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Abstract

How the solar corona is heated continues to be a problem. Nwueyories exist, but

it is believed turbulence may be key to understanding hownetg energy is cas-
caded, heating plasma to observet’K temperatures. Observations have indicated
the presence of magnetohydrodynamic waves in the lowenadrom measurements
of non-thermal velocities revealing possible facilitatiof the propagation of energy
through Alfven waves. However, it remains a challenge to arrive at araegfibn as to
how energy is transported from the inner Sun to the coronalesipated there.

This thesis examines the interaction of turbulence-driéaén waves in quiescent
(steady-state) coronal loops by using a 1D two-fluid modéiis Bllows us to analyse
the extent to which magnetohydrodynamic waves and a turtbokescade may be re-
sponsible for the observed heating phenomenon in the cofdmacascade transports
energy from low to high frequency Alen waves where direct dissipation by plasma
is possible. The dissipation of high frequency waves maggee asymmetric heating
and drive plasma flow in coronal loops. A rigorous parameigsis conducted so a
comprehensive picture of plasma characteristics is found.

The method described in this work focuses on wave dissipding theonly driving
force behind the coronal loop heating so comparisons cardoke mith other research.
With this assumption in mind, a range of coronal loops areuated. On comparison
with classical hydrostatic theory, it is found that batrerdensendunderdensdoops
are commonplace when assuming plasma flow and wave dissigithe only heating
mechanism. Solutions that satisfy the characteristics-cdiyxand extreme ultraviolet
emission loops are present. Generally, short loops aredemse i > 10°cm3) and
cool (T < 1MK). Long loops are underdense £ 10°cm3) and hot T > 1MK). Many
heating profiles exist when simulating wave dissipatiomtHermal coronal loops are
generated by non-uniform heating rates and hot loops (widmaerature maximum
at loop apex) are generated by uniform heating. Howevep laolination appears
to be a key factor limiting the implication of wave heatingisothermal loops after
consideration of the balance between wave and gravitdtereagy fluxes. Significant
non-equilibrium (a temperature ftBrence between protons and electrons) exists for
loops driven by Alfen waves of large driving scales (causing low densities)vemeh
driven by waves of very low driving scales (causing an enérgavershoot’ in proton
temperature). Shocks in the downflowing section of the lo@pfaund to be a direct
consequence of rapid wave heating in a localised regioneatt@/upflowing footpoint
and low temperatures at the loop apex. The characteridtirarsition region ‘moss’
are modelled for hot loops, also a consequence of rapid weatny.
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Chapter 1

The Sun

1.1 Introduction

The Sun governs our solar system. It may be an average, mesitnenstar when com-
pared with the billions of stars in the cosmos, but from ouspective the Sun is an
inspiring, complex giant in our skies. The Sun influencesydhéng in the Solar Sys-

tem, from the orbit of the planets to life on Earth, its eneigkey to everything we

know and understand. Energy flows from the solar interionterplanetary space via
a chain of transportation mechanisms eventually reachiadcarth as visible light. To
pursue a better understanding of the Sun and its transmis$ienergy into space, the

solar coronahas become a focus for intense study.

The corona is a hot, tenuous atmosphere. The light we seethdthaked eye from
the solar disk, or the photosphere, radiates in optical ieagehs {=400-700nm) at
temperatures of 4300-7500K. The light from the photosptuedly obscures the weak
coronal scattered light. During an eclipse however, therawill appear as a bright
and structured atmosphere. Ancient accounts of coron@redisons are documented

during total solar eclipses by Chinese astronomers as lamg®8800BC and by Baby-
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lonian astronomers in 1063BC. In the late 19th century, a nemeht was thought to
have been discovered through spectroscopic observatidins Sun. Christened “coro-
nium”, this new element was in fact a highly ionised form afnir(FeXIV) heated to
a staggering 1 million Kelvin (Erglyi, 2005). The discovery of this fact spawned the

beginning of what is now known as tigeronal heating problem

In recent years the coronal heating problem continues tosotay physicists. Exist-
ing at temperatures in excess off Kelvin (or 1MK), the solar corona seems to defy
basic thermodynamic laws. The solar interior has tempeFattanging from 15MK
in the core, to 6000K at the photosphere (Lang, 2001). Framctiromosphere to
the corona, the temperature of solar plasma jumps to abou€ awr a very small
distance (Mariska, 1992). This thin region of temperatmeaase is known as the
transition regionand can range from tens to hundreds of kilometres thick. Astogyy

of this would be a light bulb heating the air surrounding itthothan its glass surface.
The second law of thermodynamics would be broken. So, whaharesm is heating

the tenuous coronal plasma to these temperatures?

This chapter will explore the Sun’s interior, to its surfeaned high into the corona,
detailing core energy production, energy transfer throtighsolar body and some of
the instrumentation used to observe the solar environnfénoim this starting point a
broad introduction to the Sun will lead to detailed study @fver heating as the possi-
ble mechanism driving the corona in the hope of providing meweer for the mystery
heating mechanism (Chapter 2). Section 1.2 will begin in tarscore where fusion
generates the necessary energy and will briefly explain hesveinergy is transmitted
through the radiative zone and into the convection zone avpkxsma is convected and
energy transferred to the photosphere. How magnetic flueneated and convected
to the solar surface will also be detailed. Section 1.3 wekctibe the chromosphere

and transition region and how they act as an important regest energy to feed the
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dynamic corona. Section 1.4 will investigate the coronamagdnetic field configura-
tion. Section 1.5 details the armada of observational spassions past and present
that are contributing to our understanding of the solar ard-inally, Section 1.6 will
give a brief overview of some of the main (and most importaesults to come from

coronal loop analysis.

1.2 The Solar Interior

The Sun is our closest star. It produces almost all the enemyr Solar System, fusing
light elements into progressively heavier matter. Thersotarior is also structured and
highly dynamic (Fig. 1.1). As it is so close to the Earth (1AU10496x10%cm), the

Sun is an ideal laboratory for us to study solar phenomenaeatgletail. The solar

body has a mass dfl,=1.98%10%3g and a radius dR,=6.955<10'%m (Lang, 2001).

The Sun’s source of energy is fusion maintained by graweitai pressure. In the solar
core, the temperature is approximat@ly=15MK with a density of aroung,=150g
cm 3. At this temperature and density, the solar plasma will ugaléusion. Protons
are stripped of their associated electrons under intensgspre to form a ‘soup’ of
charged particles where hydrogen (the most abundant etemtre known Universe)
fuels the fusion within the core. Solar plasma is considéceldde quasi-neutral (the
net charge= 0) as there are roughly equal numbers of electrons and atangiven
volume. The energy liberated from such a reaction drivessthar environment and
consequently makes our star shine. The process of fusin@dggd nuclei is known as
the proton-proton chain. Once four protons have joined liamenucleus is the result,
consisting of two protons and two neutrons. The three stéfiee@roton-proton chain

are detailed in Fig. 1.2.

