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The non-Maxwellian x-distributions have been detected in various space plasmas, including
solar wind. However, no evidence of their presence in the solar corona has been found yet. The
PhD thesis is focused on diagnostics of x-distributions of electrons in the solar corona and transi-
tion region using spectroscopic data. The diagnostic methods were proposed by Dzif¢dkova and
Kulinova (2010) for spectral lines of iron ions. These methods are here extended using lines of
other ions. Lines suitable for diagnostics of k, as well as density and temperature were selected.
A specialized observation for the Hinode/EIS instrument were prepared and carried out. This
dataset is analyzed and diagnosed parameters of coronal plasma are presented and discussed
here. The diagnosed results shown that the investigated plasma is unlikely to be Maxwellian.
The differential emission measure (DEM) of different solar regions were investigated and the
influence of x-distribution to the DEM were shown. For lower x, the peaks of the DEMs are
typically shifted to higher temperatures and the DEMs themselves become more wider. The
PhD thesis provides straightforward analysis from theoretical diagnostic method to application
on obtained data. The results presented here challenge the traditional Maxwellian analysis of

coronal observations.
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Ne-maxwelovské k-distribicie boli ispesne detegované vo viacerych formach vesmirnej plazmy.
Ich pritomnot v slneénej koréne vsak dosial nebola jednoznaéne preukdzans. Predkladand diz-
ertacna praca sa venuje diagnostike x-distribucii elektrénov v slnecnej koréne a prechodovej
oblasti zo spektroskopickych dat. Metédy na tento typ diagnostiky boli navrhnuté v préci
Drzifédkova and Kulinova (2010) pre spektralne ¢iary idnov zeleza. Tieto metédy boli v nasej
préaci rozsirené na pouzitie s iébnmi ostatnych prvkov. Spektralne ¢iary a ich pomery, vhodné
na diagnostiku k-distribucii, hustoty a teploty, boli najdené a nami navrhnuté na Specifické
pozorovanie na satelite Hinode/EIS. Data z tohoto pozorovania boli analyzované a ziskane di-
agnostikované parametre si v praci prezentované a diskutované. Vysledky ukéazali, ze skiimana
plazma nezodpovedd Maxwellovej distribucii. V praci sme tiez skimali vplyv k-distribicii na
diferencidlnu emisnd mieru (DEM) v rozliénych oblastiach Slnka. Pre nizke hodnoty x st DEM
piky SirSie a s posunuté k vyssSim teplotam. Dizertacnd praca prezentuje priamociaru analyzu
od teoretickych diagnostickych metéd po priame pouzitie na nami ziskané data. Prezentované
vysledky namietajti na vhodnost pouzitia Maxwellovej distribiicie v analyze pozorovani slneénej

korény.

Kitéové slova: slneénd koréna — k-distribicie — spektroskopia — diagnostika

plazmy — diferencialna emisna miera
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Introduction

The main role of the space science is to explore the universe. The observations are in this process
absolutely essential. In this sense, the solar physics is a very privileged part of space science,
due to its numerous ground and space-borne observatories with a multitude of high-precision
data. Despite that, there are many processes which are unresolved and their nature is still too

complicated.

The assumption that the energies of the particles in the solar atmosphere are distributed by
Maxwellian distribution is commonly used in the scientific community. Most of the present-day
observations are interpreted under this assumption, although the non-Maxwellian distributions
would offer physically more consistent interpretation. Departures from the Maxwellian distri-
bution are argued to be ubiquitous in the solar atmosphere above R=1.05 Rgy, (Scudder and
Karimabadi, 2013). In this respect, dynamic or nonlocal effects give rise to the k-distributions
characterized by suprathermal, high-energy tails (e.g., Vasyliunas, 1968; Owocki and Scud-
der, 1983; Shoub, 1983; Leubner, 2002; Tsallis, 2009; Livadiotis and McComas, 2013). The
k-distributions were detected in solar wind (e.g. Collier et al., 1996; Maksimovic, Pierrard and
Riley, 1997; Zouganelis, 2008; Le Chat et al., 2011), outer heliosphere (Decker et al., 2005),
inner heliosheath (Livadiotis and McComas, 2012), and also in the solar transition region (e.g.,
Pinfield et al., 1999; Dzifédkova and Kulinova, 2011) and flare plasmas (Kasparovd and Kar-
licky, 2009; Oka et al., 2013). However, direct evidence for the presence of k-distributions in

the solar corona is still lacking (Feldman et al., 2007) or ambiguous.

Dzifédkova and Kulinova (2010) proposed a method for the diagnostics of the k-distributions
in the solar corona using spectral lines of iron ions. In our PhD thesis, we extended this analysis
and the first intended goal was to explore the possibility to diagnose the x-distributions using
the spectral lines of the other elements that can be observed by the Extreme-Ultraviolet Imaging

Spectrometer (EIS) (Culhane et al., 2007) onboard of the Hinode satellite (Kosugi et al., 2007).
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These could offer the “missing piece of the puzzle” in the investigation of origin and presence of
the x-distributions in our solar system plasma. Successful diagnostics of k-distributions could
be also important for interpretation of the conditions in the solar corona. Second goal of this
PhD thesis was the analysis of direct influence of k-distributions on temperature structure of
the solar plasma, characterized by differential emission measure (DEM).

The organization of PhD thesis is as follows. In Chapter 1 we present basic information
about solar upper atmosphere and its observation. Chapter 2 gives an overview of observations
and detections of k-distributions in the space plasma. Definition of the x-distributions and their
properties are also given. Fundamentals of spectral synthesis and influence of x-distributions
on spectral lines are presented in Chapter 3. The chapters 4 —6 consists of our original research.
In Chapter 4 we introduced the diagnostic methods and investigated the sensitivity of EUV line
ratios to the k-distributions. We analyzed the spectral lines of ions belonging to elements Al,
Ar, Ca, Mg, Ni, O, S, and Si and subsequently the possibility to diagnose parameter x from
Hinode/EIS spectra. The diagnostic methods are applied in Chapter 5 on the data observed by
our proposal on Hinode/EIS. The plasma parameters, k, temperature, and electron density were
determined for an observed coronal loop. In Chapter 6 we analyzed effects of x-distributions
on the calculated DEM that show us temperature structure of emitting plasma. We performed
DEM reconstruction on three active region cores, quiet Sun region and prominence-corona
transition region data and discussed the results for Maxwellian and x-distribution.

The PhD thesis contains results that were presented on several international scientific meet-
ings (e.g., 13th European Solar Physics Meeting, 5th and 6th Coronal Loops Workshop, Hinode
6 meeting, 15th and 16th Consultation of Solar Physics meeting) and have been published in
refereed papers (Mackovjak et al., 2013, 2014) and conference proceedings (Dzifcakova et al.,
2013). It also contains analysis and some preliminary results already presented in rigorous thesis

(Mackovjak, 2013).



Chapter 1

The upper solar atmosphere and its

observations

1.1 The solar corona and the transition region

The solar atmosphere consists of several well characterized layers: photosphere, chromosphere,
transition region and corona. The photosphere is the bottom layer that emits almost all radia-
tion in the visible part of spectrum and its base constitutes the boundary between solar interior
and solar atmosphere with typical temperature about 5700 K. The chromosphere, the layer
above photosphere, is observable in selected spectral lines, usually in H, line with wavelength
6562.8 A. The temperature in the chromosphere rise up to 20 000 K. The transition region is
a strongly structured thin layer which separates the chromosphere from the solar corona. The
temperature in this layer rises from chromospheric values up to 1 MK. Therefore, it is strongly
unhomogenous with a high gradient of temperature and density. The solar corona as the upper
layer of solar atmosphere was historically observed only during total solar eclipses. The progress
in physics and observation techniques results in wide understanding of physical parameters and
processes of the solar atmosphere plasma. Nevertheless, there are still many problems that
are unresolved. One of them is the coronal heating problem, with the mechanism causing the
dramatic increase of temperature from photosphere to corona. The basic properties of the solar
atmosphere, temperature of electrons T [K], densities [cm ™3] of neutral hydrogen atoms (Ng)
and electrons (N,), are plotted in Fig. 1.1.

The solar corona is much less intensive than the visible disk of the Sun. The maximum

brightness ratio of the corona to the photosphere is about 1079, and it decreases to ~ 10~
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Figure 1.1: The variation of electrons temperature T (solid curve), number density of neutral
hydrogen atoms Ny (dot-dash curve) and electrons N, (dash curve) with height
in the solar atmosphere. The model is based on the calculation of Vernazza et al.
(1981), Fontenla et al. (1988), and Gabriel (1976) for the quiet Sun (Phillips
et al., 2008, Fig 1.1).

within a single solar diameter away from the visible limb. Nevertheless, corona is well observable
in different wavelengths by specialized space and ground-based instruments (Fig. 1.2). There
are three main components that contribute to the coronal radiation. They are distinguished
by the mechanisms producing the radiation and are labeled as the K, F, and E corona. The
continuous spectrum of K corona originates by scattering of the photospheric light on the
coronal free electrons. The F corona is actually unrelated to the corona itself. It arises out
of scattering of the photospheric light by small dust particles in the ecliptic plane, and it may
be though of as the inner zodiacal light. The E corona is the only component that represents
true emission of coronal plasma. It consists of emission in isolated spectral lines formed by the
high-temperature coronal ions. Therefore, it is possible to observe many of these lines quite
clearly by using spectrometers or narrow-band filters centered on the desired wavelengths. The
characterization of the transition region is more complicated and mainly it serves as a natural

demarcation of the corona which is very inhomogeneous.
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Figure 1.2: A composition of space and ground-based observations of the Sun in
different wavelengths. The observations were obtained during the so-
lar eclipse on 3 November 2013. The result is an overall view of the
solar corona extending far out into space. Particular observations, in-
struments, and credits are indicating in the figure by different colors

(www.esa.int/spaceinimages/Images/2013/12/Multiwavelength_solar_view).

1.2 Space-borne instruments

The earth atmosphere inhibits the transfer of radiation with wavelengths bellow ~ 2000 A. The
observation of upper solar atmosphere in the ultraviolet (UV), extreme-ultraviolet (EUV) and
X-ray spectral ranges are possible only via space-borne telescopes. Here, we introduce three
present-day instruments that observe regions of upper solar atmosphere and their data are used
in our work. The instruments differ in observed spectral ranges, spectral resolution, accessibility
of the data, etc., but all of them offer possibility to investigate the environment of the different

solar structures.

The SUMER - Solar Ultraviolet Measurements of Emitted Radiation (Wilhelm et al., 1995)
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was designed to investigate structures of associated dynamical processes occurring in chromo-
sphere, transition region, and the inner corona, over temperatures from 10,000 K to 2 MK or
more. These observations permit spectroscopic diagnostics of plasma densities and tempera-
tures in many solar features, and support studies of underlying physical processes. Specifically,
SUMER observes over the broad wavelength range from 500 to 1610 A with spectral resolution
~0.04 A, angular resolution 1 arcsec (approximately 1000 km in spatial extent on the Sun), and
temporal resolution down to 1 s. It allows to measure profiles and intensities of EUV lines and
to determine Doppler shifts and line broadening. The SUMER, telescope and spectrometer, has
worked on the Solar and Heliospheric Observatory - SOHO (Domingo et al., 1995) since 1995.

The EUV Imaging Spectrometer - EIS (Culhane et al., 2007) on the Hinode satellite (Kosugi
et al., 2007) observes the solar corona and the upper transition region emission lines with the
wavelength ranges 170-210 A and 250-290 A. The EIS contribution to the goals of the Hinode
mission involves the measurements of line intensities, Doppler velocities, line widths, temper-
atures and densities for the plasma in the Sun’s atmosphere. The spatial resolution of the
instrument is 1 arcsec and the spectral resolution is 0.0223 A px~!. The telescope primary mir-
ror images EUV radiation from the Sun onto the spectrograph slit. Light passing through the
slit is dispersed and stigmatically re-imaged by the toroidal grating on two 1024 x 2048 pixel
CCD detectors, each with 2048 pixels in the dispersion direction. High-resolution spectroheli-
ograms (raster images) are formed by moving the solar image across the spectrograph slit. An
interchange mechanism allows selection among two slits (1 and 2 arcsec width) and two slots
(40 and 266 arcsec width).

The Atmospheric Imaging Assembly - ATA (Lemen et al., 2012) with its four telescopes
operates onboard Solar Dynamics Observatory - SDO (Pesnell et al., 2012). It is able to observe
the Sun in ten different wavelengths nearly simultaneously. The AIA covers a large temperature
range (60,000 K - 20 MK) from the photosphere to the corona by narrow-band imaging of seven
EUV band passes centered on specific lines: Fexviir (94 A), Fevii, xx1 (131 A), Feix (171 A),
Fexi, xxiv (193 A), Fexiv (211 A), Herr (304 A), Fexvr (335 A) and filters: C1v (1600 A)
and the nearby continuum (1700 A). The solar full-disk images with 4096 x 4096 pixels and
1.5 arcsec spatial resolution are obtained at a cadence of 12 seconds in each filter. The ATA
advanced our understanding of the mechanisms of solar variability and of how the Sun’s energy

is stored and released into the heliosphere and geospace.



Chapter 2

Non-Maxwellian k-distributions

2.1 Observations and detections in space plasmas

The observations of space plasma during last four decades have demonstrated that non-Maxwellian
distributions are ubiquitous in the solar wind, planetary magnetospheres, heliosphere and even
in planetary nebulae, and could be present in the solar corona. The enhanced populations of
particles at high energies can be usually described by characteristics power-law tails.

The first observations of the power-law suprathermal tails were carried out by Vasyliunas
(1968) in the Earth’s magnetosphere with OGO 1 and OGO 3 satellites. He also proposed an
empirical function, called the k-function, to simultaneously describe the low-energy, Maxwellian-
like core and the high-energy power-law tail of the electron distribution. Feldman et al. (1975)
tried to explain the observations of velocity distributions of electrons in the solar wind by
superposition of two Maxwellian functions. The first Maxwellian function characterizes the
low-energy electrons and the second one describes the distinct high-energy component. Pilipp
et al. (1987) compared the electron distribution functions observed by the Helios 1 and 2 probes
in the solar wind between 0.3 AU and 1 AU with the theoretical predictions. The most ob-
vious differences of the analyzed electron distribution functions from the Maxwellian one were
observed at energies above 50-100¢eV.

The main progress in the exploring of the solar wind and detection of x-distributions came
with the Ulysses spacecraft (Wenzel et al., 1989). Maksimovic, Pierrard and Riley (1997) fitted
16 000 velocity distribution functions (hereafter VDF's) of electrons measured in the solar wind
by the k-distributions. The observed electron distributions has strong high-energy tails in

the fast solar wind, but their shapes are closer to Maxwellian distribution in the slow solar

19



20 CHAPTER 2. NON-MAXWELLIAN x-DISTRIBUTIONS

wind. According to these observations, Maksimovic, Pierrard and Lemaire (1997) presented a
kinetic model of the solar wind based on the k-distributions of the particle velocities escaping
out of the coronal regions. They showed that x-distribution gives a better approximation to
the VDF than the sum of two isotropic Maxwellian VDFs presented by e.g. Feldman et al.
(1975). Although both models are qualitatively comparable, the model using s-distributions
is more economic since it requires one parameter less (Fig. 2.1). The solar wind model with
k-distributions does also a better job in describing the high speed solar wind streams compared
to the exospheric, purely collisionless models (e.g. Lemaire and Scherer, 1971) or hydrodynamic
models (e.g. Sturrock and Hartle, 1966). The hydrodynamic models required unreasonably
large coronal temperatures or additional heating of the outer regions of the corona to achieve
the observed speed of solar wind. The kinetic model with x-distributions departs from earlier
models, gives the plasma parameters in agreement with the observed parameters at 1 AU and
supports the results of kinetic theory that the suprathermal electrons influence the solar wind
acceleration. Zouganelis et al. (2004) and Zouganelis et al. (2005) generalized models of the
solar wind over a large range of coronal conditions. They also showed that a connection exists

between the fast wind speed and coronal electron distribution with suprathermal tail.
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Figure 2.1: Electron VDF in the solar wind (diamonds) fitted by the dashed lines corre-
sponding to the classical model made of the sum of two Maxwellian distri-
butions: a core (n.=30.8cm™3 and T, =1.610°K) and a halo (n,=2.2cm™3
and T, =8.910°K). The full line represents a k-distribution with x,=4,
n=33.9cm 3, and T, =1.910°K (Maksimovic, Pierrard and Lemaire, 1997,
Fig. 3).
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Zouganelis (2008) fitted in situ electron velocity measurements by k-distributions using the
quasi-thermal noise spectroscopy method (Meyer-Vernet and Perche, 1989). citetzouganelisO8
found parameter k in the range 2—5 for the Ulysses/URAP observations (Fig. 2.2). Le Chat
et al. (2009) demonstrated that these observations using quasi-thermal noise spectroscopy are
better fitted by k-distribution function than by the sum of two Maxwellian distributions. Le
Chat et al. (2011) diagnosed other parameters of the fast solar wind plasma - electron density

and temperature as well.

