Kinetic modeling of coronal loops and
wave-particle interactions

Dissertation
zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultaten
der Georg-August-Universitat zu Gottingen

vorgelegt von
Sofiane Bourouaine
aus Constantine, Algerien

Gottingen 2009



Bibliografische Information Der Deutschen Bibliothek

Die Deutsche Bibliothek verzeichnet diese Publikation én Beutschen
Nationalbibliografie; detaillierte bibliografische Datgnd im Internet tiber
http://dnb.ddb.de abrufbar.

D7

Referent: Prof. Dr. Wolfgang Glatzel
Korreferent: Prof. Dr. Eckart Marsch

Tag der mindlichen Prifung: 13.02.2009

ISBN 978-3-936586-99-2

Copernicus Publications 2009
http;//publications.copernicus.org
© Sofiane Bourouaine

Printed in Germany



Contents

General introduction 7
1.1 Thesolarcorona . . . .. . ... ... ..
1.1.1 Collisional coronal heating mechanism . .. ... ... ..... 15
1.1.2 Collisionless heating mechanism . . . . . ... ... ... ... 18

1.2 Coronalloops . . . . . . . . .
1.2.1 Coronalloopobservations . . . .. ... ... ... .......
1.2.2 Expansionofcoronalloops. . . ... ... ............
1.2.3 Nanoflare model for coronalloop . . . . ... ... .......

1.3 Motivations and outlines of the present thesiswork . ...... . . ... 26
Proton heating by oblique fast waves 27
2.1 Introduction . . . . . . ...

2.2 Magnetized dispersionrelation . . . . . . ... ... L L. 28
2.2.1 Generaldispersionfunction . ... ... ... ......... 8
2.2.2 Dispersion relation for a bi-Maxwellian VDFs . . . . . ... 30

2.3 Oblique fast waves in electrmmoton plasma . . . . . . ... ... ... 32
2.3.1 Lineardispersionanalysis . . .. ... ... ... ....... 2 3
2.3.2 Quasi-linear theory forreduced VDF . . . . ... .. ... .. 34
2.3.3 Proton heating by oblique fastwaves . . . . . . ... ... .. 39

2.4 Conclusion . . . . ... e

On the dficiency of nonresonant ion heating by coronal Alfvén waves 45

3.1 Introduction . . . . . . . ...

3.2 Observation of Coronal MHD Alfvénwaves . . . . . ... ... ... 46

3.3 lon heating by Alfvén waves (test-particle simulation). . . . . . . .. 48

3.4 Nonresonant wave-particlefidision . . . . ... ... ... ... . ... 50

3.5 Heating of a collisionless multi-ionsplasma . . . ... ........ 52

3.6 Heating of the collisional lowercorona . . . . . ... ......... 55

3.7 Conclusion . . . . ... e

Coronal loop model including ion kinetics 63
4.1 Introduction . . . . . . ...
4.2 Themodeldescription . . . ... ... .. .. .. ... ... ...
4.2.1 Coronalloopgeometry . . . . . ... ... ... ...
422 Theory . . . . .
4.3 Numericalmethod . . .. . ... . . .. ...



Contents

4.4  Simulation results
4.4.1 General remarks
4.4.2 Asymmetric heating
4.4.3 Symmetric heating

4.5 Conclusion and discussion

5 Multi-ions kinetic model for coronal loop
5.1 Introduction
52 Results. . . .. ...

5.2.1 Plasma loop profiles
5.2.2 Wave-absorption mechanism
5.2.3 lonVDFsincase df = 1.48
5.3 Conclusion and discussion

6 Multi-strand loop modeling and filter-ratio analysis
6.1 Introduction:

7 Conclusion and outlook
Bibliography
Acknowledgements

Lebenslauf

129

131



Contents

Summary

The solar corona is tenuous, multi-component, weaklysioffial and thus mostly not
at LTE (Local Thermodynamic Equilibrium). Therefore, itdealy suited for applying ki-
netic description of the plasma rather than using the sifgiig approach. Recent UVCS
observations revealed that the heavy ions are preferigrti@ated in coronal holes. Fur-
thermore, evidence that the locatrelocity distribution is anisotropic has been found.
These results are interpreted as a signature of the heatingsbnant wave-particle in-
teractions, where the ion-cyclotron waves are expectee#d the ions perpendicularly
(with respect to the mean magnetic field). This heating meishais a fully kinetic pro-
cess and has nothing to do with the collisional heating m@shadescribed within the
single fluid approach. Therefore, we believe that the mieysjrs of the solar corona has
to be involved in the study of the coronal heating problentttfarmore, the collisions in
the solar corona are not strong enough to providefcient heating through the classical
Ohmic dissipation or via the damping of the large-scale MHiv@s. Moreover, to obtain
the necessary heating from the classical collisiorfitments, we need very steep varia-
tions in the plasma parameters (e.g, the plasma tempemtdemsity) or in the magnetic
field. Unfortunately, these needed gradient scales aretessmparable to the mean free
path of the collisions.

In the most collisional conditions of the plasma (e.g., e tipper chromosphere), the
maximum heating rate that can be provided by the collisi@fainic dissipation is six
order of magnitude less than the cooling rate caused by thatian.

Therefore, we believe that wave-particle interactiony planajor role in the heating
of the solar corona. In this mechanism, the small-scaledaiins can dissipate via a
fully kinetic process, whereas the collisions do not play eole in the conversion of the
magnetic energy into heat. In such process, the waves hawnglengths much smaller
than the MHD scales can dissipate via resonant or nonresaae-particle interactions
and heat the particles. The nonresonant heating is a sloeeggpand it is related to
the dissipation of waves having frequencies much smalken the ion gyrofrequency.
While the resonant heating is faster (their time scale iselo the ion gyroperiod), and
it is subjected to the damping of waves having frequenciesedo the ion gyrofrequency
(also called ion-cyclotron waves) via ion-cyclotron reaoce.

In coronal holes (open structures), the preferential hgatnd the temperature anisotropy
observed in heavy ion distributions can be well reproducegdmone assumes heating
through the dissipation of ion-cyclotron waves. These wase assumed to be excited
from small-scale reconnection events in the chromosph@ctthus provide the ultimate
source for the ion heating. This wave-generation mechaoisturs when many of low-
lying closed field lines in the chromosphere are entanglel eppositely directed open
field lines, and while reconnecting release fluctuationsrigascales smaller than MHD
scales. Thus waves can dissipate via collisionless kimgticesses and heat the solar
corona. In coronal loops (closed structures) the densitygiser, and thus the collisions
are relatively stronger than in coronal holes. Therefdréhe ions are heated through
ion-cyclotron resonance, also the electrons can be hdatedgh ion-electron collisions.

TRACE/SXT observations have shown that the coronal loops can bhedé&aa few
of million kelvins. These closed structures, which are oh¢he basic components of
the lower corona, are brighter than the surrounding plasridsas been found that the
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warm coronal loops (having ~ 1.3 MK) have roughly a flat temperature profile along
their lengths, when the isothermality across the loopsssragd, while the hotter coronal
loops are uniformly heated, and mostly they are in hydr@stgguilibrium. There is no
decisive answer if the closed and the open structures indlae sorona can be heated
by a similar heating process. By adopting the resonant avtele interactions as a
possible heating mechanism for the coronal loop, a relgligncan be obtained between
the expansion of the coronal-loop flux-tube and the heatmfjle along the loop. It is
found, from the semi-kinetic model, that the flat tempemfoirofile and the enhanced
density in the coronal loop is a consequence of a quasi-hermemys loop cross-section,
whilst a uniform heating profile in the loop can be achievecewlthe loop flux tube
expands from the loop footpoints to the loop top.

On the other hand, there are other spectroscopic loop aiigams show that the coro-
nal loops are not isothermal along the line-of-sight (thayehbroad dterential emission
measures (DEM)), and thus the temperature and the densifijeprof the coronal loop
often inferred from the filter ratios of imagers are misleadilndeed, from a multi-strand
coronal loop model, when we assume that the coronal looprigposed of small-scale
filaments having dierent temperatures, the loop temperature, as extractedfifilter-
ratio technique, is roughly constant along the loop, andatse is biased to be 1.2
MK.



1 General introduction

1.1 The solar corona

The visible solar atmosphere consists of three regions:ptiwégosphere, the chromo-
sphere, and the solar corona. Most of the visible (whitd)tlicpmes from the photo-
sphere, this is the part of the Sun we actually see. The césdha sun’s outer atmosphere
which is viewed above a certain height or above a certain éeatpre. It can clearly be
seen during the total solar eclipse as a bright region th@inels more than some solar
radii away from the disk of the sun (see Fig. 1.1). The cortealperature can reach
some million kelvins according to analysis of the opticakl originating from highly
ionized atoms in corona. These high coronal temperatures fivet confirmed in 1946
by the discovery of thermal radio emission at meter wavesorBehat, in 1942, Edlén
identified forbidden lines of highly ionized atoms and thiayestablished for the first
time the million-degree temperature of the corona.

The solar corona is usually subdivided into three zoneschvall vary in their sizes

Figure 1.1: This image is a composition of 60 images takeh @&non EOS 5D with
1640 mm lens. The position of the Moon represents the sitndtb seconds after the
second contact. Pasadhet al. (2006)



1 General introduction

Figure 1.2: Soft X-ray image of the extended solar coronarded on 26 August 1992
by the Yohkoh Soft X-ray Telescope (SXT). (Courtesy of YoKa&am)

during the solar cycle: (1) active regions, (2) quiet Sunaes, and (3) coronal holes (See
Fig. 1.2).

(1) The active regions (regions A in Fig. 1.2) which make ufy@small fraction
of the total surface area, are located in areas of strong etiagiield concentrations,
also the active regions are connected to the visible sumgpaps in optical wavelengths
or magnetograms at the solar surface. A number of dynamicepees such as plasma
heating, flares, and coronal mass ejections occur in a@giems. Also, in these regions,
there is plasma heating in the chromosphere and upflows artimal loops that are hot
and dense.

(2) Quiet Sun (regions B in Fig. 1.2) are the remaining areaside of active regions.
Many dynamic processes may occur in these region, ranging$mall-scale phenomena
such as network heating events, nanoflares, explosives\@ight points, soft X-ray jets,
to large-scale structures, such as transequatorial loogsronal arches.

(3) Coronal Holes (regions C in Fig. 1.2) are situated in thehern and southern
polar zones of the solar globe. They have generally beendféaribe darker than the
equatorial zones during solar eclipses, and also are thesoarce of the solar wind. Itis
fairly clear that these zones are dominated by open magfidtidines. Because of this
efficient transport mechanism, coronal holes contain lessmalasost of the time, and
thus appear much darker than the Quiet Sun.

The observation of the solar corona
The corona can be observed of corona iffiedfent wave-lengths; soft X-rays, ultravi-
olet lines, optical, and radio waves. The corona emits lgighkergetic photons (having

energies from 0.1 to 10 keV) in the form of soft X-rays and Elilélemissions. Since the
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1.1 The solar corona

lower atmosphere is cooler than the corona, the lower athess@ppears as a dark back-
ground in the coronal X-ray emission shown in Fig. 1.2. Théssin includes both a
continuum emitted by free electrons and lines from highhjized ions. The bright struc-
tures outline magnetic loops of high density (typically’ t0n~%) and high temperature
(2-3.5x 1P K). Also the coronal plasma emits thermal radio waves by thwsjrally dif-
ferent mechanisms. One of the dominant processes is "biretlssig emission" of free
energetic electrons making collisions with other elecdronions. The other process may
arise in active regions where the enhanced magnetic fieddgitn increases the gyration
frequency of electrons in the field (see book of Benz 2003js itakes the so-called "gy-
roresonance emission" dominates the thermal radiatiocegsbetween roughly 3 GHz
to 15 GHz. This process opens a possibility to measure tr@abmagnetic field. High-
frequency bremsstrahlung originates usually at high dgisthe atmosphere. Similarly,
the intensity of gyroresonance emission is mainly propaodl to the higher magnetic
fields strength. Thus, thermal high-frequency sourcesemerglly found at low altitudes
in corona.

The solar corona is complex medium that contains many stresthaving dferent
scales. Below we list the main structures that charactettze corona;

Helmet Streamers (see Fig. 1.3a): streamers originate aolar surface, typically in
the bright places in the active regions, and they are outwaitected and extend within
large radial range far from the solar surface (a few tenthsaflar radius above the limb at
nearly mid-latitudes). Their lower part contains some claxgtructures of closed field
lines crossing a neutral line. Above the helmet, a longigititanear-radial stalk continues
outward into the heliosphere, containing plasma that leak$rom the top of the helmet
where the thermal pressure starts to overcome the magoetinement.

Loop Arcades (see Fig. 1.3b): They form the basic structtitelower corona and
transition region of the Sun. They are a direct consequehtteedwisted solar magnetic
flux within the solar body. The bright appearance of such $aspnostly linked with the
solar cycle, and for that reason they are often found witlsgats at their footpoints.

Soft X-ray Jets (see Fig. 1.3c): The polar coronal jets wese dbserved by SOHO
instruments (EIT, LASCO, UVCS) during the last solar minimuThey were small, fast
ejections originating from flaring UV bright points withiarige polar coronal holes. They
are heated plasma flows constraint by open field lines. Sudbgwires are visible until
the flow fades out or the structure erupts.

Postflare loops (see Fig. 1.3d): Are visible in soft X-rayathe chromospheric
evaporation process. Flare (or postflare) loops trace patiellike magnetic field lines,
after relaxation from flare-related magnetic reconnegpi@tesses.

Also there are other structures havingfeiient magnetic field configurations, can ap-
pear in the corona like : Cusp-shaped loops which have li@pstructure with a pointed
shape at the top (see Fig. 1.3e). Also, multiple arcadesHigeel .3f) which arise from
multiple neutral lines occur in active regions, that orgarthe magnetic field into multiple
arcades side-by-side.

Magnetic field of the solar corona

The nature of the structures of the outer atmosphere seebgsitdimately linked to
the magnetic fields at the surface. Dynamo theory predietsstiong magnetic fields are

9



1 General introduction

Figure 1.3: (A) Large helmet-type structure; (B) arcade af) loops seen end-on; (C)
dynamic eruptive feature which grew at a velocity of aboutkB®s™ ; (D) a pair of
small symmetrical flaring loops; (E) two cusped loops withtirgy in the northern loop;
F) a tightly beamed X-ray jet towards the southwest at 200 Km @cton et al. 1992,
Aschwanden 2004).

generated deep in the solar interior, and then the bundlesaghetic flux will float to
the surface. The structure created by the field emergenoetsd in the photosphere and
extends through the chromosphere and transition regiometedrona. The areas where
the bundle of field lines related to the coronal structuresds and reenters the visible
surface are generally called the "footpoints”.

The strongest magnetic field regions at the surface are ispsas, at which the field
strengths can be in the order®f 2000-3000 G. Sunspot groups are dipolar and slightly
closer to the equator, and their strong appearance is regergery 11-year cycle. Active
regions are linked to a larger area around the sunspotstypittal photospheric fields of
B ~ 100- 500 G (see Fig. 1.4). In the Quiet Sun and in coronal holesh#t&ground
magnetic field is of the order @& = 5— 10 G. The determination of the coronal magnetic
field is reconstructed by extrapolation from magnetograinisealower boundary, using a
potential-field or force-free field model (see Fig. 1.5).

In the solar corona, the magnetic pressure mainly domirtheegas pressure espe-
cially at lower altitudes (below 1 solar radius), consedlyethe plasma is generally con-
fined within the magnetic fields that constitutes the stmectifi the corona. Therefore, itis
widely believed that the plasma intensities that appeaminesregions in corona trace the
magnetic field lines existing in these regions. This is beeain the corona, the magnetic
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1.1 The solar corona

Figure 1.4: The photospheric magnetograms from 1992 Jarido 1999 July 25,
recorded with the Vacuum Telescope of the National Solare®lagory (NSO) at Kitt
Peak National Observatory (KPNO), Tucson, Arizona. Whité black colours indicate
positive and negative magnetic polarity. (courtesy of KRNO

Figure 1.5: AR 7321 measured with SFT-data from October, 281 (a) Potential field
reconstruction. (b) Non-linear force-free reconstruttid he field lines start from the
same footpoints within regions wit, > 0 in both panels. (Wiegelmann et al. 2006).

fields themselves are not directly visible.

There are two dferent magnetic configurations in the Solar corona, oped-&at
closed-field regions. Open-field regions (white zones allogdimb in Fig. 1.6), which
always exist in the polar regions, and sometimes extendrtissmhe equator, connect
the solar surface with the interplanetary field and are thecsoof the fast solar wind.
Closed-field regions (grey zones in Fig. 1.6), contain nyadtsed field lines in the lower
corona (less than one solar radius) and have an open conitiguaa higher altitudes. It
is believed that are the origin of the slow solar wind compuinét is noteworthy that
the closed-field regions are generally bright due to the Hegisity at lower altitudes (less
than 1 solar radius), and usually they form the coronal ledpish are produced by filling

11



1 General introduction

Figure 1.6: The solar corona on 17 August 1996 (near solammim), with bright re-
gions plotted as dark. The inner image is the solar disk in F&.95 A emission, from
the EIT instrument on SOHO. The outer image is the extendesheoin O VI 1032 A
emission, from the UVCS instrument on SOHO. The axisymrmdigid lines are from
the model of Banaszkiewicz et al. (1998).

with chromospheric plasma that stays trapped in thesectliteld lines. Above roughly
one solar radius, the plasma pressure may exceed the nagressure, and thus plasma
confinement starts to become leaky.

Density and temperature of the solar corona

Electron densities in the solar corona varies frorfi @@ in the upper corona (at
height of one solar radius) to 16m=2 at the lower altitude in quiet regions. From Fig. 1.7
which displays the variation of the density and temperaasra function of height above
the surface, the density increases by several orders ofitnegrover coronal values, and
correspondingly the temperature drops belowx11C°K (the ionization temperature of
hydrogen) at the transition region. However, there arerathier-dense structures with
higher density than in quiet regions, and these are theabgénsity values. at the base
of different regions in the sun: coronal holasx (0.5 — 1.0) x 10° cm 3, in quiet sunp,
~ (1-2)x10° cm3 and in active regions, is highestne ~ 2x 10° —2x 10° cm. From
the spectral line analysis of coronal emission, it turnstbat the coronal temperatures
are generally above 1 MK, and still the physical understagdf this high temperature in
the solar corona is unclear, and is one of the fundamentalgmts in astrophysics. This
rapid increase in temperature frolm~ 5800 K at the photospheric boundary to about 1
MK in corona seems to violate the second thermodynamic law.

The optically thin emissions from the solar corona in softay-or in EUV wave-
lengths shows that the temperature is completely inhomemen Using the so-called
"differential emission measure distribution”, it is possibleneasure the range of coro-
nal temperatures atfilerent locations on the sun (at lower altitudes) from a breade
of EUV and soft X-ray lines (see Fig. 1.8). For example, inequn the temperature
ranges between 4 2 MK, in active region is hotteflT = 2.0 — 6.3 MK, and in coronal
hole (open-field regions) the temperature is less than 1 Mte fEmperature ffierence

12



1.1 The solar corona
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Figure 1.7: Displays of the variation of the density and temajure as a function of height
above the surface. This density variation represents aageée 1-dimensional model for
a gravitationally stratified vertical fluxtube. Electronndéy and temperature model of
the chromosphere (Fontenla et al. 1990) and lower coronbr{€&4.976).
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Figure 1.8: Diferential emission measure distribution of two active ragifAR 93, AR
91) and two quiet Sun regions (QR 93, QR 91) measured by Byesial. (1996)

between Quiet-Sun and active regions gives the impredsatritte strong heating is most
probably related to the enhanced magnetic flux emergence.

Coulomb collisions and plasma beta in the solar corona

The plasma betas, is an interesting parameter that indicates which pressgomnei-
nates the plasma medium, either magnetic pregsyie thermal pressurpy, or both of

13
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Figure 1.9: PlasmA in the solar atmosphere for two assumed field strengths, 180dG
2500 G. (Gary 2001)

them. The plasmA is defined as follows

_ P _ 2nekgTe
P = on ™ BB

1)

where kg = 1.38x 10716 erg K is the Boltzmann constani the magnetic field strength
andT, is the electron temperature.

In coronal plasma, the magnetic fiddexerts a Lorentz force on the charged particles
leading to a gyrationmotion around the field lines. Only wttenkinetic energy exceeds
the magnetic energy(> 1), particles can escape from the guiding lines afitisé across
the field lines.

A comprehensive model of the plasrfa@arameter has been suggested by Gary (2001)
(see Fig. 1.9), in which we can see the range variation of thengag (as shown in
grey in the figure) for any given height above the surface efgtin. It turns out that
in coronal height$ > 140 Mm the plasm#-takes values above unity. While at lower
coronal altitudesh < 30 Mm), the plasm#-values are very smalB(< 1) indicating a
strong domination of the magnetic energy. This means that of@oronal structures that
characterize the lower part of the corona like e.g, coromgp$ are shaped within their
magnetic field configurations.

The coronal plasma is weakly collisional but strongly maimeel, which means that
the particle gyroradius is much smaller than the collisidree pathrie < 1., and the
gyrofrequency much larger than the collision frequeizy, > v;.. Numerical values of
the Coulomb collision ratey e, of the electrons and protons can, for example, be found
in Braginskii (1965) or Helander and Sigmar (2002):

V2 nzZinA
Vie= —12ﬂ3/2 mé’ZTS/Zeg

3/2
- (344x104) " ( 12‘;3)(%/) st 1.2)
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1.1 The solar corona

Table 1.1: Typical mean free path,, estimated for dferent regions; Chromosphere,
corona and solar wind. (Marsch 2006)

Parameter Chromosphere Corona  Solar wind
(1.01 SR) (13 SR) (1 AU)

n (cm) 10 107 10
T (K) 10° 1-2x106 10
e (km) 1 16 100

Here the plasma is quasi-neutral, i.&n ~ n.. The parameters, Te, N, € &
are respectively the mass and the temperature of the ateth® density and the charge
number of the ions, the electron electric charge and therggermittivity in vacuum.
The Coulomb logarithm I ~ 19 in corona. The mean free path can easily obtained
from the thermal speed of electrong, and the collision frequency e aslie =Vie/Vie.

Some typical values of fierent parameters in chromosphere, corona and solar wind
are given in Tab. 1.1. It seems that collisions are generally. Therefore, electrons
and ions may strongly violate the requirements of class$ieakport, which is to say that
their collisional free paths are large against any fluidesoagpecially in the outer corona
and solar wind. In a simple description of collisions one reay that the fast wind from
coronal holes is collisionless, and only in some dense @rstnuctures e.g., loops and
plumes where the collisions may play a role, which is still stbong enough, as we will
see in the future chapters.

1.1.1 Collisional coronal heating mechanism

Many different heating mechanisms may cause the coronal heatinghéqguestion is
which one can be the dominant for this heating. A number aiglde theories for coro-
nal heating have been proposed based on two main mechamisets;current (DC), in
which the heating can be caused by the collisional curresttigition, and alternating
current (AC) where the heating is achieved by collisionalevdissipation. It is widely
accepted that mechanical motions in and below the photosre the ultimate source
of the energy. These motions displace the footpoints ofrarmagnetic field lines and
either quasi-statically stress the field and thus are géngreurrents or generate waves,
depending on whether the timescale of the motion is long ortsftompared to the end-
to-end Alfvén travel time. Dissipation of magnetic stresisereferred to as direct current
(DC) heating, and dissipation of waves is referred to asraténg current (AC) heating.

DC heating

Footpoint motions perform work on the coronal magnetic fed increase its free
energy at a rate given by the Poynting flux through the basegniglic flux tubes in the
photosphere are displaced by turbulent convection andkeereed at the surface with a
characteristic horizontal velocity of order 10 krrt §Muller et al. 1994, Berger and Title
1996), and it is shown that the magnetic energy flux transpdd the corona is adequate
to explain the observed energy losses of both the quiet Sdraetive regions. Because
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1 General introduction

classical dissipation cdigcients are extremely small in the corona, significant hgatin
generally requires the formation of very steep gradient @eny small spatial scales.
Magnetic gradients and their associated electrical ctifeam to heating by reconnec-
tion and Ohmic dissipation. Indeed, the magnetic field linesome twisted and braided
as a response to the continual upward advection of magnetiérim below the photo-
sphere. However, the magnetic field can adapt itself to théomand evolves between
near-magnetostatic equilibrium, thus the coronal cusrarg almost direct ones (see book
of Priest 1984). Since the collision d@ieients are small, the dissipation of these current
as Joule heating is very negligible. But if the magnetic flelds form localized current
sheets at scales less than 100 m, then the ohmic dissipatidrevefficient due to high
current formation. This also leads to a rapifasion of field lines produces the so called
magnetic field-line reconnection. This causes the phenaroalted flare events with dif-
ferent scales, e.g., microflare, nanoflare and picoflarerapg on the scale of energy
released in solar corona and solar atmosphere (see e kpr RaB8, Berger 1991, 1993,
Galsgaard and Nordlund 1996).

One has to note that the magnetic field reconnection oftemci#s with current
sheets that mark a sudden change in the direction of the madietd, but a current
sheet is not necessary to the formation of a separatrix, mfgnetic reconnection.