A secondary process involving 14% of the light helivid€) fusing with heavier helium
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Figure 1.1: The solar interior is divided into 6 distinct layers or zones. The core is
the source of energy where fusion heats the dense plasma to aroutd EBEIgy is
transported into the radiative zone where radiatifeudion allows energy to pass to
the higher levels. The convection zone is heated from the base, allowivgatmn
currents to flow to the surface. Supergranulation cells in the photospherpro-
duced by highly dynamic plasma flows. Sunspots are also evident as maftunetic
emerges through the surface. The photospheric temperature dropmaiim &000K.
Immediately above the photosphere, the chromosphere and transition teglen
goes rapid heating over a very short distance. Plasma temperature juepsitiers
of magnitude to well over 1MK as the solar plasma reaches the corona.aDidgsed
on Kivelson & Russell (1995) and Lang (2001)
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Figure 1.2: The proton-proton chain comprises of 3 stagg$wo hydrogen nuclei (p
and p) are forced together to form a deuteron (deuterium nuclei), emitting a positr
(e*) and an electron neutrinad). ii) A helium isotope $He) is created after the colli-
sion of another proton, producing gamma radiatign ifi ) In the final stage, twéHe
nuclei combine to form &He nuclei, kicking ¢ two protons in the process. Not all
particles in the solar core are able to undergo the proton-proton chdynthenmore
energetic particles participate in this rare process. Diagram based gr{2G01i).
(*He) will go on to eventually form beryllium®Be). Although its contribution to the
total energy production of the Sun is small, this processigortant when studying
electron neutrino emissions as thereleased in this case is far more energetic than
the v, emitted in the proton-proton chain (and has implicatiorrstiie solar neutrino

problem). Further details on these reactions can be found in Lan@1(20

Photons emitted from the core cannot directly travel froem3lin’s centre to the surface.
Light, in a vacuum, has a velocity 0£3x10°%cm s and from solar core to the surface
would take 2.3 seconds to travel. However, the gamma raydupsea in the hot core

cannot travel more than 0.09cm without colliding with th@agpe matter of the radiative

zone. A series of scattering events causes energy to besgfcm the photons as they
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slowly make their way through the solar body, slowly deciregsheir frequency. It
can take several million years for photons to travel fromdbee to the photosphere as
they undergo a “random walk” (Carroll & Ostlie, 1996), comdha being scattered and
deflected. In this time, photon energy will decrease from mamadiation, to X-ray
and then toward visible frequencies as observed in the ppb&ye. Therefore, the light
we see escaping from the photosphere was produced in threceodamillions of years
ago. The only detectable tracers that can be observed witimates of their creation
in the solar core are the weakly interacting neutrinos pcedlby hydrogen and helium

fusion (Fig. 1.2i).

Radiation is the dominant energy transfer mechanism witierradiative zone. Matter
from the core to 0.78, remains relatively static. This is due to the high tempera-
tures maintaining the matter in a plasma state. Plasmasewtlity absorb and re-emit
electromagnetic radiation, so there can be no storage ofgaad net motion of the
plasma. In the cooler convection zone however, electramsiale to re-combine with
the plasma. Atomic bonds are far mofgé@ent at storing energy from radiation. Radia-
tion cannot penetrate this barrier. The energy collectetthbylense gas must therefore
be transported down the temperature gradient by other meapsamic convection
cells carry hot plasma toward the photosphere, where tlsnalaools and sinks back
into the solar body again. Convection zone plasma is contisiydeated from the base
(by the radiative zone) and energy is transported to the saldace where the energy
can be released. Convection cells form intricate pattermgaulation and groups of

granulation known asupergranulatior(see Fig 1.5).

The boundary between the radiative and convection zonegleybelieved to be the
dynamic layer where magnetic flux is generated. Dynamo thgoverns the mag-
netic field production (Parker 1955 and Bratal. 1991). Put simply, the éierential

(non-uniform) rotation of the convection zone interactshwthe uniform rotation of



Chapter 1. The Sun

the radiative zone, producing magnetic flux which feeds theoupper reaches of the
solar body. Theaachocline(Gough & Mcintyre, 2001) indicates the layer of dynamo

production in Fig. 1.1.

The ditferential rotation in the convection zone continually wiugisthe magnetic flux
as it rises toward the solar surface. As the Sun reasbles maximumthe magnetic
field is at its most stressed state, wrapped around the sgpleat@. It is during this
period that the magnetic field is most deflected from its bdigiole configuration (see
Figs. 1.3 and 1.4). Sunspot population can be expectedaarithis time. Solar flares
and Coronal Mass Ejections (CMEs) may also result from thienise twisting of the
solar magnetic flux (due to high occurrences of collisionsvben opposite polarity
flux reconnecting). It can be expected that the solar windigoration will become
more chaotic, the fast wind (coronal holes) shifting froenbrmal polar configuration

and the slow wind (streamer belt) shifting from its equatimegions.

As magnetic flux emerges through the photosphere and chpiraos the top layers of
plasma are pushed aside to expose the cooler convectiorpiasma. The evacuation
of the plasma in the magnetic flux region leads to a buoyancgfahich lifts the mag-
netic field up to the less dense regions of the solar inteBivayancy is the result of the
simple pressure balance equatipn B?/8t = pe, Wherep; andp. are the internal and
external pressures respectively @&td8r is the associated magnetic pressure (Golub &

Pasachfi, 1997). Dark spots, or sunspots, can result.

Figure 1.5 is a high resolution image of a sunspot. The surspwsists of two very
distinct parts, the innermost umbra (darkest, radiating teimperature of 2200K) and
outermost penumbra (less dark, radiating at a temperaf38adK). Sunspots have
lifetimes in order of hours, days, weeks and even months lamdadlar population of
sunspots depends on the time of the solar cycle and solardatiSunspots can usually

be observed in pairs, each at opposite polarities, onerigatid one trailing.
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Figure 1.3: Differential rotation of the Sun. The undisturbed, bipolar magnetic field
configuration during solar minimum marks the start of the solar cyleThe faster
rotation at the solar equator thénagsthe magnetic field around the solar bodiy (
until the Sun approaches solar maximum where the buoyant magnetic fluxtischias
such an extent flares and highly dynamic coronal loops become commergueass
the Sun’s surfacdi{and iv).

Figure 1.4: Two SOHO(EIT) 171A images (two years apart) demonstrating the in-
crease in solar activity. The image on the right clearly shows the incréaseanal
loop activity due to the dierential rotationdragging the magnetic field around the
solar body (see Fig. 1.3). Sourdettp://sohowww.nascom.nasa.gov/
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The proportion of the sunspot structure covered by umbraepamumbrae depends
on scale and lifetime. The penumbra may cover the majoritthefspot, leaving a
tiny central umbra, or the umbra may dominate (small, umlmaidating sunspots
are known as ‘pores’). The penumbra will often have hightuaured and dynamic

filamentation projecting downwards, toward the umbra.

The period from solar minimum to solar maximum lasts apprately 11 years. The
polarity of the Sun’s magnetic field then switches as therswjele reaches solar max-
imum, quickly followed by a period of calm before the wholegess begins again.
Therefore the complete solar cycle (time for two polaritwitshes’) lasts approxi-
mately 22 years. It can be expected that the sunspot populadil be at its highest
during solar maximum. Figure 1.6 demonstrates the peiitgdat the solar cycle in

the form of a “butterfly diagram”. By plotting the distributicof sunspots with solar
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Figure 1.5: A high-resolution image of a sunspot, viewed with a 4305A filter from
the High Altitude ObservatoryHAO) in Boulder, Colorado (USA). Detail of the
sunspot’s umbra and penumbra can be seen with obvious granulatiompatter
ering the surrounding area. The field of view of is 60888000km. Source:
http://www.hao.ucar.edu.
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DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS

.'s'vll_\:'h:l-'[fl _.-}I_{lf.-"._]’\ E1 '.-'.LI. _-!.Id_l-._._\_l.-\_l'!_l_lllJ_l—. S_[ Hll"\ (% _I_Jl-' MIRIP‘ ._\]_{_.l-_'.-\b . -.'rll_ll";:b_ W 01% = |:0°_/.

