ, 731, 73
Petschek, H. E. 1964, NASA Special Publication, 50, 425

Poedts, S., Goossens, M., & Kerner, W. 1989, Sol. Phys., 123, 83
Priest, E. R., Foley, C. R., Heyvaerts, J., et al. 1998, Nature, 393, 545
Priest, E. R. & Smith, E. A. 1979, Sol. Phys., 64, 267

Reale, F. 2010, Living Reviews in Solar Physics, 7, 5

Rosner, R., Tucker, W. H., & Vaiana, G. S. 1978, ApJ, 220, 643

Rouppe van der Voort, L., Leenaarts, J., de Pontieu, B., Carlsson, M.,
& Vissers, G. 2009, AplJ, 705, 272

Ruderman, M. S., Berghmans, D., Goossens, M., & Poedts, S. 1997,
A&A, 320, 305



38

BIBLIOGRAPHY

Ruderman, M. S. & Erdélyi, R. 2009, Space Science Reviews, 54

Rutten, R. J. 2006, in Astronomical Society of the Pacific Conference
Series, Vol. 354, Solar MHD Theory and Observations: A High Spa-
tial Resolution Perspective, ed. J. Leibacher, R. F. Stein, & H. Uiten-
broek, 276

Scharmer, G. B., Bjelksjo, K., Korhonen, T. K., Lindberg, B., & Pet-
terson, B. 2003, in Society of Photo-Optical Instrumentation Engi-
neers (SPIE) Conference Series, Vol. 4853, SPIE, ed. S. L. Keil &
S. V. Avakyan, 341

Scharmer, G. B., Narayan, G., Hillberg, T., et al. 2008, ApJ, 689, L69
Schmieder, B., Heinzel, P., Wiik, J. E.; et al. 1995, Sol. Phys., 156, 337

Schmieder, B., Rust, D. M., Georgoulis, M. K., Démoulin, P., &
Bernasconi, P. N. 2004, ApJ, 601, 530

Schrijver, C. J. 2001, Sol. Phys., 198, 325
Schwarzschild, M. 1948, ApJ, 107, 1
Schwarzschild, M. 1959, ApJ, 130, 345

Shimojo, M., Kurokawa, H., & Yoshimura, K. 2002, Sol. Phys., 206,
133

Spitzer, Jr., L. 1956, ApJ, 124, 20

Stein, R. F. & Nordlund, A. 1991, in Mechanisms of Chromospheric
and Coronal Heating, ed. P. Ulmschneider, E. R. Priest, & R. Rosner,
386—

Suematsu, Y., Wang, H., & Zirin, H. 1995, ApJ, 450, 411

Suzuki, T. K. & Inutsuka, S.-i. 2006, Geophys. Res. (Space Phys.), 111,
6101

Sweet, P. A. 1958, in TAU Symposium, Vol. 6, Electromagnetic Phe-
nomena in Cosmical Physics, ed. B. Lehnert, 123

Tandberg-Hanssen, E., ed. 1995, Astrophysics and Space Science Li-
brary, Vol. 199, The nature of solar prominences

Taroyan, Y. & Erdélyi, R. 2009, Space Science Reviews, 24

Terasawa, T., Hoshino, M., Sakai, J.-I., & Hada, T. 1986, J. Geo-
phys. Res., 91, 4171



BIBLIOGRAPHY

39

Terradas, J., Arregui, I., Oliver, R., & Ballester, J. L. 2008, ApJ, 678,
L153

Tomezyk, S., McIntosh, S. W., Keil, S. L., et al. 2007, Science, 317,
1192

Tripathi, D., Mason, H. E., Dwivedi, B. N., del Zanna, G., & Young,
P. R. 2009, ApJ, 694, 1256

Tsuneta, S., Ichimoto, K., Katsukawa, Y., et al. 2008a, ApJ, 688, 1374

Tsuneta, S., Ichimoto, K., Katsukawa, Y., et al. 2008b, Sol. Phys., 249,
167

Uchida, Y. & Kaburaki, O. 1974, Sol. Phys., 35, 451
Ugarte-Urra, 1., Warren, H. P., & Brooks, D. H. 2009, ApJ, 695, 642

Ugarte-Urra, 1., Winebarger, A. R., & Warren, H. P. 2006, ApJ, 643,
1245

Van Doorsselaere, T., Nakariakov, V. M., & Verwichte, E. 2008, ApJ,
676, L73

Verth, G., Erdélyi, R., & Goossens, M. 2010, ApJ, 714, 1637

Warren, H. P., Ugarte-Urra, 1., Brooks, D. H., et al. 2007, PASJ, 59,
675

Wedemeyer-Bohm, S., Lagg, A., & Nordlund, A. 2009, Space Sci. Rev.,
144, 317

Wedemeyer-Béhm, S. & Rouppe van der Voort, L. 2009, A&A, 507, L9
Wentzel, D. G. 1974, Sol. Phys., 39, 129

Williams, D. R. 2004, in ESA Special Publication, Vol. 547, SOHO 13
Waves, Oscillations and Small-Scale Transients Events in the Solar
Atmosphere: Joint View from SOHO and TRACE, ed. H. Lacoste,
513+

Winebarger, A. R., Warren, H. P., & Mariska, J. T. 2003, ApJ, 587,
439

Withbroe, G. L. & Noyes, R. W. 1977, ARA&A, 15, 363

Zanstra, H. 1955, Vistas in Astronomy, 1, 256

Zaqarashvili, T. V. 2003, A&A, 399, L15

Zirker, J. B., Engvold, O., & Martin, S. F. 1998, Nature, 396, 440



40

BIBLIOGRAPHY




Part 11

Articles






Paper 1

Coronal rain as a marker for coronal heating mechanisms
Antolin, P., Shibata, K., Vissers, G.
AplJ, 716, 154 (2010)







Paper 11

Transverse oscillations of loops with coronal rain observed by Hinode/Solar
Optical Telescope

Antolin, P., Verwichte, E.

AplJ, 736, 121 (2011)







Paper II1

Observing the fine structure of loops through high resolution spectros-
copic observations of coronal rain with the CRISP instrument at the
Swedish Solar Telescope

Antolin, P., Rouppe van der Voort, L.

AplJ, 745, 152 (2012).