Is still not obvious that the small-scale flare events candspansible for the base
heating of solar corona since these events may occurredimmsive way in some local
positions in corona and upper chromosphere. However, fhenentangled magnetic field
lines caused by the magnetic carpet (the low-lying closd)fehd the expanded flux tube,
the reconnection may often occurs, leading to a nearlycstlgase of energy. Therefore,
this mechanism can be a good candidate to explain the coneatihg.

AC heating

When the velocity field in the photosphere changes on a shamte scale (shorter
than the Alfvén transit time in closed loop) the same tubutnvection (that quasi-
statically stresses the coronal field) also generates a farg of upwardly propagating
waves. These waves can be acoustic, Alfvén, and fast and mignetosonic plane
waves, as well as torsional, kink, and sausage magnetic dl waves. At dferent
heights in the atmosphere, these waves undergo mode cgapiéhprocesses and transfer
the energy between the wave types (see, e.g., Stein et d). IR estimated energy flux
of these waves at the top of the convection zone is roughlgrattimes 10erg cn? s
(Narain and Ulmschneider 1996). Energy fluxes of this magieiare more than adequate
to heat the corona. However, due to the very steep densitjeamoerature gradients that
exist in the chromosphere and transition region, only a kfreadtion of the flux is able
to pass through. Acoustic and slow-mode waves form shoctsuanally are strongly
damped, while fast-mode waves can be refracted and refl@dtdin and Ulmschneider
1996). Mostly, transversal Alfvénic waves (Alfvén wavedfv&n-like torsional and kink
tube waves), are best able to penetrate into the coronauBethey do not form shocks
and their energy is ducted along the magnetic field rather bieeng refracted across it.
Mostly the observed energy flux estimates of such waves istalfidl (0’ erg cnt? st in
regions of strong magnetic field (see e.g., Ulrich 1996)et &t Sec. 3.2 we give some
works about the observations of coronal Alfvén waves.
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1.1 The solar corona

It is widely believed that the dissipation of these MHD wawatdlifferent coronal
altitudes may provide enough source of energy to heat solana (see, e.g., Ofman
2005). However, the classical collision heating processe®nly adequate when strong
spatial gradients of physical variables like density, ei#lo temperature, or magnetic
field strength occur. Therefore, several studies have &tos the possible role of the
strong cross-field gradient which results for a strongly-naiform Alfvén speed across
the magnetic field lines, thus, leading to an enhanced dangfiAlfvén waves by either
phase mixing (see e.g., Hood et al. 1997a,b) or absorptisnnfdice waves along loops
acting as resonant cavities (Ofman et al. 1995). The phasegmccurs when the mag-
netic field is excited by Alfvén waves inducing instabilgiend enhancing dramatically
the viscous or Ohmic wave dissipation (Heyvaerts and P1i@88), while resonant ab-
sorption occurs when a magnetic loop is excited with a fraquéhat matches the Alfvén
eigenfrequencywres ~ 2, so that standing waves are induced in the loop. If there is a
wave-speed gradient across the loop, a single thin surfdlcesonate and the gas veloc-
ities will again have large gradients. The wave-speed gradiill also provide surfaces
that resonate at fierent frequencies, andfectively absorb waves (by Ohmic or viscous
dissipation) within a large range of frequencies (Ofman.et$94).

Problematics in collisional dissipation mechanism

Most of coronal heating models are mainly based on ohmicductive, and vis-
cous dissipation of the magnetic energy originated fronrainelom photospheric motion.
However, according to the corona and chromosphere plashmgas shown in Tab. 1.1,
the collisional heating rates are too small. Thereforeckli@ating is presently favoured
there (see e.g., Uimschneider and Kalkofen 2003).

Here we present the estimation of thé&elient collional heating rates that characterize
the upper chromosphere where the problem starts to arisedgEw by Marsch 2006).
We consider the typical plasma parameters of density,10'° cm3, and pressure scale
height,h = 400 km, and assume the perturbation values lare:200 km (scale length),
AB=1G,AV = 1kms?!, AT = 1000 K. With these reasonable parameters the dissipa-
tion rates are (in cgs units) as follows: Through viscoussl@, = n(AV/L)? = 2x 1078,
through thermal conductio. = «(AT/L)? = 3x 1077, and through Ohmic resistance,
Q; = j?/o = (c/4n)*(AB/L)?/o = 7 x 10°77. Herej is the plasma current density, and
the transport cd@cients are viscosity;, heat conductivityk, and electrical conductivity,

o, for which values can be found in Braginskii (1965). When wepare these obtained
values with the estimated radiative loos r@g = N?A(T) = 10! erg cnt® st , (with

the radiative loss functiond) (see book of Priest 1984), the radiative loss 1@teis a
factor of 16 or more larger thayc ;. Therefore, a much smaller than the assumed scale,
(e.g.,L = 200 m), is required to match heating to cooling. Moreoves,dhadient scales

L assumed for this approach is much larger than the estintatéidion mean free path

Ae = 110 km (within the chromosphere plasma condition), thuscthesical Braginskii
formulas for obtaining; ando seriously break down. Much less collisional heating rates
are expected when considering coronal conditions wherthtee classical rates have to
be enhanced by more than six orders of magnitude, to matcentipérical damping of
loop oscillations (Nakariakov et al. 1999), or dissipatafrpropagating waves (Ofman
etal. 1999).
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1 General introduction

Moreover, in coronal regions, most of the arguments givethfe conversion mecha-
nism of the magnetic energy in theflilision area (where the current sheet is formed) are
based on the classical ohmic dissipation. This can be ndiisigabecause at this area the
electric resistivity is small and the chapmann-Enskogmegtan be completely violated,
since the magnetic field gradient is smaller than the meangfa¢h. Therefore, the con-
version of the magnetic energy in this area has nothing toittothe classical collisional
MHD description, and rather the kinetic or multi-fluid appobes have to be involved
to describe the conversion mechanism (see e.g., work onelinly via reconnection in
weakly collional plasma Ji et al. 2001).

1.1.2 Collisionless heating mechanism

Coronal heating by collisionless dissipation

Now, it seems that the coronal heating process has to ber expéined by colli-
sionless dissipation mechanism that may convert the mageretrgy density to heating
in solar corona and upper chromosphere. In other words, asgddeal with kinetic
descriptions of the coronal heating instead of the clabsesistive MHD theories.

In collisionless dissipation mechanism, the so-calledh-tgclotron waves" (small
scale fluctuations close to the ion inertial lengitk) play the major role in the heating
of the solar corona and even on the acceleration of ions ar sohd (see, e.g., Cranmer
2001). It is found that, for any plasma beta valgeshe ion-cyclotron damping is the
dominant dissipation mechanism for parallel propagatiages, however, in low plasma
beta, also the damping at the electron Landau resonancesgafeliant for oblique prop-
agating waves witlk < kq (see e.g., Gary and Borovsky 2004).

However, there are no direct measurements of ion-cyclatares in the solar coronal
medium, and it is supposed that these waves get absorbestataks close to the Sun
before they reach the heliosphere. However, the main sigesof the dissipation of these
waves were observed in solar wind as well as in solar coramkedd, recent observations
using Helios data (see e.g., Heuer and Marsch 2007) haveroedfihe plateau formation
in the velocity distribution functions (VDfs) of proton sges, which is interpreted as a
consequence of resonant wave-particle interaction cawstte ion-cyclotron waves (see
Fig. 1.10). Furthermore, in the corona, the spectroscoglerchination of the widths of
extreme ultraviolet emission lines, as obtained from meamants made by SUMER
and UVCS onboard of SOHO indicate that heavy ions in variong&ation stages in the
corona are very hot (see, e.g., Kohl et al. 1998, Tu 1988, éMiitet al. 1998, Cranmer
et al. 1999a, Grall et al. 1996) particularly in the polararal holes where electrons are
relatively cold (Fig. 1.11).

It is believed that these ion-cyclotron waves are generatele coronal base when
the small-scale reconnection may continuously occursdrckitomospheric network (see,
e.g., Axford and McKenzie 1995, Axford et al. 1999). This moitare like-event is pro-
duced when the cooled small-scale loopsl(Mm), that arise from the convection mo-
tion, reconnect with the expanding flux tube then cause alsoale reconnection at the
chromosphere network, thus can generate high-frequenegsada current-driven mi-
croinstability in the difusion areas when the current sheets are formed. The dissipét
these high-frequency waves occurs close to the Sun withiactidn of solar radius and

18



1.1 The solar corona

400 T T T 400 T T T
200 - 8 200 - .
~ ~
w 2]
= =
'E T ] § | |
< =
= R
S S
200 - 1 -200 |- -
-400 L L L -400 L L L
-400 -200 0 200 400 -400 -200 0 200 400
vy (km/s) v, (km/s)

Figure 1.10: Contours of coleeam decompositions of two exemplary proton VDFs.
They were obtained by Helios 2 at (left)/46/08 on 14 April 1976 and (right) 024/52

on 16 March 1976. Both proton core and beam are here repeeséyt drifting bi-
Maxwellians. The contours are plotted in the plane spanyatidmean magnetic field
(x axis) and the mean proton velocity, which coincides wlith origin. The contours cor-
respond to fractions 0.9, 0.7, 0.5, 0.3, 0.1, 0.03, 0.01,0a0@3 of the maximum of each
distribution function. (Heuer and Marsch 2007).

involves a linear kinetic mechanism such as Landau dampidgom-cyclotron resonance
absorption through the frequency-sweeping mechanism apialy declining magnetic
field (Tu and Marsch 1997, Vocks 2002).

Other possible scenario as "MHD cascade mechanism" canspengible the the
generation of ion-cyclotron waves. The high-frequencydégalotron waves may be gen-
erated locally through turbulent cascade of low-frequevieiD-type waves towards high
frequency ion-cyclotron waves (Hollweg 1986, Tu 1987, 1,988rsch and Tu 1990, Hu
et al. 1999, Hollweg 2000, Ofman et al. 2002). In the turboéescenario, the large-
amplitude, long-wavelength magnetic fluctuations, undergnlinear processes that cas-
cade their energy to successively shorter wavelengths.|&his to an ensemble of fluctu-
ations with a random phases and a broad range of wave vectgagating in the plasma.
This picture is well explained by MHD simulations in homogens, collisionless, mag-
netized plasmas (Biskamp and Miiller 2000) which satisfyctassical Kolmogorov pic-
ture of fluid turbulence so that the magnetic power spectaepproximately proportional
to k=53, this wave number regime is usually termed the "inertiagein

Turbulence magnetic fluctuations are subject not only tactiseade process but also
to collisionless damping in which some of the wave energgaissferred to particles. This
collisionless damping can be higher when the wavenurklietarger so that the wave-
length is comparable to the ion or electron inertial rangealled "dissipation range".
Although magnetic power spectral properties in the ineréiage are independent of the
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Figure 1.11: Plot of empirically derived temperatures amadwelocities. Upper panel:
electron (solid), hydrogen (dotted), and oxygen (dasheaiperatures, with neutral hy-
drogen and & in the corona, and protons and‘Qn the far solar wind. Lower panel:
proton velocities derived from mass flux conservation (slities), Doppler dimming ve-
locities for hydrogen (dotted) and oxygen (dashed), andtimemed (i, + Va) "surfing”
speeds (dash-triple-dot). The gray region denotes theerahgolar IPS speeds reported
by Grall et al. (1996).

cascade processes, the properties of the dissipation speg&a depend upon the damp-
ing rate. Also, the turbulence cascade usually leadéBly/B, < 1 in the dissipation
regime which allows to use the linear theory for describlmgdispersion properties.
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1.2 Coronal loops

Figure 1.12: Example of solar coronal loops observed by tledition Region And
Coronal Explorer (TRACE), in the 171A filter. These loops éxa/temperature of ap-
proximately 16K.

1.2 Coronal loops

1.2.1 Coronal loop observations

Coronal loops are often observed as isolated bright fluxsttihet can extend to altitudes
lower than one solar radius (see Fig. 1.12). Therefore @rtmops form the basic
structure of the lower corona and transition region of tha.Stihese highly structured
and elegant loops are a direct consequence of the twistadsalgnetic flux within the
solar body. The population of coronal loops can be direatlydd with the solar cycle, it
is for this reason the coronal loops are often found with patssat their footpoints.

The temperatures and densities of loops are found to varg\esisely on small scales
between adjacent loops (Aschwanden et al. 1999, 2000b, etesiz 1999, Brkog et al.
2002). Serio et al. 1981 proposed a hydrostatic loop moa#lding gravity, in which
they considered a semi-circle loop with a constant crossoseand assumed a constant
pressure along the loop with uniform heating. Their modebjots a steep temperature
profile that rises from the loop footpoints and increasesalibe transition to the loop
apex. The model was found to be consistent with the high-ezatpre loops observed
with X-ray instruments (e.g., Kano and Tsuneta 1996).

Most of the warm coronal loopS (=~ 1 MK) observed in EUV emission by TRACE
and EIT imagers, are over dense compared to what is expeatestatic equilibrium
(Aschwanden et al. 1999, 2001, Winebarger et al. 2003a)rastéady flow equilibrium
(Patsourakos et al. 2004). The discrepancy is reducedgbetiminated, if the heating is
assumed to be concentrated near the loop footpoints. Fortine, under the assumption
that the plasma is isothermal across its field lines, seweeitalors (e.g., Lenz et al. 1999,
Aschwanden et al. 2000b, Testa et al. 2002, Winebarger2d@R8a) measured the density
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Figure 1.13: (a) Temperature and (b) emission measure asdoa of fractional distance
along four loops: for loop (1) (plus signs), loop (2) (diamdsh loop (3) (triangles), loop
(4) (squares). They are compared with the hydrostatic loogetwith Tapex = 1.34x 10

K and uniform line-of-sight dept® = 10'° cm (connected asterisks). (Lenz et al. 1999).

and temperature profiles along coronal loops using data TTBACE and EIT on board
SOHO. Their results show that the warm coronal loops vidibkae extreme ultraviolet
(EUV) light are dense and have a roughly constant temperalong their segments (see
Fig. 1.13-1.14).

In contrast, from Fig. 1.15, hot loop$, > 2 MK (or often called SXR loops) ob-
served by Yohkoh are under dense compared to static equitibfKano and Tsuneta
1996, Winebarger et al. 2003a). Loops of intermediate teaipee observed by the SXI
instrument on GOES-12 have about the right density (Lopentas et al. 2004, Klim-
chuk 2006). This may indicate three physically distincssks of loops, perhaps heated
in completely diferent ways, but there is another possibility that unifiesréseilts into
a single picture. The over and under densities are relatéteteatio of the radiative to
conductive cooling timesrf/7.). Radiation and thermal conduction losses are compara-
ble in equilibrium loops (Vesecky et al. 1979), and therefitre cooling time ratio should
be close to unity for loops that are near equilibrium.

The isothermality assumption across the field has receatiy debated. Some works
had the conclusion that the cross-field temperature is lgwginstant. Using TRACE im-
ages and coalignement data from the Coronal Diagnosticti®peeter (CDS) on SOHO,
they found the similar features of warm EUV loops given ab(ee e.g., Cirtain et al.
2007, Landi and Landini 2004, Warren et al. 2008). Howewemes other observations
(see e.g., Schmelz et al. 2001, Martens et al. 2002) indibatea loop can have varying
cross-field temperature, which means that loops are cordpafsmany strands that are
heated dierently (i.e., diferent heating scales and heated &edént times).

1.2.2 Expansion of coronal loops

According the force-free models, the flux tubes of coronapbexpand with height lead-
ing to thicker widths at the loop top than at the footpointste end-points of the coronal
loop which are situated near the transition region) (see Klgnchuk 2000, Watko and
Klimchuk 2000). However, from the observations, it is shdhait loop widths of most of
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Figure 1.14: Ratio of observed densities to predicted diesshs a function of temper-

ature. If the observations agreed with static solutionsyafrbdynamic equations with

uniform heating, the points would lie on the solid line. Rumiht heating has the potential
to increase the density in a loop by a factor of 3 over unifogating; this is shown in the

figure panels as a dotted line. Apex heating has the poteatégcrease the density in a
loop by a factor of 2.5; this is shown in the figure panels asshed line, (Winebarger

et al. 2003a).

EUV and SXR loops does not vary too much, and the flux tubes aarall expansion
with height.

Klimchuk (2000) has examinated the widths (radius of cressien) of 43 soft X-ray
loops observed by Yohkoh (hot loops having temperature rinare 2 MK). He deduced
that the loop tends to be slightly (30 per cent) wider at their midpoints than at their
footpoints (see Fig. 1.15), implying less-than expectgaaasion factol” = Wiop/Ws =
1.3 (wherew,, andw; are the width at the loop top and at footpoints, respectjvéifhile
itis found that warm loops observed by TRAEEJV emission (in 171 A passbands) have
roughly constant widthg; ~ 1, (see Fig. 1.15-1.16).

The loop widths are determined from the straightened (sytmenexis of the loop),
background-substracted images and the cross variatiendity at each segment. The
loop width is defined as the second moment of the intensitfflerice.,

20 -]
o S, } R 1.3)
wherey is the mean positions = Y’ xli/ X, |;. Because the three-dimensional geome-
try of the loops is not known, it was attempted to eliminategible projection #ects by
selecting loops from a variety offiérent positions on the disk and at the limb. The hope
is that any suchféects would then average out statistically and not influehea¢sults.
The obtained results of small-varying loop cross sectianetrecently been confirmed
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Figure 1.15: Expansion factor (ratio of midpoint radius éotpoint radius) as a func-
tion of loop length. Stars and diamonds are for full- and-hafolution observations,
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by Lopez Fuentes et al. (2008) where they have shown thatstardrioop widths is not
an artifact of the background and the spatial resolution.
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1.2.3 Nanoflare model for coronal loop

In the most of the coronal loop models, a semi-circle gegyneith varying or constant
cross section is assumed for the bundles of the coronal rtiadiedd lines. Also, because
the plasma and magnetic field are frozen together (low-batdition is valid) and the
cross-field thermal conduction is weak relatively to theritied conduction driven by
electrons along the fields, it is possible to treat the sttand with 1D hydrodynamics
(HD) or magnetohydrodynamics (MHD) models to describe tlasrpa response to the
energy dissipated in the loop. Furthermore, often the mgfield is assumed to be
rigid and plays only a passive role by channelling the plaanththermal energy along
the field lines. Therefore, the loop can be treated as indalichagnetic flux strands being
mini-loops for which the heating and plasma properties ppraimately uniform on a
Cross section.

As we already mentioned, the coronal loops may have brofidreltial emission
measure distributions within their cross sections; ileeytare multithermal. Given that
heat transport is iffcient across magnetic field lines in the solar corona, thdgates
that loops are composed of multi-subresolution magneands. In most of the impulsive
coronal loop heating models, they suggest that each of thedst is heated impulsively
and at diferent times from its neighbours. Although each strand eshapidly, the
unresolved bundle that is the loop appears to change slawhpared to a cooling time
(Winebarger et al. 2003b).

The nanoflare heating is dating back to Parker’s idea (1988)imtroduced the idea of
the impulsive releases of roughly?@rgs of energy (some 9 orders of magnitude smaller
than large scaleflares). Parker’s mechanism is a part of @é&é&ating mechanism. He
suggested that the random, slow motions of the footpoirfieldflines in the photosphere
make the magnetic field in the corona entangled and braid&tharease its free energy.
When the angle between adjacent misaligned flux strandfiesax threshold, usually
related to the secondary instability (Dahlburg et al. 2QU®)5), current sheets will form
and via the reconnection, a thermal energy can be releasedhwnic dissipation. If
nanoflares now indeed energies of46rg, and if coronal loops contain a large number
of strands then the observed heating requirements of lonpBes that the repeat time
for successive nanoflares in a given strand must be longerateoling time. Cargill
(1994), and later Klimchuk and Cargill (2001) and Cargiltlddimchuk (2004) modeled
the properties of loops in the context of this basic framéwdhey found that nanoflare-
heated strands initially cool by thermal conduction andrlabol by radiation. The first
phase of cooling is characterized by underdensities vel#ti static equilibrium, and the
second phase is characterized by overdensities (Warrér2€02, Klimchuk et al. 2004,
Spadaro et al. 2003, Cargill and Klimchuk 2004).

This impulsive multistrands heating may explain the miuéirmality across the field
found by Schmelz et al. (2001). A critical aspect of this pietis that the nanoflare
repetition time is long compared to a cooling time. If it waignificantly shorter than a
cooling time, each strand would be in a state of quasi-statidlibrium (e.g, Walsh et al.
1997, Mendoza-Bricefio et al. 2002, Testa et al. 2005). Thidavbe the case if the loop
contained only a few strands, since the observed heatingrezgents imply a certain rate
of 10% erg nanoflares across the whole loop. The nanoflare modelrttplies roughly
constant cross-field temperature.
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1.3 Motivations and outlines of the present thesis work

For the reasons we mentioned in subsection 1.1.1, the beaftsolar corona seems dif-
ficult to be achieved via the the classical collisional tporstheory. Indeed, the gradient
scales in the plasma parameters need to be much smallehthareain free path that char-
acterizes the collisions in corona. This condition is dalyafar from the validity regime
of the magnetohydrodynamics (MHD) or hydrodynamics (HDjisTconclusion is further
confirmed given the temperature anisotropy and the prefatéating of heavy ions ob-
served corona. These observations provide a good indictté the plasma of the corona
is far from the local thermal equilibrium (LTE), thus its hieg cannot be described by
the collisional MHD or HD. Therefore, a kinetic approachatwing collisionless heating
mechanism is inevitably needed to describe the heatinglaf sorona. In such descrip-
tion the heating via ion-cyclotron resonance could be eziéefor the solar corona. As we
mentioned in subsection 1.1.2, the heating via ion-cyslotesonance may explain the
observed temperature anisotropy and preferential heatihggher coronal altitudes, and
the plateau formation found in the proton velocity disttibo function (VDFs) measured
in heliosphere regions.

In our present work, we focus on the collisionless heatingadér corona based on
the resonant and nonresonant wave-particle interactiesrithed within the quasi-linear
theory of the Vlasov equation. Here, the collisions areuded especially when we
deal with the lower corona, and they are evaluated kindficeling the Fokker-Planck
equation (Rosenbluth et al. 1957).

The thesis is organized as follows; In Chap. 2, we study tlatitng of a collision-
less plasma through the dissipation of oblique propagddisigion-cyclotron waves. The
damping is achieved via resonant wave-particle interastidn Chap. 3, we study the
heating of the corona by the collisionless dissipation wffeequency Alfvén waves (hav-
ing frequencies much smaller than the ion gyrofrequeacys ;). Then, Chaps. 4-6
are devoted to the coronal loop modeling, where a semi+kimeddel (time-dependent
model) is adopted to describe the heating along the loogherig these last Chapters,
we aim to produce the observed features of warm EUV and SXBnebtoops given in
Sec. 1.2.
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2 Proton heating by oblique fast waves

2.1 Introduction

Recent observations from the Ultraviolet Coronagraph 8peeter (UVCS) and Solar
Ultraviolet Measurements of Emitted Radiation (SUMER) aatd SOHO have shown
that the preferential heating and acceleration of ions,(exygen ions) occurs in the first
few solar radii of the high-speed solar wind (Kohl et al. 199&t al. 1998, Wilhelm et al.
1998, Cranmer et al. 1999c, Frazin et al. 2003, Telloni e2@07). Also, it is concluded
that not only do the oxygen ions flow faster than protons ateedmf 400 km & at
roughly 3 Ry, but also have a large temperature anisotropy at the sateacdés(see e.g.,
Li et al. 1998). These observed phenomena have revived tiegt in the energizing of
ions by the fast kinetic dissipation of the small-scale whekl fluctuations (in the range
of ion inertial length). It is believed that the dissipatioithese waves, in the solar wind,
via the ion-cylotron resonance mechanism may cause suctoptena. The acceleration
and heating of minor ions by ion-cyclotron wave absorptias heen studied in several
theoretical works (e.g., Cranmer et al. 1999b, Cranmer 2800weg 1999a,b, Li et al.
1999, Vocks and Marsch 2002, Bourouaine et al. 2008a). Hervavsitu measurements
have not indicated strong enough ion-cyclotron waves, éeitdas been assumed that
these waves are probably launched from the Sun and alreadgedhin interplanetary
space (see e.g., Tu and Marsch 1997, Marsch and Tu 1997, Li 8899, Heuer and
Marsch 2007).

Most studies of resonant heating of the corona and accieleratt the fast solar wind
have considered parallel-propagating waves. This linitatsideration is for the reason
of simplicities. However, it is intuitively reasonable tepect that high-frequency waves
can obliquely propagate due to several sources or proc#saesan generate oblique
propagating waves. For example, the phase-mixing meamatfiat could result from
the inhomogeneity across the magnetic field lines (e.gte¥b and Goossens 2000a,b),
forces the parallelly launched waves into oblique propagatAlso, magnetohydrody-
namics (MHD) turbulence in the Kolmogorov picture favoursaacade to high transverse
waves number (Cranmer and van Ballegooijen 2003).

The dissipation of the high obliquely propagating waveg.(&Kinetic Alfvén waves)
can strongly sfier from Landau damping at lower-frequencies (frequenciashress
than ion-cyclotron frequency) when the perpendicular waweber is approaching the
inverse of the proton gyroradius (see e.g., Hollweg 1999c).