1880 1 5ime 1M 1974k EEal ] 19k ISH»_II_ 1950 1960 1970 L lh 100 RICLT

-

VERAGE DATLY SITNAEPOT AREA (% OF VISTRLE TEAMISTHERE)

LE]

i3 ‘ } } : L

[

1

LCE1)
1H80 1 5y (E U1 197 1921 1930 15940 1950 1960 1970 | SR 1940 Ll

DATE

[ e T T PR T B A MEE TR WA Y SR

Figure 1.6: The butterfly diagram. The top panel represents the proportion of the sola
surface covered by sunspots against latitude and the bottom panel iethgadaily
sunspot area observed on the Sun. In this case, observations datitpll880 are
presented. Sourcittp://science.nasa.gov.
latitude, a pattern resembling that of butterfly’s wingsealeps. From the top panel it
can be deduced that as the solar cycle progresses, the sdiggpbution drifts toward

the solar equator until solar maximum is reached after 1isyafactivity.

Regardless whether the Sun is at minimum or maximum actiigychromosphere has
many observable features of interest. Huge loops of magfiek can often be found
expanding into the corona trapping cool plasma. On the lifh@ Sun these promi-
nences will appear bright and highly structured. If obsémvethe disk, prominences
will appear dark against the photospheric emission. Prentdas observed in this man-
ner are commonly known as filaments. On a smaller scale, fetpflowing material,
supported by magnetic flux, can be observed. These jets aah reany hundreds of
kilometers above the photosphere, whereas prominencescek the order of solar

radii.
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Chapter 1. The Sun

1.3 The Chromosphere and Transition Region

The solar transition region separates the cool chromosgh@m the hot corona. All
energy and matter that feeds the corona passes from the atpbere and through the
transition region. The chromosphere has a temperatureppbzimately 20,000K and
lies above the photosphere. The transition region, veryithcomparison to the solar
corona, appears almost as a discontinuity and separateeise chromosphere from
the tenuous corona. There is a sudden transition from rlengter to highly ionized
plasma and plasma temperature jumps three orders of mdgnitine mystery energy
source must be powerful enough to rapidly energize solanpdeover a very small dis-
tance and pass through a transparent photosphere and dpfoene (Mariska, 1992).
Figure 1.7 illustrates this dynamic region by plotting tiverage temperature-density
model distribution for the quiet chromosphere and tramsitiegion (i.e. away from
coronal holes and active regions). In this model, the plpdtese extends from 100km
to the temperature minimum (the dip in temperature profile aeight of 600km). In
a purely radiative-convective solar atmospheric modetengperature would continue
to decrease (as one would expect), but instead there is @&isudse in temperature
and drop in density indicating some form of nonradiative/andnomentum deposi-
tion mechanism. The generally accepted lower boundarye€tinomosphere is at the

temperature minimum, just above the photosphere.

The boundary between chromosphere and transition regieasg to define in Fig.
1.7. The temperature of the lower boundary of the transitémion is approximately
25,000K (immediately above the step in temperature profilareund 20,000K). A
temperature of 1IMK is used by Mariska (1992) to define the tdimat of the coronal
interface between corona and high transition region. Beyldhid, the heating becomes
less intense, giving way to an increasingly isothermal card he height of the transi-

tion region is not uniform for the entire solar atmospherbke Tieight of the transition
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Figure 1.7: The chromosphere and transition region. Average temperatalid (ine)
and density dotted ling structure of the chromaosphere, transition region and corona
(quiet conditions). From Mariska (1992).

region boundary may decrease over coronal holes and ircoy@s active regions for

example.

One of the most important forms of energy trangecitation in the transition region
and chromosphere is collisional. As stated by Lenz (198@Dtbye Lengtlis small in
lower coronal regions~1cm). Radiative forms of excitation are rare due to the lack of
a strong radiative field at the wavelengths of importantditeon region ions (Mariska,
1992). The physics of Coulombic interactions are therefocerporated in the model

proposed in this thesis (Eq. 3.8 demonstrates the applicatiCoulombic interactions).

1.4 The Corona

The extended corona is obvious during total solar eclipBesing totality the corona
will appear as a beautiful, bright and extended atmosplearehing several solar radii

into space. In the simplest view of the lower corona, magrikix falls into one of two
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Chapter 1. The Sun

Figure 1.8: A cartoon generalising the region of interest. Many scales of coronpl loo

co-exist alongside open flux tubes. The loop footpoints are assumedatichered in

the photosphere and penetrate the chromosphere, transition regioorand.cBold

arrows represent possible plasma flow; black wavey lines represssibfe wave prop-

agation; orange lines represent plasma radiation.
categories. Magnetic field lines are eitlogrenor closed(Fig. 1.8). As magnetic flux is
inextricably linked (orfrozen-ir) with solar plasma, both open and closed flux channel
plasma away from the chromosphere. Open field lines are ktmta the source of the
solar wind, whereas closed lines form intricate loops oboaf matter trapped at low

altitudes. Generally open field lines contain high velgdignuous plasma and closed

field lines contain dense, strongly radiating plasma.

1.4.1 Open Field: The Solar Wind

The solar wind is characterised as a constant flow of plasora the chromosphere
into interplanetary space. Known to bemodal the solar wind consists of two distinct
streams. Théastsolar wind (Neugebauer & Snyder, 1962) travels at velaxitiebe-

tween 700-900knTs (Axford & Mckenzie, 1997) and is associated with open maignet

13



Chapter 1. The Sun

flux (i.e. coronal holes located in polar regions). Thew solar wind (Habbakt al,,
1997) travels at velocities of between 300-400khasnd is located above equatorial

closed magnetic flux regions (i.e. the streamer belt).

1.4.2 Closed Field: Coronal Loops

In contrast, a coronal loop is magnetic flux fixed at both etiigading through the
solar body, protruding into the solar atmosphere. Theydealistructures to observe
when trying to understand the transfer of energy from thardmbdy, through the tran-
sition region and into the corona. The cartoon in Fig. 1.8egalises the region of
interest. Many scales of coronal loops exist, neighboudpgn flux tubes that give
way to the solar wind and reach far into the corona and hdiesp Anchored in the
photosphere (a rigidjne-tied anchor is assumed where the hgglexternal plasma
holds the loop footpoints in place), coronal loops projaobtigh the chromosphere and

transition region, extending high into the corona.

Also, coronal loops have a wide variety of temperatures @liieir lengths. Loops
existing at temperatures below 1MK are generally knownas loops those existing
at around 1MK are known asarm loopsand those beyond 1MK are known het
loops Naturally these dierent categories radiate atiérent wavelengths. Vourlidas
et al.(2001) categorises these loop temperatures with assd@bserving band passes

(refer to Fig. 1.9). Observational band passes are desdrikfeection 1.5.