V=450(+£22%) km s
[=1.5x10%(+13%)K

voltage power spectrum (107" V2 /Hz)

010k n=1.64(+3%) cm? .
F T,=2.3x10%(+9%)K
kappa=2
0u=2.2%
1 10 100

frequency (kHz)

Figure 2.2: Typical voltage power spectrum measured with Ulysses/URAP and fitted with
the parameters indicated (Zouganelis, 2008, Fig. 4a).

The measurements of the distribution functions of the Ne, O, and He ions by WIND space-
craft demonstrated that the high energy tails can also be fitted by k-distributions (Collier et al.,
1996). This type of distribution also provides a good fit to the observations of solar wind particle
distributions recorded by the CLUSTER spacecraft (Qureshi et al., 2003). The measurements
from VOYAGER indicate that ion distribution functions in the outer heliosphere are also well
described by k-distributions (e.g., Decker and Krimigis, 2003; Decker et al., 2005). Livadiotis
et al. (2011) and Livadiotis and McComas (2012) analyzed the Interstellar Boundary Explorer
(IBEX) spectra to estimate the x values in the inner heliosheath.

The presence of the distributions with characteristic suprathermal tails were detected also
in the magnetospheres of the planets. They were observed in the near-FEarth plasma sheet
(Gloeckler and Hamilton, 1987; Kletzing et al., 2003). Pierrard and Lemaire (1996) proposed

model of ions in exosphere using x-distribution. Xiao et al. (2008) modeled spectra of solar
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energetic particles by k-type distribution in the Earth’s radiation belts. Collier and Hamilton
(1995) applied k-distributions on the energetic ion spectra at Jupiter, and Schippers et al. (2008)

and Dialynas et al. (2009) found them in the ion spectra in the Saturnian magnetosphere.

Nicholls et al. (2012) studied the measurements of electron temperature and metallicity in
an planetary nebulae by adopting the x-distribution for the electron energies. They showed
that even a small departure from an equilibrium distribution, s-distribution with value k=10,
is able to explain the discrepancies which were not resolved for several decades. They argued
that the k-distributions offer an important new insight into the physics of gaseous nebulae, both
in the Milky Way and elsewhere. Moreover, Zhang et al. (2014) explained the discrepancy in

abundance in planetary nebulae using xk-distributions.

The observed shape of VDF in the solar wind is affected by non-Maxwellian distributions.
But what is its origin? Do such distributions occur in the solar atmosphere or are they only a
consequence of the solar wind transport in the interplanetary medium? Shoub (1983) was the
first to show how the gradient in density and temperature affects electron VDF in collisional
plasma in the solar transition region. His calculations of the VDF lead to the conclusion that
the widely invoked assumption that in weakly inhomogeneous plasma the distribution function
remains close to local Maxwellian distribution is incorrect. Scudder (1992) showed that the
velocity filtration process can explain the existence of a hot stellar envelope. This process
naturally produced non-Maxwellian k-distributions in the transition region and corona with
theoretical values of x from 2.2 to 6.3. This values of x are sufficient to cover radiative losses

in the corona and produce solar wind speed at 1 AU between 300-600kms".

The non-
Maxwellian distributions seem to be ubiquitous in the entire corona and solar wind (Scudder

and Karimabadi, 2013).

Pierrard et al. (1999) used the kinetic model (by Maksimovic, Pierrard and Lemaire, 1997)
of solar wind and the typical electron VDF observed at 1 AU by WIND spacecraft as a bound-
ary condition to determine the electron VDF in the solar corona at 4 Rg using Fokker-Planck
equations. They also considered that observed particles are affected by external forces and
Coulomb collisions with a background plasma. Their results indicates that suprathermal tails
must exist in the lower corona in order to be observed at 1 AU. The suprathermal tails are
much less important close to the Sun than at larger distances. The distribution function of the
background plasma coming from lower atmospheric layers does not remove suprathermal tails.

Vocks and Mann (2003) demonstrated that the resonant interaction with whistler waves in the
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solar corona can also significantly increase the flux of solar wind electrons in the keV range.
The model calculations show that the quiet solar corona is capable of producing high-energy

electrons.

There are only a few direct evidences of presence the rk-distributions in solar corona and
transition region. Dufton et al. (1984) and Pinfield et al. (1999) showed that the observed
intensity of SiIll emission lines, and the 1313 A line in particular, do not correspond to the
Maxwellian distribution in the transition region. Following these results, Dzif¢akova and Kuli-
nova (2011) showed that the Si1il spectra can be well described by the k-distributions. They
found that the deviation from the Maxwellian distribution increases with the magnetic activity.
They diagnosed k=13 for coronal hole, Kk =11 for quiet sun, and x =7 for active region. Fur-
thermore, these authors showed that the diagnostics is valid also for a plasma with a differential
emission measure. This work provides the first spectroscopic evidence of x-distributions in the
solar transition region. Lee et al. (2013) studied the Fe XV line profiles and found that they
are much better fitted with a k-velocity distribution than a single Gaussian corresponding to

the Maxwellian distribution.

Non-Maxwellian power-law tails are ubiquitous in the solar flare plasma, which contains ac-
celerated particles (e.g. Brown, 1971; Holman et al., 2003). Fletcher et al. (2011) and Zharkova
et al. (2011) offered the comprehensive reviews of solar flares and of particle acceleration pro-
cesses during flares. Kasparovd and Karlicky (2009) showed that the X-ray emission of some
sources in the solar corona during flares can also be described under the assumption of the
k-distributions. If non-Maxwellian distributions are indeed present, their influence on the in-
terpretations of the observations has to be considered. As Dudik et al. (2009) showed, the
r-distributions significantly change the filter responses of the TRACE EUV filters. The -
distributions also affect the shape of free-free and bound-free continuum (Dudik et al., 2012)

and the radiative losses in the entire considered temperature range (Dudik et al., 2011b).

The changes in ionization, recombination, and excitation rates by the presence of k-distributions
allow its diagnostic from the solar spectra (Dzifcdkova, 1992, 2002, 2006b; Dziféakova and Ma-
son, 2008; Dzif¢akovd and Dudik, 2013). Dzif¢dkova and Kulinova (2010) proposed the method
for the diagnostics of the k-distributions from Fe spectral lines observable by the Hinode/EIS
and by Coronas-F/SPIRIT (Zhitnik et al., 2005) spectrometer. They used strong EUV lines of
Fe in various degrees of ionization and analyzed sensitivity of their line ratios to the shape of

the distribution function. The lines suitable for the diagnostics of k-distribution were proposed
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Figure 2.3: Number (left) and cumulative distribution (right) of N = 1600 papers cataloged
in Google Scholar from 1980 through 2012 that are related to k-distributions
and include these distributions in their title. The fit curve (blue dash) in both
figures show the exponential growth of these studies (Livadiotis and McComas,

2013, Fig. 1)

and problems of diagnostics were discussed. Mackovjak et al. (2013) continued in investigation
of the possibility to diagnose k-distributions from EUV spectra with updated excitation and
deexcitation rates corresponding to CHIANTTI version 7 (Landi et al., 2012). They considered
observable lines by Hinode/EIS of the most abundant elements except Fe. The influence of k
on the diagnostics of electron density was presented. The pairs of the line ratios suitable for
the diagnostics of k-distribution in the solar corona and upper transition region were listed (see
Chapter 4). Although the x-distributions were not instantly diagnosed, specialized observations
became desirable to minimize the errors due to photon statistics (see Chapter 5). Dudik et al.
(2014) investigated the diagnostics possibility from the IRIS spectra, showing that the Si1tv and

O 1v ratios are a good indicator of departures from the Maxwellian distribution.

Leubner (2002) provided the missing link for power-law models of non-Maxwellian features
from the fundamental physics. He showed that x-distributions are a consequence of the en-
tropy generalization in nonextensive Tsallis statistics (Tsallis, 1995), physically related to the
long range nature of the Coulomb potential, turbulence and intermittency (Leubner and Vorés,
2005; Treumann and Jaroschek, 2008). Leubner (2002) also showed that the s-distribution is
equivalent to the ¢ distribution function obtained from the maximization of the Tsallis entropy.
Fundamental issues on k-distributions in space plasmas and interplanetary proton distribu-

tions were emphasized in Leubner (2004). The relation of systems with long-range interactions



2.2. PROPERTIES OF THE k-DISTRIBUTIONS 25

and correlations to non-Maxwellian distributions was shown in Leubner (2008). How the -
distributions arise naturally from Tsallis statistical mechanics was examined also by Livadiotis
and McComas (2009). In this work, definitions of temperature using various approaches were
consulted. The authors showed that the temperature can be naturally generalized also for
r-distributions.

As we could see, since the observation of k-distributions by Vasyliunas (1968), many scientific
papers have been published to show the ability of k-distributions to describe the space plasma
(Fig. 2.3). The nice review on the occurrences and applications of the s-distributions in the

space plasma was provided also by Pierrard and Lazar (2010).

2.2 Properties of the k-distributions

The k-distribution of velocities is defined as (e.g., Maksimovic, Pierrard and Lemaire, 1997)

_ 1 D(k+1) b2 T
f(v, k) = 27 (kv2)3/2 T(k — 1/2)1'(3/2) (1 * m;,%) >

where k is a parameter of the distribution and v is velocity. Equivalent thermal speed is given

by
vy = <<2—3>”>/ (2.2)

K m

where kg is the Boltzmann constant, m is particle mass and 7' is equivalent temperature. The
distribution is normalized to unity. The velocity distributions with different x are plotted in
the Fig. 2.4 (left). The shape of the bulk is quite similar for each of distributions but the mean
energy is different for each one.

The corresponding k-distribution of particle energies E is given by the expression (e.g.

Owocki and Scudder, 1983; Livadiotis and McComas, 2009)

2 EY24E
E.k)dE = A, , 2.3
A T L . -
(R=3/2)kaT
where A,, is normalization constant
A = I'(k+1) (2.4)

CI(k—1/2)(k—3/2)3/2 "
The distribution is again normalized to unity. The parameter T is the temperature and « is a free

parameter which changes the shape of the distribution function from x — 3/2 corresponding to
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the highest deviation from Maxwellian distribution, to x — oo which is a Maxwellian distribution

FE)E = —— 2 % BY2dE . (2.5)

VT (kT )3/?
The mean energy (F) = 3kp7'/2 is the same for both Maxwellian and x-distributions. Therefore,

T can be also identified as the thermodynamic temperature [Ty,] (Livadiotis and McComas,
2009). The k-distributions with k=2, 3, 5, 10 and the Maxwellian distribution are plotted in
Fig.2.4 (right) for T =10%5 K. The mean energy of the particles is the same for each distribution.
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Figure 2.4: A comparison of the k-distribution with k=2, 3, 5, 10 and the Maxwellian one.
Left: The velocity distributions. Right: The energy distributions for the same
T =10%5 K and the mean energy.

The pressure for the s-distribution can be expressed using the relation between the pressure

and the mean energy of particles (Dzifédkovd and Kulinovd, 2010)
2
P = 3 n(E) = nkpT, (2.6)

where n is the particle density. This expression is the same as for the Maxwellian distribution.

However, the most probable particle energy [E},] is defined as

k—1.5

— kaT . 2.
PT 9k+1 B (2.7)

The E, is equal to the most probable energy of the Maxwellian distribution if K —oco. For
k — 3/2, the most probable particle energy goes to zero. For k=2 we obtain E, = kgT'/10.
We note that k=2 is the strongest non-Maxwellian x-distribution function that we use in our

analysis in subsequent chapters.



Chapter 3

EUYV spectroscopy of optically thin

plasma for xs-distributions

3.1 Intensity of spectral line

Relatively high temperatures and low densities in the upper chromosphere, transition region and
corona result in a spectrum with many emission lines and continuum in the UV (1000-2000 A),
EUV (100-1000 A) and X-ray (1-100 A) ranges. For theoretical calculation of line intensity we
assume that the upper solar atmosphere is optically thin. This assumption is usually fulfilled
in the transition region and solar corona. All photons emitted along the line of sight eventually
could reach the observer, due to the mean free path of photons in the upper solar atmosphere
being greater than the length scale of the system. Therefore, the intensity of a spectral line
is simply given by the sum of all contributions from the plasma along the line of sight. The
spectral line emissivity, i.e. the energy emitted per unit volume in a spectral line formed by the

transition from atomic level j to 4 in the ion X;rm can be written as (e.g., Phillips et al., 2008):

Eji = N(X]T"m)Ajth/ji [erg s71 cm_?’}, (3.1)

where vj; is the photon frequency (v;; = ¢/\j;) corresponding to the energy of the transition,
h is the Planck constant, A;; is the Einstein’s coefficient of the probability for the spontaneous
emission, and N (Xfm) is the density of the m-times ionized ion of the element X with the

electron on the excited upper level j. The intensity I;; of a spectral line along the line of sight

27
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[ is then defined as
1
I; = o /ZN(Xfm)AjihVij dl [ergem ™25 sr1). (3.2)
The density of emitters can be expressed as a function of the electron density using the relation
+
N(X™) N(X*™) N(X) N(H)

N(X+m) N(X) N(H) N.
where N(X;rm)/N(X+m) is the relative level population, N(X™)/N(X) is the relative

N(X™) = Ne, (3.3)

ion population, N(X)/N(H) is the abundance of the element X relative to hydrogen, and
N(H) / N is the abundance of hydrogen relative to the electron density.

3.2 Ionization and excitation equilibrium

Plasma in the coronal conditions has relatively low density and small number of collisions.
Therefore, the direct electron ionization, auto-ionization, radiative and dielectronic recombi-
nation must be taken into account to calculate the ionization equilibrium and the relative ion
population. The direct electron ionization occurs by interaction of the m-times ionized ion,

X Z+ ™ with an electron, e, that has a sufficient energy for its ionization

X;Lm +e (Ey) — X;“mH +e (Ea) +e (Es) (3.4)

and produces ion in the higher ionization state X;mﬂ. An ion in a doubly excited state, ij

can undergo spontaneous auto-ionization
X4 e (By) = XJ™ + e (Bp) — X e (By) + ¢ (Es) (3.5)

to give an ion and a free electron. The dielectronic recombination also involve a doubly excited
state

X 4 em(B) » X7™ — X+ ho. (3.6)

In the radiative recombination, a free electron is captured by an ion into one of its available

energy states and the excess energy is removed by emission of a photon
X 4 e (B) = X+ ho (3.7)

The rates of each process can be written as

R=<ov>= /OOO - <2E ) 7 BB (3.9)

Me



3.2. IONIZATION AND EXCITATION EQUILIBRIUM 29

where E = m¢v?/2. They depend on the type of the electron distribution function f(E) and
can be calculated for known cross sections o(E). The ionization equilibrium in the solar corona

can be then expressed as
Ni _ Rip
Nit1 C;

(3.9)

where V; and N; 1 are the concentrations of i-times and i+ 1-times respectively ionized ion, the
ionization rate C; from state ¢ to ¢+1 is the sum of direct ionization rate Rpr and auto-ionization
rate Rar, C; = Rpr1 + Ra1, and recombination rate R;1q from state ¢ + 1 to 4 is a sum of the
dielectronic apr and radiative Rgr recombination rate, R;1+1 = apr + Rrr. The ionization
and recombination rates, and the ionization equilibrium for the Maxwellian distribution have
been calculated by e.g., Mazzotta et al. (1998); Badnell et al. (2003); Dere (2007); Dere et al.
(2009).