In this chapter, we study the heating of the protons by th&obly propagating fast
waves. In Sec. 2.2 we establish the the linear dispersiatioal for a magnetized and
homogeneous plasma. In Sec. 2.3 we study the properties of the oblique fast waves
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2 Proton heating by oblique fast waves

propagating in homogeneous elecffmoton plasma. Finally, based on the quasi-linear
theory (QLT) for reduced velocity distribution functiongvetudy the energization of the
protons by oblique propagation fast waves via resonant ypavecle interaction.

2.2 Magnetized dispersion relation

2.2.1 General dispersion function

In the following section, we remind of the general wave kimelispersion relation of
linear waves that can propagate in a homogeneous and @oléss plasma in the presence
of a constant magnetic fiel,. In this study, we consider a vanishing external electric
field, Eq. The presence of the magnetic field produces an anisotrofheiplasma by
affecting the perpendicular particle motions through the htzréorce.

First we recall the famous Vlasov equation that describegtiolution of the velocity
distribution function (VDF)f of non-relativistic moving particles in collisionless ptaa

%+VV+—(E+V><B) )f(v,x,t):O, (2.1)

wherev andx are the velocity and the position vectogsandm are the charge and the
mass of the species, E andB, respectively, are the electric and magnetic field acting on
the plasma species.

After considering a linear perturbation for thefdrent quantities in the Vlasov equa-
tion (2.1), we get the following linear form of the Vlasov edjion

é+vV+ 9

ot

wheres f, 6B anddE, respectively are the perturbed quantities of respegtive velocity
distribution function (VDF), the magnetic fiell and the electric fieldE (with Eq = 0),
i.e,

dfo(v, x t)
ov

v>< Boai af(v, xt)_——(6E+v 6B). (2.2)

f o~ fo+of,
B ~ Bo+0B,
E ~ Eo+dE. (2.3)

The response of the plasma due to these perturbations esesged by the perturba-
tions occurred in the electric currefji, and charge densiij such that

Spe = qu f dPvsfs,
S
qu f dPwifs. (2.4)

Sincesf depends on the timé,and the six phase-space coordinates of the vegtors
andx, the left-hand side of (2.2) is the total time derivativeséfalong a particle phase
space orbit, and the right-hand side describes the charige dfstribution function along

9]
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2.2 Magnetized dispersion relation

this orbit under the féect of the wave field. Thus this equation can be written as

dgtéf(v(t),x(t),t) = —%[5E(X(t),t)+v(t)xéB(x(t),t))]

y O fo(v(t), X(t).t) ’

- (2.5)

and then the calculation éff needs an integration of the above equation over the time

ST (v(t), x(t),t) = —%ft dt’ [E(X(t'), ') + v(t") x 6B(x(t), 1'))]

-~ (2.6)

At this stage, the knowledge of the phase-space orbit ofatligles for all times
t' < tis required to evaluate this integral. This is not possiblg, within this linear
approach where the nonlinear terms are completely negleitts possible to consider
approximately the particle orbit when the plasmais in ifgenturbed state and only under
the dfect of the background magnetic fidsg. Then, the equations of motion of particles
that move under thefiect of an external constant magnetic field can be expresseis
of the gyrofrequency2 ,

V(1) ={v, cos[Q(7) + ¥], v, sin[Q(7) + ¥], v}, 2.7)

wherey is the initial phase angle; = t' — t andy; (v,) is the parallel (perpendicular)
component of the velocity vectarwith respect tdB,. The time integral of the velocity
equation (2.7) gives the position of the particle,

X(1) = x = QH{v, sin[Q(7) + ¢, —v, cos[Q(7) + ¢, v (7)} . (2.8)

Now assuming the plane wave form for the small perturbed ielceand considering
the Faraday’s law, yielding x 6E = wéB (wherek is the wavenumber vector andlis
the frequency ), then eq. (2.6) becomes

dfo(7)
ov(r)’

5f = —M. fm dre @ K@D ] (1 — k(7)) + kv] . (2.9)
Mw 0
By using the expressions (2.4) and (2.9) which connect beavlee linear current and
the perturbed VDF, it is possible to extract the linear catidity o of the magnetized
plasma from Ohm’s lawd{ = o-6E).
On the other hand, the general linear wave equation of theifiting electric fieldE
(with Eq = 0) can easily be obtained from the known Maxwell equatiomsiaigiven by

9%5E 6]
5t = ﬂo—J (2.10)

V26E-V(V.6E) — equo R

This equation is applicable to any medium with a linear resgao an applied field
fluctuation. Its left-hand side is independent of the preseari any medium and represents
the electromagnetic part. The response of the medium igded on the right side via the

29



2 Proton heating by oblique fast waves

conductivity tensor that connects the current with the flatiobn electric field.
The wave equation (2.10) can be then written in its Fouraargform as follows:

[(kz - i’—j)l — Kk —iwpoo(w. k)] SE =0. (2.11)

The nontrivial solution of this equation requires that tle¢edminant of the tensor in
brackets vanishes, thus yielding the general dispersiation

det[(k2 - %2) | = kKk—iwpoo(w, k)]

d t[kzcz(ll((lz - ) e(w, k)]
= detD =0, (2.12)

whereD is the dispersion tensor, aaf, k) is the dielectric tensor
i
e(w, k) =1 + —o(w, k). (2.13)
wey

From the Ohm'’s law and the equations (2.9) and (2.13) we extin@ expression of
the kinetic dielectric tensor in homogenous magnetizesipés:

Ioozﬂw

e(w.k) = [1 Z ps]l_gz noswz

ffvldedv”(lq‘af"s 'QS%)isS(V“V”)w (2.14)

oV vy avy ) kv +1Qs —

where the tensd®s has the form
IZQ§ Jz ilvligs‘]| ‘]I’ Wﬁ\]lz
Ss (V. V) = ""iQSJ JoOVIZ v, dy (2.15)

IVIL s J2 iviv, g Vﬁ‘]lz

and the Bessel function and its derivativlg, J; = dJ/dns, depend on the argument
ns = K.V, /Qs. Herew, is the plasma frequency, akgl(k, ) is the parallel (perpendicular)
component of the wave vect&rwith respect td,.

Notice that, when consideringB = 0O, only the dispersion of the electrostatic (or
longitudinaldE x k = 0) modes can be obtained, and the dispersion function diewpli
considerably.

2.2.2 Dispersion relation for a bi-Maxwellian VDFs
Now, assume that each species in the plasma is describeddokgrbund bi-Maxwellian:
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2.2 Magnetized dispersion relation

Nos (V\I - Us)2 Vi
fos(vi, Vi) = exp(— - , (2.16)
° - n3/2V‘h\|75V12hL,s Vt2h|\,s Vtzhi.s

wherevyy s, Vin. s respectively are the parallel and the perpendicular thiespesed defined
in terms of parallel and perpendicular temperaflife T, s as: Viy,s = (ZkBT”vs/m)l/z,
Vins = (2kaT..s/m)"?, andUs is the bulk speeds is the density of the specieas

The dielectric tensor given in (2.14) would take the follogiiexpression when con-
sidering a bi-Maxwellian unperturbefg (see Baumjohann and Treuman 1996):

€1 €2 €
e(w,k) =1+ Z —€p €51 — € —€s (2.17)
s € €s5 €s3,
where the components of the tensor inside the sum are given by
e(w,k) =1+ Z (ezeZ v Vg + — Z e"L|(n)] (2.18)
Vth. =

with ,
LA —ilca  Klp
L@ =| ilcA  FA 'k*ca , (2.19)

kol ik, (u) 10)
§rB -5CB B

wherel,(n) is the modified Bessel function depends on the argumerithe following
definitions are used:

K22
no= e
|2
= —||+27]||—27]||,,
n
C = I-1,
, d
i = d_nll(n)
_1nL-T
A= w T *
1 (w-kU-1Q)T, +1QT,
K Vi wT) Zoléi)
1 w-1Q
Bj = —(w-kU)+——R, (2.20)
! wk 4 ki

whereZy(;) is the known dispersion function which depends of the dyoloreso-
nance argument

—kU -1Q
=9 o (2.21)
K Vi

and the Landau resonance factor is determined by the cade=tllaThe polarization
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2 Proton heating by oblique fast waves

P of the waves can be defined as (Stix, 1992)

Ex wr

P=i——7,
Ey [ewr|

(2.22)

wherew; is the real part of the frequeney = w, — iy (y is the damping or the growth
rate). E,, Ey are the coordinates of the vector electric figftlalongx andy axis.

2.3 Oblique fast waves in electrofproton plasma

2.3.1 Linear dispersion analysis

We study the properties of the fast waves in an electromprplasma in thermal equilib-
rium. Both species have isotropic Maxwellian VDR, /Ty = Tg/Te. = 1, describing
the background state of the plasma. Here, we consider dgntvalectron and proton
plasma betas, i.e., a plasma with= 3, = 0.01.

By solving the dispersion relation from egs. (2.12) and&®.%everal plasma modes
could appear. Among them we only deal with the fast mode wbdaehd be relevant for
the heating and acceleration of protons. Here, we ignorpdksible mode conversion of
the fast waves with ion Bernstein waves than can occur inigilique propagation.

The top panels in Fig. 2.1 display the normalized real freqygao, /Qp, of the fast
waves propagating with anglés-= 20°, 40°, 60° and 80 as well as the corresponding nor-
malized damping rates,/Q,. In the right bottom panel of Fig.2.1, also the real and the
imaginary part of the wave polarization are plotted for tame branches. It is clear that
the fast mode is linear and corresponds to compressive Aifigv/es wherkva/Q, < 1
(va is Alfvén speed). At this limit, in the case 6f= 207, the waves are linearly polarized,
while the waves tend to be more circularly polarizB&) ~ 1) whenkva/Q, ~ 0.8. For
the same propagation angle, in Fig.2.1b the damping rateeofiodes is weaker, and at
certain values okva/Q, the damping is slightly enhanced. These valude/gfQ,, corre-
spond to the region, /Q, ~ 1 in Fig.2.1a, where the first harmonic cyclotron resonance
conditionw, = kv + Qp is fulfilled. Notice that the enhancement in the damping rate
is related to the enhancement in the imaginary part of theevgalarizationdm(P). For
the branch with propagation angle= 60° a second visible bump appears in the damping
rate and corresponds tg ~ 2Q,. This enhancement also corresponds to a second en-
hancement inm(P), while, a second enhancement in the damping raté fer20° does
not appear.

Fig.2.2 displays the snapshot of the the normalized realgpaine frequencyd, /Qp)

(left panel) and the damping ratg/Q,) as a function okva/Q, (right panel) and the
propagation anglé. It turns out that the first, second and the third harmonicqaly-
clotron resonance can help in dissipation of the fast modhe fifst harmonic cyclotron
resonanced, ~ Qp), which belongs to the regions closekien/Q, ~ 1 in Fig.2.1b, starts
occurring when the waves propagate with angles above 2iasi-perpendicular propa-
gations. However, the damping via the second harmonic tycloesonance;, ~ 2Q,,
which corresponds to the region wikiva/Q, ~ 1.5, is related to the waves propagating
with angles above 40 Furthermore, the strong dissipation of the waves haviegufenc-
cies (; ~ 2Qp) occurs wher® > 60°. The fast waves dissipation via the third harmonic
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Figure 2.1: (a) and (b): The normalized frequency and thenabzed damping rate, (c)
and (d): The real and imaginary part of the polarization. fijures plotted, vs. the
normalized wave vector fat = 20° (line), 6 = 40° (dotted-line),0 = 60° (dashed-line)
andé = 80° (dash-dotted line).

cyclotron resonancew ~ 3Q,) is very weak, and could be relatively strong only if
6 > 80 i.e., for quasi-perpendicular waves (see Fig.2.2b WhapQ, ~ 2.7).
Notice that the damping of the fast waves having nonresdneqienciesqw, # 1Q,

(I = 1,2,3) shown by red colore in Fig.2.2b, primarily comes from #&i@e Landau res-
onancew; = KV Within the domain of these nonresonant frequencies, baitop
Landau and cyclotron damping are negligible. This is beeaimsiow3, the proton ther-
mal velocityvin , < Vpn, Which leads to the inequality; > kv, , (wherey, ; is the proton
velocity). Hence, proton Landau resonance condition wowlidbe fulfilled. However,
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2 Proton heating by oblique fast waves

due to the smallness of the electron mass relatively to thmpmass, the electron ther-
mal speedvne > Vinp When the thermal equilibrium condition is satisfi€tt (= Tp).
Therefore, electron Landau resonaftwe ~ kv ¢) might be satisfied, then the dissipation
of the fast waves can be achieved via electron Landau damping

The damping of the fast mode by electron Landau resonanceis Hficient for
oblique waves having, 20< 6 < 80°, and then starts to decrease dramatically for quasi-
perpendicular waves (see Fig.2.2b). Moreover, the eledtandau damping of these
waves is proportional to the normalized wave numbgyQ,. There is no dissipation of
the parallel and quasi-parallel fast waves neither viagoralyclotron resonance nor via
Landau damping.

Notice that for highly obliquely propagating fast wavestwit> 75°, the fast waves
could convert into ion Bernstein waves. Hence, they al$tesfrom a first, second and
third harmonic proton cyclotron absorption (see e.g., ld Blabbal 2001). The enhanced
values of the imaginary part of the wave polarization{P) displayed in Fig. 4.3, corre-
sponds to the enhanced damping rate in the regions whendtenmyclotron resonances
take place as shown in Fig.2.2b. In the regions wia@) ~ 1 andIm(P) is small, the
waves are right-handed circularly polarized.

Before we discuss the heating of the protons via thefudion by fast magnetosonic
waves in the next section, we reiterate some of the basidiegsan the diusion of the
ions in general dispersive waves within the quasi-lineaoti framework. In our analysis,
we rather deal with the ffusion equation for reduced VDFs proposed by Marsch (1998,
2002) to compute the fierent fluid moment parameters.

2.3.2 Quasi-linear theory for reduced VDF

A detailed description of the QLT has been given in the textkdsdy Stix (1992). QLT
is quadratically nonlinear in the coupling terms betwees plasma distributions and
wave fields fluctuations. However, in this theory, still tirgebr wave dispersion with
slowly time-varying VDFs and power spectrum density (PSDysed for the wave field
fluctuations.

The general quasi-linear filision equation that describes the evolution of the usual
VDFs , f(v,Vv.,t), of a homogeneous and magnetized plasma under the influerace of
ensemble of fluctuation modes with indik is given by

fs v 1 19 _ afs
DWW [Cadls (ms(k,l,vbvu) 6@), (2.23)
where the gradient of the pitch-angtes
o 9 wu(k)) o
da =V 6V” (V“ k” 6Vi. (224)

By is the power spectrum density (PSD) normalized to the backat-magnetic field
energy density, and the ion-wave relaxation rates defined as

va(k v, vy) = 16(wm(k) - sQs - k)
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2.3 Obligue fast waves in electrgmoton plasma
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Figure 2.2: Snapshots showing in colour coding the norredlfrequency (left panel) and
the normalized damping rate (right panel) as a functionefithrmalized wave vector and

the propagation angle
2
wm(K) — Qs

K ,(2.25)

% (Jsl(U)Ea +Jsa(mEy) + ( ) Js(m)Ewmz

wheren = % and the left (right) handed components of the wave poladratector,
E*(E"), are defined by

E* = E, +iE,. (2.26)

Note that, the pitch-angle designates the angle between the vector velocity and the
mean magnetic fiel®8, in the wave frame of reference. Therefore, the vanishingef t
angle gradientd/da) leads to the so-called quasi-linear plateau formationrelhethe
plasma relaxes in its steady state. Also, in the case of #8]ale VDFs saturates and its
evolution switches fd when the bulk speed of the species reaches the phase speed.

In the following, we demonstrate thaffflision equations for the reduced VDFs in the
moving frame of the specieshat can obtained from the generaffdsion eq. (2.23). The
k-th order reduced VDFs is defined as (Marsch 1998)

Fe(vy) = 27 f VL (v, v, ) dv,k=0,1,2, ... (2.27)
0
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Figure 2.3: Snapshots showing in colour coding the real(fedt{panel) and the imaginary
part (right panel) of the wave polarization as a functiornefhormalized wave vector and

the propagation angle

Here, the parallel velocity is shiftedy — v — Us in order to express the fiierent
equations in the moving frame of the specied;rom the first two reduced VDFE, and
F,, it is now possible to obtain all the relevant plasma fluidapaeters. By integration
of Fo over various powers of; we get the particle density, drift velocity Us parallel
temperatureT, and heat flux. Considering also the moments-gf the perpendicular
temperaturd , and the perpendicular heat flux component can be obtained.

The difusion equation of the two first reduced velocity distribotfanctions can be
calculated by taking the corresponding moments of thi@sion eq. (2.23), i.e.,

OFo(vi) _ Zﬂf dv of (Vn,Vu t) (2.28)
0t J. J. E) .
OF(v) 3f (v”,vi, )

By inserting (2.23) and integrating over, the evolution equation d¥o(v;) andF(v;)
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2.3 Obligue fast waves in electrgmoton plasma

take the following general form

T (P - AR, (230
T - o (u)"F;V(‘V”))—zaivl‘(A*(vH)Fo(vn»
A ) A - HOFot) (2.31)

whereD, A* andH respectively are the flusion, acceleration and heating fogents.
These reduced VDFs forms given by (2.30) and (2.31) are médagssuming (v, o) =
f(c0,v,) = 0, and also vanishing derivative at infinity such t|gdt/ov,|,, - = 0.

In order to explicitly extract the forms of theftlision operatorsD, A* andH, we
simply chose the typical valuey,, for the perpendicular velocity, , in the relaxation
rate. Then we have

Ds(VH) o0 dl& k I Il
oy | e .t 2.32
Hs((\\llll‘\)) ZM: |:Z;o (277)3 f mYs( i) |£s ( )

where
vs(k, V) = mQ%8(wm(k) - sQs - k)

2
e e (20972

. (2.33
i (2.33)

e

with 77 = K
Note that for higher order reduced VDFs wikhy 1, a Gaussian approximationin
is assumed, which allows us to introduce the following cteselations:

F) = K (v ) Fav), k=2.3,4,... (2.34)

Now, it is possible to calculate the acceleration and hgatites. Then the first mo-
ment gives the bulk acceleration:

S
Oy - f dvivg ;E"“), (2.35)

and the second momentle§ and zeroth moment d¥, give the parallel and perpendicular
heating rates:

= oF

%thu _ f dy? °(V”), (2.36)
oF

%V?m = f dvi—— (V”) (2.37)

By performing these integrations overafter inserting the diusion operators given
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Figure 2.4: Snapshot showing the first harmonic resonanweian as a function of the
normalized wave vector and the propagation adgle

by eq. (2.32) into equations (2.35), (2.36) and (2.37), thal forms of the dferent rates
are (Marsch 2001):

[3%5:] - o [ omaofg]

ot Vthi,s
x > Re(kl)

j=—co

ky
2 (2= — Uy ] (2.38)

S

These rates are expressed in terms of integrals over theatiseth PSD and sums over
the mode numbeM, and resonance harmonic numbend the resonant functiofs(k,!)
which depends on the wave numikeand on the reduced VDHRg5(v) andF,s(v;) such
that

2

I ' (Je-1(DE + Jea(DEw) + (M)Jsm)em
|
1Q 9
X (EFIS—Z)—VFLS)L_WUS. (2.39)
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Figure 2.5: Snapshots showing the second harmonic (lett)tlind harmonic (right)
resonance function as a function of the normalized waveoveatd propagation angte

2.3.3 Proton heating by oblique fast waves

Now we investigate the heating and the acceleration of thops through the éiusion

of these latter by the oblique fast waves studied in subse(#.3.1). For this purpose, we
compute the dierent rates given by eq. (2.38). Here, we approximate thigiegproton
VDFs by a bi-Maxwellian, with/y andvy,, being the parallel and perpendicular thermal
speed of the proton. Hence, the general expressioRg(af) andF(v,) as obtained from
standard bi-Maxwellian VDF$(v;, v,) can be computed from eq. (2.34),

No (VH_U)Z]
Fo(v) = exp|— s 2.40
o(vi) v p( 27, (2.40)
_ Mo ﬂ _(VH—U)Z
Faw) = =1 ex[ T, ] (2.41)

From these expressions, the harmonic resonance functiomecexplicitly computed,
and is found to depend also g, andv,, in addition to the wave polarizations and wave
frequencyw, i.e.:
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2
Rk = @55 | (G ()E} +Js+1(n)EM)+(M“'QS)JS(n)EMZ (2.42)
|
wu(K) - 1QsVe, 19 (__ wm(k) - 195 2] 043
X[ Kvey  Vina +anthu]eXp 2( KV ) ' (2.43)

where the integer numbéis related to the harmonic proton-cyclotron resonance ieond
tion, w; — kv, — 1Q. Due to the exponential term this function is very small fivtwalues

of k except close to the domaik, @) when thel harmonic proton-cyclotron resonance
condition is fulfilled.

Atinitial time, t = O, the electron-proton plasma is assumed to be in equilibriate s
(the VDF is a Maxwellian) withvyy /Va = Vin, /Va = VB With 8 = 0.01 The initial plasma
is at the same conditions for which the fast-wave dispersi@omputed (see subsection
2.3.1).

Fig.2.4 and Fig.2.5 show the numerically computed resomdnoctionfRs(k,l) at
t = 0 plotted forl = 1,2,3 . It turns out that the resonance function does not vanish
only near those regions &f/»/Q, where resonant interactions are taking plages 1Q,,
i.e. the harmonic resonance function computed via quasatli theory reflects the same
behaviour of the linear damping rate as plotted in Fig.2R2bwever, in the case of the
harmonic resonance function only the wave-proton int@astare considered, and it
turns out that the harmonic resonance functionlfer 1,2 and 3 describes the possible
wave-proton interactions via first, second and third haimproton-cyclotron resonance
as shown before in Fig.2.2 in the case of linear wave analysis| = 1 (see Fig.2.4),
only oblique waves having propagation angles betweena#@ 80 contribute to the
resonance functiofRs, and waves propagating with angles above déntribute to the
second harmonic resonance function (see Fig.2.5a). Forthe,Fig.2.5b displays the
third harmonicRis, which shows the contribution of the quasi-perpendicidat fvaves to
the heating and acceleration of the protons.

Notice that, wher = 0, the resonance functidRs ~ 0, which means that the contri-
bution of proton Landau damping in the heating and accéteraif protons is negligible.
However in the case of electror¥s(l = 0) would more or less contribute in electron
diffusion, since electron Landau damping is considerable fiquédy propagating fast
waves as indicated in subsection. (2.3.1).

The heating and acceleration rates can be computed oncetimalized PSD, such
that By (k), of the branch is given. Here, we estimate the heating ratsechby a
monochromatic wave with propagation angleln our calculation, the power-law form
for the normalized PSD is assuméﬁm(k) = a/k, wherea is a constant dimensionless
parameter, and the normalized wave number kva/Q,. Here, to compute the heat-
ing and acceleration of the proton species by the obliquefages, we approximate the
evolving VDFs to a bi-Maxwellian in whicly, vin, andU are self-consistenly updated
from the difusion equation (2.38) at each time step. Also, within thestewolution in-
terval, we assume that the fast wave dispersion is slowlyivarin time, therefore, the
dispersion of the waves is evaluated at larger time step.

In our calculation we have used normalized parameters suchranalized frequency,
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w = w/Qp, normalized proton parallel and perpendicular sp&gd,= Vi, . /Va, NOrmal-
ized proton drift speed) = U/vja, and finally, the &ective normalized timer = aQt.
Also, we denote b®), , = 6V|ﬁi /o7, andU = dU /dr, respectively, the normalized parallel
(perpendicular) heating rate, and the normalized acd&ereate.

Fig.2.6 and Fig.2.6 respectively display the evolutionte hormalized bulk speed
and perpendicular proton thermal speed as a function of tbpagation angle of the
fast waves with respect to the mean magnetic figjd It turns out that the fast mode
heats perpendicularly the protons, since the heating ipdnalel direction is very small.
Therefore, the waves produce an anisotropic proton teriperwith a preferential per-
pendicular heatingT(, > T;). Furthermore, the waves can also accelerate the protons
from zero bulk speed to a value of aboudD/y whent ~ 1. If we assume that the nor-
malized PSD is about 1, then the proton can be heated roughly by a factor of two
within timet ~ %.

The oblique propagating waves with,°4& 6 < 80° have a large impact on the
heating and acceleration of the protons. However, paragks have no influence on the
diffusion of the proton, and a negligibl&ect of the fast waves havirgless than 20on
the proton difusion. Fast waves propagating with 809 < 65° heat the protons more
in the perpendicular direction, and strongly acceleragepitoton in the direction of the
mean magnetic. The heating and the acceleration of therma@omes primarily from
the first and the second harmonic proton cyclotron absarptitowever, the protons are
less energized by waves propagating véithelow 25 since, the first resonance function
Re(k,l = 1) <« 1 within the domain of those waves.

2.4 Conclusion

In this chapter, the linear analysis of the wave dispersiomagnetized homogeneous
and collisionless plasma is adopted to study the obliquesfases (waves having phase
speed/y, > Va). This approach can be applied to the outer corona and satdrmedium
where the Coulomb collisions are negligible and the wavegnéensity is smaller than
the background magnetic field energy density.