Coronal loops populate both active and quiet regions of ther soirface. Active re-
gions on the solar surface take up small areas but producedfaity of activity and

are often the source of flares and CMEs due to the intense madeé&t present. As-
chwanden (2001) states that active regions produce 82%ediotal coronal heating

energy. Coronal holes are open field lines located predortiyniarthe polar regions of
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Figure 1.9: Coronal loop temperature and the associdiBd\CEband passes. The
termscool (<1MK), warm (~1MK) and hot (>1MK) loops are used throughout this
thesis (Vourlida®t al,, 2001).
the Sun and are known to be the source of the fast solar winelqlitet Sun makes up
the rest of the solar surface. As stated by Aschwanden (2@@=jjuiet Sun, although
less active than active regions, is awash with dynamic e and transient events
(bright points, nanoflares and jets). As a general rule, thetdgun exists in regions
of closed magnetic structures, active regions are highhadyic sources of explosive

events.

It is important to note that observations suggest the whotera is massively popu-
lated by open and closed magnetic fieldlines. A closed figddtioes not constitute a
coronal loop however, closed flux must be filled with plasmiizeit can be called a
coronal loop. With this in mind it becomes clear that cordnaps are a rarity on the
solar surface as the majority of closed flux structureseanpty This means the mech-
anism that heats the corona and injects chromospheric plagmthe closed magnetic

flux is highly localised (Litwin & Rosner, 1993). The mechanibehind plasma fill-
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ing, dynamic flows and coronal heating remains a mystery.r@ehanism(s) must be
stable enough to continue to feed the corona with chromegppesma and power-
ful enough to accelerate and therefore heat the plasma f8@@k6to well over 1IMK

over the short distance from chromosphere, transitiororegp the corona. This is
the very reason coronal loops are targeted for intense sfiugy are anchored to the
photosphere, are fed by chromospheric plasma (Aschwa20€d,), protrude into the

transition region and exist at coronal temperatures aftdergoing intensive heating.

The idea that the coronal heating problem is solely down meescoronal heating mech-
anism is misleading. Firstly, the plasma filling overdensepk is drained directly
from the chromosphere. There is no coronal mechanism knbandan compress
coronal plasma and feed it into coronal loops at coronaludkis. Secondly, obser-
vations of coronal upflows (Saba & Strong, 1991, Spadsral., 2000, Winebarger
et al,, 2002) points to a chromospheric source of plasma. The plastherefore chro-
mospheric in origin, there must be consideration of thismlbeking into coronal heat-
ing mechanisms. As pointed out by Aschwanden (2001), traclsomospheric ener-
gizationand coronal heatingphenomenon possibly linked through a common mecha-

nism.

1.5 Observing Coronal Loops

Many strides have been made by ground-based telescopbsastieEMauna Loa Solar
ObservatoryMLSQ, in Hawaii; MacQueerrt al. 1998) and eclipse observations of the
corona, but to escape the obscurifiget of the Earth’s atmosphere, space-based obser-
vations have have become a necessary evolution for solaigshyBeginning with the
short (7 minute) Areobee rocket flights in 1946 and 1952, tspgtams measured solar

EUV and Lymana emissions (Aschwanden, 2004). Basic X-ray observations aer
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tained by 1960 using such rockets. The Brit&tylarkrocket missions from 1959-1978
also returned mainly X-ray spectrometer data (Bolandl, 1975). Although success-
ful, the rocket missions were very limited in lifetime andyfmad. During the period
of 1962-1975, the satellite seri€sbiting Solar ObservatoryOSO-1to OSO-§ were
able to gain extended EUV and X-ray spectrometer obsenatidhen in 1973Sky-
lab was launched and began a new multi-wavelength campaigrhviyapified future
observatories (Vaianet al., 1973, Brayet al, 1991). This mission only lasted a year
and was superceded by tBelar Maximum MissiofStronget al., 1999) which became
the first observatory to last the majority of a solar cycleitir1980-1989). A wealth of

data was accumulated across the whole range of emission.

The solar community was rocked by the launchvohkoh(Solar A) from Kagoshima
Space Centre (Southern Japan) in August 1991. It was lost tmOgcember 2001
due to battery failure, but revolutionised X-ray obsemas in its decade of opera-
tions. Yohkoh(or ‘Sunbeam’) orbited the Earth in an elliptical orbit, ebgang X-ray
and gamma-ray emissions from solar phenomena such as so&s. Yohkohcarried
four instruments. The Bragg Crystal Spectrometer (BCS), the\Bahd Spectrometer
(WBS), the Soft X-Ray Telescope (SXT) and the Hard X-Ray Teles¢biXT) were
operated by a consortium of scientists from Japan, USA and@fioarticular interest

is the SXT instrument for observing X-ray emitting cororaps.

The SXT instrument observed X-rays in the 0.25-4.0keV rarggolving solar features
to 2.5 arc seconds with a temporal resolution of 0.5-2 sexoSKT was sensitive to
plasma in the 2-4MK temperature range (as demonstratedeiriulirdisk image in

Fig. 1.10), making it an ideal observational platform to ame with data collected
from Transition Region And Coronal Exploré T RACH coronal loops radiating in the

EUV wavelengths (Aschwanden, 2002a).

The next major step in solar physics came at the launch obthar and Heliospheric
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Figure 1.10: A full-disk image of the X-ray emitting Sun as observed by the SXT

instrument on boardohkoh Sourcehttp://ydac.mssl.ucl.ac.uk/ydac/.
Observatory(SOHQ in December 1995 from Cape Canaveral Air Station in Florida,
USA. SOHOoriginally had an operational lifetime of two years. The siusm was
extended to March 2007 due to its resounding success atjio8@HOto observe a
complete 11 year solar cyclé&SOHOcontinually faces the Sun holding a slow orbit
around the First Lagrangian Point (L1) where the gravitetldalance between the Sun
and Earth provides a stable position 8©HOto orbit. SOHOIs continually eclipsing

the Sun from the Earth at a distance of approximately 1.5anikilometres.

SOHOis managed by scientists from the European Space Agency)(BSIRNASA.
Comprising of more instruments than bafRACEand Yohkoh this large solar mis-
sion was designed to look at the chain from the solar intetiw solar corona to the
solar wind.SOHOhas 12 instruments on board including the Coronal Diagn&gtéc-

trometer (CDS), the Extreme ultraviolet Imaging Telescdfid), the Solar Ultraviolet
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Figure 1.11: A full-disk image of the chromospheric network (304A) as captured by
the EIT instrument onboar8BOHQ A cool solar prominence is evident to the left of
the image. Sourcédittp://umbra.nascom.nasa.gov/eit/.

Measurements of Emitted Radiation (SUMER) and the UltraYiGleronagraph Spec-

trometer (UVCS) which are all used extensively in the studgneftransition region and

corona.

The EIT instrument is used extensively in coronal loop okestgons. EIT images the
transition region through to the inner corona by utilisiogifband passes, 171A FelX,
195A FeXIl, 284A FeXV and 304A Hell (Fig. 1.11), each corresging to diferent
EUV temperatures, probing the chromospheric network (38#R ~ 20, 000K) to the
lower corona (171A aT ~ 2MK).