Maxwellian

Total ionization rate

ot ——— k=25 T R E
g —mk = 10
k=25
1071 B
K =2
107'8 R P U E S T 107" PR TS TS T L
5.5 6.0 6.5 7.0 5.5 6.0 6.5 7.0
Log(T/K) Log(T/K)

Total recombination rate

Figure 3.1: Total ionization (left) and recombination (right) rates for Fe X11. The values of
k are indicated. Black and red arrows denote maximum of the ion abundance
for the Maxwellian and k-distribution with x=2. (Dzif¢dkovd and Dudik, 2013,
Fig. 2).

The effect of the x-distributions on the ionization and recombination rates and on the ioniza-
tion equilibrium has been calculated by Dziféakova (1992, 2002)), Wannawichian et al. (2003),
and Drzifcdkova and Dudik (2013). The presence of the high-energy electrons enhances the
ionization rates for the k-distributions (Fig. 3.1, left) in the comparison with the Maxwellian
one. The enhancement depends on the value of x and the ratio of the ionization energy to
temperature. The rate of the radiative recombination decreases with temperature as result its

relation to the number of the low-energy electrons. The xk-distributions contain more low energy

electrons in comparison with Maxwellian distribution at the same temperature (Fig. 2.4, right).
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Figure 3.2: The ionization equilibrium for Maxwellian distribution (solid lines) and for -
distribution with k=2 (dot dashed lines) for Fe. Individual ionization stages

are indicated (Dzifédkova and Dudik, 2013, Fig. 3).

The result is that the radiative recombination rates for the x-distributions increase with a de-
crease of the parameter x (Fig. 3.1, right). The effect of the x-distributions on the dielectronic
recombination rates is not such straightforward as for the other processes (Fig. 3.1, right). The
dielectronic recombination rates depend on the number of particles in distribution with energies
that correspond to the stabilization photon transitions (Eq. 3.6). The changes in the ionization
and recombination rates are reflected in significant changes in the ionization equilibrium. The
ionization peaks are wider and flatter and they can also be shifted to higher or lower temper-
atures. The highest differences are in comparison of ionization peaks for Maxwellian and k=2
distribution (Fig. 3.2). We note, that consequences of changes in ionization equilibrium for

k-distributions are used in our analysis (chapters 4 - 6).

The relative level population could be determined by solving the excitation equilibrium
equations for a number of low-lying levels of the ion including all the important collisional and
radiative excitation and de-excitation mechanisms. The collisional excitation occurs by collision

of an atom X; with a free electron e~

XZ'+€7(E1) —>Xj —l—ef(Eg). (310)

The kinetic energy from the collision is transferred to one of the atom’s bound electrons and it
jumps from a lower ¢ to higher j energy state. The atom can by also exited by photon in the

process of photo-excitation

Xi+hv— X;. (3.11)
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In the process of collisional de-excitation
Xj +e (El) — X;+e (EQ) (312)

and radiative de-excitation

X; = X+ hv (3.13)

bound electron loses its energy and falls back to the lower energy state. The electron exci-
tation and radiative de-excitation usually dominate in the coronal conditions. The statistical

equilibrium equation for calculation of the level populations is defined as:

k k
Y NiPy=)Y NP, (3.14)
i#£] J#i
where N; is the density of ions with excited level ¢ and the number of energetic levels of the
considered ion is k. IN; P;j; is the number of population transfers from level i to level j and N; Pj; is
the number of the population transfers from level j to level i. The probability of transition ¢ — j
can be expressed as P;; = Cy; +Aj; + B;;1,. C;j is sum probabilities for all collisional transitions
and depends on the density of colliding particles, their energy distribution, cross sections and
excitaion energy of transition. The last two components correspod to the radiative transitions
where Aj; and B;; are Einstein coefficients for the spontaneous and absorption/stimulated
emission and I, is the radiation field. Since the coronal plasma is optically thin, the absorption
and stimulated emission can be usually neglected. Therefore, P;; = Cj; + Aj;. Note, that the
accuracy of the calculation of the level populations also depends on the number of considered
energetic levels.

The excitation and de-excitation rates can be obtained by integrating of the appropriate
cross-sections. Unfortunately, databases usually contain only Maxwellian averaged excitation
and de-excitation rates. For unavailable cross-sections, the method described in Dzif¢dakova
(2006a,b) and tested in Dzifédkova and Mason (2008) can be used for the calculation of the
electron excitation rates for the k-distributions. The presence of k-distributions increases the
electron excitation rates for high ratios of the excitation energies to temperature. If the ex-
citation energy increases for low temperature than the enhancement of the electron excitation
rates for x-distributions also increases and can be several order higher than for Maxwellian
distribution (Fig. 3.3). These effects have been studied by Dzif¢dkova and Téthova (2007);
Dzif¢dkova and Kulinova (2011).
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Figure 3.3: Dependence of the electron excitation rates on T for the k-distributions with
k=2,3,5,7,10, 15 and for Maxwellian distribution. Figures are plotted for three
different transition with different excitation energies (Dzif¢dkova and Kulinov,

2011, Fig. 4)

3.3 Contribution function and emission measure

The contribution function G;(7T, Ne, k) as a function of temperature, electron density and value

of k-distribution is defined as (e.g., Phillips et al., 2008)

N(X]™) N(X*+™) N(X) N(H) Aji

G (T, N, = hv; 3.15
5T Nesk) = 5emy “N(X) N(H) N. N, " (3.15)
and using Eq. 3.2 the intensity of the spectral line can be written as
1 2
Ijz’ = E lGjZ‘(T, Ne,KJ)Ne dl. (316)

The emission measure (EM) along the line of sight is defined as a quantity N2dl = d(EM),

and has units of [cm~®]. It depends on the number of free electrons (N,dl) and on the electron
density (V) along the line of sight, and therefore on the physical conditions of the emitting

plasma. The total emission measure EM of the plasma is given by
EM = / N2dl. (3.17)
1%

In the most cases, the plasma along the light of sight does not have constant temperature

and density. It can be divided into several intervals dl where the temperature and density lie
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in the 7'+ dT" and N, + dN, ranges. Therefore, Eq. (3.16) can be rewritten as an integral over
T and Ne:

Ij; = i // Gji(T, Ne, k)¢(T, Ne) dT d N, (3.18)
where the (T, N,) is the emission measure differential. It can be considered to be a measure
of the emission from the plasmas as a function of T' and N,. Note that we do not consider
here the possible dependence of i on k for the reason of simplicity. Since the sensitivity of
the contribution function G (T, N, k) to N, is usually weak compared to its sensitivity to T,

the quantity (T, N,) is typically reduced to the emission measure differential in temperature,

DEM(T), also called the differential emission measure (DEM):

DEM(T) = Nﬁ% [em ™K1 (3.19)

Using Egs. (3.16) and (3.19), the observed line intensity can be written as
1
Ij‘ = E / Gji(T, Ne, H)DEM(T) dT. (320)
T

The inversion of equation 3.20 provides DEM(T') for temperature range from observed inten-
sities and calculated contribution functions. Such inversion poses several problems. Therefore,
many techniques have been developed to carry it out (see Chapter 6.1).

Finally, the line intensities and contribution functions G;(T, N, k) can be calculated for the
Maxwellian distribution by the CHIANTT software and database, and for the x-distributions by
the modification of CHIANTTI (Dzif¢akovd, 2006a,b). CHIANTT is the unique atomic database
and software that aims to include calculations of the optically thin spectrum of astrophysics
objects and carry out spectroscopic plasma diagnostics. The database includes atomic energy
levels, wavelengths, radiative transition probabilities, collision excitation rate coefficients, and
ionization and recombination rate coefficients, as well as data to calculate free-free, free-bound,
and two-photon continuum emission. Thus, CHIANTI database fulfill its basic goal and it is
the database that includes the best available calculations of atomic parameters for analyzing
astrophysical emission line spectra (Dere et al., 1997; Landi et al., 2012). The atomic database
and a suite of computer programs are continuously improved and updated. Version 7.1 is to
date the most recent release (Landi et al., 2013). The modification of CHIANTI for the -
distributions has extended database that contains approximations of the cross-sections for all
atomic transitions which are originally included in CHIANTTI 7.1 version and special software
for the calculation of the line intensities and synthetic spectra for the x-distributions (provided

by Dzifcdkova, 2014, private communication).
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CHIANTT software and its modification are written in the Interactive Data Language (IDL),
that is the environment for processing of large amounts of data. All data in our PhD thesis were
also analyzed in IDL and SolarSoftWare (SSW). SSW is a set of integrated software libraries,
databases and system utilities that provide a programing and data analysis tools for the solar

physics (Freeland and Handy, 1998).



Chapter 4

Diagnostics of k-distributions

4.1 Method

The method of k-distributions diagnostics from the coronal and transition region spectral line
intensities were developed by Dzif¢dkova and Kulinova (2010) and Mackovjak et al. (2013). We
introduce this method with applying of observed data by Brown et al. (2008) in this chapter.

The shape of the distribution function affects the ionization, recombination, and excitation
rates. This is because the rates of individual processes are an integral of the product of the
corresponding cross-section with the distribution function (see Chap 3). We used the modifi-
cation of CHIANTT (Dzifédkovd, 2006b) with the ionization balances of Dzif¢dkova (2002) and
with updated database for calculation of the excitation and deexcitation rates corresponding
to CHIANTT version 7 (Landi et al., 2012), in this chapter. Generally, the line intensities and
intensity ratios depend on three parameters: T', n, and x. If ne is known, the value of k can
be determined from the observations using ratios of line intensities, if the lines involved differ
either in the excitation energy, or in the behavior of the excitation cross-section with E, or if
they belong to different ions. Otherwise, changes in line intensities due to x cannot be separated
from the changes due to temperature, which is also a parameter of the distribution function.

Dzifédkova and Kulinovd (2010) proposed a method to diagnose the k-distributions using
Fe lines observed by EIS. The method is based on the ratio-ratio diagrams, i.e., dependence of
one ratio of line intensities to the other one for different plasma parameters. This allows for
simultaneous diagnostics of two parameters, T" and k, if the changes due to T" and k can be
separated. This is often not the case of the Fe lines observed by Hinode/EIS.

In addition, line ratios also depend on the electron density. Thus, proper determination of

35
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k from observations requires either an a priori determination of n., or they must be density-
independent. To determine n, a priori, the ratios used for diagnostics of ne cannot be strongly
dependent on k. The dependence of these density-sensitive ratios on 7' increases the error in
determination in ne, so that the best available ratios offer precision of about 0.1 dex in the

determination of ne.

We analyzed the possibility of diagnosing the r-distributions together with 7" and n, from the
lines of Al, Ar, Ca, Mg, Ni, O, S, and Si observable by the Hinode/EIS instrument. We employed
the line ratio analysis similar to that of Dzif¢dkovd and Kulinovéa (2010). We used only lines
that have sufficient observed intensities and are not heavily blended. The investigated lines are
listed in Table 4.1. The blends (bl) and self-blends (sbl) are indicated. The presented lines are
formed in wide ranges of temperatures and densities corresponding to the transition region and
coronal conditions. We calculated the synthetic intensities of these lines for log(T[K]) =5.0-7.5,
log(ne[cm™3]) =812 and k-distributions with k=2, 3, 5, and 10 together with the Maxwellian
distribution. Then we searched for line ratios suitable for diagnostics of n. (Chapter 4.2) and

subsequently for line ratios suitable for simultaneous diagnostics of 7" and x (Chapter 4.3).

To test the proposed diagnostics based on ratios of synthetic intensities, we compare these
with the observations reported by Brown et al. (2008). These authors provide a spectral atlas
of lines observed in various regions of the solar atmosphere. The observed features include a
quiet Sun (QS) region, two active regions on the solar disk (AR1, AR2), and an active region on
the limb, where the EIS slit was located right on the limb (L), and 20” above the limb (L+20).
The exposure times were 60 s for the L and L+20 regions, and 600 s for the QS and both AR1
and AR2. We estimate the error of these observations as a combination of the calibration error,
which is about 10% based on the in-flight calibration of EIS Wang et al. (2011), and the errors

due to the photon statistics.

We note that the diagnostics proposed in this chapter should be used only for homogenous
plasma characterized by a single temperature and single density. These conditions are fulfilled

e.g. in the single-strand structures. We do not consider the effect of DEM on the diagnostics.
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Table 4.1: The list of the investigated lines. Known blends (bl) and self-blends (sbl) are

indicated.
Ion A[A] Transition Notes
Alv 27870 25 2p° Py )-252p%2Sy )y bl FeX1v
Alvin  250.14  2p23Py-2s2p33S;
Alvin  251.36*  2p?'Dy-2s2p3 1P,y
Al1x 28242 257 2p?Py )5-252p* 2P o
Arxiv 19140  2s?2p?Pj)5-252p% 2P
Arxiv 19440  2s?2p?Py5-2s2p? %S )
Caxiv 18346  2s?2p®*S3/0-2s2p* Py bl Arxiv
Caxiv  186.61* 2s?2p3%S;/5-2s2p**P3/ bl Fevin
Caxiv  193.87  2s?2p34S; 5-2s2p? 4Py 9
Caxv  176.93* 2s22p?3P;-2s2p?3P;
Caxv  181.90* 2s%2p?3Py-2s52p33P,
Caxv  182.87 2s22p?3P,-2s2p3 3P,
Caxv  200.97 2s22p?3Pg-2s2p33D,
Caxv  208.32 2s22p?3P;-2s2p33D, bl Fe x11
Caxvi  208.60* 2s?2p2Py,-2s2p**Dy)s
Caxvil 192.85% 2s21S,-2s2p!P; bl Fe X1
Caxvil 199.56* 2s2p3Py-2p?!Dy bl Fe1x
MgV 276.58 252 2p?1Dy-2s2p° 1Py
Mgvi  268.99 25 2p3 2Dy 5 -252p? Py )9
Mgvi  270.39  2s%2p® 2Dy 5 -2s2p? 2Py
Mgvil  276.15  2s?2p?3P(-2s2p33S,; bl Fe X1
Mgvir  277.00 2s%2p?3P;-2s2p33S; bl Si viin
Mgvir  278.40  2s%2p?3Py-2s2p33S; bl Nixv
Mgvir  280.74  2s?2p?'Dy-2s2p3 1Py bl Fe x1v
Nixv — 189.24  3s23p23P5-3s?3p3d3P,
Nixv 19552 3s23p?!'Ds-3s23p3d'D,
Nixvi  185.23* 3s?3p?Py/5-3s*3d2?Dy/p bl Fevin
Nixvi  194.05  3s?3p*Pyo-3s%3d?Dy)y
Nixvi  195.27% 3s?3p2Pj5-3s>3d?Dyjy bl Fexiv
Nixvi  288.17  3s?3p?Py5-3s3p? 2Dy
Nixvir  249.19  3s2!Sy-3s3p Py
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Table 4.1: Continued.