In this study, it is shown that the dissipation of the fast moén be achieved via the
three first harmonic proton-cyclotron resonandes1, 2, 3. Furthermore, the dissipation
of the fast mode via electron Landau resonance is consi@gei@obliquely propagating
waves, while the damping via proton Landau is negligible.réboer, only fast waves
having propagation anglé, > 20° can dissipate. The dissipation of the fast waves via
the third harmonic proton-cyclotron resonance can be geHi®nly in case of quasi-
perpendicular propagation. The heating and the accederafi the protons by the fast
mode is described by the quasi-lineaffasion theory of the reduced velocity distribution
function, where it is shown that the protons are more heatedhacelerated through the
dissipation of the fast waves propagating with angle clos£t.
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Figure 2.6: Snapshots showing the normalized proton doiged (left panel), and the
normalized acceleration rate (right panel) as a functiothefnormalized time and the
propagation anglé.
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3 Onthe dificiency of nonresonant ion
heating by coronal Alfvén waves

3.1 Introduction

Low-frequency waves in the solar corona have for decadessiaedied using fluid theory
(see, e.g., the recent review by Ofman (2005), and often pemosed to heat the corona
via collisional dissipation, and to accelerate the solardAy the wave pressure-gradient
force. However, Coulomb collisions are rare in the solapnarand wind, and thus can
not dissipate wave energy close to the sun (below the somit)day classical transport
processes. Much less work has been done by employing kitheticy. Recently, using
the well known quasilinear theory (QLT) of weak plasma miarbulence in a novel
approach, Wu and Yoon (2007) showed that wave-particlegotens can lead to proton
heating by low-frequency Alfvén waves (i.e., by waves hguinuch lower frequencies
than the proton gyrofrequency) that interact nonresopavith the protons in a strongly
magnetized collisionless plasma. Their analytical resalko appear to be consistent with
the conclusions previously reached by Wang et al. (2006)Lartlal. (2007) using test-
particle simulations.

Here we will show that this nonresonant heating, which ceparpendicularly to the
mean magnetic field, may be relevant for the heating of cdrioma. Thus our finding
may alter the widely spread opinion that the ion temperadaigotropy observed in coro-
nal holes (see e.g., Kohl et al. 1997, Frazin et al. 2003) imeistconsequence of resonant
ion-cyclotron wave absorption. These important remotesisg observations support the
idea that heavy ions are perpendicularly heated by cyaiagsonance. Furthermore, in-
situ observations in the solar wind lead one to believe thagtiy resonant diusion in
the ion-cyclotron-wave field causes the observed plateaundion in measured proton
VDFs (Heuer and Marsch 2007). All these phenomena can weléberibed using tradi-
tional QLT, if the wave amplitudes arefSiciently small, as indeed can be assumed in the
corona. Results have been successfully obtained with pipioaimation, e.g., in coronal
funnel by Vocks and Marsch (2002), to explain the prefegdiiteating of heavy minor
ions like & and Fé%*. More recently, this approach was used also to model thenter
structure and extrem ultraviolet and X-ray emissions oboat loops (Bourouaine et al.
2008a,b).

This Chapter is oganized as follows: In Sec. 3.2 we presenesecent observations
of coronal Alfvén waves. Then, in Sec. 3.3 we mention somenetheories on the
heating by low-frequency Alfvén waves. In Sec. 4 we brieflgaie these interactions
within quasi-linear theory. Then a parametric study of trelieating and some numerical
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results are given in Sec. 3.5. In Sec. 3.6, we study, inctu@ioulomb collisions, the
application of the wave heating mechanism to the lower cardtinally, we summarize
the obtained results in Sec. 3.7.

3.2 Observation of Coronal MHD Alfvén waves

The Alfvén mode is an incompressible transverse oscillati@at propagates along the
magnetic field lines. Researchers realized that Alfvén waeeld transport energy from
the oscillating turbulent solar photosphere into the sotaona, and thus, they might
dissipate in the plasma leading to the coronal heating.

Alfvén waves have been detected through in-situ measursnrethe solar wind for
several decades (Tu and Marsch 1997). However, their ados@min the solar corona has
been lacking for two reasons. First, Alfvén waves are nabigsas intensity fluctuations
since they are incompressible, and therefore the inteimsitagers used for coronal ob-
servations cannot detect them. Second, velocity fluctogiiaferred from Doppler shifts
emission lines require spectrograph or narrow-band grafgn fneasurements. Then,
in most of observational works one used spectrographs #matat observe over a large
enough field and with a cadenceistiently high to resolve the wave frequencies.

More recently, using the F& 1074.7 nm coronal emission line with the Coronal
Multi-Channel polarimeter (CoMP) instrument, Tomczyklef2007) have detected ubig-
uitous upward propagating waves, with phase speeds of 1 tm&fpropagating parallel
to the magnetic field as it was inferred from the linear paktion measurements. These
waves have been observed in the corona at altitudes betw@gradd 1.35 R, Fig.
3.2, shows CoMP solar observations. A Fourier analysis efrégion of bright active
region loops shows an enhanced, broad peak in the powerspeof velocity fluctua-
tions centred at 3.5 mHz (5-min period) with a width of about 1 mHz. However, no
peak appears in the corresponding power spectrum of ityehsituations or line width.
The authors concluded that this result, besides the célonlaf the phase speed and the
almost zero propagation angle with respect to the magnetit hich is inferred from
the linear polarization measurements, are a good inditéliat these waves are incom-
pressible Alfvén waves having phase speed much larger teasaund speed-(2 Mm
sh). It is also shown that the nonthermal component of coromassion line widths is
typically~ 30 km s

Oscillations with 5-min period are not surprising becausettlations in the corona
with periods near 5-min have been widely observed as aooostillation modes origi-
nating from the escaping photospheric 5-min acoustic lasicih (p modes) into higher
layers via interactions with surface magnetic field.

More recently, Alfvén waves have also been observed by Deidoet al. (2007).
The authors used images of high temporal (5 s) and spati@libon the sun) resolution
obtained with the Solar Optical Telescope (SOT) on board#@ipanese Hinode satellite to
reveal the existence of Alfvén waves in chromosphere andil@erona. These observed
waves have strong amplitudes on the order of 10 to 25 #naisd periods of 100 to 500
s. By analysing several times series of chromospherig Ealine (3968A), it is found
that the chromosphere is dominated by a multitude of thinQ Rt wide), dynamic,
jetlike extrusions called spicules (see Fig. 3.3) that @ath heights between 2 and 10
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Figure 3.1: The CoMP observations of time-averaged intg&), Doppler velocity (B),
3.5-mHz filtered Doppler velocity (E). (D) SOHBIT 19.5-nm image averaged over the
same time. Dot-dashed lines are representing distancesud 25 percent of of solar

radii. Tomczyk et al. (2007)

Mm. Many of these chromospheric spicules undergo substargnsverse displacements
on the order of 500 to 1000 km during their short lifetimes 0ftd 300 s. It shown that,
some longer-lived spicules undergo oscillatory motiondiiraction perpendicular to their
own axis (see Fig. 3.3a), with the displacement varyingsirdally in time with a period
of 3 min. Since the the spicules are formed at heights whergldsma-beta is small,
they outline the direction of the magnetic field. As a resthiese transverse oscillatory
motions to the long axis of spicules implies the presenceagss@ge of Alfvénic waves
motions. Also, these waves could be interpreted as MHD kirdkle waves.

By taking the value of the observed nonthermal velogity~ 20 knys, the spicule
mass densityy = 2.2x 10711 to 22x 107 kg m3, and spicules magnetic fiel@s~ 1073,
the estimated energy flux of these waves in the chromospb&e=ip < 6V> > va = 4
to 7 kW nt? (with Alfvén speed that is taken between 50 to 20Q®mThis energy flux
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Figure 3.2: Fourier power spectrum of the Comp Doppler vglotblue), intensity
(green), and line width (red). The Gaussian filter appliedhi@ analysis (dot-dashed
black line) and the average power spectrum of intermediedes® photospheric oscilla-
tions (solid black line). Tomczyk et al. (2007)

carried by these waves indicate that such Alfvén waves aegyetic enough to accelerate
the solar wind and possibly to heat the quiet corona.

3.3 lon heating by Alfvén waves (test-particle simulation)

Using test-particle simulation, (Wang et al. 2006, Li et2007) demonstrate that the
ions can be heated by Alfvén waves (having higher frequertbn the observed Alfvén
waves) via nonresonant nonlinear interaction. Thus, ihase that the lower the plasma
beta value, the moreffective is the heating process. Furthermore, the authomesho
that the heating of ions is more prominent along the permerai direction.

Their simulation is based on the 1D equation of motion of diglarunder the ffect
of a constant magnetic fiel&, = Boi,, and parallel propagating Alfvén waves, i.e.,

m% = q[6Ew +V X (By+6Bw)], (3.1)
dz
a = Vg (32)

with the wave electromagnetic fieliE,, andsB,, are chosen to have right-hand circular
polarization:

6By = Bk(COS¢kiX+Sin¢kiy), (33)
v B
SEy = _?AEZ X 5By, (3.4)
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Figure 3.3: Example of the transverse displacement of aigpi¢A) the intensity as a
function of time (represents the bulk motion) along the igphatit (in Mm) shown by the

white line in (B) to (F). This motion is consistent with theopagation along the spicule
of an Alfvén wave with a large wavelength4 Mm). (B) to (G); A time series of Ca Il H

3968 A images from the Hinode SOT (movie S1), and the white $inows the extent of
the transverse displacement of the spicule (black gui@d.libe Pontieu et al. (2007)

where(ix, iy, iz) are the unit vectors, angk = k(vat — 2) denotes the wave phase.

When a lowg is assumed and by considering Alfvén waves having freqesneing-
ing between M1Q, < w < 0.05Q,, i.e., the wave frequencies are much lower than the
proton gyrofrequency,, it is shown that the protons can be heated along the perpendi
ular direction with respect to the direction of the mean neigrfield, Bo. The amount
of energy transferred to the protons is proportionals®?,/ |B|3 which is the averaged
energy content of the Alfvén waves normalized to the magregtergy density.

Fig. 3.4 displays the scattered test particles inhev, plane at diferent time evo-
lution and for input paramete(ﬁBfJ/Bz, vm,p/vA) = (0.05,0.07). In this plot the initial
particle velocities (af2,t = 0) are assumed to have a Maxwellian distribution with ther-
mal speedy,, which is less tharv, to ensure that the cyclotron resonance condition
cannot be fulfilled by the ions for these low-frequency Atiwéaves. Whemt = 7, it
is clear that protons are scattered more towards the pameaddirection. This means
that Alfvén waves can result in nonresonant pitch-angléescag of protons in low-beta
plasma. This process is morfieient for proton heating when the averaged wave energy
is large. Moreover, from Fig. 3.5, it turns out that as londresplasma beta is low the
wave energy canfkectively randomize the proton orbits, and this leads to éiddinetic
temperatures in the directions transverse than the amiagietic field B,.
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Figure 3.4: The Velocity scatter plots of the test particiéth parallel (\;) and perpen-
dicular (V.) velocity components (normalized to the proton thermakspeatQt = 0 (a)
andQt = 0t (b) for input parametersiBZ /B2, v,/va) = (0.05,0.07). Li et al. (2007)
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Figure 3.5: The temporal evolution of the parallel (a) andppadicular (b) kinetic
temperatures normalized to their initial valuEs both plots are for input parameters,
(6B2/B2,vp/Va) = (0.05,0.07),(0.12 0.07),(0.05,0.35) and (012 0.35). The results
are represented by the solid line, the dots, the dash-dotsthe dashed line, respec-
tively. The analytical results are indicated by the hortabrshort lines for the cases
(6B2/B2,vp/va) = (0.05,0.07) and (012, 0.07). Li et al. (2007)

3.4 Nonresonant wave-particle dfusion

Following the work of Marsch (1998, 2002), Vocks (2002), &odks and Marsch (2002)
we derive below the dierent difusion-type operators for the nonresonant wave-particle
interaction terms in the kinetic equation. Starting posthe quasi-linear theory (see
equations of the previous chapter) for a homogeneous magdgilasma. In the case of
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parallel propagating dispersionless Alfvén waves, thisatign can be written as

afs lf |5E|§(c|<)2 Vi a( af,-)
Sos | deak () ——— 2 2 (v, =1, 3.5
ot 2 Bé Wy (wkiQS_kw)z.}.y&a(l * da (3.5)

with the gradient of pitch-angle fliusion is defined in eq(*), and the the spectral energy
density of the electric fieltbE[Z = (va/C)?|6Bl?; y« is growth rate.

In the case of resonant quasilinedfasion theory, the factor [(a)k +Qs— k\4|)2 + yﬁ]_l
can be approximated bs(wy = Qs —kv)) in the limity, — 0. However, for Alfvén waves
in low-B plasmas the inequalitieQs > wi > kv, andQs > i, apply which means that
the conditions for resonant interaction is not satisfiediasttad we have:

Yk Yk
D ———— I 3.6
(ct Qs—ky)’ +92  QF (2.6)

By inserting this equalitity into eq. 3.5, we get

afs 8 (16BE\ o ( of
a ‘fdk4at( B2 )da\" da @7)

In deriving the above equation we have made use of the ewalatjuation for the spectral
wave energy density, i.e.yR6BI2 = 9 |6B2 /ot.

Then, in the nonresonant limit, thefiilision operator for non-dispersive Alfvén waves
can be written in a concise nonresonant form as

ofs 1 0 ofs
== = (v,—2|, 3.8
ot Av, da (VL 6(1) (3:8)
wheret = fdkBi/BS is the integrated wave spectrum normalized to the energgityen
of the mean magnetic field. The variahiglays the role of anféective difusion time.
This parameter has an upper limit, which should not exceealwe\of say M5, in order
to stay within the quasi-linear regime and fulfill the regmirent of perturbation theory.

Here the treatment is not fully self-consistent in the se¢haethe Alfvén waves are
assumed to be excited by an external source (e.g., a beanglofhergetic ions) and
propagate in the plasma. Here we do not study the mechanamdhld generate these
waves with growthyy.

In what follows we make use of the approximations made by ba($998) for the
diffusion equation and integrate equation (3.8) over the pédipelar speed. At this stage
we therefore have to define tht@-order reduced VDF as follows:

Fi(v) = 27rf V3 (y,v)dv, 1=0,1,2,..... (3.9)
0
Relevant plasma parameters (e.g., density, temperatmdsheat flux) can be obtained
from Fo(v) andF(v)). Generally, for any waves propagating parallel to the nreag-

netic field, the combined ffusion equations for the two reduced VDFs can be written
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(Marsch 1998) in the compact form:

oF,
7"0 = ( ji( n) av‘ —3—W(A+(Vu)':10) (3.10)
oF,
71'1 = ( i (Vi) Bv‘) ZB_W(A (Vi) Fja)
A ) (M = Hi(u)Fjo. (311)

whereD;, A7 andH; respectively are the filision, acceleration and heating fiogents.
In the case considered here of nonresonant wave-parttel@ations, by using equations
(3.8),(3.10) and (4.11) , these dbeients simplify and readd; = 3, A* = +3(va—v;) and
Hj= ——(vA vj)2. Similarly to the resonant case, here thﬁuhlon process also switches
oﬁ” when the pitch-angle gradient in the wave frame of referefacgshes. Furthermore,
the heating and acceleration cease when the particles’ ahéfarspeed parallel to the
background field matches the Alfvén speed. This final statemoabe reached, though,
since the averaged normalized wave energy (varighkeusually finite. Thus for a given
value ofr, the achievable heating as well as acceleration of the idihbevimited.

If the collisions between the filerent ion species have to be taken into account (e.g.,
when we deal with the lower corona), the Coulomb collisiamtéas to be added to the
diffusion equation (3.5). Within the approximation of the restli&/DFs, the Coulomb
collision term has in detail been calculated and evaluayedloks (2002). The dfusion
equation now includes the sum of the wave-particle termrging3.8) and the Coulomb

collision term:

OF; OF; OF;

e R e L (3.12)
or or wp 0t Jeg

3.5 Heating of a collisionless multi-ions plasma

In the following parametric study, we discuss what is reeghiior an dicient ion heating
via nonresonant wave-particlefilision without collisions. We consider a multi-ions,
magnetized and homogeneous plasma, which consists ofngrob@lium and oxygen
ions H&* and G* (with the abundanceNye/N, = 0.1 andNo/N, = 10°%), and assume
non-dispersive Alfvén waves propagating parallel to theymegic field. Since we are
interested in the nonresonant wave-particle interactitmeslow-frequency Alfvén waves
are assumed to have frequendigs < wy < Q;. Also, since the plasma is assumed to be
homogeneous on scales smaller than the density scale Jéngth/(dn/ds) (with spatial
coordinates), the frequency range of the waves is limited by the inedqyali/L < wx <
Q, e.g., at lower heights in the coromg/L ~ 1 s, and the proton cyclotron frequency
Q, could reach some 1@ for a field B, of several gauss, argk| can have values below
1st

At the initial value ofr = 0, which corresponds to no waves propagating in the plasma,
all species are assumed to have the same initial temperagure 0.2 MK (with initial
proton thermal speedy,), and a Maxwellian velocity distribution. Thefflision of the
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3.5 Heating of a collisionless multi-ions plasma

ions by Alfvén waves is connected to the evolution of the aged wave amplitude. Here,
we assume that the normalized wave enearggnges between.@ and 005. Within this
interval, the QLT is still valid, as the wave amplitude istmiently small.

The numerical results for the heating profiles of the ion E=eare plotted in Fig. 3.6
for plasmaB = 2 x 102 and 26 x 10°%. It turns out that heating of the ions up to tem-
peratures of¥ 1 MK) is in fact possible via nonresonant wave-particleriatéions. This
heating requires a relatively large averaged wave amgiamtl a small plasm@ since
the heating mainly depends on thé&eiential speedvi — v;) in the difusion codicients,
which can be high in very-low-beta plasma ¢ v;).

In accord with the results obtained by the test particle &timns (Wang et al. 2006,
Li et al. 2007) shown in Fig. 3.4 and 3.5, our Fig. 3.6a,b shioat the all ion species
sufer strong perpendicular heating. In Fig. 3.6c,d, the arapgtratio is much larger
in case of Gf, which can reach up to 35 when the normalized wave amplitside its
maximum valuer = 0.05 ands = 2.6x 10°3. A smaller anisotropy will be achieved when
the waves interact with a lighter ion species, such as psaod helium ions. The protons
are hardly heated up when the plasfiaabout 102 (see Fig. 3.6b). This is so even when
the wave amplitude reaches maximal values. However, thgesxions can beficiently
heated, and their perpendicular temperature can exceed Wi the normalized wave
amplitude obeys > 0.01.

The preferential heating of heavy ions can clearly be seémeimesults of our study.
Fig. 3.6 shows that the ion temperature is proportional éovtave amplitude. A closer
inspection of the numerical values forfidgirent ions in Figs. 3.6a,3.6b reveals that the
temperature is inversely proportional to the plagtnand proportional to the mass ratio
m/m, (with m andm, being, respectively, the ion and proton mass).

Interestingly, this heating process does not involve tissigation, and is reversible.
Here the reversibility means that the temperature inceeasethe waves get amplified
and decereases when the waves get damped hayinggative. It might be that this
process will not a provide a real heating which is irrevdesibut rather gives an apparent
or pseudo-heating which leads to an apparent temperatatésthardly distinguishable
from the real temperature. This is still an open questioroef to deal with this situation.
But when the collisions are included (see next section)rélersibility can be broken
and this pseudo heating can turn to a real heating. In thewally, we simply adopt the
previous appelation which is "heating" when dealing with tlonresonant interactions.

The perpendicular temperature of the three ions, protdiyrheand oxygen ions are
plotted as a function of theflective time evolutionr and the plasma beta that ranges
between 10* and 10° (see Figs. 3.7,3.8). At a given beta value, one can cleagytse
linear dependence of the perpendicular temperature orffénetiee timer that represents
the averaged wave-energy. While, at a fixed value,dhe perpendicular temperature
of the species is inversely proportional to beta. Moreokag, 3.9 displays the ratio
(T./To)—1 of each species plotted as function of beta for severakgadr. As expected,
as long as the wave power is high, the rafig (To) — 1 increases. Also this quantity is
proportional to the ion mass and seems to satisfy the priopaiity relation {Ti . /To —

1) o« (r/B) x (m/my). These numerical results of nonresonant ion heating arsistent
with analytical ones obtained previously by Wu and Yoon @0®ho derived them for
the case of proton heating only.

The heating can be interpreted in terms of th@udion of the fullf and the reduced
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Figure 3.6: Various plasma parameters of the ions are plotte the left for3 = 2.6 x
1072 and the right fop3 = 2 x 1072, versus the normalized wave energy(a) and (b):
Perpendicular temperature normalized to the initial terafpee; (c) and (d): Ratio of
the perpendicular over parallel temperature indicatimgtiermal anisotropy; (e) and (f):
Normalized perpendicular thermal speeds; (g) and (h): Mdéized drift speed which is
the same for all ion species. Proton, helium and oxygen peterhare represented by
solid, dotted and dash-dotted lines, respectively
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3.6 Heating of the collisional lower corona

(Fo, F1) VDFs. The two reduced VDFs of oxygen ion are plotted in FiglO3for beta
valueg = 2.6x 1073, The solid-line in this figure represent the initial redugcndF; at
7 = 0, after a time designed hy= 0.035, the two reduced VDFsftlised and represented
by the dot-line in the figure. It turns out thig hardly evolves, whild-; is more difused
by Alfvén waves. The diusion process acts mainly on the ions with negative velocity
since the Alfén waves propagate along the direction of thammeagnetic field. For
negative value o¥ the heating dtusion operatoH increases, consequently théfdsion
of F; (which determined . ) also increases, and thus the heating is more dominant in the
perpendicular direction. Sinde, (which determined) does not evolve considerably a
slight increase i) is expected.

The gyrotropic VDF,f, which has an fective perpendicular temperature determined
by F1, can be constructed froffy andF;

Favi) [_ViFo(Vn)
Fa(v) Fa(v)

The resulting VDFs of the helium and oxygen ions are plotte#ig. 3.11 forg =
2x 1072, 26x 102 andr = 0.035. For heavy oxygen ions, the shape of these VDFs
in the presence of low-frequency Alfvén waves is completiformed from its initial
Maxwellian form. This is due to the flusion term which enforces motion on a circle cen-
tered in the Alfvén speed, andfilision only comes to a stop for a vanishing pitch-angle
gradient in the wave frame of reference. This process, whéfbre was a consequence
of a resonant interaction between cyclotron waves andgbest{e.g., Heuer and Marsch
(2007)), is now in the low-beta plasma a consequence of soneat interaction with
low-frequency Alfvén waves, which drive the minor heavysanore strongly to attain
a VDF with vanishing pitch-angle gradient in the wave frarfibis mechanism gives all
minor heavy ions the same thermal speed when collisions egbgible and the wave
energy is relatively large, as found in the solar wind (voei@dr et al. 1995).

It was shown in previous works (see, e.g., Ofman et al. 200Q2Pthat a perpen-
dicularly heated ion VDF might in turn become unstable aratipce ion-cyclotron fluc-
tuations, if the temperature anisotropy exceeds a cetta@shold value that depends on
the plasma beta. In our model, the reached anisotropy caddrbe a source of small-
amplitude ion-cyclotron waves, in case®f= 2.6 x 102 and if r is large enough, i.e.,
it must exceed roughly a value of 0.04. However, this possiistability does notféect
the results essentially. Furthermore, in casg ef 2 x 1072, the anisotropy obtained is
not large enough for causing an instability. Certainly, ¢hielotron-resonance instability
provides a kinetic mechanism for limiting the anisotropyadbed nonresonantly.

f(v,vi) = (3.13)

3.6 Heating of the collisional lower corona

From the parametric study given in Sec. 3.3, it turns out thatnonresonant Alfvén
waves may heat a collisionless model corona in which thenpdais highly dominated
by the magnetic field pressure. However, in the real coromawar altitudes collisions
have to be accounted for. Here they still afiécgent in comparison with the outer corona
and the solar wind. Also, the time between ion collisionshisrger than the periods of
the waves considered. To study the evolution including @mbl collisions of the reduced
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Perpendicular proton heating

Perpendicular helium ion heating

20

Figure 3.7: Perpendicular temperature normalized to thilitemperature plotted vs.
plasma bet® and the &ective timer.
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Perpendicular oxygen ion heating
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Figure 3.8: Perpendicular temperature normalized to thimlinemperature plotted vs.
plasma bet@ and the &ective timer.

VDFs in dependence an we consider a typical (at some lower altitudes in coronajqur
density ofN, = 10“m=3 with a helium abundance & = 0.IN,, andNgs- = 10N,
and assumér/dt ~ Ty withy ~ 1 s,

One result from the collisional kinetic model is plotted iig F3.12 for two values of
the plasmg. All ion temperature profiles coincide, and thermal isoyrépnow ensured
due to the #icient collisions. The Alfvén waves tend to heat ions prefaadly in the
perpendicular direction, whilst the dominant collisionsseed in thermalizing all ions at
the same temperature. Recent observations show that igretatares in the low corona
do not difer drastically, yet there is weak evidence for preferemiaheating with mass
per charge, which may be attributed to resonant cyclotratihg (e.g., see Dolla and
Solomon (2008)). Collisions can thus help in rising the temafures of protons and
helium ions with respect to heavy ions. It appears that Alfwéves can heat the lower
corona, whereby collisions enforce isothermal conditionke wave heating discussed
here is of purely kinetic nature and has nothing to do wittdftyipe dissipation through
viscosity or resistivity. It does not rely on the existenésmall gradient scales assumed
in current and vorticity sheets, but occurs everywhere ipa&s-filling manner whenever
there are Alfvén waves.