The Transition Region And Coronal ExplorédTRACH was launched in April, 1998
from Vandenberg Air Force Base as part of NASA's Goddard Spéght Center Small
Explorer (SMEX) project. The small orbiting instrument ra80<160cm, 8.66m fo-

cal length Cassegrain telescope with a 220200px CCD detector. The timing of the
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Figure 1.12: Typical TRACEcoronal loops near the limb of the Sun viewed in the
171A FelX band pass. Sourdettp://trace.lmsal.com/.
launch was planned to coincide with the rising phase of tier soaximum. Observa-
tions of the transition region and lower corona could thecdreied out in conjunction
with SOHOto give an unprecedented view of the solar environment duhis exciting

phase of the solar cycle.

Due to the high spatial (1 arc second) and temporal resol(tibsec)TRACEhas been
able to capture highly detailed images of coronal strustushilstSOHOprovides the
global (lower resolution) picture of the Sun. Figure 1.12ush an example of the fine
detail imaged byTRACE Figure 1.13 is a series of images takenTdi§ACEover the
course of 24 hours. This campaign demonstrates the obsgrgaability to track the

evolution of steady-state (or quiescent) coronal loops.

TRACEUutilizes filters that are sensitive to electromagneticatidn in the 171A FelX,

195A FeXIl, 284A FeXV, 1216A HI, 1550A CIV and 1600A range. Cdrficular
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Figure 1.13: An active region as observed by tRRACE171Afilter over 24 hours on 26 July 1998 (Lenz, 2004). During thisieage of
images, no appreciable change in coronal loop morphology is obvioedo®ps are therefore deemed to be quiescent.
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Chapter 1. The Sun

interest are the 171A, 195A and 284A band passes as theyraigiseto the radiation

emitted by quiescent coronal loops.

All of the above space missions have been highly successfidserving strong plasma
flows and highly dynamic processes in coronal loops. For @@nSUMER observa-
tions suggest flow velocities of 5 - 16kmsn the solar disk (Spadaet al.,, 2000), other
joint SUMERTRACE observations detect flows of 15-40kmhgWinebargeret al,,
2002). Very high velocities have been detected by the Flast@hgpectrometer (FCS)
on board the Solar Maximum Mission where plasma velocitiesafound in the range
of 40 - 60kms? (Saba & Strong, 1991). Dynamic coronal loops are commoepiaer
the solar surface in both active and quiet regions. Steaaynm flow may be a key
component to these observed “overdense” loops (Winebatgdr, 2002). Overdense
coronal loops are structures that are observed to be seweleis of magnitude more
dense than expected from hydrostatic models (Roshal, 1978, Winebargeet al.,
2003). The converse is true for X-ray coronal loops wherepthema density is found

to be “underdense” when compared with hydrostatic modeds (<& Tsuneta, 1996).

1.6 Coronal Loop Analysis

This section will briefly outline some of the current ideaatthave arisen from ob-
servations of the lower corona. Coronal loops possess alwefihformation about
the fundamental properties of our star’s hot atmosphers,ighwhy such scrutiny is
applied to the interpretation of data returned from inseuats described previously in

Section 1.5.

Observed EUV (warm) loops are generally isothermal alorayr tlengths (Neupert
etal, 1998, Lenzt al, 1999, Aschwandeet al, 2000a) and are heated non-uniformly.

Much work has been carried out to define where heating ocawtshaw quickly the
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mystery heating mechanism dissipates and heats the cdompaplasma. Isothermal
loops are a result of non-uniform heating (Sestcal, 1981) but not of uniform heat-
ing (Rosneet al., 1978). Aschwandeet al. (2001) states that non-uniform heating can
be expected in both active and quiet Sun regions. X-ray (bof)s on the other hand
have generally been observed to have a temperature maxiinin® laop apex (Kano

& Tsuneta, 1996) suggesting focused heating at the loop top.

In an attempt to understand the isothermal nature of someraditsons of EUV coronal
loops, Schmelzt al. (2005) carries out a study using the CDS instrumenS@HQ
The coronal loop is observed through 12 band passes, sersitthe wavelengths of
a range of ions from the hottest (and clearest) MgIX to FeXGtoler plasma can be
seen emitting in the OV, NeVI and CaX band passes. These asvaltisns of one
coronal loop, suggesting loops possess a multi-thermat@anot only along the line
of sight, but along the length of the coronal loop. Many olisgons suggest EUV
loops are in fact approximately isothermal along their oatdengths (Lenzt al.,
1999), but there is a debate that suggests the analysis ohaloloop TRACE data
may be flawed (Schmekt al, 2001, Marten%t al,, 2002, Schmelz, 2002, Aschwan-
den, 2002). Warreat al.(2002) and Del Zanna & Mason (2003) highlight théidulty

of measuring the localised emission from coronal loops. esdbservation is taken
remotely, there will be contributions to the total emissabong the Line Of Site (LOS).
There will therefore be errors in results. It can however tgei@d that the overdense
loop plasma is radiating fliciently to swamp any LOS contribution by tenuous ex-

tended corona plasma.

Weberet al. (2005) build on work by Schmelet al. (2005) and conclude that there is
a statistical bias in the generally used “filter ratio methimgvard isothermal tempera-
tures along EUV loops and state the need for further coraagl imodels. By disputing

the commonly understood characteristic of EUV loops haisnthermal structures, the
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possibility of multi-thermal, non-isothermal coronal fsoomust be considered. In sup-
port of this, TRACEimages show coronal loops consisting of bundled and finadsra
(many small-scale, and often sub-resolution, “fibrils” adgnetic flux bundled together
to form a coronal loop). Pr&éRACEobservations have been unable to distinguish be-
tween the fine structure and large-scale emission from tbe tlue to a shortfall in
spatial resolution. Since 1998RACEhas transformed our understanding of the fine
structure of coronal loops. Coronal loop fibrils are thoughhave difering tempera-
ture profiles, even when coexisting in a very confined envirent (Realeet al., 2000,
Aschwanden, 2002), so this may be an important factor toiheaimd when observing
loops. Forinstance, Readt al. (2000) model 6 thin paralldlydrostaticfilaments. Due

to minimum transmission of heat across fieldlines, each &lamemains insulated from
their neighbour. Once the temperature profile for each fildnseesummed together, a
total temperature profile can be arrived at. This study fihds & filaments of dierent
temperature profilesI(=0.8-5MK) can indeed produce a large-scale isothermal @ron
loop remaining at approximately 1MK for the coronal sectidhis simple simulation
may help in the understanding as to why some studies suggessathermal loops and

others strongly suggest isothermal loops.

Kano & Tsuneta (1995) investigates the relationship betveeeonal loop length, pres-
sure and maximum temperature and find a similar scaling lawldssical models
(e.g. Rosneet al. 1978) and find similar apex heating of coronal X-ray loopsdlas
served byYohkol). Generally it would appear X-rayyohkoh loops fulfill the cri-
teria outlined by authors such as Roseéral. (1978) but EUV TRACH loops do
not. Winebargeet al. (2002) highlight the role of plasma flow around EUV loops and
emphasises that loop dynamics are likely to play a very itambrrole in any proposed
heating mechanism. From previous studies it is obviousXkraty and EUV loops have
contrasting characteristics. Klimchekal. (2003) states that hat2MK) coronal loops

as observed byohkohare underdense (when compared with equilibrium theory) and
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guasi-static whereas warm (1MK) coronal loops as obseryeBRACEand EIT tend

to be overdenseand dynamic. The loops are found to be underdense when teey ar
hot (as they cool primarily by conduction) and overdensemthey are warm (as they
cool primarily by radiation). This finding is supported by M¢bargeet al. (2003), but
suggest the two classes of coronal loop may be heatedieyetht heating functions or
indeed by diferent heating mechanisms (although Klimchatlal. 2003 attributes both

classes to nanoflare heating).