Ion AA] Transition Notes
O1v  182.71%  2s*2p2Py5-252p (1P)3p 2Dy o

O1wv 20289  2s*2p°Py5-2s2p (3P)3p?Sy /o bDINixV
O1v  203.04 2s?2p2P35-2s2p (3P)3p 25

O 20718  2s?2p2Py5-2s2p (3P)3p?Dyjp  sbl

Owv 20723  2s*2p2P35-252p (3P)3p?Dyjp  sbl

O1v  208.91* 2s?2p?P3/5-252p (3P)3p*Ps/p bl Nevl
O1v  208.96* 2s*2p2Pj3/5-2s2p (3P)3p*Ps,n bl Svin
O1v  253.08° 2s2p??Pj5-252p (1P)3d?Dy/e  sbl

O1v  253.10% 2s2p??Pj5-252p (1P)3d?Dy3jp  sbl

O1v  271.57*  2s2p*?Dy)5-2s2p (3P)3d Fy)y  sbl

O1v  271.58% 2s2p*2Dy)5-2s2p (3P)3d*Fy)y  sbl

Orv  272.27% 2s2p*“Py/5-252p (3P)3s*Pyjp  sbl

O 272.31% 2s2p?*P;5-252p (3P) 3s%P3)5  sbl

O1v  279.63  25?2p2Py)5-25%352Sy )9

Orv  279.93  2s?2p?Pyy-28% 35S )y

ov 172.17%  2s21S4-2s3p 1Py bl NixIv
ov 192.90* 2s2p3Py-2s3d3Ds bl Fe X1
Ov 248.46  2s2p'P1-2s3s'Sy bl Al v
Oov 270.84* 2p?3P;-2s3p°P; sbl

ov 270.87* 2p?3P;-2s3p°3Py sbl

ov 271.04* 2p?3P,-2s3p3P;

Ovi  183.94  1s?2p?Py5-15%3s%Sy )9 bl NixIv
Ovi 18412  1s?2p?Py)5- 15?3525y )9

Sivi  246.01 25 2p°2Py5-252p°2S; )9

Sivi  249.12% 252 2p° 2Py - 252p°2S; s

Sivit  272.64  2s?2p*3Py-2s2p° 3P,

Sivii  275.35 252 2p?3Py-2s2p° 3P,

Sivii  275.67 252 2p*3P;-2s2p° 3P,

Sivin 25047 252 2p3 2Py - 252p* 28y o

Sivir  250.81 25 2p3 2Py 0 - 252p* 28y o
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Table 4.1: Continued.

Ton A[A] Transition Notes

Six 253.79  2s22p?Py9-252p? 2Py

Six 25837  25°2p?Pjs9-252p? Py

Six 261.06  2s?2p?Pj3p-2s2p? 2Py )y

Six 271.99%  2s22p?Py9-2s2p2S;

Six 277.26  25*2p2Pjs-282p2S; )

SX  180.73  2s?2p32Dj5-2s2p? 7Py o

SX  196.11  2s*2p3 2Py j5-2s2p* *Py

SX 196.81  2s?2p3?Py5-2s2p* 2Py o

SX  257.15  2s?2p31S3,,-2s2p* Py bl Fexv
SX  259.50%  2s?2p*%S3,9-252p" Py bl Fexi
SX  264.23  2s22p3%S3,5-252p* 4P; )

Sx1 188.67  2s22p?3P;-2s2p33S; bl Fe1x
Sxr 190.36  2s?2p?1Dy-2s2p3 1Py
SXI 191.27  2s?2p?3P,-2s2p33S; bl Fe1x

SXI 246.89  2s22p?3Py-2s2p3 3P,
Sx1r 281.40  2s?2p?3P;-2s2p?3Dy
SXI 285.59  2s?2p?3P;-2s2p33D;
SX1 285.82  2s22p?3P;-2s2p? 3Dy sbl
SX1 285.85  2s22p?lDy-2s2p3 3P, sbl

* These lines cannot be observed for exposure times shorter than 60s.

4.2 Density Diagnostics

The diagnostics of the electron density is usually required prior to the simultaneous diagnostics
of T'and k. We prefer to evaluate the electron density from lines of ions which can also be used for
diagnostics of T and k. Young (2007) and Young et al. (2007, 2009) proposed several line ratios
belonging to Ar, Fe, Ni, S, and Si suitable to determine ne (Table 4.2). We note that CHIANTI
version 7 shows that some of these lines are blended. The known blends and self-blends are
indicated in Table 4.2. Unfortunately, some of the blends have non-negligible intensities and
cannot be removed using branching ratios. Our analysis involving lines from Table 4.1 did not

reveal any additional ratios without blends applicable for the density diagnostics.
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Table 4.2: The line ratios of Ar, Ni, S, Si, and Fe suitable for the diagnostics of the electron

density.

Ton Ratio log(Tmax[K])  Density range
Maxwell k=2 log(ne[em™?])

Six 261.06 / 258.37 6.15 6.20 8-9.5

S X 196.81 / 264.23 6.15 6.20 10-12

Fexi  (186.85+ 186.88) (bl Sx1)/(195.12+195.18)  6.15  6.25 8-11.5

Fexir  196.53 /202.04 6.20 6.30 9-11

Fexir  (203.82+203.83) /202.04 6.20 6.30 8.5-10.5

S X1 190.36 / 191.27 (bl* Fe1x) 6.25 6.30 10-12

S X1 (285.82 + 285.85) / 281.40 6.25 6.35 8-10

Fexiv  264.78 (bl Fext) /274.20 (bl Sivin) 6.30 6.45 8.5-11

Nixvr 194.05/185.23 (bl* Fe i) 6.40 6.60 9.5-11.5

Arxiv  191.40 /194.40 6.50 6.70 10.5-12

* These blends cannot be removed

Usually, these line ratios can be used for the electron density diagnosing in a limited range of
densities only. For instance, the ratio S X1 285.80 A /281.40 A can be used for log(ne[cm™3]) =8 -
10 only and the ratio Nixvi 194.05A /185.23 A for log(ne[cm™3])=9.5-11.5, i.e., for flare
densities. The electron density ranges for the considered ratios are summarized in Table 4.2.
This table also lists the peak formation temperatures of these lines for the Maxwellian and

k-distribution with x=2.

The line ratios used for density diagnostics are also influenced by 71" and the electron dis-
tribution (Figures 4.1 and 4.2), as noted already for the Fe ratios by Dzif¢dkova and Kulinova
(2010). The sensitivity to T" and k of the line ratios usable for density diagnostics is shown in
Figure 4.1 (left column) for S lines and in Figure 4.2 (left column) for Si, Ni, and Ar lines. To
capture the influence of T" on these ratios, Figures 4.1 and 4.2 (right columns) show these ratios
as a function of n, for T corresponding to the maximum of their emissivity (full lines, see also
Table 4.2), and only 1% of this maximum (dashed and dot-dashed lines). In these figures, the

ratios are plotted for the Maxwellian distribution (black) and s-distribution with x =2 (red).

Except for the Nixvi 194.05 A /185.23 A ratio, these line ratios show mild dependence on T

for Maxwellian distribution, which can introduce an error up to 0.2—0.3 dex in determination
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Figure 4.1: The density diagnostics from S line ratios. Left: The temperature dependencies
for log(ne [em™3])) =8 (dashed lines), 9 (dot-dashed), 10 (solid), 11 (dotted), 12
(dot-dot-dot-dashed), and for the k-distributions (x = 2, 3, 5, and 10 correspond

to red, green, blue, and orange lines) and Maxwellian distribution (black lines).

Right: Diagnostics of n, for s-distribution with k=2 (red lines) and for the

Maxwellian distribution (black lines). Full lines correspond to the temperature

of the maximum of the line emissivities, dashed and dot-dashed lines belong to

the temperature for which line emissivity reach 1% of its maximum.
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Figure 4.2: The density diagnostics from Si, Ni, and Ar line ratios. The image layout and

line and color coding are the same as in Figure 4.1.

of ne if T is unknown. The sensitivity of these ratios to the value of x can increase this error
even further. This is a result of two effects. First, changes in the ionization equilibrium with

k shift the temperatures of the maximum line emissivities to different T's (e.g., Figure 4.3).
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Figure 4.3: Sulphur ionization equilibrium for the Maxwellian distribution (black lines) and

k-distribution with x =2 (red lines).

Simultaneously, the changes in both ionization and excitation equilibrium with « widen the
interval of T' in which the lines are formed. For k = 2, this results in large changes with T
in the Sx 196.81 A /264.23 A and Six 261.06 A / 258.37 A ratios (top rows of Figures 4.1 and
4.2). These changes preclude density diagnostics. Therefore, we do not recommend to use these
ratios.

Of all the lines involved in the density-sensitive line ratios, Brown et al. (2008) lists inten-
sities of several SX and Arxiv lines only. All of the ratios calculated using these observed
intensities are either out of the theoretical ranges of the diagnostic diagrams in Figures 4.1 and
4.2 (Table 4.3), or they correspond to unrealistically high electron densities. This is probably a
result of unknown line blends. We therefore conclude that none of the proposed density-sensitive

ratios are applicable for our purposes.

Table 4.3: The observed intensity ratios for the density diagnostics.

Ratio QS AR1 AR2 L L+20
SX 196.81/264.23 0.334£0.04 0.1240.02 0.36£0.02 0.12£0.02 0.16 £0.02
Arxiv 191.4/194.4 2.340.3 2.840.3 2.14+0.4

Since we are unable to use any of the non-Fe lines for density diagnostics, we are forced
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to diagnose n. using the Fe lines. The density diagnostics from Fe lines and its limitations

due to dependencies on T' and  are discussed in Dzif¢dkova and Kulinovd (2010). The re-

sults for Maxwellian and k=2 distributions, and different regions on the Sun observed by

Brown et al. (2008) are shown in Figure 4.4 and listed in Table 4.4. We note that the Fe X11

186.85 + 186.88 A is partially blended with Sx1 186.84 A. The intensity of S X1 186.84 A was as-

sessed using the observed S x1 191.27 A line Young (2007), since S X1 186.84 A /191.27 A =0.195

for all T', ne, and x (branching ratio).

0 1.2[ ‘ ‘
e I— log(T)=5.85 ]
T o1oF —— log(T)=6.15 ]
o~ [ ---- log(T)=6.40 1 <
o I --—- log(T)=5.70 ] X
fe] I\ '/
© 08 —— log(T)=6.25 1 8
§ [ ---- log(T)=6.65 1 %
2 06l 105
© r e 1 ©
00 r QS - —
i [ L 1=
0.4 . 3
w0l L+2 1
[Ce} B 7 [
8 [ ]
Z 021 _
X ez ] P
2 0.0 L1 [ NI [ ] 0.0 i T T L P R B
8.0 8.5 9.0 9.5 10.0 105 11.0 11 8.0 8.5 9.0 9.5 10.0 10.5 11.0
log(ne) [cm™] log(ne) [cm™]
SE ‘ ] 3.0[ ]
N log(T)=5.95 == A log(T)=5.10 =
o~ 4f (1)=6.20 E - ——— log(T)=6.30 24
S fE----- (=650 %7 . __ 1 o 29f og(T)=6. 277
SN: 5(1)=5.70 I S log(T)=6.80 : ]
M 9(T)=6.30 1 0~ [ log(T)=6.00 7 i
o 3F - 5(1)=6.70 4 < 2o0F ‘ // -
o . 1 ® H ]
o] r 1 ™~ Fo————— R
+oor ER i ]
% E | g N 7
n 2F EE 0s ]
S F 1 = L ]
~ ] v r AR 1
= I ER r 1
< 1F E 1.0 T
ek [ L ]
E ] s L+20 ]
0 A P R Ll 1 OS5l v v v
8.0 8.5 9.0 9.5 10.0 10.5 11.0 8.0 8.5 9.0 9.5 10.0 10.5 11.0

log(ne) [em™]

log(ne) [em™]

Figure 4.4: The diagnostics of the density from the Fe line ratios using observed line intensity
ratios and their errors for the five regions on the Sun. The line and color coding
is the same as in Figure 4.1. The self-blends are indicated as a sum of two

spectral lines.

The densities diagnosed from the two FeXIil ratios and the FeXIv ratio are consistent

within their respective errors for all five regions for Maxwellian and for k=2 distributions.
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In this density diagnostics we do not consider the errors due to calibration, since the used
ratios involve lines whose wavelengths are close to each other. In spite of this, the errors in
determination of n, are rather large, up to ~0.3 dex or even larger (Table 4.4), mainly due to
the dependence of the individual ratios on T" (Figure 4.4). This shows the limitations of density
diagnostics that are not usually considered in the literature (e.g. Tripathi et al., 2009; Warren
et al., 2010; O’Dwyer et al., 2011; Winebarger et al., 2011); but see also (Young, 2007; Schmelz,
Rightmire, Saar, Kimble, Worley and Pathak, 2011). However, known 7" can greatly improve
the precision of density diagnostics. The important implication of our analysis is the finding
that the densities diagnosed for kK =2 are systematically lower by approximately 0.1 dex than

for the Maxwellian distribution.

Table 4.4: Diagnosed log(n, [cm~®]) with their respective errors for the Maxwellian (Mxw)

and k-distribution with xk = 2.

Ratio Distr. QS ARI1 AR2 L L+20

Fe x11
Mxw  9.157017 Saturated Saturated 111.02701% f9.93751%
(186.85+186.88)/
(195.12+195.18) k=2 9.09700% Saturated Saturated  11.03%  79.8570:37

Fe X111 Mxw  9.14%012 9457018 9.06%017  9.857017  9.18701%
196.53,/202.04 k=2 903751 9347017 8967018 9747018 9.077018
Fe x111

Mxw  9.02%017 9337017 9.02%015  9.867015  9.107017

(203.82+203.83)/

202.04 k=2 8927515 9.24%01  8.92T01% 980015 9.017)3%
Fe X1V Mxw 8997032 9511020 ggq1t028 g gt021 9131029
264.78,/274.20 k=2 8917030 9431028 8861032  9.60703%  9.05703s
Mean Mxw  9.087531 9441099 9.0170%  9.80701%  9.147)%

0.22 0.22 0.23 0.20 0.24
k=2 899703 9.347035 891703  9.727010  9.04%73%

¥ This value is not included in the mean density

! The error cannot be specified (see Figure 4.4, top left).

The density diagnostics based on Fe X1I ratio gives different results than other ratios, except

for the quiet Sun (QS) region, where the results are consistent. For the limb regions (L and
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L+20), the n, diagnosed using the FeXII ratio is much higher than indicated from other Fe
density-sensitive ratios (Table 4.4). The fact that the electron densities diagnosed using Fe X11
are problematic is well-known (e.g. Young et al., 2009; Warren et al., 2010). For the AR1 and
AR2, the Fexi1 195.12 A line is unusable for density diagnostics, since it is saturated in the 600

s exposure Brown et al. (2008).

4.3 Diagnostics of k-Distributions

4.3.1 Single-Ion Diagnostics

Next we searched for line ratios suitable for diagnostics of the k-distributions. First, we consid-
ered only ratios of lines produced by the same ion. In this case, the error of the theoretical line
ratio is given only by errors in the excitation equilibrium and is independent of uncertainties in
the ion fraction or abundances. Thus, k-sensitive single-ion ratios should introduce the smallest
uncertainty in determination of .

From the EIS lines listed in Table 4.1, the O 1v line ratios alone satisfy previous conditions
and have great sensitivity to k. The O1v ion fraction has a maximum at log(Tmax[K])=5.2
for the Maxwellian distribution. These O IV line ratios are only weakly density sensitive;
therefore the density diagnostics is not required for determination of x. The ratio-ratio diagrams
182.71 A /202.89 A to (253.08 + 253.10A) /182.71 A (Figure 4.5 top left), 182.71A /(271.57
+ 271.58 A) to (207.18 +207.24A) /182.71 A (Figure 4.5, top right) are very sensitive to .
Unfortunately, there are regions on the ratio-ratio diagrams where the simultaneous diagnostics
of T and k is not unique (Figure 4.5, top). These lines are also weak, so only several of them
were observed by Brown et al. (2008). A dedicated observation with high exposure time to
minimize the errors due to photon statistics (i.e., to maximize the signal-to-noise ratio) would
be required to use these low intensity lines for the determination of .