Past and recent observations of the coronal waves (se®&algriakov et al. (1999);
(2001); Aschwanden et al. (2002); Ofman and Wang (2008)h#&lfih et al. (2007), Tom-
czyk et al. (2007) ) show that the nonthermal velocity flughrmamplitudesv, resulting
possibly from Alfvén waves (with periods longer than thremutes), does not exceed
40 km s®. Then everything hinges on the Alfvén speed in the region afevactiv-
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Figure 3.9: Anisotropy ratio given as function of plasmaabgiotted for proton (a), he-
lium (b) and oxygen (c). All plots refer to fierent values of: = = 0.001 (solid line),
7 = 0.004 (dotted line)y = 0.0078 (dashed liney; = 0.012 (dot-dash line)r = 0.02
(triple-dot dashed line) and= 0.03 (long dashed line).

ity. If we take a realistic value of, ~ 1000 km s?, for example, this will provide a
value ofr = (6v/va)?> =~ 0.001, i.e. smaller by one order of magnitude than the value
needed for ficient oxygen heating, as we found in our parametric studythEumore,

for higher frequencies (with period less than 1 s) even snalhve amplitudes are ex-
pected. According to the model proposed by Cranmer and véleddaijen (2005) of
wave amplitudes in the lower corona, it is found that the radized velocity fluctuation
6v/va of the Alfvén waves (with period higher than 3 s) is merely0.01. This result,
which justifies the linear approximation, is found to be ind@greement with observed
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Figure 3.10: The zeroth-order reduced VIORgleft panel) and first-order reduced VDFs
F, (right panel) as a function ofj normalized to the initial oxygen thermal speed. The
plots are fory = O (solid line) andr = 0.035 (dot line).

off-limb nonthermal line widths from SUMER and UVCS (Wilhelmat 2007, Kohl
etal. 1997).

On the other hand, MHD turbulence can be another possibieasoethat may gener-
ate low-frequency Alfvén waves (in the range of the freqiesproposed for nonresonant
interactions) in the corona. From a pre-existing popufatibvery low-frequency MHD
waves (with periods longer than 3 minutes), it is possiblgenerate small fluctuations
by the so-called turbulent cascade mechanism (see, eannter and van Ballegooijen
(2003) and references therein) in the corona. The frequdapgndent energy spectrum
of these small-scale fluctuations follows a power-taw ", wheren is the spectral index
which is found to vary between 1 and3® Thus, the wave amplitudes of those waves
having frequencies higher than the observed ones (indudaves with periods: 1 s)
are expected to be less than the observed normalized welluctuations.

Therefore, in the lower corona, the low-frequency Alfvénves may not be able
to eficiently heat the major ions via nonresonant interactiores tdunsuficient energy
content. Also, we doubt that these waves cfiitiently heat protons in the outer corona,
since there the plasma beta is higher than in the lower cofbimen, relatively speaking,
even more, relatively speaking, wave energy is requiredffmient ion heating. However,
nonresonant heating could be an important contributionagabcoronal heating, since
it can help in overcoming the low initial temperature in thgpar chromosphere and
transition region. More importantly, it is a mechanism thates all minor heavy ions
the same thermal speed, and especially helps the cold hpagies to attain (without
collisional friction) in this way the same gravitationalase height in the lower corona,
where otherwise gravity tends to hold back the heavys arsltthproduce gravitational
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Figure 3.11: (a) and (c): Helium VDFs plotted foiffdirent plasma beta values and for
7 = 0.035; (b) and (d): Oxygen VDFs plotted forftérent plasma beta valuesat=
0.035. Here the velocity components are normalized to thairiliermal speed of the

helium ions.

settling. Furthermore, we also believe that ion-cyclotwaves which can be generated
via several mechanisms, e.g., ion drifts and beams indugetiononuniform coronal
density and magnetic field structure (see, e.g., the recerk of Mecheri and Marsch
2007, 2008), remain the most powerful candidate for pretékion heating, and the
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Figure 3.12: Temperature (the same for all three ion speoiesidered) fog = 2.6x107°
(continuous line), and = 2x 1072 (dashed line) is plotted versus the relative wave energy
T.
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Figure 3.13: Kinetic-to magnetic energy density ratio {edtline), dimensionless mag-
netic amplitude for the undamped linear model (solid lime) for the nonlinearly damped
model (dashed line). Cranmer and van Ballegooijen (2005)

likely source of the very high oxygen-ion temperature angguy that is observationally
inferred to exist in the outer coronal holes.
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3.7 Conclusion

In this chapter, we have studied the heating of ions, whictbesachieved via nonresonant
wave-particle interactions in a low-beta plasma and faydaaveraged wave amplitudes.
Non-dispersive Alfvén waves were assumed to propagatéiglamthe field in a homo-
geneous magnetized plasma, which consists of many ionespekli our treatment, the
quasi-linear theory (QLT) for the reduced velocity distitibn functions (VDFs) of the
ions has been used, and on this basfeedént difusion operators and kinetic equations
have been derived. As a result, in a strongly magnetizeddeta-plasma, the enhanced
low-frequency Alfvén waves, witly, < Qp, can lead to significant perpendicular ion
heating. That process yields the same conic-like VDFs asddny Wang et al. (2006) in
their test-particle simulations. It was shown that the lygans (represented by oxygen
ions) are preferentially heated due to their larger iner#g, in proportion to their masses
as compared with the protons or helium ions. Thus all ionkagijuire the same thermal
widths of their distributions, given there isfigient wave power.

Since heating by low-frequency waves needs a strongly ntagdeplasma, this pro-
cess may happen only in the lower corona, where very cotedritux tubes at the photo-
sphere start to expand strongly above the upper chromaspHewever, at these altitudes
the expected values of the average amplitudes of the Alfauewis smaller by more than
one order of magnitude than the needed values. Even moreemavgy may be required
to heat the outer corona, and to compensate for the incregdasma3. In compliance
with the solar wind in-situ measurements, the wave energgtirg in the outer corona
might also not be large enough. However, the low-frequenityéA waves can provide
a global contribution to coronal heating, especially atdowltitudes, since these waves
can be easily generated by an MHD mechanism, and thus rise#wy ion temperatures,
a process leading to the same thermal width for all ion spedius nonresonant wave
heating may also explain the kinetic feature found by in-sieasurements in solar wind,
which is that the heavy ion temperatures are proportionséhé@ masses (von Steiger
etal. 1995, Marsch 2006).
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4 Coronal loop model including ion
Kinetics

4.1 Introduction

Coronal plasma loops are often observed as isolated brightidbes which are fairly
homogeneous along their length. Whereas the loops longlig appear to be nearly
isothermal, the temperatures and densities of loops arelftuwvary transversely on small
scales between adjacent loops (Aschwanden et al. 199922060z et al. 1999, Brkogi
et al. 2002). In 1981, Rosner, Tucker, Vaina, & Serio (RTV8)poesed a hydrostatic
loop model including gravity, in which they considered a seircle loop with a constant
cross section and assumed a constant pressure along theitbamiform heating. The
RTVS model predicts a steep temperature profile that rises the loop footpoints and
increases above the transition to the loop apex. The modelfevmd to be consistent
with the high-temperature loops observed with X-ray insteats (e.g., Kano and Tsuneta
1996).

However, under the assumption that the plasma is isotheriorad) the loop segments,
several observations made in the extreme ultraviolet (E€\)) by TRACE and the EUV
Imaging Telescope (EIT) on SOHO (Lenz et al. 1999, Schripteal. 1999, Aschwanden
et al. 2001, Winebarger et al. 2003a) seem to show that thenvE#WV coronal loops
(with a temperaturd ~ 1 — 1.5 MK) in active region generally have enhanced densi-
ties (yielding bright emission) with enhanced pressuréedeaights in comparison to the
RTVS model and flat temperature profiles along the entire lengths. The properties of
these observed EUV coronal loops can therefore not be ré¢ednath the RTVS model,
no more than with the hydrostatic models assuming uniforaiing. Aschwanden et al.
(2001) have tried to model the observed EUV coronal loopk tytirostatic solutions ob-
tained from the hydrodynamic equations and used a nonunifieating function (without
involving scaling laws). Fitting the hydrostatic solut®oto 41 observed EUV loops, only
30% of them were found to be consistent with the results franoédel that uses footpoint
heating with a small heating scale length (strongly norarnif), and none of the observed
loops were consistent with uniform heating.

Winebarger et al. (2002) and Marsch et al. (2004) detectéd SWMER steady flows
along EUV loops with line-of-sight speeds of several 10 krh dn accord with these
observations, we believe that asymmetric heating in thegmree of steady flows in loops
can give better fits to the observed EUV loops. However, Ratsos et al. (2004) have
concluded that, according to his model, also models withdstdlows are unable to ex-
plain the properties of the EUV coronal loops. Although soatdels show density en-
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hancements, their temperature profiles appear to be irstensiwith loop observations.
In a similar approach considering mass flows in coronal lpbpand Habbal (2003) and
O’Neill and Li (2005) modeled the EUV loops and proposed aihgamechanism that
is based on heating by dissipation of turbulence-drivenéifwaves within a two-fluid
dynamic model. The studied loops have lengths ranging froriviin to 600 Mm. It is
assumed that Alfvén waves originate below the transitigiorg enter the loop from one
footpoint and further up lead to proton heating. Due to hgehange and conduction the
electrons are also heated. Recently, Petrie (2006) fustineiied the influence of steady
flows on the scale heights in expanding flux tubes of stratifegs and deduced that,
when the tube cross-sectional area increaséimmtly with altitude, the scale height
could be enhanced by steady flows.

On the other hand it has been shown that the plasma of thecswtama is usually far
from local thermal equilibrium (see, e.g., Kohl et al. 1998)lhelm et al. (1998), Frazin
et al. (2003). Furthermore, evidence that the local @locity distribution is anisotropic
has been found (see, e.g, Telloni et al. 2007). These oliEBrsdave been explained by
the ion-cyclotron heating mechanism that may lead to peet&l heating and accelera-
tion of heavy ions within a kinetic model (Vocks and Marscl®d20Vocks 2002), and to
heating and acceleration of protons in terms of a fluid mootettfe magnetic funnels of
coronal holes (Marsch and Tu 1997, Tu and Marsch 1997).

In this chapter we a present a semi-kinetic model for cortoap heating, and we
study the signatures anéfects of cyclotron waves in the heating of coronal loops. i€oll
sions also have to be accounted for as they still are relgt@fgcient in comparison with
the outer corona and solar wind. The here proposed kinetitehincludes the féects the
magnetic field has through the gyrofrequency on the dynaamdsheating of the coronal
loop, and it is therefore possible to study and understaacctimnections between the
plasma kinetics and the magnetic structure of the loop congfithe plasma. Fortunately,
as was already mentioned, a lot of observations have beee afa@dvariety of EUV and
X-ray coronal loops, and their plasma parameter profilee teen inferred. But much
less theoretical work on, or accurate observation of, thgrmetc-field structure of coro-
nal loops has been done. Yet, that is important for a bett@erstanding of possible wave
heating mechanisms.

The Chapter is organized as follows: in Sec. 4.2 we give arigie®m of the model
including the coronal loop geometry. Then in Sec. 4.3 wegethe numerical methods
used in the code. The numerical results will be given in Set, ahd finally in Sec. 4.5
we discuss the physical results and give some perspectives.

4.2 The model description

4.2.1 Coronal loop geometry

Before studying the coronal loop plasma model, we start thighgeometry or rather the
magnetic field structure that confines the plasma of the @toop. Here we neglect the
back-reaction of the plasma on the coronal loop structutb@imagnetic field. This is
understandable since the magnetic pressure is assumedriglgtdominate the plasma
pressure.
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Z : Surface normal

nclination angle

s=0

Figure 4.1: The geometry used for the inclinatighand the arc angl¢. These angles
are used to determine the gravity given by eq. (4.4).

The loop geometry is considered to be that of a semi-ciraylamdric and symmetric
flux tube. The footpoints of the loop are assumed to be emgigithe transition region,
i.e., the height of the footpoints from solar surface is atbu 2 Mm, whereL is the loop
length, ands = 0 refers to the left footpoint ansl= L to the right oneL/x is the altitude
of the loop top relative to the footpoints. The tube that datees the bundle of magnetic
field lines has a symmetrically expanding cross-section &@mn the footpoints to the
loop apex located ats(= L/2). The variation of the normalized cross section, shown in
Fig. 4.2, is suggested to obey the following formula:

1

E R

wherel' = A /A; = Wi/Wy is the parameter of homogeneity or the expansion factor,
with A; andw; being the cross section and the width at the loop top &ndv, at its
footpoint. This means thatIf = 1, then the tube is homogeneous.

The magnetic flux is assumed to be conserved which ma&)B(s) = Ay.By (By
is the magnitude of the magnetic fieldsat 0), thus the variation of the magnetic field

along the loop is
B(s) |1 1\(2s _\?
B_O:[ﬁJr(l—ﬁ)(r—l”. (4.2)

Then, the situation whep = 0 implies that the plane of the loop is perpendicular to the
solar surface. In this case, the gavity forces along the laye their maximal influence
on the dynamics of coronal loop ions.
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4.2.2 Theory

The model is based on the Vlasov equation for the reducediwgtiistribution function’s
(VDFs) as described in the papers of Vocks and Marsch (200d Vacks and Marsch
(2002), where an open-field structure was considered. Heraepply this model to a
closed coronal loop. The basic equation is the reduced Vlegoation which describes
the evolution in space and time of the gyrotropic reduced VS t,v;). This kinetic
equation reads:

oF oFy q oFy 1 0A ,0F
T s *(mEi- gcos ot + Zro (s + 2wk + DR
L) () “3)
ot Jw-p ot Jcoul

whereA(s) is the area function of the flyftow tube,q andm are the charge and mass of
the particle E; is the parallel electric fieldy the solar gravitational acceleration given later
by eq. (4.4)y the angle of inclination of the magnetic field with respecttte direction
normal to the solar surface. The reduced VDFs depend only ope velocityy;, and
one spatial coordinatealong the mean magnetic field, andandv, are the parallel and
perpendicular velocity components. The right-hand sidé4d) are the wave-particle
interaction and Coulomb collision operators defined bel®he kth-order reduced VDF
is given by eq. (2.27). Here, we will only deal with the firstawvmoments, where a a
closure relation is introduced to avoid the higher ordells in

From the first two reduced velocity distribution functios, and F4, it is possible
to obtain all relevant plasma parameters. For example, tegiation ofF, over various
powers ofy; we get the particle density, drift velocity U, parallel temperaturg, and
heat fluxq,. Considering also the moments/ef, the perpendicular temperatufe and
heat flux vector component can be obtained.

The gravity acceleratiog showing up in eq. (4.3) can be written, in case of inclined

loop, as follows:
GMSun

[Rs + h(s) cos(]®
where the lengthh is shown in Fig. 4.1G is the constant of gravity. M Rsynare,
respectively, the mass and the radius of the sun. It shouttbtesl that there is an extra
cosy term in eq. (4.4) that decreases the gravifiget on the ion dynamics in case of
inclined loops.

In our model we treat the electrons as a fluid in hydrostatidlégium and neglect
their inertia, and thus the electric fiel) arising from charge separation is determined
from the electron momentum equation and quasi-neutrdiify( 3’; q;N;) as follows:

9(s) = Sy, (4.4)

1
—ef = We gs(kBTeNe)s (4.5)

whereq; and N; are the charge and number density of ion spegjesand N, are the
elementary charge unit and electron number density,karid the Boltzmann constant.
HereT, is the electron temperature which can be obtained in eledétnos plasma through
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the following energy equation

0Te 2
ot SNEKBA os

9 (A )+ 22 ie(Ti = Te) = (4.6)

3N kB rad,

wherex, is the electron heat conductivity which is expressed in saofrelectron collision
period,e, as follows:

Neks T,
Ke = 3.2%79, (4.7)

T2
3.44x 10‘3

(4.8)

Te

Thus, we use, = 1.2 x 1077T'(in cgs units) when the Coulomb logarithire 19.
vie is the ion-electron collision frequency given by Bragin€l965),

(4.9)

Vie =

167 N/ (2kBTe)’%
3 mme \ me )’
wherem (mg) is ion mass (electron mas®ande, respectively are the electron and ion

charges.L,4q is the radiative energy loss function as calculated by Rosnhal. (1978),
which can be written in erg cri s units as

N2
Lrad = —fP(T), (4.10)

where P(T) is a function which can be approximated by a sequence of ptames as
follows:

PT) ~ 1028 100 < T < 10*K,

~ 10°72, 10 < T < 10K

~ 1022, 10°° < T < 10°%K,

~ 1010472 1004 < T < 10°75K
~ 1029 10°75 < T < 10P3K

~ 101778 T2810F3 < T < 10°K. (4.11)

Q

The wave-particle interaction is treated self-consi$ydny considering the evolution
of the wave spectral energy density for waves entering fifweneft footpoint of the loop,
BL1(t, 5), and from the right sideBR (t, 5), that are described by the following equations:

a%“ 1 3 5B

5+ A g (AvBL) +%;fﬁ(Aum) = (5w (4.12)
sy 1 a s8R

o~ A5 AVIBE) + B 2A(Aum) = (5w (4.13)

whereUp, is the plasma’s center-of-mass velocity, and the symppk ¢ denotes the
phase velocity. The term on the right-hand side of the eqoat{(4.12) and (4.13) upon
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integration ensures energy conservation between wavegaatides in the form:
5B 5Bh
- [(Snesto- [(Fhsdo

DA L) e
w-p w-p

The wave-particle interactions are evaluated within thenework of quasilinear the-
ory for cyclotron resonance (Marsch, 1998). For simplieigydisregard the wave disper-
sion and here merely consider nondispersive Alfvén waweasaumption which will be
discussed and justified in the next section. Then, the lapetiticle equations including
resonant wave-particlefects can be written as:

oFio _ OF ;1 N
(6—;)w—p B 6\/‘ ( i\ 6\/1‘ - 3_V|(A (V) Fjo)s (4.15)
oF; oF
(6_tji)w_p = _(Dj( ) avj‘z) 26_\4(A+ (V) Fi1)
+A; (Vu) - Hj(M)Fjo. (4.16)

whereD;, A} andH; respectively are the flision, acceleration and heating Gogents:

o [Vphl Lt [AVph|
D; = op2 wprgy ¥ Vph©j (4.17)
|VPh| VI w= Von V| |Vph| V) w= Mpn v,
+ ”/10 [Vphl Lf
}r = £(IVprl - V\I) le [~V Nph©
ph I = Ty
”/10 [Vpnl Rf
+(|Vph| +V\I) > J B R (4-18)
B |V | + V” w= ‘\\//pp:‘w”
7o Vpnl Lf
Hj = =2(vprl - v)* 57
J p! Il i VphiQ
Monl =V o= ‘Vgh"vlu
[Vpnl Rf
+2(|Vpnl + VH) B . (4.19)

J|v b+ V) o=
Hereyy is the free-space permeability, aBdhe magnetic field magnitude. The gyrofre-
quency of specieg is defined a€2; = q;B/m;. In the expressions given above only
the left-hand polarization part is considered for both fardvand backward propagating
waves having the spectrutd-or BR,

The initial model spectra are assumed to vary inversely thighwave frequency. The
Coulomb collision term on the right side of (4.3) has in ddbeien calculated and eval-
uated within the approximation of reduced VDFs by Vocks @Q@sing the full Focker-
Planck operator. Notice that also ion-electron collisibase entirely been included in
the Coulomb collision term, but they are small in comparigdth the ion-ion collisions
owing to the smallness of the mass rati.(m,). The role of collisions is significant,
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Figure 4.2: Variation of the normalized cross section ietato the footpoint cross sec-
tion, forI' = 1.48 (line) andl’ = 1.04 (dashed line), shown versus distance along the
loop.

and they sfiice to enforce local isotropy which can be maintained in aotela-proton
plasma loop as we will see in the next section.

4.3 Numerical method

Here, we deal with a system of partialffidirential equations (4.3), (4.6), (4.12), (4.13)
and (4.14) which have to be solved self-consistently at &awhstep. The reduced VDFs
Fo andF; depend on positios;, velocity coordinatey,, and timet;. Fig. 4.3 shows
the simulation domain that represent the coronal loop inspatial dimension in which
the velocity coordinates are represented in the prepeladiaxis. To obtain the updated
functionsFy andF; a finite diference scheme method is used.

The coordinates andy; are discretized non-equidistantly as sketched in Fig. 4.3.
The left and the right bounds are, respectively, locatechenleft and right footpoint
of the loop which are embedded in the relatively cool and eemsper chromosphere.
The discretization in spacas = s.1 — S, and the velocityA\v m = Vjmw1— Vjm are not
equidistant, and the space shells are chosen to be sm#diesta those boundaries, while
the velocity shells are chosen to be proportional to the labswoalue ofy .

The determination of the space grid points on the space @es,Fig. 4.3), is based
on the valuegNo, as), whereN, is the number of the grid space for one half of the loop
(with half length,%), andas = As/As_; is the factor of the space proportionality. Then,
the space shell thicknedss, can easly be obtained from the sum of a geometrical series
with a constant factaas # 1 as follows;

1-a
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Figure 4.3: Sketch of the simulation box that representsitbéeled coronal loop.

The determination of the velocity grid points on the velpakis (see Fig.4.3) for
plasma speciepis based on the choice of the factor of the proportionaitys Vi m-1/Vj,m,
and the parameter such that

AV”D = aViho, (421)

wherevyy is the initial thermal speed of the speciegiven at positiors = 0.

The non-equidistance space discretization is adoptetiéaretasons of stability in nu-
merical solutions and to guarantee the convergence of thé@ts of the wave-energy
equations (4.12), (4.13). The stable solutions can bewetii@hen the Courant—Friedrichs—
Lewy (CFL) condition,|vpsAt/As| < 1 is satisfied. In our model, as we will see in the
next section, the phase speegl, increases as much as we move toward the loop top due
to the decrease in electron density. Thus, an increasiegeat the space shells towards
the loop topAs > As_;, guarantee more stability in the numerical solutions.

To solve eq. (4.3) we used the same numerical routines udetehia Vocks'’s code
which has been developed for a coronal funnel (see Vockghelfollowing we summa-
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rize the numerical methods used to solve eq. (4.3): Firsiaton (4.3) has been divided
into three main terms, wave-particle term, Coulomb callisierm and the advection term.
The spatial derivative$F/ds, which only show up in the advection term, are discretized
using central dierences method with first order correction in the upwindddioa for a
non-equidistance grid space;

OFk IOF 0%Fy
——(S—VAt) = —| —VAt —-| .
ds ( ) ds 1 0 |,
To compute the first and the second spatial derivatives witis&ipt 1and 2, a quadratic
interpolation approximation has been used at the thredgain, s ands,1, such that

4.22)

f(9) =a(s—s)*+b(s-s)+c, (4.23)
with the codficientsa andb being given by

As_1fig + Asfig — fi(As 1 - As)
R 4.24
As_1AS(As 1 + AS) ( )
b = (A%Z - A%{l) fi + A§2—1 fi+1 - Aﬁzfi,l’ (425)
As_1AS(As1 + AS)
wherefi_; = f(s-1), fi = f(s) and fi;; = f(s:1), which are needed to compute the first
and the second spatial derivativefaf(s) as:

0Fy

Tk = b, 4.26
75 |os (4.26)
2

F
i 2a. (4.27)
PR

The same technique of the quadratic interpolation givengm g4.23), (4.24) and
(4.25) has been used at velocity points;, Vi andvm,; to compute the first and the
second velocity derivative df, in the advection term and wave-particle interaction term.
On the right-hand side of eq. (4.3), the wave-particle axt8on term is evaluated using
an explicit scheme in time, i.e.,

OF (L + Al)
a

while an implicit method withF(t + At) is considered for the Coulomb collision operator:

Fu(t + At) = Fy(t) + At (4.28)

Fi(t + At) = F() + At"';kt(t). (4.29)
Now, to we come the explanation of the numerical method usedrpute the equa-
tion of the electron thermal energy (4.6). Unlike in case ofeo corona, the thermal
energy of electrons in case of coronal loops (which charaet¢he main structure of low
corona) cannot be neglected due to the enhanced electrsitydirat leads to the energy
exchange between ion and electron plasma species. Comslggtieermal energy can be
transferred to the electrons, and thus they can be heated.
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4 Coronal loop model including ion kinetics

The electron thermal energy (4.6) has to be solved selfistamily with the rest of
the PDE system (4.3), (4.12-4.14). An implicit-scheme rodthas been employed for
the difusion term of equation (8) (term that contains the second spatial derivative), and
an explicit-scheme for its rest terms, i.e.,

AT(s,t) 2 9 (L OT(s.ty+ A1)
Ay 3NekBA(3)a_S(A(S)Ke(S,tJ+At) e
+23" w8, 1)(Ti(S, ) - Te(s. 1))
2
R (4.30)

wheret; ands are the time and space grid points, ai(s, t;) is the update in electron
temperature & + At (At is the time step), i.e,

Te(s, ) + At) = Te(s, 1)) + AT(S, tj). (4.31)

To calculate the first and the second spatial derivative®&tlctron temperaturk,
and also the first derivative of ki (the cross section), we used the first-order and second-
order central dferences for non-equidistance schemes as showed in ed4(22).