1.7 Discussion

This chapter overviews the Sun’s dynamic nature by detalliow energy is generated
and how it influences the evolution of coronal loops. Secfidhto 1.4 follows the
energy transport from solar core to solar surface wherettbagrelationship between
coronal plasma and magnetic field is introduced. Somehowedhena is heated two
orders of magnitude hotter than the chromosphere (as dasbpthe advanced armada
of observational platforms, Section 1.5), the relatiopdtetween coronal plasma and
magnetic flux must therefore be investigated as a possiblgeda the coronal heating
problem. Coronal loops will always be the source of intensdysas they are highly
observable (dense and bright when compared the tenuouslexteorona) and will be

open to debate untih-situ observations are possible in the corona (Section 1.6).

Without delving into the details of data analysis, the folilog chapters will attempt
to explain how dynamic quiescent loops may be heated by alsimmlrodynamic
coronal loop model. A range of coronal loop heating profil@s lbe attributed to MHD
wave propagation and dissipation providing some answeb d®Ww isothermal and

non-isothermal loops may be heated by the same mechanism.
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Chapter 2

Alfv en Waves and Turbulence in
Coronal Loops

2.1 Introduction

Coronal loops are closed magnetic structures feeding ietbdise of the corona provid-
ing a link from the inner Sun to the corona. The biggest isshemgaining measure-
ments of plasma parameters in coronal loops is that therdean in-situ measure-
ments. All observations are taken remotely due to the exremperatures physically
limiting the distance any solar probe can get to the Sun. Gdidoop plasma parame-
ters are therefore open to debate. The basic parameterasutdmsity, velocity and
temperature can be measured from observables such asaadiatl Doppler broad-
ening of spectral lines, but we lack direct measurements ajnatic field strength,
turbulence, electric currents and wave activity. All theseameters must be inferred
from complex numerical models and solar averages, inergdise ambiguity in coronal

understanding.

This chapter relates coronal observations over the yedsproposed coronal heating
mechanisms. The interaction between &lfwwave and coronal loop plasma is the main

focus of this thesis but a broad understanding of other nmesins is required to com-
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plete our knowledge. Section 2.2 quickly introduces Ahwvaves and their relation
to other natural wave modes in coronal plasmas and oventigsvenechanism of ion
cyclotron resonance. Section 2.3 describes the proposgealént mechanism respon-
sible for the cascade of wave energy in the solar wind andeargow it may operate
in highly conductive coronal loops. Section 2.4 invesggdtow non-thermal velocities
observed in the chromosphere and transition region may latedeto MHD activity,
thus providing an observable to measure Atiwave activity low in the corona. Sec-
tion 2.5 overviews current models and observations of terime-driven coronal loops,
highlighting the strengths and weaknesses of our curresgnstanding of this complex
issue. Section 2.6 completes this chapter by giving a beséssment of other models

and how they may influence work with the turbulent loops i gtudy.

2.2 Alfvén Waves and lon Cyclotron Resonance

As one would expect, waves will readily propagate along ne#igrflux. There is a
range of natural wave modes present in magnetised fluiddwhiaiee massive implica-
tions for the plasma parameters. One of the most fundamantaimportant waves to
propagate in coronal plasma (and laboratory plasma akkife Alfven wave (Alfen,

1947).

Magnetosonic waves are driven by a pressure gradient apagate in all directions.
Alfv én waves are not driven by a pressure gradient and the dineaftipropagation is
restricted by the magnetic field. A waves also do not cause density fluctuations,
it is for this reason that Alfgn waves are €licult to detect. Alfien wave propagation

is given away by velocity perturbations correlating withgnatic fluctuations. Alfeén
wave activity can also be detected when (in the high-frequeange) interacting with

coronal particles.
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An excellent review on MHD waves in the corona and the solawdvidy Tu & Marsch
(1995) examines early evidence of Adiv wave activity. Belcher & Davis (1971) and
Marschet al. (1982) report early observations of the signature of &tfwvaves pop-
ulating the solar wind.a-particles (He nuclei) were found to be moving faster than
protons and the velocity flerence betweea-particles and protons approximated the
local Alfvén velocity (known aslifferential streaminyy The local Alfven velocity ¢a)

is given by

Bo
Vp = (2.1)
A VP

where By is the magnetic fieldy is the permeability of free space apds plasma
density. This suggests that solar wind ions are being mefally accelerated. As an
analogy, ions arsurfingon propagating Alfén waves, exhibiting a velocity ierence
approximating that of the wave velocity (Isenberg & Hollwé&§83). Reisenfelét al.
(2001) confirms a relationship betweenandv,, from Ulyssedata, but finds,, to be
lower thanva. Itis important to note that,,, is closely correlated with the variations in

Va.

Further evidence for the existence of Adfv waves populating the corona is provided
by Ulrich (1996) where a systematic search for magnetic Getdllations is carried out.
Using the Mount Wilson Observatory magnetograph (CaliforlSA), magnetic and
velocity oscillations can be measured. Ulrich finds that3hminute oscillations ob-
served have typical Alfénic characteristics and originate from the periodic shgukif
coronal loop footpoints (lonson, 1978). The phase reldbemveen velocity and mag-
netic variation is very close to what would be expected fomadf outward propagating

Alfv én waves in the corona.

Before the postulated mechanism of ion cyclotron resonanerplained, we must ex-
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plore Alfvén waves, how they are generated and how they can be undktstimberact

with coronal plasma.

2.2.1 Alfvén Waves

By linearising the continuity equation, momentum equatiod &araday’s Law from
Maxwell’s equations, one can include a small perturbatiothe plasma. Compress-
ible (driven by a pressure gradient) and non-compressiloiee by magnetic tension)
wave propagation both result. With the assumption we aréngdeaith a plane wave
propagating in the direction, oscillations will take the form a**e 't = gkx-ob),
wherek = 2n/1 andw = 27f. Two independent solutions are possible from the roots
of the dispersion relation. These roots provide expressionthe phase velocity for

MHD waves in a “cold”, or lowg plasma {a > Vs)

(%)z = V4 cog (2.2)
and

Eq. 2.2 is known as thehear Alfvén wavand Eqg. 2.3 is known as @ompressional
Alfvén wave The shear Alfén wave does not change the plasma density as the fluid
is set in motion in the direction perpendicularBoandk plane. The compressional
Alfv én wave changes the fluid density by setting the plasma inrometithin theB-k
plane (gas pressure and magnetic pressure fluctuationsarna phase signifying this

mode is also &ast mode wave
The group velocity\(g) of these waves provide a physical meaning as to the propagat
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of energy. By simply looking at the vectors in the directiorkaindB the direction of
propagation becomes obvious. For the shear V\XQ,V@,VAQ and for the compressional
(fast) wavevy = vak. This means, in the case of the shear wave, that energy (and
information) is strictly guided by the background magnéigtd (even wher9 directs

the phase fronts in an arbitrary direction). The compresdiovave is able to propagate

in all directions without any such restriction.