Instead of the self-blend 207.18 +207.24 A, the O 1v 202.89 A or 203.04 A lines can be used.
The line 202.89 A is blended, but this blend can be removed (Table 4.5). The self-blend 207.18
+207.24 A is also blended by Mg 1x 207.23 +207.27 A (log(Tax[K]) =6.1). These blends cannot
be removed using branching ratio. We nevertheless tried to estimate the intensity of these
blends. We used CHIANTT to calculate synthetic spectra for different DEMs included therein.

We note that these DEMs were derived using the assumption of the Maxwellian distribution
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(Vernazza and Reeves, 1978; Dere and Cook, 1979). We assumed coronal abundances and
different pressures (ne x T =10'°-101% cm™3K). For the DEM of the coronal hole, quiet sun,
active region, and flare, the contribution of MgIX lines to the total intensity of the 207.2 A line
is approximately 1%, 7%, 38%, and 1%, respectively. Except DEM for active region, this
contribution of Mgix lines should introduce only a small error in the diagnostics. However,
the real DEMs for the solar regions observed by Brown et al. (2008) are unknown. The DEM
analysis is beyond the scope of this chapter, since the DEM is likely to be dependent on

through line intensities (see Chapter 6).

4.3.2 Diagnostics Involving Ionization Equilibrium

The ions in different degrees of ionization offer additional possibilities of diagnostics. This
is because the changes in the ionization equilibrium with « are added to the changes in the
excitation equilibrium Dzifédkova (2006a). On the other hand, the ionization equilibrium is a
possible source of additional atomic data errors.

The combinations of O1v with Ov show wide ranges of changes with k. An example is
provided in Figure 4.5 (bottom). Unfortunately, Brown et al. (2008) lists intensities of O1v
(207.18 +207.24 A) and 279.93 A lines for QS and AR2 only. The observed line ratios together
with their error bars are shown in Figure 4.5 (the second row). The simultaneous determination
of T is precluded by the absence of the Ov 271.04 A line in the observations. The ratios of
the observed lines do not correspond to the Maxwellian distribution. The observed line ratio is
greater for QS than for AR2. Moreover, the lower limits given by the error bars are still higher
than any theoretical line ratios for kK =2. However, we note that x = 2 is not a limit value
(Chapter 2.2).

If we consider that the contribution of Mgix lines is up to 40% (Chapter 4.3.1), the observed
line ratios still do not correspond to the Maxwellian distribution. However, since the DEMs
corresponding to these observed regions are unknown, we cannot estimate the contribution of
the blending MgiX lines. Moreover, atomic data errors or additional unknown blends cannot
be ruled out.

From the rest of the considered elements, Ca offers the combination of line ratios Caxv
200.97 A /176.93 A and Caxv 200.97 A /182.87 A sensitive to . However, these ratios show

similar changes with x so they alone cannot be used for simultaneous diagnostics of x and 7.
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Figure 4.6: The rs-sensitive ratio-ratio diagrams for Ca (left) and Ni (right). The color
coding is the same as in Figure 4.5. Different linestyles denote the values of
log(ne[cm=3]) = 9 (solid lines), 9.5 (dot-dot-dot-dashed), 10 (dot-dashed), and
10.5 (long dashes).

These ratios have to be combined with a line ratio containing a line of Ca ion in a higher or lower
degree of ionization. An example of such a combination is shown in Figure 4.6 (left). These
line ratios are also sensitive to the electron density which must be diagnosed first. Analysis
involving these CaX1v and Ca XV lines is relevant for flare or intermoss plasma.

There are only a few Ni lines in the EIS spectral bands with observable intensities (Table
4.1). From these, only Nixvi 288.17 A /195.27 A ratio (log(Timax[K]) = 6.4) is sensitive to . It
can be used in combination with Nixv 189.24 A /Nixv1 195.27 A (Figure 4.6, right), with an
independent preceding density diagnostics. Unfortunately, Brown et al. (2008) did not observe
these Ni lines so we cannot compare them with our theoretical predictions.

Sulphur lines also offer possibilities to determine the value of k. To do it simultaneously
with the diagnostics of T, the ratio of the SX lines 264.23 A /180.73 A (log(Tax[K]) =6.2)
sensitive to k has to be used in combination with ratios involving different ionization stages,
e.g., with Sx264.23 A / SX1246.89 A and Sx1246.89 A /Sx180.73 A. (Figure 4.7, top). Brown
et al. (2008) lists intensities of these lines only for L and L+20. Observed ratios together with

their error bars are shown in Figure 4.7 (middle and bottom rows). Here, the diagnostic ratio-
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Figure 4.7: Top row: The k-sensitive ratio-ratio diagrams for S lines. The densities and line
ratios used are indicated. The color coding is the same as in previous figures.
Middle row: Diagnostics of the x-distribution from the observations on limb (L).
The ratio-ratio diagram is plotted for log(ne [cm™3]) = 9.5 and 9.7 according to
the diagnosed values (Table. 4.4). The observed ratios with the respective error
bars are depicted by thick violet cross. Bottom row: Same as in the middle row,
but for the L+20 region and the diagnosed log(ne[cm™3]) = 9.1. The observed

ratios with their respective errors are shown by thick, light blue cross.
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Table 4.5: The pairs of the line ratios observable by EIS suitable for the diagnostics of «.

The pairs of the line ratios (wavelength in A )
O1v 182.71 /O 1v 202.89T ~O1v (207.18 +207.24) / O 1v 202.89"
O1v 182.71 / O1v 202.89T — O 1v (207.18 +207.24) / O 1V 203.04
O1v 182.71 /O 1v 202.89T ~ O 1v (253.08 +253.10)* / O 1v 182.71
O1v 182.71/O1v (271.574271.58) - O1v (207.18 +207.24) / O1v 182.71
O1v (207.18 4 207.24) / O 1v 279.93- 0 v 271.04 / O 1v (207.18 4 207.24)
O1v (207.184207.24) / O 1v 279.93- 0 Vv 271.04 / O 1v 279.93
Caxiv 193.87 /Caxv 176.93 - Caxv 200.97 / Caxv 176.93
Cax1v 193.87 / Caxv 176.93 - Caxv 200.97 / Caxv 182.87"
Nixv 189.24 / Nixvi 195.27% - NixvI 288.17 / Nixv1195.27
SX264.23 /Sx 180.73-Sx264.23 /S X1246.89

SX264.23 /Sx 180.73—-Sx246.89 /Sx1180.73
T The Nixv 202.86 A blend can be removed using ratio

Nixv 202.86 A /189.24 A = 0.64(branching ratio).

! The Fexv 253.10 A blend can be removed using ratio
Fexv 253.10 A /202.81 A =1.48 (branching ratio).

% The Nixv 182.84 A blend can be removed using ratio
Nixv 195.52 A /182.84 A =13.15 (branching ratio).
 The Fex1v 195.246 A blend can be removed using ratio
Fex1v 195.25 A /286.98 A = 18.87 (branching ratio).

ratio diagrams are shown for the densities diagnosed for L and L+20 (Table 4.4). We note that

the SX lines are formed at the same temperature as the Fe lines used for density diagnostics
(Chapter 4.2).

For L observation, the line ratio Sx 264.23 A /180.73 A indicates that x < 3 and plasma is
strongly non-Maxwellian (Figure 4.7, middle row). However, the limb region is likely to be
multithermal due to contributions of many overlapping structures along the line of sight (e.g.,
moss and possibly loops; Figure 2 in Brown et al. (2008). Therefore, we cannot be sure that
the plasma is non-Maxwellian. We use the data of Brown et al. (2008) for illustration of the

method only.

The L+20 observation has large errors in the intensity of the S lines (Figure 4.7, third row).
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The error bars are so large that the type of the distribution cannot be diagnosed even if the
electron density is known. The data can only lead to constraints for 7. Diagnosed log(T'[K])
is approximately 6.0—-6.2 for the Maxwellian distribution and temperature can be lower by
~(0.1dex for kK =2.

Other ratios of SX or SXI lines are also sensitive to x but they involve blended lines or
have strong density sensitivity or both. These line ratios are e.g. SXx196.11A /257.14A,
Sx1191.27A /24259 A, and Sx1246.90 A /281.40 A.

No line ratios of Al, Ar, Mg, and Si are suitable for the diagnostics of k-distribution. This
is because the observable lines either have unknown blends, their sensitivity to x is low, or
the lines sensitive to x are weak and thus unobservable. We summarize all ratios suitable for
determination of k in Table 4.5.

The presented methods for diagnostics of k, temperature, and electron density from line
ratios observable by Hinode/EIS are not simple. They require long-exposure observations of a
single structure to minimize the errors due to photon statistics and the DEM. To reach this
goal, we submitted a proposal for Hinode/EIS observations (Chapter 5) and we investigated

the influence of the x-distributions on the DEM (Chapter 6).



Chapter 5

Diagnostics of plasma parameters

from HOP 226

5.1 Proposal for Hinode/EIS observations

We proposed specific observation on Hinode satellite to obtain spectral lines which could be used
to diagnose k using the methods described in Chapter 4. Selected wavelength intervals contained
lines allowing for simultaneous diagnostics of electron density, temperature, and k. The proposal
was named ’Diagnostics of Non-Mazwellian electron distributions in the solar corona’ and was
accepted on 20 December 2012 and was listed as the Hinode Operation Program (HOP) 226
(hitp://www.isas.jaza.jp/home/solar/hinode_op /hop.php ?hop=0226).

The proposal contained several specific requests for the Extraultraviolet Imaging Spectrom-
eter (EIS). To reduce errors due to photon statistics for very weak lines, we proposed scanning
raster type observation with 2” slit. Raster scans with 60 s and 600 s exposures was required to
observe a region of 512” x 20” uninterruptedly. The slit should be located through the center
of an active region near the center of the solar disk, encompassing the AR core, moss, and
outlying coronal loops. We also required some additional calibration data to monitor cosmic
rays and hot/warm pixels. We selected desired wavelength intervals because EIS is not able to
provide the full spectra of its range, due to telemetry restrictions after failure of the primary
antenna. The specifications were collectively named KAPPA and KAPPA_SHORT studies
for the 600s and 60s observations, respectively.

For the actual observation, the pointing was selected several days before the observation by

the EIS observer Dr. David Williams. The observation was set to track the center of the active
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region NOAA 11704 as it moved across the Sun (Fig. 5.1) on 2013 March 29 — 30.

800 [\ EIS_IMAGE_TOOL (Version 1.0) 2013/03/27 20:44:26 GMT
File oOptions operations
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‘oon [IutI
Colors I
Plot All Rastersl Send to Planning TuolI
EI éle;sye:aail Undo| Undo All| Identify Raster‘l

‘ I~ Allow Tine Projection

Study Start Time: |?013!03!29 10308:11
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Figure 5.1: The pointing, white rectangle on magnetogram, of prepared HOP 226 displayed

in operation software by EIS observer Dr. David Wiliams.

5.2 Data analysis of HOP 226

The observed level 0 data are available in .fits format online on http://tinyurl.com/cw5cuvt. Af-
ter download, the files were calibrated by standard eis_prep routine using the latest in-flight ra-
diometric calibration of the Hinode/EIS (Del Zanna, 2013a). The calibrated level_1 data contain
calibrated intensities and the 1o errors of the observed intensities at each pixel. The arrays are
stored in the separate error .fits files that also contain flags for missing pixels which are not usable
for scientific purposes. These missing pixels arise from a variety of causes, including saturation,
detector artifacts (dust, warm pixels, hot pixels), cosmic ray hits, and missing data packets. The
level 1 intensities are in physical units [ergecm=2s 1 sr—! A_l]. The calibration process details

can be found in the EIS Software notes (available on http://solarb.mssl.ucl.ac.uk/eiswiki/).
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Figure 5.2: The position of EIS raster on solar disc (left) and on selected area (right) during

chosen observation. The overview of solar disc is observed by AIA 193 for

sufficient display of coronal structures.

The observed intensities of HOP 226 are organized in a data cube of 10 x 512 x 32 pixels
representing 10 x 2 arcsec in the z-direction, 512 x 1 arcsec in the y-direction, and 32 x 0.0223
A in the wavelength direction. The spectral windows of Fex111202.04 A ,Cax1v 193.87 A | and
Arx1v 194.41 A are an exception since they contain 48, 24, and 24 pixels in wavelength direction,

respectively.

The HOP 226 observation was originally proposed in order to observe weak spectral lines
that could be suitable for diagnostics of plasma parameters. The exposures were set to be as
long as possible to eliminate the errors due to photon statistics. Unfortunately, the rasters of
600 s exposures were burdened by missing pixels covering more than 30 % of detector. In part,
this was a result of a high number of cosmic rays hits. Therefore the fitting process of weak
spectral lines would be very difficult and inaccurate. Even more so, since the long-wavelength
channel has suffered by degradation, making the weak lines even more weak due to very low

signal to noise ratio (Del Zanna, 2013a).

Therefore, we focused on the observation with 60 s exposures in our analysis. The ob-
servation that started at 13:11:14 30 March 2013 contains a bright coronal loop. We assume
that this loop consists of near-isothermal plasma and allows diagnostics of density and type

of distribution much easier than multithermal plasma. The overview of EIS raster position
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Figure 5.3: The selected area of interest is denoted by white rectangle on a full scan raster

(left). The zoom in of selected area with the well-visible coronal loop (middle-
left). Zoom of the selected area with spatial position of individual pixels is
shown in middle-right. Selected loop and background pixels are shown in right.
Each pixel shows the total integrated intensity over the entire Fe X11 wavelength
window containing the 195.12 A 4+195.18 A self-blend. If the peak of the line

profile contains any missing pixels, the pixel is left black.

during this observation is shown in Fig. 5.2. The position of the analyzed structure within the
selected observation is displayed in Fig. 5.3, where the intensity of each spatial pixel is a sum
of intensities over whole spectral window. We selected the specific pixels that show the bright
coronal loop, as well as the nearby coronal background (Fig. 5.3, right). Than the spatial pixels
were averaged for each wavelength while the missing pixels were excluded. After that, averaged

background spectrum was subtracted from the averaged loop spectrum and the result was fitted
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by a Gaussian profile with the zcfit routine. Examples of fitted spectra are displayed in Fig.
5.4. It was necessary to involve all intense lines and their blends to obtain good approximations.
Once the line center intensity and FWHM of the line are obtained by the fit, the total intensity

is easily calculated.

5.3 Diagnostics of density, k-distributions, and temperature

For the diagnostics of plasma parameters, we used the methods described in Chapter 4. As
we presented in Chapter 4.2 several strong Fe lines are very suitable for density diagnostics.
However, we were not able to use the O and S line ratios proposed for the diagnostics of x and T'
in Chapter 4. The intensities of the proposed lines were very low in the 60 s exposures. Therefore
we used strong Fe lines according to the new atomic data for the diagnostics of x and T that
were selected by Drzifcdkova (2014, private communication). These ratios were investigated
and selected using the modification of CHIANTI 7.1 for the calculation of synthetic spectra
for k-distributions. The synthetic intensities were calculated for densities log(n.[cm™3]) =8-12,
temperatures log(7[K])=5.0-7.5, and Maxwellian and s-distributions with k=10, 5, 3, 2. The
Fe lines selected for the diagnostics are listed in Table 5.1 together with their observed intensities
and 1-o uncertainties determined using the method described in Chapter 5.2 with calibration

CITOorsS.

Densities diagnosed using the line ratios of Fe X1 and Fe X111 are shown in Table 5.2 and in
Fig. 5.5. The dependence of the line ratios on density in Fig. 5.5 is shown for the temperature,
for which the emissivity of the line reaches its maximum (solid lines) and for temperatures
for which the emissivity of the line falls on the 1% of its maximum (dashed and dot-dashed
lines). Densities for the loop structure from different line ratios agree within their errors (Table
5.2). The mean density for the Maxwellian distribution is diagnosed as log(n.[cm™>]) = 9.38 7012
and for the k-distribution with k=2 as log(ne[cm™>]) =9.297012. This result is also consistent

with our previous analysis (see Chapter 4.2), where the densities diagnosed for k=2 were

systematically lower by approximately 0.1 dex in comparison with the Maxwellian distribution.