Finally, by making use of the spatial derivatives olandT, in eq. (4.30), we obtain
the following algebraic system of nonlinear equations

a.(T, AT)ATi,Lj + bi(T, AT)AT” + CI(T, AT)ATH“:Xi,i =1,... N-1 (432)

whereN is the number of space grid points, and; ; denotes the variation in electron
temperature at initial timé¢; and at positions. The codficientsa;, bj, ¢ and X can
derived from (4.30).

Since we are dealing with a system with fixed values at the thaties (i.e.ATer; =
ATeLj = 0), two nonlinear equations at the right and left boundametia be added to
the system of equation (4.32)

bOATl,j + CATZ_J' = Xg, fori=0 (433)
aN.ATN_lvj + bNATNJ = Xy, fori=N. (434)

Thus, the nonlinear system of equations (4.32-4.34) camlved by using the suc-
cessive overrelaxation method (SOR) to determine the védtat each time stepT.

On the other hand, in our coronal loop model we considereddhgibution of waves
that can propagate in the opposite (or backward) directibithvare described by the
wave-energy equation (4.13). We solved the wave-energstegufor forward propa-
gating waves (4.12) and backward propagating waves (4dl8fansistently using an
implicit scheme, respectively, with upwind and downwinételiences method, depend-
ing on the direction of wave propagation. Then, in the cassayes propagating in the
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opposite directionk < 0), the implicit scheme in time is adopted as follows:

oBR(s,t) 10 1
T’ = M_S(A|vph|535f(s,t,»+1)) - %fjf(s,t,ﬂ)ﬁ(Aum), (4.35)

whereby the the first derivative of any quantity in the adiecterm of this equation is

calculated using simple downwindftérence method,
ofi _ fui—f
s As

(4.36)
When we implement this derivative method also a system eflirquations is obtained
@ ABR i +BABR =1L, 1=0,...N, (4.37)

whereA%fjf,i,j is the variation irfoff at positions, and the cofiicientsa;, 8 andIl; are
given at timet; by the expressions:

o Vph OVph dInA

o = 1+At(AS+0.5[ 72 ) (4.38)

B = —1+Ateh (4.39)

1 - AS’ .
A(AVBR" wr [OU dlnA

mo= at] SEEPe )l g 5amRh (22 InAL | @40

. [ e ot (el v G ) @0

At the left boundary $y.1) of our simulation box a source of wave energy is assumed.
The waves are generated with no time dependence. This M@ns.1j= 0, and then
from eq.(4.42)A%5f,N,j can be obtained as

ABE = Y, (4.41)
an
and thusA%ﬁ',i,j fori =0,....N -1 can be extracted.
Also, at each time step the energy gained by particles is guaranteed to be the
same as the energy lost by the waves in order to maintaine@otigy conservation as
givenin eq. (4.14).

4.4 Simulation results

4.4.1 General remarks

In our model the energy source for heating is assumed to loeiagsd with dissipation of

non-dispersive Alfvén waves via ion-cyclotron resonantkese high-frequency waves
may be released from small-scale reconnection leading ¢ooftare-like events occur-

ring in the chromospheric network see (e.g., Axford et aB9 Then, they enter the
simulation box from the footpoints with a power-law spentrdensitycc w™, and fall in
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4 Coronal loop model including ion kinetics

left-hand resonance with the ions of spedieseying the conditiony—kv—Q; = 0, with
the parallel wavevectdy,. The ion-cyclotron heating mechanism is intimately coneec
with the magnetic field structure. For a low plasgealue, only those Alfvén waves with
frequencies close to the gyrofrequency of any ion specie®eaome resonant, and then
effectively exchange energy with the particles.

The loop geometry, which defines the magnetic field strucpleg's an important role
in coronal loop heating and determines whether the heasinmiform or non-uniform.
According to Watko and Klimchuk (2000), most of the obsenl@aps are not signif-
icantly thicker in their middles than at their footpointsa fact, since an accurate 3d-
reconstruction of coronal loops has still not been achigwtddying various heating
mechanisms is very interesting, and thus it is quite releteestudy the specific signatures
of the ion-cyclotron heating mechanism in coronal loopghls work, we propose a loop
geometry as described in the previous section, wherebyateeter of homogeneity,
that determines the thickness in the middle of the loop, bélchosen to have the values
1.04 and 148.

In the simulations we shall consider protons as single ispiecies (together with
electrons) in the plasma of the loop, and for the boundareeassume that the footpoints
are emerging in the transition region. Then the boundarnyesabf the density and temper-
ature can be taken ably = 5 x 10°m=2, andT, = 2 x 10° K. The magnetic field at = 0
is By = 80 G, which yields for the gyrofrequency at the footpoifdts= 76.65x 10* Hz.
The initial conditions are chosen to be constants, i.e. we iés) = To andN(s) = No.

At t = 0 the waves start to propagate close to the footpoints witbveeplaw spectrum
densityB,, ~ 2.8 x 107* [w Iog(Fz)]_1 J 3 s. In order to achieve coronal temperatures
in the loop, the required total wave energy flux has to be aBgu¢ 7 x 10? J nT? s7*
which can be obtained through the integratiovgfs,, over the frequency interval from
(Q0/T?) to Qo. In such a way the loop can, in the final steady state reach peteture of

T - 10 K. The value of our model power-law spectrum density was ageghin com-
pliance with the the energy flux of the observed oscillationthe chromosphere which
roughly range between 83 10 and Q1 Hz. Within this domain the wave energy flux
is about 3x 10° J nT? s™1. This value seems reasonable if we compare it with the wave
energy flux (ranging between 18nd 16 J nr? s1) inferred from the observed chromo-
spheric magnetic and velocity fluctuations (Ulrich (199@))d the recently the detected
Alfvén waves in the corona (Tomczyk et al. (2007)). Still Gmowledge about the origin
and the properties of the coronal Alfvén waves is not cleae,(g.g, Klimchuk’s review
(2006)). If the Alfvén waves enter only from one side of thedpan asymmetric heating
occurs, and consequently a quasi-static loop with subsoags flow ¥ < ¢g) can be
achieved (heres is the local sound speed). In addition, symmetric heatirif static so-
lutions is possible if we have Alfvén waves entering fronmeitfootpoints with the same
energy density so that they heat the loop plasma simultaheéom both legs. In the
relaxed final steady state the plasma loop has completajptien its initial conditions.

4.4.2 Asymmetric heating

Here we consider the situation that Alfvén waves enter thp ly from the left bound-
ary with (%fjf = 0). Itis thus possible to heat the protons by wave absorptionugh
which the wave energy can be transferred to the protonsoselistently, a process de-
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Figure 4.4: The proton temperature (upper left panel) tedademperature (upper right),
and density (lower left) fof = 1.48 (line) andl’ = 1.04 (dashed line) versus distance
along the loop; the heat flux conduction (lower right panet)dlectron (line) and proton
(dashed) versus distance distance along the loop.

scribed by the transport equation of the wave spectrum @J&n As a result asymmetric
heating will occur. In Fig. 4.4, the steady profiles of thespia density and temperature
along the loop are given for theftirent values of the parametétsForT" = 1.48, where
the cross section of the magnetic flux tube expands more tihiaa from its footpoints
to the middle of the loop, we find that the proton temperatisesrsmoothly from a min-
imum at the left boundary at = 0 towards a maximum which is arourd2 x 10° K at
s~ 20 Mm. Then it again decreases to a minimum at the right bayraia = L.
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4 Coronal loop model including ion kinetics

The density profile has the inverse behaviour to the protopégature, i.e. the density
decreases toward its minimum value-of4 x 101m=3 at the same position where the
proton temperature is at a maximum, and increases aftesvtarids boundary value at
the right footpoint. Therefore, from these density and terature profiles it turns out
that the loop reveals a quasi-uniform heating in its left I@¢is means that the waves
entering the simulation box from the left slowly dissipatel deat the protons atftirent
positions in the left leg of the loop. In the caselof= 1.04, however, when the loop
is quasi-homogeneous, it is overdense in comparison togHawing a more expanding
cross section. The proton temperature rapidly increasese db the left footpoint and
reaches a maximumm 1.3 MK at positions ~ 4 Mm. Then it weakly decreases and
becomes nearly constant in a large part of the loop. Thislsiealease in temperature
is due to ion-electron collisions which can slightlffext the proton temperature in the
plasma loop if there is no local wave absorption.

The corresponding electron temperature in steady statéoatite diferent values of
thel parameter is plotted in Fig. 4.4b. By comparison with thetqme, the electrons
are cooler for reasons of relatively high radiative losses$ strong heat conduction (see
Fig. 4.4d), which is more than 10? times higher than proton heat conduction. All these
factors tend to reduce the electron thermal energy gaied firoton-electron collisional
heat exchange. Whdn = 1.04, the electron temperature keeps a nearly constant value
aroundT, ~ 1 MK. This flat electron temperature profile seems to be ctersiswvith
the observed profiles in most loops showing EUV emission. rblagh constancy of the
electron temperature is a consequence of thernfialgion associated with electron heat
conduction, working even when the temperature is less thdK1

On the other hand, if the cross section area of the loop iefang the loop top than at
its footpoints (withl" = 1.48), then the electron temperature cannot remain condtang a
the loop but turns out to be much higher because of the temyperdiference between
electrons and protons, which due to wave heating are mudbrhofhus the electron
heating profile in loops witl" = 1.48 is more symmetric. This is expected since electron
heat conduction, asis proportional toTs'?, is the more #icient the higher the electron
temperature is, and consequently hotter electrons canibditet their thermal energy more
uniformly along the loop.

It turns out that the nearly isothermal loops in this model e consequence of a
quasi-homogeneous cross section of the magnetic fieldsteualong the loop, in which
the waves dissipate faster close to left boundary. Thezetfoe loop shows footpoint
heating which leads to a rapid temperature increase witfhiyeand then no further local
heating, and thus the coronal part of the loop becomes nisaitlyermal.

In fact, the heating mechanism can, via wave absorption @ndonnection to the
cross section variation, be well explained from Fig. 4.5acktdisplays the wave spectral
energy density of the Alfvén waves in the ion-cyclotron rangotted at dierent loop
positions for the paramet&r= 1.04 andl’ = 1.48. From this figure it becomes clear that
the frequency interval of the absorbed waves ranges betihedrequenciestdy/I'?) and
Qo which is the gyrofrequency at the footpoints.

According to the Fig. 4.5 left panel, at the posit®s 6 Mm which is not far from the
left footpoint, those waves having frequencies clos@j(s) have already been absorbed
at altitudes lower thas = 5 Mm, and below this position the dissipation rate can reech i
maximum 119x10* J nT3 s7* (see Table 1). Thus parts of the wave energy spectrum are
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Figure 4.5: The wave spectral energy density plotted in dégece on normalized fre-
quency forl' = 1.04 on the left panel and fdr = 1.48 on the right panel at fierent
positionss = 3.3 Mm (line), s = 5.3 Mm (dashed line)s = 15.6 Mm (dashed dotted line)
ands = 314 Mm (dashed double-dotted line).

eroded since the waves were strongly dissipated at positiover thans = 3 Mm, as it

is indicated by the continuous line in the figure. This implesmall heating scale height
that corresponds to footpoint-type heating. Furthermtre,same figure shows in the
left panel that the proton gyrofrequency is situated neiarljhe same narrow frequency
domain at diferent loop positions, because of small magnetic field variadlong the
loop.

Thus, from Fig. 4.5 right panel we can infer that the protoas be in resonance
with waves over a wider interval of frequencies in the speuntrThe so-called frequency
"sweeping mechanism" (Tu and Marsch, 1997) can clearly be kere. Ats = 3 Mm
the continuous line indicates absorption around the prgyoafrequency, and since this
gyrofrequency decreases toward lower frequencies, asdenvge move to the loop top
at ~ 31 Mm, the interval of the absorbed frequencies also moweartbthe loop top,
as it is shown with the other-style lines in this figure. Theads to local heating, and
consequently a relatively larger heating scale heightdbatesponds to a quasi-uniform
heating along the left side of the loop (see Table 1.). Tloeeeimost waves get absorbed,
and not enough wave energy is left for the right half of theploo

The expansion factors considered in this study indicatarthaops (withL ~ 62 Mm)
which are not much thicker at the top than at the footpoirgs¢hwaves witlw > Q, are
not allowed to propagate towards the loop top. Due to thaelrapsorption of the waves
inside the loop close to the local gyrofrequency, the iritgrsf waves withw > Q,
becomes negligible. Protons can fall in resonance only wigltes havingw < Qp,
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4 Coronal loop model including ion kinetics

Table 4.1: The wave energy fli and the dissipation rai®, for I' = 1.04, andF,, Q.
forI' = 1.48.

s(Mm) [ F1(@nm?s?) Q. (@nr®s?t) F,(@nr?s?t) Q@ nrds?)
3.33 1.78x 1C? 11.98x 10° 437x 107 8.54x 10°
5.37 1.31x 107 1.64x 107° 3.72x 107 277x10°
7.23 1.12x 1¢? 7.15x 10°® 3.28x 10? 22x10°

10.56 97.91 295x 10°° 259x 107 187x10°°
15.74 90.39 096x 10°® 1.72x 107 1.44x10°
20.89 87.97 03x 10°® 1.09x 107 8.22x10°®
31.41 86.58 013x 10°® 64.44 431x 10°®

according to the resonance condition

Vph
Vph =V

w =Qp(s) (4.42)
which means only protons with negative velocitiesk(i> 0) can resonate with Alfvén-
ion-cyclotron waves. This justifies our assumption of disaless waves since the con-
straintw < Q, derived from the proton-cyclotron-wave dispersion relatis already
satisfied. This consideration also applies to waves that ¢né loop from the right side
and have a wavenumbkr< O and frequency» > 0. Thus, only waves < Q, can
resonate with protons having positive velocities. Consetjy, the waves propagating in
opposite directions into the loop from both sides do notrfete.

From the sketch given by Fig. 4.6, we can more explain thena@sowave-particle
absorption and the sweeping mechanism. The perpendicusainehis figure belongs to
the frequency of waves that enter from the left footpointhis sketch, it is clear that only
waves having frequencies close to proton gyrofrequencealae to interact and transfer
a big part of their energy to the protons. The frequency cf¢heaves is ranging between
Q — Aw andQ + Aw, which denotes the interval of the resonant frequencyfgaigthe
resonant condition (4.42). The estimationAed given in Fig. 4.7 is computed assuming
the proton thermal speedy,, as the typical value for the absolute value of the parallel
proton velocity componey;| =~ Vi, With [V = Va, we thus get\w = ‘%’:Q.

The sketch in Fig. 4.6 shows the initial waves entering tlop fioom the left footpoint.
Then only those waves having a resonant frequency close farttton gyrofrequenc,
get absorbed. At the adjacent positisn the proton gyrofrequency slightly decreases,
and thus an opportunity is given to other initial waves hgvirequencies close tQ; to
interact with protons. However, at the positignonly resonant waves withyes < Q(s1)
efficiently interact and transfer their energy to the protonisis s because the resonant
waves Withwes 2 Q(s1) mostly get eroded at the precedent point. The same expdanat
of the wave absorption by protons can be applied to the reébeajrid point until the loop
top where the proton gyrofrequency stops decreasing.

Notice the wave-particle interaction withes < Q(s) implies that waves interact with
protons when only having negative However, in the case of waves entering from the
right boundary, the same explanation of the sweeping mésimagiven above for waves

78



4.4 Simulation results

 frequency axis

A A y A
o] W ® ”
Initial wave-energy waves get absorbed
_— —
Qe
—
0<Q
0
_______ Q,
—_— — o
----------------------- * waves get absorbed
S — —> Q,
_ —
Initial wave-energy
=0
s=0 s, =As, 85 =18 HiAs; 5, =5, +As,

s axis along the loop

Represents the frequency interval[€Q — A@, Q) + A@] of the waves that interact with protons

Figure 4.6: The wave-absorption mechanism.

entering from the left footpoint can be valid, but the intgi@n of waves would now be
with protons having; > 0, sincevy, < 0 when dealing with the resonant condition (4.42).

Furthermore, we deduce from Fig. 4.7 that the interval ofésenant frequency) -
Aw, Q+Aw] is larger close the boundaries (due to the highest value)f This is because
at positions close to the footpoints the Alfvén speed (osphspeed) is decreasing due to
the enhancement in electron density, and thwggets increased. Therefore, the resonant
wave interval at positions close to the boundaries are widlbis leads to more wave-
particle absorption and a stronger increase of the protopéeature at these positions.
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Figure 4.7: The estimated widthw for the frequency intervak]) — Aw, Q + Aw] of waves
that fall in resonance with proton gyrofrequency at the fmsis for I' = 1.04 (dotted
line), I’ = 1.48 (solid line).

4.4.3 Symmetric heating

Our goal in this simulation is to produce a static loop witlmsyetric heating. For that
purpose we assume that Alfvén waves penetrate with the sawe-power density and
wave energy fluxi, ~ 7 x 107 J nT2 s71) the simulation domain from both footpoints
of the loop and simultaneously heat the plasma. As we arguiéttiprevious subsection,
no interference between these two wave spectra has beeid@mts Here we also deal
with two values of the parameter of inhomogenelty- 1.04 and 148 that defines the
magnetic flux tube area along the semi-circle guiding field bf the loop.

As it is shown in Fig. 4.8 fol" = 1.48, the loop starts to be heated from either side,
and at the initial time = O the loop is cooler and denser with homogeneous temperature
and density distributionT (t = 0) = 2 x 10° K, andN(t = 0) = 5x 10"*m~3. Then due to
the dynamical ects of the external forces (gravity, electrostatic fiete anirror force)
on the proton VDFs and owing to wave energy dissipation, tbtops can be heated from
both loop sides. Concurrently, the overall density in thepldbecomes smaller until the
system relaxes within & 10* s to a final steady state with quiescent symmetric plasma-
parameter profiles. The final steady states foF garameters are given in Fig. 4.9.

ForI' = 1.04 the loop plasma is overdense compared to the plasma imtavedy
expanding cross section, and the electron and proton tetypes profile are symmetric.
These profiles reflect that the plasma loop is heated froneregtde. In fact, what is
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Figure 4.8: The time evolution of the plasma temperaturi) (&d density (right) for
I' = 1.48 versus distance along the loop.

important in the case of symmetric heating is that the looplmmore isothermal, with
the temperature being 1.3 MK along a large section of the coronal loop in comparison
with the asymmetric heating.

Due to the close connection between the wave-energy digsigale along the loop
and the variation of its cross-section area (see Fig. 4i8tl;ns out that with this loop
model it is possible to produce soft X-ray loops, which am ¢bnsequence of a more
diverging magnetic field in the top parts of the loops. Appése these types of loops
are hot and have a flat temperature maximun2 MK that is centered around the top
segment of the loop. Notice that the collisions are relstigerong and sfiice to main-
tain isotropy of the proton VDF, but we expect that with moeating (caused by more
strongly expanding magnetic field lines) thieets of the collisions will decrease. The
pressure along the loop in this model is not constant, asdiéisonstrated in Fig. 4.10,
and for the case of asymmetric heating the pressure praféd ghows a small asymme-
try. The thermal pressure gradient tries not only to baldhealynamical external forces
but also the Alfvén-wave pressure gradient which acts asstmeally on the left side of
the loop. But when the loop is symmetrically heated, thel fmtassure looks quite sym-
metric, since the wave pressures acting on the loop at itdegsare equivalent. Notice
that no temperature anisotropy appears in the plasma, whéemns the collisional mean
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Figure 4.9: The proton temperature (upper left panel) tedlademperature (upper right),
density (lower left), and heating scale length (lower rjdot I' = 1.48 (line) and” = 1.04
(dashed line) versus distance along the loop.

free path,4, is still short enough as compared to the proton temperaitae length,
L= (%%)’1 in Fig. 4.9d, to maintain a proton VDF close to a Maxwellian.

At this stage, it seems useful to make a comparison betwesdribtic and the macro-
scopic (fluid) transport theory for protons. For this pugose compute the proton heat
conduction via the third moment of the VDF in (4.4) and conepiawith that derived
from Braginskii's (1965) formula. The results are giventie three panels of Fig. 4.11,
which refers to the two values &f = 1.04 and 148. We plot the scale ratio parameter
a(s) = A(s)/L(s) in the upper left panel. This plot permits us to judge how Iihés
parameter must be to ensure the validity of the classicabprioeat conduction (Fourier’s
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Figure 4.10: The total pressure for asymmetric wave hedtefgpanel) and for sym-
metric heating (right panel) fdr = 1.48 (line) andl" = 1.04 (dashed line) shown versus
distance along the loop.

0.05 = =
(a) b r=1.04 (b) g r=1.48 (c)
0.04 E 2
- -
) o)
0.03 Z Z
s E K
0.02} > o
o o
[ ) ]
| : o <
0.01 r o g
1 o o
\ | 3 3
N , ° 2
0.00 b £ -2 g -3
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
s (Mm) s (Mm) s (Mm)

Figure 4.11: They(s) parameter is plotted (left panel) for= 1.48 (line) andl’ = 1.04
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loop.

law) formula, which requires that(s) < 1 (Chapman-Enskog regime) at every position
salong the loop.

83



4 Coronal loop model including ion kinetics

According to these four figures the kinetic proton heat catidn is not far from its
classical value for the twb parameters, however it seems than the kinetic proton heat flu
does clearly dier from the classical one by factor of two close the loop footfs for a
more strongly expanding cross-sectional area along the [dhis situation corresponds
to a parametew which is of the order of X 1072, For nearly constant cross sections,
e.g. I' = 1.04, the kinetic ion heat flux looks quite identical to the slaal one (see
the right panel of Fig.4.11). A significantftérence can only be seen close to the loop
footpoints at which remarkable deviations of the kinetiathffux from the classical one
can occur. In fact, thisféect is related to the shape of the VDFs. As long as we are
close to a Maxwellian VDF, the macroscopic collisional fldescription seems valid, but
for any deviation from a local Maxwellian a consistent kinetescription of the various
moments is required.

4.5 Conclusion and discussion

In this chapter we studied the wave heating of coronal lodfs. that purpose we de-
veloped a hybrid model in which the kinetic Vlasov equationthe reduced ion VDFs
was used for protons, and electrons were treated as a flujdino$tatic equilibrium. The
Vlasov equation includes wave-particle interactions asdeed within the framework of
quasilinear theory and Coulomb collisions between thegarspecies. When consider-
ing ion-cyclotron-wave heating, it turns out that the proteeating has a strong spatial
connection with the variation of the cross-section-areaglthe loop. It is deduced that
footpoint-type heating with a small scale height is a consege of a quasi-homogeneous
flux tube, in which the proton temperature remains nearlygtat in a large section of the
loop. However, if the magnetic field of the loop is more divegyfrom both footpoints
to the apex, the heating scale height of the protons is laffee resulting strong wave
absorption at many ferent positions leads to quasi-uniform loop heating.

In this model, the electrons can be heated through the Cdslmtlision coupling
between protons and electrons, and consequently the tatapeelectrons can reach in a
coronal loop depends on the proton heating. However, tlogreles while having to power
the radiative losses tend to be cooler than the protonsciediyeclose to the footpoints
where the electron density is higher. But electrons furtteed due to heat conduction
which is proportional tors’?>. Consequently, the heating profile of the electrons is con-
nected with that of the protons as long as their temperatays delow~ 1 MK; beyond
this value, thermal diusion associated with the electron heat conduction mooagty
reduces the electron temperature and renders the eleetrgretature profile more uni-
form.

Therefore, it turns out that the model can produce both tyfesbserved coronal
loops, i.e. the EUV as well as X-ray loops, in dependence upemmagnetic flux tube
geometry that shapes the plasma loop. The EUV loops can belleddvell if the cross-
section area, corresponding to the magnetic field line teimsthe loop, is more homo-
geneous with" ~ 1.04. However, the X-ray loops observed with a quasi-unifogating
can arise in our model if the cross section expands, With1.48.

In addition to the remote-sensing evidence for ion heatistgioed by the Solar and
Heliospheric Observatory (SOHO), which is based on spsctioic determinations of the
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widths of extreme ultraviolet emission lines and indicaiz the heavy ions are hotter and
more accelerated in polar coronal hole, also strong inesitdence for ion heating and
plateau formation was found in solar wind proton velocitgtdbution functions (Heuer
and Marsch 2007). All these measurements have been intedpire terms of kinetic
wave-particle interactions, and are believed to be maialysed by resonantftlision of
ions in the Alfvériion-cyclotron wave field. These observations relate to #s¢ $olar
wind emanating from magnetically open coronal holes.

Here we have for the first time applied similar theoreticalaapts to the heating of
coronal loops, i.e. the closed magnetic structures on tine Sur theory reveals a close
connection between the spatial heating (due to resonarg-pasticle interaction) along
the loop and the magnetic flux tube expansion as measuredtfrerfootpoints to the
top. In fact, an expanding magnetic flux tube leads to locssigation of the Alfvén
ion-cyclotron waves which is needed for strong heating aneleration of ions beyond
2 solar radii. Uniform heating can only occur at larger dists since the magnetic field
decreases more slowly within the solar wind region. Howewecase of coronal loop,
where the flux tube is expanding less than a coronal funnelhéating tends to be more
non-uniform. Since the resonant absorption of ion-cyolotwaves is fast process, the
waves can dissipate at lower heights close to the transiégion, and this heating is
efficient for coronal loop heating.