High-8 (“warm”) plasmas have their associated wave modes too, ilutatbe detailed
here as magnetic pressure dominates in the corona and élsis thnly assumes log@-
plasma. More specifically, the parallel propagating Atiwvave is used in the model
outlined in this study as Alfén waves have very useful qualities when trying to explain
the mechanism that may be heating coronal loops and thedederorona. One such
property focuses on the interaction between high frequédisyen waves and ions (or

protons). This mechanism is knownias cyclotron resonance

2.2.2 lon Cyclotron Resonance

The resonant condition between the wave and plasma species i

w (Ky) — kv = £Qs (2.4)

The + sign in Eq. 2.4 refers to the polarity of the wave, ‘—’ for rigtand (whistler
mode) waves andt+’ for left-hand wavesw is the wave frequency, the wave number

(parallel toBy), v is the wave velocity anfs is the plasma species gyrofrequency.

Resonance between Afim wave and particle can only be achieved if the wayéés a
frequency () matching that of the gyrating particl) and p) a polarisation matching

that of the direction of particle gyration. Figure 2.1 dersivates that, as the Alén
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wave propagates, its electric field,(perpendicular td) traces a spiral path. As one
would expect, if a charged particle is injected into an eiedteld, depending on the
sign of its charge, it will be accelerated. If resonance isieaed (fulfilling both of

the conditions &) and ) mentioned above), one can expect the gyrating particle to
experience an increase in its Larmor radius. This intevaatnay lead to significant

acceleration and therefore heating.

lon cyclotron resonance is the suspected mechanism ditivenggmperature anisotropy
as observed in the solar wind. By measuring the ratio of ther@mplasma’s parallel
and perpendicular (to the magnetic field) temperatufegT,), an anisotropy may re-
sult. If T, /T, > 1itis evident that the plasma ions are being acceleratquepdicular
to the magnetic field signifying passage of resonant wavesh@electric field of the
propagating wave precesses around the magnetic flux paecpdardo the direction of
propagation, Fig. 2.1). Interestingly, in the extendedsaind, Liet al.(1999) suggest
that modelled ion cyclotron resonance may be responsiblelfservations that show
To>Tp in the inner corona and,, <Ty at 1AU. Li et al. assume low-frequency
Alfv én waves carry most of the energy to heat the fast solar widdrarst undergo a
non-linear cascade process so energy can be transporteglh@h frequency resonant

waves.

lon cyclotron resonance has been extensively studied isdlae wind (Tu & Marsch,
1995, Allenet al,, 2000, Lieweret al,, 2001, Li, 2002) and is very successful in account-
ing for observed characteristics of protons and heavies.ibtowever, as discussed by
Habbal & Woo (2004), the heating of electrons remains probkc as modelled elec-

tron temperatures are lower than observation.

The velocity and magnetic fluctuations in the solar wind areedated and the non-
compressive nature of the fluctuations uncover @iffic interactions (Belcher, 1971,

Belcher & Davis, 1971). This phenomenon is not restrictethéodpen flux of the solar
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Figure 2.1: The principal of ion cyclotron resonance.

wind however. The highly magnetised and conductive enwremt of closed mag-
netic structures readily exhibit Alen wave propagation. As stated by Hollweg (1986),
waves will propagate symmetrically around coronal loopgswting the development

of turbulence and non-linear heating mechanisms (Sect@n 2

2.2.3 Mode Coupling, Phase Mixing and Resonant Absorption

The idea that Alfén waves heat the corona is not only restricted to ion cyahoteso-
nance, there must be an awareness that coronal heating nadlyibeted to more than

one wave heating process.

It is well known that magnetic flux footpoints undergo an it#e expansion in cross
section from photosphere to corona. Betyal. (1991) states that as the density sharply
decreases, the magnetic flux flares out causing a change esvpawpagating along
the flux. The original wave mode may split into a mixture of rasdh response to the
change in local conditions. This is knownrasde couplingltis understood that Alfgn
waves become partially longitudinal as they encounter @efgtature. This longitudinal

component will act locally as a highly dispersive fast moda/ey thus amplifying the
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heating &ect on coronal plasma.

Phase mixingandresonant absorptioare two other possible mechanisms transferring
wave energy to plasma (lonson, 1978, Heyvaerts & PriesB,1B&elyi, 2005). As one
would expect, the magnetic flux is likely to be highly struetiacross the solar surface,
varying the magnetic field from point to point. Heyvaerts &t (1983) describe the
theorised mechanism of phase mixing that can arise fronststting of magnetic flux.
One field line may be situated next to another field line €fieding strength. As Alfén
waves propagate along the fluxffdrent frequencies will exist and move out of phase
with one another. A gradient of Alen velocity will appear across the fieldlines, high

in regions of strong magnetic flux, low in regions of weak magnetic flux (Fig. 2.2a).
This gradient may cause phase mixing of wave fronts, diisipand therefore heating.
As the magnetic flux expands exponentially into the coroma,dfect is amplified by
the exponentially increasirigof the propagating waves. Phase mixing appears to be an
excellent mechanism for the dissipation of MHD wave enengygen flux regions such

as the solar wind (E#g&lyi, 2005).

Resonant absorption may also contribute to the coronalfdgeptienomenon (lonson,
1978, Walsh & Ireland, 2003). In this case, MHD waves propagéong the surface of
bundled magnetic flux (in a coronal loop or open flux tube faragle). Energy from

the surface MHD waves pass perpendicular to direction giggation, exciting natural
modes of oscillation in neighbouring fieldlines offérentBy andv, (Fig. 2.2b). This

will have a damping #ect on the propagation of the surface MHD wave as its energy is
transmitted through the resonant layers. Heating will ktefResonant absorption may
also lead to phase mixing as a gradient will be set up thougkatfers of bundled flux,

enhancing the heating process.

For the above two energy dissipation mechanisms, there beust process that de-

creases the length scales so energy can be transferred freetavplasma. For heating
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Figure 2.2: a) Phase mixing Magnetic field lines of dferent strengths exhibiting a
gradient inva. In this figure,By increases in strength from left to right) Resonant
absorption. A surface Alfen wave transmits energy perpendicular to the direction
of propagation (horizontal arrows), exciting the neighbouring fluggiral modes of
oscillation, absorbing wave energy. Vertical dashed lines represantasonant flux.

to occur, from both phase mixing and resonant absorptiargtfescales in order of

kilometers must be attained to make dissipation possilibeléatif, 1987).

2.2.4 Alfvén Wave Generation

The discovery that Alfén waves do indeed propagate in the extended corona led to the
discussion as to where these waves originate and how theyeaerated. The waves

in this study are assumed to originate from a photospheoig footpoint. It is widely
believed that MHD waves exist in the chromosphere and tiiansiegion due to the
signature of non-thermal velocities measured by instrussinch as SUMER (see Sec-
tion 2.4), leading to the thought that MHD wave generatioly imagin near the surface

of the Sun. lonson (1978) theorises oscillations generatéte chromosphere, with a
required velocity of 6knTg, will propagate MHD waves into the corona ofcient en-

ergy to explain the observed heating (through resonantrptisn). Ulrich (1996) pos-

tulates that footpoint oscillations may cause the propagatf Alfvén waves high into
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the corona. Observations by Mullet al. (1994) imply the corona may be heated very
efficiently by turbulent granular motions generating MHD wawethe photosphere. By
observing the motions of network bright points and assurttieg are associated with
magnetic flux, Mulleret al. gain results suggesting the photospheric magnetic flux has
turbulent motion with velocities up to 3km's Known asfootpoint shyfling (Parker,
1987), magnetic flux motions may be associated with the footp of coronal loops,

generating MHD waves at photospheric altitudes.