The diagnostics of k-distribution is presented in Fig. 5.6 and in Table 5.3. The ratios of
Fe X1 to Fe XII line intensities have a high sensitivity for diagnostics of k. These ratios are also

affected by changes in the ionization equilibrium with x. Changes in the ionization equilibrium
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Figure 5.5: Density diagnostics using Fe line ratios. Synthetic intensities for Maxwellian dis-
tributions (black) and k=2 distribution (red) are displayed. Observed intensity

ratios of loop are indicated with their respective errors.
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Table 5.1: List of lines used for diagnostics. Wavelengths are in [A] and observed intensities

and their errors are in [ergem™2s~'st=' A=1]. The self-blends are indicated.

Ton A Intensity Errors Notes
Fexr  182.17 795 114
Fexr  188.22 1637 232
Fexr  257.544-257.55 398 56  self-blend
Fext  257.77 178 27
Fexm 186.854186.89 1405 198  self-blend
Fexir  195.124+195.18 2254 317  self-blend
Fexmr 196.53 261 38
Fexmr 202.04 1346 192
Fexmr  203.774203.79+203.824-203.83 2590 363 self-blend

Table 5.2: The ratios of the line intensities I; /I sensitive to the density and diagnosed
log(ne [em™3]) with their respective errors for the Maxwellian (Mxw.) and k-

distribution with x = 2 of the coronal loop structure.

Ratio Ii/I, log(ne) for Mxw. log(ne) for k=2
Fe x1 182.17/188.22 0.49 9.4310-2 9.3270-28
Fe X111 196.53/202.04 0.19 9.371009 9.281013
Fe X111 (203.77+203.79+203.82+203.83)/202.04  1.92 9.35101 9.277012
Mean 9.3810 12 9.2910-12

increase the sensitivity to s, which can then be detected more readily.

The diagnosed distribution is unlikely to be Maxwellian and value of diagnosed k-distribution
is very close to k=2 (Fig. 5.6). However, the observed line intensity ratios do not exactly match
the predicted ratio-ratio diagrams. The predicted ratio-ratio diagrams were calculated for the
diagnosed densities of log(n.[cm3]) =9.0-9.5 and values of k =2, 3, 5, 10, and Maxwellian. This
mismatch can be a result of unknown blends or self-blends, lower values of k in the observed
plasmas, or unknown factors. Different ratios of Fe X1l to Fe XI line intensities correspond to
different temperatures for any distribution (Fig. 5.6) what suggested that plasma could be
multithermal or there could be a problem with atomic data. We note that errors due to photon

statistics, calibration errors and uncertainties of atomic data were taken into account in the
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Table 5.3: Diagnosed values of x and log(T[K]) with their respective errors of the coronal

loop structure.

Ratio kK log(T[K])
Fe X1 182.17/257.77~Fe x11 (186.85+186.88) /Fe X1 257.77 <2 63-64
Fexr 182.17/257.77—Fe x11 (195.124+195.18) /Fe X1 257.77 <2 6.15-6.25

Fe X1 182.17/(257.54+257.55) — Fe X11 (186.85+186.88)/Fe X1 (257.544+257.55) <2 6.3-6.4
Fe X1 182.17/(257.544-257.55) — Fe X11 (195.12+195.18)/Fe X1 (257.54+257.55) <2 6.15—6.25

log(n,)=9.0 6.3
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Figure 5.6: Ratio-ratio diagrams for determination of x from iron lines. Line intensity ratios
for the observed loop are indicated by the cross with its error bars. The color
coding represents the value of k: x = 2 (red lines), k = 3 (blue), k = 5 (green), &
= 10 (yellow), and Maxwellian distribution (black). Points with constant value
of log(T[K]) are connected with thin black lines. Different line styles representing

different densities are indicated.
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calculated assuming Maxwellian distribution (top) in overview with spectrum

calculated by k- distribution with k=2 (button).
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estimation of error bars in Fig. 5.6. The temperatures diagnosed using individual ratio-ratio
diagrams, ~ 6.1-6.3 are however consistent with typical temperatures detected in coronal loops.
Note also that all four ratio-ratio diagrams show consistently that x < 2, which may not be a
coincidence.

We conclude that the diagnostics presented here do not provide conclusive and unambiguous
evidence for the presence of the x-distributions in the solar corona. However, these results are
suggestive, and can represent only one piece of the puzzle that can lead to a more complex picture
of the existence of non-Maxwellian distributions in the solar corona (see also Chapter 6).

Figs. 5.7 and 5.8 illustrate the changes in the spectra with . It is seen that the spectra are
very similar for different distributions. The ratios of the line intensities belonging to a single
ion are very similar in both cases. Spectra differ mainly in the relative intensities of lines for
different ions. We note, that our EIS observation covers only several narrow spectral windows
within displayed wavelength ranges. Therefore, we can not find all these changes in observed
spectra.

Our observation proposed for EIS instrument offered us possibility to test data processing,
our diagnostic methods, and the complexities behind the determination of the uncertainty. It
also shows the need for future observations with lower calibration errors and better spectral

resolution.



Chapter 6

DEM analysis and the

r-distributions

6.1 DEM reconstructing methods

In optically thin plasmas, the resulting observed emission along a given line of sight can consist
of contributions from many individual plasma elements often with different temperatures and
densities. Especially in the case of the solar corona, inadequate spatial resolution of the in-
struments can prevent the resolution of individual small-scale structures present within a given
detector pixel (see DeForest, 2007; Cirtain et al., 2013; Peter et al., 2013). Overlapping struc-
tures are also commonly observed. The situation is, furthermore, complicated by presence of
a diffuse background (e.g., Aschwanden et al., 2008) that is ubiquitous and of unknown origin.
This means that the plasma observed by a given instrument within one of its detector elements
will often be multithermal, even if careful background removal were performed. Such observa-
tional data are typically analyzed with the help of the differential emission measure techniques.
The differential emission measure (DEM) indicates the amount of emission from plasmas at a
specific temperature (see definition: Chapter 3 Eq. 3.19). It can reflect the properties, such as
the coronal heating mechanism, and was intensively investigated for variety of solar structures
and events for several decades (e.g., Craig and Brown, 1976; Craig, 1977; Sylwester et al., 1980;
Fludra and Sylwester, 1986; Thompson, 1990; Judge et al., 1997; Lanzafame et al., 2002, 2005;
Schmelz and Martens, 2006; Parenti and Vial, 2007; Siarkowski et al., 2008; Reale et al., 2009;
Brooks et al., 2011, 2012; O’Dwyer et al., 2011; Winebarger et al., 2012; Hannah and Kontar,
2012; Schmelz et al., 2009; Schmelz, Worley, Anderson, Pathak, Kimble, Jenkins and Saar, 2011;
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Schmelz et al., 2013; Del Zanna et al., 2011; Del Zanna, 2013b).

The calculation of DEM for a set of observed intensities of spectral lines consists of inverting
Eq. 3.20 where the contribution function for each line is known. The inversion has two sources
of uncertainties: errors of the observed intensities and uncertainties in the atomic data that are
reflected in calculation of the contribution function. Moreover, the mathematical calculation of
the inversion process itself poses some additional problems. These mathematical difficulties are
reviewed in Jefferies et al. (1972); Craig and Brown (1976, 1986), and references therein. Phillips
et al. (2008) provide review of the main DEM reconstructing methods. They can be grouped
into three main categories: iterative techniques, integral inversion techniques, and Monte Carlo

techniques.

The determination of DEM (T) without formally inverting Eq. 3.20 consists of an iterative
technique that starts from a known, initial DEM () (T). This method was evolved and it
is known as Withbroe-Sylwester method (Withbroe, 1975; Sylwester et al., 1980). A slightly
different version of iterative technique was developed by Landi and Landini (1997). This method
has the advantage of providing a self-consistent definition of the temperature associated to each
line’s correction, which takes into account both the contribution function of the line and the
shape of the DEM. However, it poses several problems when a few lines with similar formation
temperature are considered. Some additional corrections are required to avoid instabilities and

sharp oscillations of the solution.

Inversion methods are applicable if some addition conditions are established. Otherwise,
they provide non-unique and oscillatory solutions, which may also be negative and therefore
unphysical. McIntosh (2000) devised a maximum entropy method to optimize the solution.
The advantage is fast convergence of DEM (T) and consistent results. But it is important to
take care on errors in the atomic data and optimum subset of spectral lines has to be selected.
Several regularized inversion methods and maximum entropy regularization method have also
been tested on the simulated EUV data (Monsignori Fossi and Landini, 1991; Judge et al.,
1997). The regularization method by Hannah and Kontar (2012) robustly and quickly recovers
the DEM.

Kashyap and Drake (1998) developed a method for the reconstruction of DEM based on
Metropolis Markov-chain Monte Carlo (MCMC) method. This method is suitable for problems
involving a large number of unknown parameters, such as elemental abundances, and enables

realistic estimation of the final uncertainties on the derived results. This technique also consider
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the smoothness assumption, which is generally adopted by inversion or iterative techniques. The
smoothing is confined only to local scales that depend on widths of the contribution functions.
Disadvantage of this method is that it can be computationally intensive because the convergence
is slow. MCMC method is part of PINTofALE spectral analysis package.

One of the first used methods, the Withbroe-Sylwester (W-S) method (Withbroe, 1975;
Sylwester et al., 1980), and one of the most robust methods, the regularization method (RIM,
Hannah and Kontar, 2012), have been employed in this work to independently verify results.
The W-S method for DEM reconstruction was introduced by Withbroe (1975) and improved
and tested by Sylwester et al. (1980). It was compared to other methods for the calculation of
DEM (e.g., Fludra and Sylwester, 1986; Siarkowski et al., 2008) and applied on solar data (e.g.,
Sylwester et al., 2010). The (n + 1) th approximation of a DEM model is given by

S ISP W(T) /1Y
DEM™ (1) = DEM™ (1)L :
It

(6.1)

(n)

I9P% is the observed intensity in the line \j; and I;

where I7; is the intensity predicted in the nth

iteration. The weight function Wj;(T') is defined as

fT Gji(T? Ne, H)DEM(”) (T)dT
fT[Gji(Ta Ne, k) DEM ™) (T)|2dT

Wii(T) = Gii(T, Noy k) DEM™(T) (6.2)

The weight functions Wj;(T") are chosen semi-empirically to improve the model most efficiently
at temperatures where the line \;; is formed. In the calculation, the initial approximation is
DEM®©)(T) = const., which seems reasonable when no other a priori information exists. Than

can be calculated DEM (1) (T) and it can be used as an initial DEM function in equation:
iy / G;i(T, N,, ) DEM™)(T)dT (6.3)

Then I; m+1) nd I3 obs / 1"V can be calculated and the procedure can be repeated in definite

number of iterations or until the ratios I3; obs /1;; (n+1)

are unity within uncertainties. This method
fulfills the requirement that the emission measure should always be positive, because the opera-
tions for calculation of next approximation of DEM (™ (T) do not change the sign. The Eq. 6.1
ensure that the correction provided by each line contributes just to these temperatures where
the line is formed, what is the advantage of this method.

The example of calculated DEM using W-S method is shown in Fig. 6.1 (left) for active

region core. The convergence of iteration process for this example of DEM calculation and for
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Figure 6.1: The DEM calculated by W-S method. The temperature step is log(7T/K) ~0.05
(left). The convergence of this iterative method (right). The x? in sufficient
form is plotted for each iteration step. The input data is the same as in Fig. 6.4

and Table 6.1 for Maxwellian distribution.

10,000 iterations with limiting step 10 is shown in Fig. 6.1 (right). The set of programs written
in IDL requiring SSW was used (Sylwester, private communication).

Hannah and Kontar (2012) present RIM that uses Tikhonov regularized inversion (Tikhonov,
1963; Craig, 1977; Prato et al., 2006) and generalized singular value decomposition (GSVD)
(Hansen, 1992). The DEM (T;) [em™° K], where j=1, ..., M, is the solution of inversion of

linear equations system:

9i =K, ; DEM(Tj), (6.4)

which is generally ill-posed inverse problem and hence the last-square problem

2
= min, (6.5)

KDEM(T) —g
og

does not have a unique solution. The integrated line intensity g; for the specific wavelength
i (i=1, ..., N), spectral line contribution function K;; and error g must be known. In the
case M =N, a formal solution of Eq. 6.4 is DEM (T}) :KZ-_’jlgi, where K~ is the inverse of
matrix K. However, this solution is meaningless in all practical cases due to substantial noise
amplification (Craig, 1977). The regularization approach is to add linear constraints to the

DEM solution resulting in the specific problem being recast as

IKE(T) — gl* + AL(E(T) — &(T))|1* = min, (6.6)
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Figure 6.2: The DEM calculated by RIM. The temperature step is log(T/K) ~ 0.05 (left).
The regularized solution matrix is almost diagonal over log(7T/K)~5.9-6.9
(middle and right). The input data is the same as in Fig. 6.4 and Table 6.1 for

Maxwellian distribution.

where L is the constraint matrix, ) is the regularization parameter (related to the y? of the
solution), & (T) is the initial guess solution, K = (6g) 'K, and § = (0g)~'g. The formal
solution of Eq. 6.6 can be expressed in matrix form as a function of regularized parameter A
and GSVD is used to avoid time consuming matrix manipulations. Such solution is unique and
well-behaved. The detailed explanation of RIM is presented in Hannah and Kontar (2012) and

references therein.

These authors also compared their RIM with commonly used MCMC method (Kashyap and
Drake, 1998) and showed a good match of these two methods using data of an active region
core from Warren et al. (2011). However, the RIM is computationally faster, provides error
bars also in temperature, and the regularized solution matrix allows us to easily determine the

accuracy and robustness of the regularized DEM.

The example of calculated DEM using regularized method is shown in Fig. 6.2 (left) for
active region core. The vertical (uncertainties in the data and contribution functions) and
horizontal (temperature resolution) error bars are indicated. The regularized solution matrix,
with each row, providing the temperature resolution information for each temperature 7. It
is also shown with the highlighted rows and FWHM estimation used for calculation of the
temperature resolution (Fig. 6.2, middle and right). The online available IDL code of RIM
requiring SSW was used (http://www.astro.gla.ac.uk/ iain/demreg/).
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6.2 DEM analysis of active region cores and quiet Sun

Understanding of the temperature structure in the solar atmosphere is essential for the solution
of the coronal heating problem. Different theories describing the origin of high-temperature
plasma have to come hand-in-hand with the interpretation of the observed solar plasma emission.
Thanks to recent space missions (see Chapter 1.2) we are able to diagnose plasma parameters in
wide temperature range. Assumption, that distribution of electron energies should be different
from generally used Maxwellian one, could lead to reinterpretation of some observation and
specification of theories. The investigation of the influence of k-distributions on the DEM is
therefore an important step in understanding the temperature distribution in the solar corona
if the plasma is non-Maxwellian.

Warren et al. (2012) selected 15 observations of inter-moss regions in active regions cores.
The distribution of temperatures in such locations can constrain the properties of the coronal
heating mechanism. For example, the slope of the DEM at temperatures lower than the DEM
peak indicates whether the impulsive heating recurs on timescales longer or shorter than the
typical plasma cooling time (see Viall and Klimchuk, 2011; Mulu-Moore et al., 2011; Tripathi
et al., 2011; Winebarger, 2012). If the heating is high-frequency, in that it recurs often, the
plasma cannot cool down. This is reflected on the DEM, which is strongly peaked, indicating
plasma not far from equilibrium as was found by Warren et al. (2012): The emission measure
(EM) distributions, defined as

TA(logT)

EM(T) = DEM(T)AT = DEM(T) og(c)

: (6.7)

are indeed strongly peaked in the active region cores. The EM (T') portions shortward of its peak
were found to behave approximately as T% with slopes a 2 2. The high-temperature portions
of the EM(T) decrease as T—# with an even steeper S~ 5-15. The properties of emission
in the core of an active regions have been also studied by Warren et al. (2011), Winebarger
et al. (2011), Tripathi et al. (2011), and Viall and Klimchuk (2011) under the assumption of
Maxwellian distribution.