Thus, it turns out that this variation of the cross-secti@anea plays an important role
in determining the thermodynamic structure of a loop in thexlel. However, the coronal
magnetic field still cannot be directly measured witlffisient accuracy, but rather can
be diagnosed and inferred only by using the intensity festabserved in coronal loop
images. According to some linear force-free magnetic fietchpolation models for loops
(see e.g., Lopez Fuentes et al. 2006), in some cases theeddhlad tubes expands twice
as much as the observed TRACE loops from the footpoint todibe &pex.

It is therefore surprising that soft X-ray, EUV, and visibight images all give the
impression as if coronal loops are less thick (e.g Golub.et380) but more constricted.
Also, some measurements of the expansion of loops (as @useyWTRACE in the 171 A
and 195 A band passes with better spatial resolution) edéstpiansion factors df ~ 1.1
(Watko and Klimchuk 2000). These results appear to be camgisvith the predictions
of our model, which produces EUV loops with roughly constamperature along most
segments of the loop. Also, further loop observations mad¥®KOH in soft X-rays
(Klimchuk 2000) showed expansion factors ranging betweemd. 1.5, which means
that most loops are not strongly expanding near their topfurther comparison of the
predictions of this model with observations will be madehe planned future work, in
which we shall also include thetects of minor ions on the loop temperature profile.
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5 Multi-ions kinetic model for coronal
loop

5.1 Introduction

The solar corona is weakly collisional and far from Local fithal Equilibrium (LTE).
Particularly, a coronal loop, although it is denser than gsheounding plasma, might
also not be in LTE. Therefore, the coronal loop has to be de=tmore realistically by
the kinetic Vlasov equation. Furthermore, the loop heatirgghanism presumably acts
on a scale smaller than the mean free path of the particlessegoently, HD or MHD
models will not be able to explain the heating of coronal Bamnd within fluid theory
one cannot understand the origin and location of the heatsalong the loop. Thus,
in such weakly collisional conditions a kinetic descriptiof the coronal loop plasma is
inevitably needed.

Following the same theory given in chapter 4 for the coronaplmodeling, in this
chapter, some other minor ions like Helium ions?Hand oxygen ions, ® are included
in addition to the electrons and protons in the plasma loogehdere, we aim to study
the heating of these minor ions via the resonant wave-peudiocsorption, and see their
effect on the heating of protons and electrons. Also, we showitbemstances in which
the plasma loop can be close to or far from LTE.

Such a study allows us to extract the salient impacts and eftets that small-
amplitude cyclotron waves may have on the heating of coroogls in presence of colli-
sions, which still turn out to befigcient in loops as compared with the more tenuous outer
corona and dilute solar wind.

The coronal loop model theory used here is well describethenprevious chapter,
where an ensemble of PDE equations (4.3), (4.6), (4.12) &rdl) are involved, and
where the ion species are described kinetically in term&i@f reduced velocity distri-
bution functions (VDFs). Also, a semicircular cylindrigg¢ometry for the coronal loop
flux tube is adopted, whereby the varying loop cross-sedsiobeying the equation (4.1)
(with the total loop lengthl. ~ 63 Mm).

In the model, a power-law spectrum is assumed for the nqredss/e Alfvén waves
originating below the transition region. The ion heatingssociated with the dissipation
of these waves via ion-cyclotron resonance obeying theitongw — kv — & = 0, with
the parallel wave vectdk; and wave frequency, and the ion gyrofrequenci(s) =
giB(s)/m;, which varies along the loop with the spatial coordinateAt the footpoints
(where the boundary conditions are set) we assume the foliplon abundancedyye =
0.1N, andNo = 0.001N,, with N, = 4.15x 10**m=3, and the temperatuf® = 2x 10° K.
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The magnetic field & = 0 isBy = 80 G. The initial conditions are chosen to be constants,
i.e., all the species have the same temperail(®,= Ty, and the abundance for each ion
species is assumed to be the same as at the footpoints. Hateaaeal with two values
of the expansion factol; = 1.04 for a nearly homogeneous loop afid= 1.48 for a
more expanding loop, (see Fig. 4.2). At 0 the waves start to propagate close to
the left footpoint, with the power-law spectrum densityegivby B,(s = 0) ~ 2.8 x
104 wlog(?)]™* J nr3 s. Generally, the frequency interval used in this study eang
betweenQo(s = 0)/I'2 andQ,(s = 0). Notice that fol” varying between 04 and 148,
the integrated power-law spectrum is equivalent to an dvesathermal velocity ranging
between 14 and 38 kfs, which is consistent with the observational constraiitshielm

et al. 2007).

5.2 Results

5.2.1 Plasma loop profiles

The kinetic temperature, which is of prime interest in thisdy, is plotted for each ion
species in Fig. 5.1a and Fig. 5.1b. In casd of 1.48, protons and He ions show the
same isotropic temperature profiles along the loop. Howéiveiheating of & in the left
part of the loop is higher in the perpendicular directionwespect to the mean magnetic
field. This leads to a remarkable temperature anisotropyy Wi/T, > 1. The kinetic
parallel temperature of ©, T os+, hardly difers from the temperatures of the other ion
species. The perpendicular temperaflires- behaves dferently, as it increases rapidly
and then reaches values up to 5 MKsat 16 Mm, leading to a maximal temperature
anisotropy withT, /T, ~ 2.5. On the right side of the loop, at which the wave absorption
is negligible, all ion species have the same heating preafild,thus isotropy is well main-
tained. In this part, the ion temperature decreases at tigedpex to the right boundary
ats = L under the fects of ion heat conduction and ion-electron collisions.

When the loop width is nearly homogeneoiis{ 1.04), the temperature isotropy is
well preserved beyond a distance of 5 Mm, as it becomes aieéigi 5.1a. The kinetic
temperatures of each species are similar and roughly atradtang a big part of the loop.
Only a remarkable anisotropy in the oxygen temperaturersadase to the left footpoint,
where the wave absorption is relatively stronger than disea:

In Fig. 5.1c the electron density is plotted for both casethefexpansion factor. The
loop with a quasi-constant cross sectidn={ 1.04) has an enhanced density in compar-
ison with the loop having a more expanding cross secfioe: (1.48). Furthermore, in
both cases the loop is dynamic with a non-thermal subsonicdfmeed (see Fig. 5.1d).
The flow in the loop is needed to guarantee that particle flwoisserved in the final
relaxed state of the plasma (see Fig. 5.1f). Indeed, thetmenmal drift speed can reach
~ 20 km st in case ofl = 1.04. This bulk flow speed ranges within the values often
observed in active-region loops (Aschwanden et al. 1999¢eG# al. 2000, Winebarger
et al. 2002, Marsch et al. 2004).

In the kinetic multi-ions model, the electrons are foundeaboler than the ions. The
electron thermal energy gained from ion-electron colfisicheat exchange is reduced by
the dfect of radiative losses and the strong heat conduction oéléeirons. The latter
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Figure 5.1: (a),(b) Proton and helium temperature (lifigds- (dashed dotted line,, os-
(dashed double-dotted line) and electron temperaturénédiabne) are plotted fof =
1.04 in panel (a) and” = 1.48 in (b) as a function of distancealong the loop. (c)
Electron density, (d) flow speed, (e) varying cross-sectoul (f) the particle flux are all
plotted forl" = 1.04 (line) andl” = 1.48 (dashed line) as a function of distance along the
loop.
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Figure 5.2: The wave spectral energy density plotted in dégece on the normalized
frequency fol” = 1.04 on the left panel and fdr = 1.48 on the right panel at fierent
positionss = 3.3 Mm (line), s = 5.3 Mm (dashed line)s = 156 Mm (dashed dotted
line), ands = 31.4 Mm (dashed double-dotted line). Heg = Q,(s = 0)

process, in which the heat conductivity is proportional §&, is more dicient when the
electron temperaturg, exceeds 1 MK. This will result in a loop having a more expagdin
loop width (see Fig. 5.1b) and a situation in which the elmttemperature is much higher
and more uniform than in the constricted loop. However, wiienloop width is nearly
uniform the electron and ion temperatures are almost idelrit a big part of the loop.

5.2.2 Wave-absorption mechanism

The coronal heating mechanism in loops can well be explaasdaking due to wave ab-
sorption of the ions (as shown in Fig. 5.2). When startindnaitoop having a larger ex-
pansion factor (see Fig. 5.2b), it turns out that the ionseain resonance with waves over
a wider interval of frequencies in the wave spectrumsAt3 Mm the solid line indicates
absorption around the three ion gyrofrequencies. Sincetfgrofrequencies decrease as
long as the flux tube keeps opening up to the loop apex, thegedncies at which ab-
sorption occurs move to ever lower values in the spectrunis dlange is now leading
to quasi-local heating, with a relatively larger heatinggth scale on the left (where the
waves are injected) side of the loop. It is noteworthy that photons can strongly be
heated by wave energy absorption until a distasiee 20 Mm at which the proton gy-
rofrequency becomes close to the helium one at the foot(ﬂjms ~20)~ Qu (s= 0)).
Beyond this distance those waves that could interact witkopis were already absorbed
by helium at lower heights in the left part of the loop. Simijaor helium ions, these
ions can more strongly be heated within distances belewl3 Mm. Beyond this dis-
tance, most of the power of those waves that could fall inmasoe with helium ions was
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already decimated by wave-oxygen interactions at loweitipas in the loop. Despite
this fact, the heating profiles of protons and?Heverlap, because offficient energy
exchange by proton-helium collisions.

However, oxygen ions can be heated from lower positions tipetdoop apex, as it is
clearin Fig. 5.2b, since they have the lowest gyrofrequéﬂ@y: 0.312Q, = 0.6249,46).
Therefore, oxygen ions can interact with waves that haveem@ve power, and due to
the small abundance of°Q the absorbed wave energy is distributed over a much lower
number of oxygen ions than is the case for protons. Strorgrgrepdicular than parallel
heating is the basic result of ion-cyclotron-resonanceit®n. Therefore, the oxygen
ions will finally attain the highest perpendicular temparatof all ions considered here.

Because of the small variation of the magnetic field alonddbp in case of" = 1.04,
ions can be in resonance with waves only over a narrow inteffeequencies close their
gyrofrequencie€i(s = 0) (see Fig. 5.2a). These waves have already been absorbed at
altitudes lower thars ~ 5 Mm. Below this position the three ions can be heated, with a
preferential heating for oxygen, since its ions have theskivgyrofrequency and a very
small abundance in the coronal plasma. This model showstbsttof the resonant waves
have been absorbed by the ions via the "frequency-sweepattpanism”, as described
previously by Tu and Marsch (1997) and Vocks and Marsch (R0URBerefore, most of
the waves get already absorbed at lower heights, and nogbaneave energy is left for
heating the right half of the loop.

In comparison to the heating profile found in the previousptéafor a loop con-
sisting of electrons and protons, it seems that the additiornor ions hardly fiect the
temperature of electrons and protons. Their collisionakgy exchange with the heavy
ions has no measurable thermal impact because of the verynioar ion density, and
also because of the proton temperature which exceeds 1 MK rfdkes their collisions
weaker in comparison with the case when the protons arercoole

5.2.3 lon VDFsin case of = 1.48

The temperature anisotropy of the heavy ions, which is sgmed here by ®, im-
plies that their usual VDFs is not Maxwellian. Assuming a MaXian inv,, a two-
dimensional gyrotropic VDF (v, v,) can be obtained (see equation (3.13)).

Figs. 5.3-5.5 display the time evolution of VDFs of the thremes species, proton,
helium and oxygens at the positior=s16 Mm. At the initial time,t = 0, the VDFs of
the ions are Maxwellian describing a local thermal equillibor system withT, = Tye =
To = To = Te = 2.10° K. It turns out that the VDFs of proton and helium species
remain isotropic during the time evolution to the relaxitegsly state. The circles, which
represent the contour plots of the Maxwellian distributiexpand with time, implying ion
heating locally in space (here at positicel$ Mm far from the left footpoint). Therefore,
the diffusion of protons and helium ions is more isotropic due to tfieiency of the
Coulomb collisions comparing to ion heating process.

However, the oxygen VDFs behavestdiently in Fig. 5.5. At the initial timet, = 0O,
this VDFs is isotropic have a shape like a Maxwellian disttin that is represented by
circular contour centred at the normalized drift speed. nTagt = 800 s, these circles
expand more due to theftlision process of the oxygen ions under tifea of the wave-
particle absorption.
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Notice that, at time < 800 s, the oxygen VDFs is still isotropic due to tifaaency
of the Coulomb collisions when the ion temperature is stllolv 1 MK. As long the
kinetic thermal energy of the oxygen increases in time, tikstons will not be able to
thermalize éiciently these ions. Consequently, their VDF are shaped amtrically via
the wave-particle diusion process. This asymmetric form starts to appete=a2000 s
(see Fig. 5.5d) when the contour plots deviated from théialrcircular shapes and thus
indicate a preferential perpendicular heating.

The resonant wave-particle interaction term bffugiion drives the particle’s VDF to
attain vanishing pitch-angle gradients in the wave frameefd#rence according to quasi-
linear theory, which is supported by solar wind in situ obaéons (Marsch and Tu 2001,
Heuer and Marsch 2007), while the Coulomb collision opertgnds to thermalize the
plasma, and to make the particle VDFs isotropic.

Att = 10 s, the oxygen VDF reaches its steady final state, and it isgaléor several
positions along the loop as shown in Fig. 5.6. The VDF, at tveel position around
3 Mm, is close to Maxwellian, and around the positians 7.2 ands = 10.5 Mm, the
oxygen VDFs expand more asymmetrically leading to a renidekaxygen temperature
anisotropy. Furthermore, when the heating of oxygen isimiéiximum as ~ 18 Mm, the
VDF is very far from a Maxwellian and shows a preferentialgegrdicular heating with
respect to the local magnetic field. Then at larger distafge<20 Mm), the oxygen VDF
shrinks again towards a more symmetric form, as shown in3=gj for the case o$ = 30
Mm. This is expected since the wave dissipation process stbpositions ~ 20 Mm
along the loop for the reasons mentioned in the previousestios. Consequently, in the
remaining part of the loop (at > 30), the collisions will be moreficient to thermalize
the plasma again, a process leading to a Maxwellian VDFhoatl ion plasma species.

In the difusion process, ions having(< 0) on the tails of the VDF are much more
spread. These particles while moving inwaygl £ 0) can fall in resonance with waves
having frequencies < Q,(s), but have a negligible interaction with waves at frequesci
w > Qp(9), since these waves will reach the positewith low wave energy. The reason
is that their energy was already eroded at lower heightsaihatbp. This means the model
assumption of dispersionless Alfyégclotron waves is also well justified.

5.3 Conclusion and discussion

In this chapter the heating of a coronal loop is modelled bgguithe kinetic description
and including wave-particle interactions which are basethe quasi-linear approxima-
tion of the Vlasov equation. Alfvényclotron waves are assumed to penetrate the plasma
in the coronal loop from one footpoint, and thus to heat tims iasymmetrically via res-
onant wave absorption. Consequently, asymmetric heatiogrs, with the spatial dissi-
pation scale being connected with the variation of the loggihw In this way dynamical
loops with a moderate non-thermal drift speed (subsonik thmlv) can be produced.

We neglected in our model possible dissipation caused bsnm@ainhomogeneity
across the loop. We are aware of theoretical consideratinggesting that cross-field
plasma nonuniformity might be crucial also for the dissipabf high-frequency Alfvén-
cyclotron waves, which can undergo nonlinear processessdiel strong phase mix-
ing, thus leading to fast Landau damping (see, e.g., Voiteankd Goossens 2000a,b,
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and references therein). Even though Landau damping, icithemstance when the
loop is nonuniform and of filamentary nature across the miagfield, can occur it will
have a minor ffect as long as the related dissipation lengths comparatively large,
i.e. z 2 100 km which is the characteristic length scale of field+agig ion-cyclotron
damping in our model. This condition @an means that Landau damping only matters if
L, <10km, aninequality that is obtained by using equations &ht})(30) as given in the
paper of Voitenko and Goossens (2000b). The required shemméntation lengtl., is
roughly 100 times smaller than the typical thin-loop diaenetf about 1 Mm, which cab
be observed within the resolution of TRACE yields the snsilgeale that can presently
be resolved.

In the present model it is found that the footpoint-type lbejating with a small scale
length is the consequence of a quasi-homogeneous magnoettalfie, in which the elec-
tron density is enhanced and stays roughly uniform in the.lo&part from the region
close to left footpoint, the plasma can remain close to LTEhwi uniform temperature
around 1 MK along the loop. These loop features seem to bestenswith those ob-
served in the emission of so-called EUV loops.

However, if the loop width expands more strongly from itstfmmnts to the apex, the
heating scale length for the ions becomes larger. In sudh tfas plasma can evolve to a
state far from LTE, and a considerable temperature anisptiocurs inO%> (minor heavy
ions), where the strong wave dissipation is taking placééndop. The electrons, which
can be heated through the Coulomb-collision coupling betwiens and electrons, still
remain cooler than the ions, due to their high heat conduettowell as sizable radiation
losses.

These plasma loop features, i.e. the electron temperatdrdensity profiles as well
as the plasma flow driven by ion dynamics, may together expte hot dynamical loops
as they are observed at wavelengths between soft X-rayshenBWV. These kind of
loop features were in the literature (e.g., Klimchuk 2008)ally reproduced by using
hydrostatic models, which yet are not able to explain theterice of gentle flows as
observed in such loops.
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Figure 5.3: Time evolution of proton VDFs at position 16 Mrorag the loop fol™ = 1.48.

Vin,p is the proton thermal speed st 0, and U the drift speed.
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6 Multi-strand loop modeling and
filter-ratio analysis

6.1 Introduction:

In Chap. 4 we modeled a coronal loop as one single flux tube @olithic loop) in
which the confined plasma is heated by ion-cyclotfdivén waves via the resonant ab-
sorption mechanism. It turned out from this model that themvibbop has the roughly
constant temperature profile and enhanced density (rel&distatic model Serio et al.
1981) is a consequence of uniform cross-section of the flog along the loop. Pro-
ducing this type of loop profile with uniform temperature wastivated by many recent
observations of EUV loop emissions (using high spatial ltégm imaging provided by
TRACE; see Lenz et al. 1999, Aschwanden et al. 1999, 2000ajletJthe assumption
that the loops have a single cross-field temperature, theCERR95:171 filter ratio im-
plies that these loops have temperatures of 1-1.5 MK whietcanstant along much of
their lengths. Furthermore, it was found that the denstdfdlese warm loops are much
more enhanced than the densities predicted by static madilsuniform heating (see
e.g., Aschwanden et al. 2001, Winebarger et al. 2003a). Menyit was concluded that
static loop models with footpoint heating may produce flatgerature profiles and en-
hanced apex densities, but the enhancement in density wad fo be not large enough
in case of long loops.

It is believed that the diculty of reproducing the observed properties of TRACE
loops with static models is that they are not in equilibriufimerefore, it was suggested
that the impulsive heating caused by nanoflare events copldie these observed loop
properties. In this mechanism, the coronal loops are firehgty heated by a burst of
thermal energy released when the reconnection occurs. thedreating is followed by a
strong evaporation of chromospheric material into the marmops. During the cooling
phase, and when loop temperatures span between 1 and 1.5¥k¢ops can be denser
than in the equilibrium case (see e.g., Warren et al. 200&jilCand Klimchuk 1997).

However, hydrodynamics simulations showed that the cgdbop would appear si-
multaneously in both TRACE 171 and 195 A filters for only ab80® s (see e.g., Reeves
and Warren 2002). This cooling time is much smaller than ifieéirme of the observed
TRACE active region loops which generally live for severalts, while maintaining
their interesting features of high densities and flat terajpee profiles. Therefore, the
scenario of a temporal evolution of the loop cooling in tireems inconsistent with the
observations.

It was shown that the existence of nanoflare heating modiés feeavily on the as-
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sumption of a multi-strand or multi-thread loop concept.this concept, the observed
coronal loops are composed of myriads of unresolved lo@mds, and thus should ex-
hibit a broad diferential measure (DEM) distribution. This concept is rélyeendowed

by many observations exploiting the high spatial resoiutibTRACE, and indicating that
the observed "fat" single loop could be composed of many Isseale filaments which
most probably have fferent temperatures across the field (Schmelz et al. 2008, 200
2005, Martens et al. 2002). The lack of the observation of fiee scale structures be-
yond TRACE resolution leads to a possibility that the obedi@ops may be composed of
very thin "strands or threads" that havéfdient temperature and density profiles. There-
fore, the loop intensity could represent an ensemble of ®amis of many unresolved
strands.

Adopting this concept of multi-strand loops, Reeves andr&vef2002) have produced
the features of the observed warm loops by assuming a bufsitati, uniformly heated
strands. Their model, however, implements dense and lastcst 5 MK) to reproduce
the flat TRACE filter ratios. This seems to contradict pregiobservations which indicate
that, generally, hot loops are not cospatial with relagivaol loops (e.g., Sheeley 1980,
Habbal et al. 1985). Recently, Warren et al. (2002) also ssiggl a multi-strand loop
model where the strands are at random stages of impulsitengesnd cooling. The
authors synthesized the TRACE 171 and 195 A intensitiesefibdeled strands, and
obtained a flat 171:195 filter ratio along the loop resultim¢girger emissions relative to
those estimated by static heating.

Following the concept of a multi-strand structure of coldoaps, we now will also
model the observed TRACE loop as a bundle of seven isolateddst. However, con-
cerning loop heating we propose here that the strands atechémmough the dissipation
of parallel propagating ion-cyclotrghlfvén waves via resonant wave absorption. The
same kinetic model used in Chap. 4 to describe the heatingrafralithic loop now is
applied to the heating of an individual small-scale strartus various fine structures can
have diferent temperatures and density profiles. Therefore, amadigm of a neigh-
bouring set of filaments with a low-resolution instrumentiicblead to an apparently fat
loop, which yet is simply composed of a finite number of stearince in the corona the
cross-field heat transport is very weak, and as the plasmanindited by the magnetic
pressure, we can assume that separate loop strands areltiiésoiated.

Once we have determined theffdirent plasma profiles of single loop strands, we
can synthesize the total emission of the composite model liereby assuming its ob-
servation as a monolithic loop in the TRAGHT filters, and thus we can extract its
temperature by adopting the filter-ratio technique. We shlbw that in any case, when
the coronal loop is composed of unresolved filaments havifigrént temperatures and
roughly identical emission measures across the corong) bbquasi-uniform temperature
can be inferred along the loop length.

The chapter is organized as follows: in Sec. 6.2 we model aOREIT coronal loop
as a bundle of seven separate filaments heated through #gatiisn of high-frequency
Alfvén waves. We assumeftirent wave energy inputs at the footpoints of thedent
strand. Then in Sec. 6.3, we synthesize the emission of thdeled coronal loop in
the three TRACE passbands, and thus we can derive the loggetatare from two filter
ratios 171:195 and 171:284. Finally, we discuss the obdaiesults and conclude in Sec.
6.4.
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6.2 Multi-strand coronal loop model:

6.2 Multi-strand coronal loop model:

It is believed that the small-scale reconnection eventshvbccur in the lower corona
(or chromosphere) can be an ultimate source of high-frequeraves, namely waves
having scales comparable to the ion inertial length (aldled#n-cyclotron waves) (see
Axford et al. 1999, Axford and McKenzie 1995). Many theoeatiworks showed that
the propagation of such waves in the corona may lead tdfameat ion heating, and can
thus explain the rapid temperature increase in the transiggion and corona (see, e.g.,
Vocks 2002, Vocks and Marsch 2002). Therefore, we also\relieat the formation of
coronal loops can be a consequence of the dissipation afyicletron waves along the
closed magnetic field lines that confine the plasmas of thesmal loops (Bourouaine
etal. 2008a,b). Furthermore, intuitively we think that taedom spatial occurrence of the
reconnection events may generate ion-cyclotron wavesdifitbrent amounts of energy.
The dissipation of these waves along the closed field linedsléo heating and plasma
evaporation, thus producing a kind of small-scale filamentstrands (very fine loops
beyond the TRACE resolution). These filaments may hafferdintial temperature and
density profiles. Therefore, the observation of these ddtaments with low-resolution
instruments shows fat loops that are simply composed ofte fmimber of these strands.
Since in the coronal medium the cross-field heat transpuerisweak, and as the plasma
is dominated by the magnetic pressure, all the loop strardharmally and dynamically
isolated.

In this model, we will represent a coronal loop as an enseofldeven separated loop
strands or filaments (see Fig. 6.1). Each strand is modeled atectron-proton plasma
confined within a semi-circular cylindric and symmetric flube. All the strands (num-
bered by index) are assumed to have the same lengjts-(63 Mm) and the same local
width, wi(s). We suggest that these strands are close to each othertaattdiin planes
that are perpendicular to the solar surface. The flux tubésesie strands expand simi-
larly with height, i.e., the filaments have the same expamfsiotor,I’ = 1.48. This means
that each strand has a varying cross-section which expaodsthe strand footpoints
(situated at the transition region) to the strand top andfgeg formula (4.1).