To study the influence of x-distributions on the DEM reconstruction, we used the data of
Warren et al. (2012) and Landi and Young (2010). These observations were obtained using EIS
onboard the Hinode satellite and ATA onboard SDO (see Chapter 1.2). The EIS spectral range
contains emission lines providing sufficient coverage of the 0.6-5 MK temperature range. The

“cleaned” emission of Fe XVIIT (Warren et al., 2012) observed by the ATA 94 A channel is used



6.2. DEM ANALYSIS OF ACTIVE REGION CORES AND QUIET SUN 71

to constrain the DEM at high temperatures above 5 MK.

We reanalyzed three typical regions out of the 15 observed by Warren et al. (2012). These
are regions 5, 8, and 14. We selected these regions because of their different low-temperature
slopes a. Region 5 represents a region with one of the lowest a found, which is ~2. Region 8 is
a region with an intermediate «, and finally, region 14 has the highest & =4.8 +0.44. The date
and time of observation of these regions are displayed also with their position on the solar disk
in Fig. 6.3. AIA 335 channel was chosen for these overview images since it highlights parts of
the active regions with characteristic temperature log(T'/K) =6.45 (~ 2.8 MK). The images in
Fig. 6.3 were processed with standard aia_prep software and a 500 x 500 arcsec regions were
extracted with specified co-ordinates. The blue boxes represent the regions which were selected
by Warren et al. (2012, Fig. 3) for the calculation of the emission measure distribution. The
relevant EIS data were extracted from each spectral window and averaged together to create
high signal-to-noise line profiles for each inter-moss region. The line profiles were fitted by
single Gaussian. The selected EIS spectral lines and AIA 94 channel with observed intensities
for region 5, 8, and 14 are listed in Tabs. 6.1 — 6.3. We estimate the typical uncertainties of
observed intensities to be ~30% (Hannah and Kontar, 2012, Kontar, private communication).
These contain the calibration error, which is at least 10% (Wang et al., 2011) or higher (Del
Zanna, 2013b), atomic data errors, and errors arising from photon statistics. We note here that
the RIM is still able to recover the DEM even if the calibration error is higher (Hannah and
Kontar, 2012).

Landi and Young (2010) present a list of intensities of a quiet Sun (QS) region above the
west limb observed by the Hinode/EIS instrument on 2007 April 13. We used these data to
complement the analysis of the active region cores. The list of used spectral lines with their
observed intensities is given in Table 6.4 for data by Landi and Young (2010). Note that these

lines are formed in a rather narrow range of temperatures (Landi and Young, 2010).

Generally, in our analysis we use the fact, that the changes in synthetic intensities with
are dominated by the ionization equilibrium, which exhibits wider and flatter ionization peaks,
that can also be shifted to higher or lower temperatures (Dzif¢dkovd, 2002; Dzifcakova and
Dudik, 2013). Here, we have used the ionization equilibrium calculations of Dziféakovd and
Dudik (2013) in conjunction with the atomic data from the CHIANTI database v7.1 (Landi
et al., 2013). We have also assumed coronal abundances of Feldman et al. (1992) and constant

pressure N, =10 cm 2 K for both Maxwellian and non-Maxwellian calculations. Coronal
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Figure 6.3: The overview of ATA full disc observations in 335 channel (right-hand panels)

and extracted solar active regions (left-hand panels). The blue boxes indicate
inter-moss regions which were investigated and correspond to region 5 (top row),
region 8 (middle row), and 14 (bottom row). The input AIA data are available
e.g. on hitp://medoc-sdo.ias.u-psud.fr/.
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abundances are required for an adequate description of the active region cores, which exhibit
enhancements of the low-FIP elements by about a factor of three (e.g., Del Zanna and Mason,
2003; Del Zanna, 2013b). The assumption of constant pressure is justified on grounds of the
maximum height of the loops in the active region cores being much lower than the pressure scale-
height for temperatures of logT (K)~ 6.6 which are typical of active region cores. The lines
used for the calculation of DEM are also typically not strongly sensitive to N,, yielding little
variation of the resulting DEM with the input value of pressure. We also note here that we have
not been concerned in our work with the effects of finite density on the ionization equilibrium or
the possible presence of the transient (time-dependent) ionization. The reasons are as follows.
First, while the suppression of dielectronic recombination at high N, (e.g., Summers et al., 2006;
Nikoli¢ et al., 2013) leads to shifts of the ionization peaks toward lower T', this effect is typically
small at the temperatures corresponding to active region cores even for log N, (cm~3) = 10 (Fig.
6 in Nikoli¢ et al., 2013). The effect of k-distributions on the ionization equilibrium can be much
stronger. Second, active region cores typically exhibit only weak intensity fluctuations even on
timescales of several hours (e.g., Antiochos et al., 2003; Brooks and Warren, 2009; Dudik et al.,
2011a) indicating plasma near equilibrium. Therefore, we have believed that the presence of

plasmas undergoing transient ionization (c.f., Doyle et al., 2013) can be neglected.

In general, it can be expected that the changes in the ionization equilibrium with -
distributions (Fig. 3.2) could be reflected in the G;(T, Ne, x) and reconstructed DEMs. How-
ever, it is by no means a priori clear whether the reconstructed DEMs should become broader
with x, as do the individual Gj;(T, Ne, k) (see Chapter 3), or whether the DEMs may become
more isothermal if the individual EM-loci curves shift toward a common crossing point. EM-
loci(T) curve is defined as I;’})S /G;i(T, Ne, k) and shows us the plasma multithermality. The
EM-loci method was applied by Veck et al. (1984) for the first time.

To obtain an answer to this question, we have used the W-S method and RIM in conjunction
with the calculated G;(T, Ne, ) to reconstruct the DEMs for the selected datasets described in

the previous section. To our knowledge, this is the first use of the DEM reconstruction methods

for non-Maxwellian distributions (Mackovjak et al., 2014).

The reconstructed DEMs are converted to the EM(T') using Eq. (6.7) and are shown in
Fig. 6.4 for region 5, Fig. 6.6 for the region 8, and Fig. 6.8 for the region 14. In each one of

these figures, the results are shown for the Maxwellian distribution with k-distributions with
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k=25, 3, and 2. Note that these figures also contain the EM-loci plots, which represent upper
limits for the reconstructed EM (T'). The EM-loci plots are color-coded so that lines belonging
to a particular element can be discerned at a glance. The results obtained from the RIM are
plotted only for temperatures, where the DEMs were recovered reliably, specifically, where the
resulting regularized solution matrix was almost diagonal. In contrast to that, the W-S method,
which does not provide the errors in T, is plotted for the entire temperature range. The DEMs
recovered for the Maxwellian distribution are similar to those of Warren et al. (2012), which

are calculated by the MCMC method.

The DEMSs recovered under the assumption of a k-distribution indicate similar behavior of
the DEM with « for all three regions investigated. With decreasing x or increasing departures
from the Maxwellian distribution, the DEM peaks become more rotund (concave). Furthermore,
while the Maxwellian DEMs peak near logT (K) =6.6 (~4 MK), the temperatures correspond-
ing to DEM peaks for k are shifted to a higher temperatures, reaching logT (K) ~6.7-6.8 for
k=2. These temperatures are about ~1 MK higher than for the Maxwellian distribution. The
shift of the DEM peaks can be attributed to the behavior of ionization equilibrium with x, where
the ionization peaks of the coronal ions (ions formed at logT (K) 2 6) are typically shifted to
higher T". This is also illustrated in Fig. 6.10, where we plot the product of the G;(T, Nck)
times EM (T') for some of the observed lines. For low k=2, the lines are formed at higher T’

and in broader range of temperatures.

Note that it is not surprising that the DEM peaks are found at around logT (K)=6.6 for
the Maxwellian distribution (compare with Wood and Laming, 2013) and at slightly higher
log T'(K) for lower k. Such temperatures correspond well to the minima of the radiative loss
function for different x (Dudik et al., 20115). Even if the plasma is heated to higher T, radiative
losses are least efficient at the temperatures corresponding to the minima of the radiative loss

function.

Generally, we find a good agreement between the DEMs recovered using the RIM and W-S
method. However, the RIM underestimates the peak emission and smooths it in comparison with
the W-S method. This is due to several reasons. First, the errors of the input intensities I°b
are large, ~30%, and the behavior of the RIM for such cases is known (Hannah and Kontar,
2012). In essence, large uncertainties in the EM-loci plots prevent the RIM from recovering
sharply peaked DEMSs, even if the plasma is truly isothermal. Second, the RIM tries to recover

the DEM under the constraint of smallest total emission measure possible.
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Figure 6.4: EM-loci plots (different colors stand for different ions) and the EM distributions

for inter-moss region 5 using the W-S method (light blue line) and the RIM

(thick black line). The RIM provide vertical and horizontal error bars. The

EM(T) for Maxwellian distribution (top left) and k-distribution with k=5 (top

right), k=3 (bottom left), k=2 (bottom right) is shown. The slopes of EMs are

indicated by dark blue linear fits. The power-law indexes o and [ are listed.
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Figure 6.5: Calculated-to-observed intensities 1M /I°PS for the DEM reconstructions of
region 5 under the assumption of Maxwellian and =5, 3, and 2 distributions.
Light blue squares are for W-S method. Color points with error bars are for
RIM. Color coding is the same as in the Fig 6.4. The horizontal dashed lines

represent the 30% error of observed intensities.

As already noted, the Maxwellian DEM for region 5 is much more multithermal than the one
for region 14. We perform fitting of both the low-temperature and high-temperature slopes of
the recovered EM (T'). These fits are also shown in Figs. 6.4, 6.6, and 6.8, and the appropriate
values of the slopes a and (8 are also listed in these figures. We find that the value of o does
not change appreciably with x, while the value of 3 is generally somewhat lower for lower k.
This is due to the rotundness of the EM peaks for low x. We conclude that the assumption
of a k-distribution in DEM reconstruction does not significantly change the constraints on the

coronal heating problem drawn from the steepness of the EM (T") slopes.

The obtained consistent behavior of the reconstructed DEMs with x for all three regions and
two different DEM reconstruction methods establishes confidence in the reconstructed DEMs

for the k-distributions.

The ratios R of the observed and calculated intensities, R = IPF*M /1 obs for the three regions,
the Maxwellian and x =2 distributions are listed in Tables 6.1, 6.2, and 6.3. The IP*M were
calculated using W-S method and RIM. The ratios indicate the ability of the reconstructed
DEMs to reproduce the observed intensities. Values of R within 0.7 < R < 1.3 mean that JPFM

is within 30% of the estimated error of observed intensities. The relative error x of reconstructed
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Figure 6.7: The same as Fig. 6.5 but for region 8.
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Table 6.1: List of spectral lines used in reconstruction of DEM by W-S method and RIM

with the values of 1°P%, Ryfaxw, and R.—s are shown for inter-moss region 5. The

EIS and AIA intensities have units erg cm™2 s—! sr—1.

W-S method RIM
RMaxw Rn=2 RMaxw Rn=2
Sivit 275.37 99.8 1.14 1.13 0.88 0.76

Ion AA] I°bs

Feix 188.50 129. 1.06 0.63 0.87 0.48
Fe1ix 197.86 84.4 1.02 1.22 0.84 0.94
Fex1 180.40  1135. 1.36 1.32 1.07 1.14
Fex1 188.22 686. 1.09 1.07 0.86 0.92
Sx 264.23 62.9 1.06 1.07 0.90 0.87
Six 258.38 254. 1.25 1.62 0.99 1.28

Fexir 192.39 439. 1.04 0.98 0.86 0.91
Fexi1 195.12  1431. 0.99 0.93 0.82 0.87
Fe x111 202.04 1212. 0.89 1.07 0.79 0.96
Fexiv 264.79 615. 0.95 1.02 0.79 0.84
Fex1v 270.52 325. 1.12 1.24 0.93 1.01
Fexv 284.16  6115. 1.47 0.98 0.89 0.70
S X111 256.69 437. 1.57 1.90 0.80 1.29
Arxiv 194.40 67.9 0.89 0.82 0.37 0.53
Caxiv 193.87 242. 0.81 0.63 0.36 0.42
Caxv 200.97 218. 0.67 0.62 0.35 0.43
Caxvi 208.60 114. 0.74 0.83 0.50 0.63
Caxvil  192.56 132. 0.88 0.93 0.88 0.83
Fexviin  AIA 94 628. 0.97 1.73 0.87 1.29

X 0.23 0.35 0.30 0.30

DEM, as calculated from x = />, (1 — R;)?/N, are in the last row of Tables 6.1-6.3. For the
W-S method, the x is slightly better for Maxwellian distribution than for k =2. For RIM, they

are 30% irrespective of the distribution.

The ratios R for both methods are also graphically presented in Figs. 6.5, 6.7, and 6.9. For
RIM, errors of the DEM (T) are propagated to obtain the errors o(IPFM) of the reconstructed
intensities. These are shown as error bars for the corresponding R values. The ratios are typ-
ically within the interval 0.7 < R < 1.3. Exceptions are ratios for lines formed at temperatures
corresponding to the DEM peak. This is caused by the inability of the methods to exactly
recover sharply peaked DEMs. Finally, we note that this type of error analysis is designed only
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Table 6.2: The same as Table 6.1 but for region 8.

W-S method RIM
RMaxw Rm:Q RlVIaxw Rn:Q
Sivir 275.37 42.3 1.14 1.05 0.97 0.83

Ton A [A] I°obs

Feix 188.50 72.5 1.07 0.73 0.86 0.57
Feix 197.86 40.2 1.25 1.52 1.00 1.21
Fex1 180.40 971. 1.49 1.66 1.15 1.23
Fex1 188.22 602. 1.16 1.30 0.89 0.97
Sx 264.23 74.2 1.13 0.88 0.87 0.65
Six 258.38 312. 1.05 1.22 0.80 0.90

Fe x11 192.39 462. 1.13 1.27 0.89 0.93
Fe xi1 195.12 1551. 1.04 1.18 0.82 0.86
Fe x111 202.04 1294. 1.25 1.65 0.96 1.16
Fexiv 264.79 1064. 0.98 0.99 0.67 0.67
Fe xmv 270.52 534. 1.23 1.27 0.84 0.86
Fexv 284.16  10514. 1.49 0.89 0.80 0.59
S X111 256.69 865. 1.36 1.41 0.63 0.92
Arxiv 194.40 65.2 1.24 1.08 0.52 0.72
Caxiv 193.87 317. 0.76 0.62 0.34 0.42
Caxv 200.97 239. 0.63 0.62 0.35 0.45
Caxvl 208.60 109. 0.69 0.78 0.52 0.65
Caxvil 192.56 109. 0.83 0.82 0.97 0.84
Fexvin AIA 94 620. 0.92 1.77 0.86 1.38

X 0.25 0.36 0.30 0.30

to determine the goodness-of-fit for individual lines. It is not designed to determine which type
of distribution and its corresponding DEM offer a better approximation for all of the observed

intensities. These observed lines are not sufficient for diagnostics of « either (see Chapter 4).

The DEM reconstruction is also performed on the quiet Sun data of Landi and Young (2010),
and the results are presented in terms of EM (T') in Fig. 6.11. For the Maxwellian distribution,
the EM(T) peaks at logT (K)=6.15 (1.4 MK). This is in good agreement with the results of
Landi and Young (2010), although they used another iterative technique developed by Landi
and Landini (1997) to determine the DEM. Note that outside of logT (K)~6.0-6.3 for the

Maxwellian distribution, the regularized solution matrix was clearly not diagonal, producing
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Table 6.3: The same as Table 6.1 but for region 14.