The loop strands are heated through the dissipation of spadsive Alfvéfion-cyclotron
waves propagating along the field lines. These waves arenaskto be injected at the
left footpoints of the strands and heat the ions via resoneve-particle interactions.
More details about this dissipation mechanism are giverhiapC4 in case of monolithic
coronal loop modeling. Here, for each strand, a power-lagctspm is assumed for the
Alfvén waves at the left strand-footpoint, i.e,

Bi(5=0)= i [win()] Inrist i=1,2.7 (6.1)

where B! is the wave spectral energy density of the waves enteringtitad. The
parameter; which corresponds to each loop strand is listed in Tab. 6.1

All the loop strands have the same boundary conditions,their electron densities
at the footpoints€ = 0,s = L) are given byNg(s = 0) = Ng(s = L) = 5x 10" m™3,
and their electron temperatures Bys = 0) = T(s = L) = 2x 10° K. Also, att = 0
(the initial condition) we consider a similar initial stete all the strands, i.e., the strands
are cooler and have relatively small apex densities. Afbeuaten thousands of seconds
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6 Multi-strand loop modeling and filter-ratio analysis

Table 6.1: The parameter; corresponds to strand "i* defined by its maximum proton

temperature shown in Fig. 1a

Strand| Tyax (MK)

(1in04

0.7
0.84
1.2
14
1.66
1.95
2.1

~NoO oh WN P

0.5
0.7
11
14
1.9
2.5
3.0

Loop cross-section

Loop filaments

Cross-field variation

Figure 6.1: Coronal loop that consists of many small-sciennts

all the strands reach their steady final states, and theylget With plasma due to the
evaporation process and particle acceleration and thus &or unresolved TRACE or

SOHQEIT loop.

The temperature and density profiles of the species of eamhdsare plotted in Fig.
6.2. As expected, the higher the wave energy input the mogeggris transferred to
the plasma loop strand. The Alfvén waves heat the protongnigyclotron-wave ab-
sorption, and thus due to proton-electron collisions aigodiectrons can be heated. The
proton temperatures increase up to their maximum valuse ¢toa distance ef 20 Mm
where the dissipation of the waves ceases. The proton tewopes tend to decrease
under the fect of heat conduction and electron-proton energy exchaggmllisions.
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6.3 Filter-ratio analysis:

However, the electron temperature is roughly equal to théoprtemperature as long as
the latter is smaller than one mega kelvin. But when the prigmperature exceeds this
value, the electron temperature remains at smaller valuesadstrong electron heat con-
duction. Therefore, the electron and proton temperaturéka strands "1, 2" roughly
overlap. While, in the case of strands "3, 4, 5, 6, 7", thegstare hotter than the
electrons, and electrons show a quasi-uniform heating.

In this kinetic model, the loop strands can be filled with plasvia two mechanisms,
wave-induced particle acceleration and chromospherisnpdaevaporation (caused by
heat conduction from the corona). However, wave-partictlekeration is the dominant
process to fill the loop-like structures with protons, sitive proton heat conduction is
small, and the electron inertia is neglected in our appratiom. Thus, the plasma dy-
namics of the loop is only related to the proton inertia. Assutt, we see that the densities
in big parts of the loop strands do nofigr by much. Consequently, the strands have a
roughly similar emission measurg 1 = N?w) across the loop.

Therefore, the modeled coronal loop (represented by a +stuthded coronal loop)
has a varying cross-field electron temperature, which spetvgeen &% to 16 MK at its
top (and between.6 to 2 MK), but only a small cross-field density variation (digkt
cross-field emission-measure variation). The next sedidavoted to the analysis of the
emission of the modeled coronal loop, as it would be observéte three EUV channels
at 171, 195 and 284 A available in the TRACE imager or SGHD

6.3 Filter-ratio analysis:

In the following section we introduce the term "isotherngathperature'Tiso, which sim-
ply means the observationally inferred loop temperaturemvéssuming a single cross-
field temperature and using filter-ratio technique.

It is possible to synthesize the total emission of the matitdeloop from the seven
strand emissions. The emission of each strand can easilgrbputed from its modeled
density and temperature profiles using the following erissneasure relation

4(9 =N2(9G(TF'(9), i=1,2.7 (6.2)

wherei(s) = 1i(s)/wi(s) (the intensity over the width) is the emission of the stréifid
given per unit optical length (units of DNspixel~* cm™) at positions along the strand
(or is the intensity over the width)T; andN; are respectively, itsfeective temperature
(units of Kelvin) and density (units cr®). G(T) is the response function given for each
filter as plotted in Fig. 6.3a.

Now we study the emission of the loop strands considerirg, tfie proton tempera-
ture to be an fective temperaturel€f = T,) of the emissions. Then, in the second case
Te'f = T,, whereT, is the electron temperature.

The strand emissions in the three filters are plotted in Figjirbthe case ofeff = T,,.

It seems that the strands brightest in the 171 A emissionhasetlabled with numbers
3, 2, 4, and 1 (ordered from the highest to lowest intensitigwever, in this filter, the
remaining strands are less visible due to their relativegi emperatures which exceed
1.1 MK. Therefore, the first fourth strands mainly contrébtn the total emissiotin(s)

of the total loop in the 171 A passbands (see Fig. 6.4d). M@edig. 6.4b shows that
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Figure 6.2: Plasma profile for each loop strands, (a): Prt¢arperature, (b) electron
temperature and (c) electron density. All parameters astiqul as function of strand
position such that (solid line) refer to strand "1", (dottaet) strand "2", (dashed line)
strand "3", (dash-dotted line) strand "4", (dash-tripl&edline) strand "5", (long dashed
line) strand "6" and (thick solid line) strand "7".

the 195 A filter is more sensitive to the strands labeled witinber 4, 5 and 3 (from the
highest to lowest intensity). This is because the maximumnptratures of these strands
range between 1 and 1.4 MK which is the temperature intefitheoresponse of the filter
in the 195 A passbands. Overall, these mentioned stranddyndosninate the emission
of the total loop in the 195 A passbands shown in Fig. 6.4d.

It turns out from Fig. 6.4c that the modeled fat loop is lessble in the 284 A emis-
sion. This is because this filter is more sensitive to hot $abyaving temperatures higher
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107 100.0 T
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10728

Response function (DN s™ pixel™ cm®)

107 v
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Figure 6.3: (a): The response function for each TRACE fifitker with 171 A passbands
(solid line), filter with 195 A passbands (dotted line) andefilwith 284 A passbands
(dashed line). (b): The ratio between two filters; (171:1@56)id line), (171:284) (dotted
line) and (195:284) (dashed line).

than 2 MK). Only hotter strands having apex temperagire3 MK can slightly be vis-
ible in this passbands, therefore, the whole "fat" loop appat lower intensity which
is smaller by about one order of magnitude than its emissidhé filter with the 171 A
wavelength (Fig. 6.4d). Furthermore, in the more realistise when the background has
to be accounted for, this modeled loop can hardly be seerei@@4 A passbands, since
its emission would strongly be contaminated by the backupiafect.

When we consider the electron temperature asfiatt/e temperature for the loop
strand emissions which are shown in Fig. 6.6, the total lodpb& more visible in the
171 Afilter. According to the Fig. 6.6a, all the strands, gotas the strand "7", contribute
in the total emission of the loop in the filter 171 A. Also thepowould be more visible
in the 195 A filter, since the cross-field electron temperatanges between 0.5 and 1.6
MK. However, less visibility of the loop is expected in thedil 284 A. Therefore, in both
cases of theféective temperature consideration, the total coronal Isapare visible in
the two filters with 171 and 195 A. We can then classify our niedenulti-strand loop
as warm EUV loop in terms of visibility in TRACE filters.

In Fig. 6.5 and Fig. 6.7 the flerent emission ratios for each strand are computed for
both cases of thefkective temperature. Generally, it seems that the strands\vaaying
filter ratios, which implies a varying temperature alongrtlengths. Now, by making use
of the total-emission ratio of the fat coronal loop, 171:498 171:284, we can extract the
assumed single cross-field temperature (also called isng#iéemperature) by assuming
that the total emission is given by

4(s) = N°G(Tiso), (6.3)
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6 Multi-strand loop modeling and filter-ratio analysis

whereN is the assumed single cross-field density.

Fig. 6.5c and Fig. 6.7c display the ratio between tHEedent the total loop emissions
plotted versus the loop length. Interestingly, for bothesasf the &ective temperature,
the total-emission ratio (171:195) (indicated by solick)irvaries slightly between two
values, 1 and 3 inside the loop. However, the total-emissitia (171:284) (indicated by
dot lines) spans between the values 10 and 12 \iltféh = T,, and between the values
8 and 10 in the case af¢’f = T,. As we will show, these variations in thefidirent
filter-ratios are still not large enough to produce varyiegperatures along the loop.

Based on the obtained results of the total-intensity ratias by making used of the
ratios between the response functions plotted in Fig. 6agbcan extract the isother-
mal temperature that corresponds to each filter ratio. hezejeal with two filter ratios,
171:195 and 171:284 since they provide unique valueBsgfunlike the filter 195:284
that may not provide a uniquis,. For example the value 4 in the filter ratio 195:284 cor-
responds to two possible isothermal temperatures whemasgthe temperature ranges
between 0.6 and 2 MK (see Fig. 6.3b ). Figs. 6.8a, 6.9a shderent isothermal
temperatures obtained from the two filter ratios. This regives a good indication that
we are dealing with an unresolved multithermal loop whichtcadicts the isothermality
assumption across the field.

Interestingly, the obtained isothermal temperatures aesiguniform along the loop
length for both cases offfiective temperatures. Moreover, the obtaifigd from the in-
tensity ratio 171:195 is more uniform along the loop lengtiewwe considefeff = T,,.
This seems to fit the TRACE coronal loop features (see e.gz eal. 1999) as discussed
in the introduction. Most of the observed warm EUV loops azroiearly appear in the
filter (284 A) because their emissions can strongly fiected by the background emis-
sion. Thus, one may think that these loops are isothermasadtheir field lines when only
using the filter ratio (171:195). But in fact when we consitheir emission in the 284 A
filter, the temperatures obtained from twdtdient filter-ratios may not overlap. There-
fore, the use of multiple filters is inevitably needed to deiee weather the isothermality
assumption across the field is correct or not. This conctusiay explain the recent re-
sults obtained by Schmelz et al. (2003). The authors armdli8eoronal loops that were
clearly visible in the 171, 195 and 284 A passbands of the Hii€y showed that in each
case of the used background substraction method tifierelnt uniform temperatures were
obtained, one from the 171:195 ratio and the second for the28@ ratio. The authors
suggested that the single cross-field temperature assumguiuld provide a misleading
loop temperature.

However, we argue here that, in case of warm lodps<( 1.5 MK), it is difficult
to infer the temperature from the filter ratio 195:284. Tlsibecause the ratio function
195:284 in Fig. 6.3b peaks at a temperatlire 1.26 MK, and for any ratio value that
spans between 1 and~ 26, there are two corresponding temperatures; one is ab2ge 1
MK and the other below it (non-unique solution). Therefoneghe case of warm coronal
loops, it is dificult to constrain the temperature value to be chosen. Forehaon, we
did not use here the filter ratio 195:284 to determine the teagperature.

By assuming a line-of-sight depth of ¥@&m, as considered by Lenz et al. (1999), we
estimate the emission measure from the filter ratio (172:288 (171:284) (see Fig 6.8-
6.9). The emission measure profile implies an enhanced tgleinside the loop, and
the estimated EM for the first filter ratio is comparable todhe obtained by Lenz et al.
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Figure 6.4: Herd ¢’ = T,,. (a): Emission of each strand through the filter (171 A). (b):
Emission of each strand through the filter (195 A). (c): Emis®f each strand through
the filter (284 A). All plotted as function of the strand pasit. Each strand is represented
by the same type of line as given in Fig. 6.1. (d): Total loopssion through the filters
(171 A) (solid line), (195 A) (dot line) and (284 A) dasheddin

(1999), however, a higher EM could be obtained if we congidéne filter ratio (171:284).
Notice that the obtained isothermal temperatures in ourahbdve nothing to do
with the computed average temperatures as shown in FigafdBgig. 6.9a . The average
temperatures, in both cases @eetive temperatures, vary along the loop and do not show
any flat profiles.
The question is, why often flat temperature profiles are abthivhen using the filter-
ratio technique? Weber et al. (2005) suggested that thefiatof the temperature profile
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Figure 6.5: Herél®'f = T,. Emission ratios 171:195 (a), 171:284 (b), plotted for each
strand represented by the same type of line as given in Fig(6€): Loop-emission ratio
of the loop, (171:195) (solid line) and (171:284) (dot line)

is due to a varying cross-field temperature (brodtedential emission measure (DEM))
in loop, such that the emission ratio method is biased towsdatio of the integrated
response functions over a broad temperature interval. Tthees concluded that this ratio
is about 0.81, which correspond to the TRACE temperature b2 MK. A TRACE-loop
temperature around this value is interpreted to be comsistith multi-thermal plasma,
and therefore with results obtained with the Coronal DiagiecSpectrometer (CDS).

However, here we argue that the flat temperature profile can eucur in the case
when the loop consists of a finite number of strands (formimgah discrete loop struc-
ture), and if these strands have roughly a simidl; but different temperatures across
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Figure 6.6: Herél®'f = T.. (a): Emission of each strand through the filter (171 A). (b):
Emission of each strand through the filter (195 A). (c): Emis®f each strand through
the filter (284 A). All plotted as function of the strand pasit. Each strand is represented
by the same type of line as given in Fig. 6.1. (d): Total loopssion through the filters
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the loop (as in the case of our modeled coronal loop). Coresety the overall loop
intensity ratios, at a given loop position, simply woulduesd to the ratios of the response
functions summed over the number of the loop strands witfisxdoronal loop position,
i.e., to the ratios

Zi,isl Gl?l(Ti)
St GI(T)’

(6.4)
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where,Ns is the total number of the loop strands. Now by assuming a enmistrands,
Ns, and making use of egs. (6.4) and (6.5) we can infer the cblooptemperature. The
strands are assumed to have temperatures equally disttibuer the intervamin, Tmax-
In Fig. 6.10 and Fig. 6.11, we plot the temperature contoatspior some values dfls
and varying intervalTmin, Tmax-

Overall, in case of the filter ratiB; when 05 < Ty,in < 1 MK, Fig. 6.10 shows that
the obtained temperatures are generally ranging betw8ean@~ 1.25 MK for all of the
proposed number of the strand,. For a fixed value off 5 below 1.5 MK (as in the
case of warm coronal loops) the inferred temperature halefyends on the varyinbyi,
for all Ns. This may explain the flat temperature profile often obseimefRACE and
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Figure 6.8: (a) and (b): Loop temperatures and loop emisgiotted wherTef = T,
(a): Isothermal temperatur€e,; that corresponds to the filter ratio (171:195) (solid line),
Tisez that corresponds to the filter ratio (171:284) (dot line) #melaverage temperature
(dash line). (b): Emission measures correspond to filtgo-(a71:195) (solid line), filter-
ratio (171:284) (dash line).

EIT warm loops when using the filter ratio 171:195.

Also, in the case of the filter rati®,, when 05 < Ty, < 1 MK, the results of Fig. 6.11
show that the obtained temperatures are ranging betw8evik and 14 MK for all N.
For a given values of max = 1.4 MK, the inferred temperatures hardly vary with respect
to Timin for all Ns.

In general, the values of the temperature obtained fRmio not coincide with those
obtained fromR; for the same coordinated i, Tmay). However in the case of warm
loops, if the temperature uncertainty is accounted for,tile temperatures may over-
lap. Therefore, we expect that the use of the triple TRAZE filters may not help in
answering if a loop is isothermal or multi-thermal.

Finally, we may say that the flatness in temperature profilenobbtained in warm
EUV loops using TRACEEIT filters can be produced by a simulated coronal loop that
consists of a small or large number of filaments (having sdaéow the TRACE reso-
lution) that have dterent temperatures and roughly similar emission measuaressthe
loop. Therefore, one would expect that only when the mbkirnal coronal loops have
strong cross-field EM gradients, the flat temperature profég not occur.

One of the consequences of our conclusion is that, in theveasal direction of the
coronal loop, the widths of the loop strands that composedbional loop are inversely
proportional to the square of their densitiese 1/N?, since their EMare equivalent. If
we assume that the electron temperature is inversely piiopatto the density therefore
when the loop strand is hot, one expect that its width is lacgenparing with cooler loop
strands. This means that the coronal loops appear wideeihdahemission lines than in
the cooler ones, since the hot strands that contribute tbahemission are wider. This
may explain the fuzziness in the loops when observed in hatsom lines.
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Figure 6.9: (a) and (b): Loop temperatures and loop emisgitotted wheriTef’ = T,.
(a): Isothermal temperatur€e, that corresponds to the filter ratio (171:195) (solid line),
Tisez that corresponds to the filter ratio (171:284) (dot line) #melaverage temperature
(dash line). (b): Emission measures correspond to filtgo-(471:195) (solid line), filter-
ratio (171:284) (dash line).

6.4 Conclusion

In this work we synthesized the emission of seven strandshwibgether are assumed to
constitute a coronal loop as seen in a low-resolution TRACE@HQEIT observation.
Each of the loop strands used in the model is heated by Affwércyclotron waves via
wave-particle interactions. This process leads to prowatihg in the electron-proton
plasma, and due to electron-proton collisions the elestcan then be heated as well
up to a certain temperature which is below or equal to theopre¢mperature. It turns
out that the plasma, in case of hot loop strands (where thmptemperature exceeds
> 1 MK) is not in local thermal equilibrium and the electrone apoler than the protons.

In our model, the Alfvén waves, which are assumed to pereetinatstrands from their
footpoints, are there generated wittffdient intensity. Consequently,fidirent heating
profiles occur within each strand due to the wave absorptidreating process. There-
fore, this diferential heating leads to a varying cross-field temperaituitee total coronal
loop. The simulated TRAGEXT observation of this model loop implies twofiiirent
quasi-uniform temperature profiles along the loop lengtie, d@erived from the filter-ratio
171:195 and the other for the 171:284. The flatness in theatktemperature profiles is
due to the property of a roughly constant EM of the loop stsaindhe cross-field loop
direction.

Furthermore, for dferent cases of loop strands withffdrent temperatures and the
same EM, we showed that the loop temperatures inferred fiathfiiter ratios (171:195
and 171:284) span a narrow interval. In the case of the fiftéo-R,, the obtained loop
temperatures range betweerl and 12 MK, and forR, the temperature spans between
1 and 14 MK.

Here we claim that the uniform loop temperatwré.3 MK as obtained from 171:195
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Figure 6.10: Isothermal temperature obtained from ther fitigo R, for some indicated
values ofNs.

ratio for the observed TRACE loop studied by Lenz et al. (2@®not be produced from
the multi-thermal loop assumption for a warm loop (With< 1.5 MK) as proposed in
our work. Except if this observed loop is classified as a hopl¢f it is quite visible in
the 284 filter), then it would be possible if the minimum temgtere of the strands obey:
Tmin > 1.1 MK and Tiyax > 1.5 MK. Otherwise it is a warm loop, and we then need loop
strands having temperatures that vary within a narrowwat€guasi-isothermal loop).
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7 Conclusion and outlook

The linear dispersion of the fast waves in a magnetized, lgemeous and collisionless
plasma (consisting of electrons and protons in thermallieéguim) has been studied in
chapter 1. It has been shown that the damping of the fast nesdeecachieved via the first
three harmonic proton-cyclotron resonances. By using tiasigiinear theory we studied
the heating of the protons via the dissipation of the obligyeopagating fast waves
through ion-cyclotron resonance, and we have shown thaétivaves canfgciently heat
the protons perpendicularly to the direction of the meanmeég field.

In chapter 2, the nonresonant wave-patrticle interactioestdied within the frame-
work of quasi-linear theory for the reduced velocity distition functions of coronal ions.
It turned out that Alfvén waves at low-frequencies (With < Q;, whereQ; is ion gy-
rofrequency) can heat ions perpendicularly to the directibthe mean magnetic field
leading to a temperature anisotropy in collisionless pkasithis heating process is ef-
ficient in low-beta plasma, and the heavy ions are heated staoagly, by a factor of
the mass ratio, than the protons. This mechanism may bensifpe for the heating of
the lower corona and the upper chromosphere where the niagretsure is expected to
dominate the gas pressure. But at these lower coronald®siisuch wave-induced fea-
tures will be destroyed by the collisions that are still sgahere. Furthermore, although
the coronal plasmg is small at lower altitudes, Alfvén waves maffieiently heat the
ions only if their energy is relatively large. When assumingower law spectrum, the
heuristic values of the wave energy needed for strong hati®, however, much larger
than the ones assumed in previous models and obtained foantrebservations. Never-
theless, heating of the ions by low-frequency Alfvén wavas contribute to raising the
temperature of the lower solar transition region.

In Chapter 3, we modeled the heating of a coronal loop, ctingisf electrons and
protons, by using a semi-kinetic model. The model is basetherquasi-linear treat-
ment of the Vlasov equation for the reduced velocity distiitn functions of the protons.
The collisions are included and they are described by th&keséPlanck operator. The
coronal loop is heated through the dissipation of lineavéif waves. These waves are
assumed to be injected at the footpoints of the loop and hegtrbtons via wave-particle
interactions and wave absorption. Since the electron teinsthe coronal loop is rela-
tively higher than in coronal holes, the electrons can beduae@a the energy exchange
with protons due to the Coulomb collisions.

It turns out that in such a model protons are hotter than relest and the scale
length for proton heating along the loop is determined bydissipation scale of the
ion-cyclotron waves. Through the gyrofrequency this s@t®nnected to the cross sec-
tion area of the loop and, thus, to the spatial variation efrttagnetic field shaping the
coronal loop. Furthermore, it has been shown that footpyjme heating with a small
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scale height is a consequence of a quasi-homogeneous flexitutwhich the temper-
ature profile remains nearly constant along the loop and émsity is relatively higher
than in the case of loops in hydrostatic equilibrium withfann heating. These plasma
features are consistent with those inferred from the TRAQp$ that have temperatures
~ 1.2 MK (or called warm coronal loops).

However, if the magnetic field lines are more strongly div@ggrom the footpoints
to the loop apex, the proton heating is found to be more umifoesulting in a higher
temperature and lower density along the loop. These preafikesimilar to those observed
in X-ray loops. In this situation, the proton temperaturkigher (can exceed 2 MK), the
collisions become then les#ieient, and thus the electrons cannot be more heated and
their thermal energy is strongly reduced due to heat comtuethich is proportional to
T2 and to radiative losses especially at the footpoints.

By including other heavy ions in the plasma loop, we studiedhapter 5 the tem-
perature anisotropy and the preferential ion heating. Algbis multi-ion kinetic model
for a coronal loop, the ions in the magnetically confined plasare heated by absorp-
tion of ion-cyclotron waves. The linear Alfvgyclotron waves which penetrate the loop
from its footpoint can heat the ions, and the amount of theeagnergy transferred to
each ion mainly depends of the loop expansion. Depending@rspatial variation of
the mean magnetic field, the model is able to produce warm ahdbdel loops hav-
ing features similar to the ones observed in extreme-utiteivand soft X-ray emissions
in real coronal loops. Furthermore, it is found that a looghviiigh expansion factor is
not in local thermal equilibrium (LTE) and shows remarkatelmperature dierences be-
tween electrons and ions. Also in such case, the heavy ioin®(mons) are, via resonant
wave absorption, heated more than the protons and heliusr(ioajor background ions),
whereby the cyclotron-resonancieet leads to a temperature anisotropy wiith> T.
However, if the flux tube cross section is nearly homogenemmsperature isotropy of
the ions is maintained in most parts of the loop, and the pdasmearly in LTE. Unlike
in coronal holes, the temperature anisotropy of the oxyges is very small in coro-
nal loops. This is because the electron density in the cbtoop is higher than in the
open coronal field. Therefore, the collisions in coronakkaire too weak to maintain an
isotropic VDF (or Maxwellian).

Briefly, the semi-kinetic model can produce both types ofobsd coronal loops. The
EUV loops can be modelled well if the cross-section areaesponding to the magnetic
field line density in the loop, is more homogeneous Witk 1.04. However, the X-ray
loops observed with a quasi-uniform heating can arise innoodlel if the cross section
expands, witl" ~ 1.48.

When assuming that the observed coronal loops are compdsedny strands or
fine filaments having dierential heating profiles, we may obtain a misleading cdrona
loop temperature by using the filter-ratio technique. Inptea6 we considered a fat
loop composed of seven strands or filaments. Each of the loapds used in the model
can independently be heated by Alfyi@m-cyclotron waves via wave-particle interac-
tions. These waves are suggested to enter the loop filaméhtdiferent energy inputs.
Therefore, diferent heating profiles occur within each strand, and ttifsrintial heating
leads to a varying cross-field temperature in the total caréwop. It has been shown
that the simulated TRAGBXT observation of this model loop implies flat temperature
profiles. The flatness in the temperature profiles often oksein TRACESXT coro-
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nal loops can be a signature that these loops are multithemdshave small cross-field
density variation.

As outlook, we plan to continue focusing on the role of themoptysics in the coronal
heating. It is necessary to scale the results obtained frmrsémi-kinetic model and
the wave-particle interactions. The scaling law of the egmlotron heating process in
the coronal loop could help to describe the heating by a sfipiction that could be
included as heating source in the fluid equations. Furthezntbe scaling law of the
heating rate has to address the connection between thestaparf the coronal loop and
its heating profile. An other plan is to include the other noégy., fast and slow waves,
in the wave-particle interactions.

Also, as another future work, we plan to study an other kinké&ating mechanism
that relies on the dissipation of low-frequency waves viakveollisions. It seems that
the collisions existing in the lower corona may stronglysghate those electromagnetic
fluctuations having wavelengths smaller that the MHD scaléss new heating mecha-
nism can be relevant for the heating of the upper chromospdred transition region.
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