W-S method RIM
Rl\/Iaxw RN:2 RMaxw Rm:2
Sivir 275.37 8.8 1.03 1.06 0.98 0.97

Ton A [A] J°Ps

Feix 188.50 10.5 1.28 0.88 1.07 0.69
Fe1x 197.86 8.0 1.09 1.29 0.90 1.11
Fex1 180.40 279. 1.28 1.38 0.95 1.02
Fex1 188.22 139. 1.24 1.34 0.91 0.99
SX 264.23 21.1 1.18 0.83 0.98 0.63
Six 258.38 55.0 1.61 1.80 1.22 1.29

Fe x11 192.39 128. 1.18 1.29 0.96 1.01
Fexir 195.12 433. 1.08 1.18 0.88 0.93
Fe x111 202.04 576. 0.92 1.28 0.79 0.96
Fe x1v 264.79 330. 1.18 1.31 0.89 0.91
Fexiv 270.52 185. 1.33 1.51 1.00 1.05
Fexv 284.16  4921. 1.60 1.04 0.89 0.66
S X111 256.69 380. 1.66 2.00 0.83 1.22
Arxiv 194.40 50.7 1.18 1.10 0.48 0.66
Caxiv 193.87 282. 0.70 0.53 0.30 0.32
Caxv 200.97 247. 0.60 0.57 0.29 0.37
Caxvi 208.60 127. 0.66 0.79 0.42 0.56
Caxvil  192.56 110. 0.97 1.15 0.96 0.94
Fexvin  AIA 94 583. 0.99 1.94 0.87 1.34

X 0.32 0.44 0.30 0.30

large horizontal errors. This means that the DEM calculated by the RIM is not reliable at

these temperatures and is again not displayed.

For k-distributions, the EM (T') peak is again shifted progressively to higher T, reaching
logT (K)~6.3 (2 MK) for k=2. Note that while the EM-loci plots indicate multithermal
plasma for the Maxwellian distribution, they indicate progressively less multithermal plasma
for lower k. Especially for x =2, the EM-loci curves nearly intersect at a common point (Fig.
6.11, bottom right). Consequently, it is possible to interpret the same observed spectrum either
as emission from multithermal plasma with a narrow DEM and Maxwellian distribution, or as
emission from near-isothermal plasma with k=2. Indeed, upon fitting the EM slopes, we find
that the value of o progressively increases from 3.66 +0.15 for the Maxwellian distribution to

5.7710.31 for k=2. It is, however, not clear what coronal heating mechanism could produce
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Table 6.4: The list of spectral lines from Landi and Young (2010) used in the reconstruction

of DEM by W-S method and RIM. The I°®, Ryfaxw, and R.—s are shown. The

Hinode/EIS intensities have units erg cm™2 s~ sr=1.

W-S method RIM
RMaxw Rn=2 Rlﬂaxw Rn:Z
Fevir  185.21 14.6 1.20 1.45 0.80 0.98

Ion MA]  Iobs

Fevir 186.60 11.0 1.01 1.28 0.68 0.86
Feviir  194.66 3.90 1.27 1.46 0.86 0.99
Fex 174.53  244. 1.07 0.96 0.62 0.63
Fex 175.26  18.0 1.54 1.36 0.88 0.87
Fex 177.24  153. 0.94 0.85 0.55 0.56
Fex1 178.06 9.10 1.04 0.94 0.68 0.65
Fex1 180.40  208. 0.99 0.92 0.65 0.65
Fex1 180.59  7.50 1.18 1.14 0.77 0.79
Fex1 181.13 10.1 1.23 1.19 0.80 0.83
Fex1 182.17 35.6 0.96 0.87 0.62 0.61
Fex1 201.73 5.70 1.18 1.11 0.76 0.77
Fexit  186.89 24.9 0.93 0.78 0.71 0.59
Fexm 19239 46.6 0.84 0.81 0.66 0.63
Fexm  193.51 85.0 0.96 0.93 0.75 0.73
Fexm 19512 134. 0.90 0.87 0.71 0.68
Fexit  196.12 8.50 0.87 0.74 0.66 0.56
Fexm  249.39 5.70 0.64 0.70 0.49 0.53
Fexir 202.04 87.3 0.46 0.54 0.47 0.49
Fexmr 203.16 3.20 1.02 1.10 0.98 0.93
Fexin 203.83 20.3 0.99 1.02 0.94 0.86
Fexmr 204.94 5.80 0.71 0.79 0.70 0.70
Fexiv  270.52 7.50 0.68 0.96 0.85 0.93
Fexiv 27420 194 0.56 0.81 0.71 0.79
Fexv  284.16 26.8 0.73 1.22 1.09 1.19

X 0.24 0.23 0.30 0.30

such extremely non-Maxwellian distributions in the quiet Sun.

The ratios R of the calculated-to-observed intensities, R = IP"M /J°bS are presented in Table
6.4. The IPPM were calculated using W-S method and RIM. The plots of the calculated-to-

observed intensities ratios are shown in Fig. 6.12.
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6.3 Temperature structure of prominence-corona transition
region

We also investigated the influence of the « - distributions on the DEM of the prominence-corona
transition region (PCTR), where the temperature range of line formation is wider than in pre-
vious cases. The observed line intensities from SOHO/SUMER spectrometer (see Chapter 1.2)
listed in Parenti and Vial (2007) as A_1 were used. The ionization equilibria for x-distributions
were taken from Dzif¢dkova and Dudik (2013) and the excitation equilibrium was calculated for
atomic data corresponding to the CHIANTI 6 (Dere et al., 2009). The contribution function
for k-distributions were calculated by modification (Dzif¢dkova, 2006b; Dzifcdkova and Mason,
2008) of CHIANTI. We have used coronal abundances of Feldman et al. (1992) and constant
pressure NI =10 cm ™3 K. The DEM was calculated using the W-S method only. The differ-
ences between our reconstructed DEM for the Maxwellian distribution with original DEM by
Parenti and Vial (2007) (Fig. 6.13, top left) should be a result of different calculation methods
and different ionization equilibrium.

The DEM’s calculated for the x-distributions are again wider and flatter in comparison with
DEM for the Maxwellian distribution (Fig. 6.13, top right; bottom left). This is also mainly the
result of changes in the ionization equilibrium for the s-distributions, where the ionization peaks
are wider and shifted in comparison with the Maxwellian distribution (Dzif¢dkova and Dudik,
2013). For the k-distributions, the spectral lines are formed in wider temperature ranges and the
maxima of contribution to the line intensities can be substantially shifted to lower T, especially
in transition region (Fig. 6.13, bottom right). These changes could affect the temperature
region that is visible in SDO/AIA filters. For the AIA 171 and 193 filters, and Fe X-XII
lines (Fig. 6.14), the maxima of contributions to the line intensity have similar positions for
both Maxwellian and k-distributions. However, the Fe IX and Fe VIII lines show enhanced
low-temperature contributions and the contributions from O V and O VI lines, formed at even
lower temperatures, are significantly widened. We can conclude that the k-distributions allow
to see wider temperature range in AIA filters than the Maxwellian one. This is an another
example of the demand to diagnose the k-distributions in the observed coronal and transition
region plasma. The interpretation of emission observed by SDO/AIA in a such way could be

dependent on the value of k.
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Chapter 7

Summary and Conclusions

We have studied the effects of the non-Maxwellian x-distributions on the intensities of the
spectral lines originating in the solar transition region and the solar corona.

In chapters 1, 2 and 3 we introduced theoretical background for our investigation. In Chap-
ter 1 we introduced basic information about solar upper atmosphere and its observations. The-
ory and detections of the k-distributions are described in Chapter 2. The solar spectroscopy
and effects of the k-distributions on the ionization and excitation equilibrium are presented in
Chapter 3.

In Chapter 4, we analyzed the possibilities to diagnose the non-Maxwellian x-distributions
using the Al, Ar, Ca, Mg, Ni, O, S, and Si lines observed by the Hinode/EIS spectrometer.
From these lines, only Ca, Ni, S, and O lines provide opportunities to determine the value of «.
We discussed the dependence of these k-sensitive line ratios on the electron density and assessed
the presence of possible blends and their elimination. Generally, the line ratios belonging to ions
in different ionization stages offer greater diagnostic capabilities. The line ratios of O 1v ion are
a notable exception. This is the only ion whose lines are density-insensitive and thus also offers
diagnostics of k independent of the electron density. However, simultaneous diagnostics of both
temperature and  is not unique for the entire temperature range. To test the proposed diag-
nostic methods, the predicted line ratios were compared with the observed line ratios by Brown
et al. (2008) in different solar regions. The observed line ratio O1v (207.18 +207.24A) /O 1v
279.93 A does not correspond to the Maxwellian distribution. However, these lines are blended
by Mgix lines. These blends cannot be removed using EIS observations alone. The observed
S X ratios for the limb region suggests x < 3. However, the limb region is also likely to be

multithermal and the error due to photon statistics is large. The data of Brown et al. (2008)
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are not really appropriate for determination of the value of «.

We also investigated the influence of k on the density diagnostics using the line ratios
of Sx, Sx1, Six, Arxiv, and NixvI proposed by Young (2007). We have found that Sx
196.81 A /264.23 A and Six 261.06 A /258.37 A are not suitable for density diagnostics if the
electrons are described by a x-distribution. We failed to diagnose density from the remaining
SX and Arxiv lines since the observed ratios were higher than the theoretical ranges. This
indicates the presence of blends, that are either unknown or cannot be removed due to missing
data. Therefore, we used Fe line ratios for this purpose. Typically, the diagnosed densities
are lower by =0.1 dex for the x-distribution than the densities diagnosed for the Maxwellian
distribution. This is due to changes in the ionization and excitation equilibria with x. The total
errors in the determination of density can be up to & 0.3 dex if the temperature of the emitting

plasma is unknown.

The suggested diagnostics methods were tested in Chapter 5 on dataset from own observation
proposed for Hinode/EIS. Data reduction was performed and individual steps therein were
described. We selected coronal loop and provided diagnostics of its plasma parameters. We
found that all plasma parameters diagnosed using different line ratios were almost consistent.
The uncertainties in the precision indicate the presence of unknown blends or multithermality
of selected structure or unpredicted errors in atomic data. Our study also shown that the
observations with higher precision and better spectral resolution, than Hinode/EIS could offer
in present time, are needed for a such analysis. Nevertheless, the diagnosed results shown
that the investigated plasma is unlikely to be Maxwellian and this is an important result and

motivation for future research.

In Chapter 5 we investigated the temperature structure of several active region cores and a
quiet Sun region under the assumption of the non-Maxwellian x-distributions. To recover the
differential emission measure, we used two methods, namely the Withbroe-Sylwester method
and the regularization method. We demonstrated that both DEM reconstruction methods give
similar solutions. This gives confidence in the validity of the reconstructed DEMs. The re-
constructed Maxwellian DEMs for three active region cores and quiet Sun region are in good
qualitative agreement with results published by other authors, who use different DEM recon-
struction techniques. We shown that the influence of x-distributions on the DEMs is similar for
each of the three active region cores studied. With decreasing x, the DEMs become more rotund

and their peaks are shifted to higher temperatures. This is chiefly a consequence of changes
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in ionization equilibrium, which also lead to individual lines being formed at wider range of
temperatures. The slopes of the EM distributions leftward of its peak do not change apprecia-
bly with . This suggests that different assumptions on the shape of the electron distribution
function do not change the constraints on the coronal heating mechanism. Interpretation of
quiet Sun plasma emission may differ for different types of electron distribution assumed. The
DEM is found to be multithermal for Maxwellian distribution, but is much less multithermal
for kK~ 2.

Our results show that the multithermality of plasma can be a robust result, although the
degree of the multithermality is dependent on the region observed and assumed particle dis-
tribution. Especially in the active region cores, some constraints on the coronal heating can
be derived from DEM reconstruction regardless of the particle microphysics. For example, the
relative number of high-energy electrons produced by the coronal heating. This is a somewhat
surprising result, since the contribution functions of the individual spectral lines are highly
dependent on the assumed distribution function.

This dependency of the line intensities on the shape of the energy distribution calls for a
closer scrutiny of the spectroscopic observations. A positive diagnostics of the non-Maxwellian
distributions in the solar corona would be a “smoking gun” for the coronal heating process in-
volved and could possibly help explain the source of the solar wind. Unfortunately, the present
spectroscopic observations have limited wavelength coverages and often suffer from instrument
and calibration issues preventing the diagnostics, as well as atomic data uncertainties. A com-
prehensive search for lines suitable for diagnostics of non-Maxwellian distributions in the entire
wavelength range is planned. This is important for the interpretation of current and future

observations and could also result in improved instrument design.
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CHAPTER 7. SUMMARY AND CONCLUSIONS



Resumé

Vo vedeckej praxi sa bezne pouziva predpoklad, ze v slnecnej atmosfére st pritomné Maxwellove
distribucie energii castic. Za poslednych 40 rokov vsak bolo publikovanych mnozstvo préac,
ktoré priamo poukazuji na pritomnost ne-maxwellovskych k-distribiicii v rozliénych formach
vesmirnej plazmy. Na to, aby boli k-distribicie uvazované aj pri analyze dit z pozorovani

slneénej korény, musia byt najprv jednoznaéne diagnostikované v tomto prostredi.

Predkladana dizertacna praca sa venuje diagnostike rk-distribticii v slnecnej koréne a pre-
chodovej oblasti. V préaci sme rozsirili diagnostické metédy, ktoré boli navrhnuté v ¢lanku
Dzifcdkova and Kulinovd (2010), pre iény Fe. Venovali sme sa moznostiam diagnostiky z
pomerov intenzit spektralnych ¢iar ostatnych prvkov. Tiez sme navrhli §pecifické pozorovanie
na satelite Hinode/EIS, ktorého vysledky ukazali, ze distribucia skiimanej plazmy nezodpoveda
Maxwellovej distribucii elektronov. Zaoberali sme sa aj Stidiom diferencidlnej emisnej miery
(DEM) a jej zmenam, ktoré by boli vyvolané pritomnostou x-distribicii. Uk4zali sme, Ze s kle-
sajicou hodnotou x sa DEM pik postuva k vyssim teplotam a stédva sa Sir§im. Tento poznatok

je velmi potrebny pri analyze teplotnej struktiry skimanej plazmy.

Praca je rozdelena do siedmych kapitol. V 1. kapitole si uvedené zdkladné informécie o
hornej slnecnej atmosfére. Predstavené st aj pristroje na jej pozorovanie, ktoré vyuzivame
v nasej praci. V 2. kapitole ponikame prehlad dspesnych detekeii r-distribicii v kozmickej
plazme a tiez uvddzame hlavné vlastnosti x-distribicii. V 3. kapitole definujeme zakladné
vztahy a procesy na vypocet EUV spektra za predpokladu s-distribicii. V dalsich kapitoldch
sa uz venujeme nasmu origindlnemu vyskumu. V 4. kapitole predstavujeme metédy na di-
agnostiku hustoty, typu distribiicie a teploty z intenzit spektrdlnych ¢iar, ktoré patria iénom
Al, Ar, Ca, Mg, Ni, O, S a Si. Uvadzame pomery vhodné na diagnostiku a detailne diskutu-
jeme ich pouzitelnost. Kedze ide o mélo intenzivne ¢iary, navrhli sme §pecifické pozorovanie na

satelite Hinode/EIS. Vysledky z tohoto pozorovania su prezentované v 5. kapitole. Z dévodu
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poskodenia detektora sme vSak boli schopni pouzit na diagnostiku iba dostatoéne intenzivne
Fe ciary. Vysledky ukazali, ze diagnostikovand distribicia nie je maxwellovska. V 6. kapi-
tole studujeme vplyv k-distribtcii na vypocitani DEM. Zaoberali sme sa Stidiom emisie troch
aktivnych oblasti, oblasti pokojného Slnka a Stidiom plazmy protumberancnej korény a pre-
chodovej oblasti. VSetky zavery si zhrnuté v poslednej kapitole.

Najdolezitejsie vysledky préace boli pocas doktorandského §tudia prezentované na viacerych
medzinarodnych konferenciach a tiez boli publikované ako dva samostatné ¢lanky v zahraniénych

karentovanych casopisoch (Mackovjak et al., 2013, 2014).
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