Alternative views on Alfien wave generation include the possibilitwefocity sheaon
current sheets near the surface of the Sun, generatingdraval outward propagating
waves (Belcher & Davis, 1971). Matthaeus & Goldstein (198@)gest the existence of

a ‘minority species’ mechanism producing outward propagatvaves. The theorised
mechanism of Alfén wave generation is out of the scope of this work however and
is worthy of more detailed study. The fact remains that Atfwvaves are generated
near the solar surface and evidence of this can be attribotise non-thermal motions

measured by modern observatories.

2.3 Non-Linear Turbulent Cascade

Turbulence is common in nature and the solar environmemt &xeellent laboratory to

study turbulent flow. Plasma in the solar wind undergoesuterite on all scales, en-
ergy from plasma waves cascade, dispersing the energy atiddiéhe corona through

a dissipation process such as ion cyclotron resonanceulemttsystems organise them-
selves in similar patterns of eddies, vorticies and flows atiten what scale (spatial and
temporal) they are viewed at. Thsglf-similarbehaviour is characteristic of a chaotic
system; unpredictable analytically but exhibiting a patteonetheless. Turbulent sys-

tems are also very sensitive to initial conditions. No tlebtiflow can be the same,
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they develop non-linearly. If a data set is acquired of mégrikictuations in the solar
wind for the period of a year, say, and compared with a datav&tthe course of a day
or even an hour (assuming the instrument observing is sensihiough), there will be
very little difference in the patterns displayed. The magnetic variatimnsedf-similar
regardless of scale. This is some indication of the turliybeocesses at work in the
solar wind. This behaviour is also thought to exist in coftdoaps (althoughin-situ

measurements to verify this are not possible).

Fromin-situ observations of the solar wind, turbulence can be detectesh\analysing
the measured spectra of magnetic fluctuations. Figure Zrbdstrates the increase
in wave numberk) when assuming the energy spectrum is from Aifwaves inter-
acting non-linearly. Figure 2.3 is a generalisation of hssgained from theHelios

1 (Tu & Marsch, 1995) mission where magnetic fluctuations waeasured. Begin-
ning in the “energy containing” range, the waves are maimg-imteracting Alfenic
and freely propagating in the solar wind. Réncreases, interactions between outward
propagating and inward propagating waves become posgitadoting the formation
of turbulence, cascading wave energy to higher frequenegsvarhis is known as the
“inertial range” (Matthaeus & Goldstein, 1982, Hollweg 88). Ask increases, energy
is lost from the dissipating waves as momentum is transiein@m the wave to the
plasma. As wave frequency approaches the gyrofrequendyegblasma, resonance
occurs (through a process such as cyclotron resonanceidn@ad accelerating the
plasma (Section 2.2). This is known as the “dissipation einyVave energy is lost
very quickly during resonance, so wave flux must be high aedtdhbulent cascade

must be extensive.
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Figure 2.3: Summary plot of data collected by a range of observations, namely the
study by Tu & Marsch (1995) where data from tHelios 1 mission is evaluated. The

kP slope represents the inertial range where energy is cascaded to Wayemum-
bers. The dissipation range is represented by a sté€mope where ion cyclotron
resonance dissipates wave energy into the plasma.

2.3.1 Kolmogorov vs. Kraichnan

By analysing the slope of the inertial range of a magnetic tspe; a measure of the
length scales of turbulence and the speed of energy casdtde wmedium can be
arrived at. The inertial range is not influenced by externput or output. This means
that the turbulence creating a given spectra is supportiedydoy internal nonlinear
dynamics, not by external turbulence driving the systenooresdissipation mechanism

releasing energy. The inertial range supports its own et cascade.

It is generally agreed that there are 3 regimes of turbuletogork in the corona
(see Chaeet al. 1998 for discussion), each depending on the dominance sfriala
velocity or dominance of the magnetic field and each demaitasty a diferent inertial
range slope. The two regimes of most relevancesatective decayGomez & Ferro
Fontan, 1988) andlynamic alignmenfHeyvaerts & Priest, 1992). Theavier-Stokes

regime (where kinetic energy dominates) will not be disedsas we are dealing with
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a magnetic corona. Direct measurements of turbulence irsdlte wind have been
taken, but no direct measurements of turbulence are alailathe corona or transition
region. Itis still not known which regime dominates, so mampulence simulations
model both Kolmogorov and Kraichnan turbulence scales (€@hak, 1998, Liet al.,,

1999).

In the case of selective decay, magnetic energy dominatdss icase of dynamic align-
ment, there is an equipartition between magnetic and kirestergies. A generally
agreed characteristic of a non-linear cascade (in thetsaeatecay regime) is that the
slope of the inertial-range will tend %> and is known as the Kolmogorov cascade
rate (Kolmogorov, 1941). Thk > decay of turbulence energy is typical of a hydro-
dynamic system. However when considermggnetbydrodynamic systems, although
similar arguments and assumptions can be made from the Kolrae regime, Kraich-
nan (1965) finds as the sub-inertial wavenumbers exceedtdleehergy in the inertial
range, the slope tends tda¥? rule. This occurs in the dynamic alignment regime and

is known as the Kraichnan cascade rate.

The energy spectrum in any nonlinear system can be desaged

b
kz‘ontaining< I(inertial < I<gissipation (2-5)

wherek represents the 3 sections of the energy spectrum in Fig.Th8&.values of,

b andc get progressively greater, indicating progressivelygeslopes as we move

to higher wavenumbers in the spectrum. It can be expectédh tha-5/3 for the Kol-
mogorov regime antd = —3/2 for the Kraichnan regime. How these cascade rates are
arrived at requires an understanding of how the microscopécactions between tur-
bulent “eddies” pass energy to higher wave numbers. In the chdynamic alignment,

Elsasser variables are used to explain these interactionsodibhe tAlfvenic nature of
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the eddies.

2.3.2 Elsfasser Variables

Alfv én waves cannot undergo a non-linear turbulent cascadeemstives, there must
be some interaction between counter propagating waves.efe@&dealing with MHD
turbulence theory in an incompressible plasma, the mostitapt wave mode is the
Alfvén mode. The basic perturbed plasma equations must thereéoscaled into

Alfvén units

If wave propagation is purely Alnic, Eq. 2.1 becomesv = + 5B/ \/LF where
ov and 6B are fluctuations in the velocity and magnetic field respettiv This does
not promote the development of a non-linear cascade asrgsepts the propagation
of a wave in one direction. Non-linear interactions are gobgsible if there is an

interaction between inward and outward propagating wawesking the relationship,

OV # + 0B/ \/4np.

Elsasser (1950) derived thHesasser variableto explain the nature of inward and out-
ward propagating Alfén wave contributions to a turbulent cascade of energy. kdl a
review of Elsisser variables refer to Bruno & Carbone (2005). In brief, tlsadser

variables ¢*) are defined as

b

\amrp

wherev is the proton velocity antl is the magnetic field in an inertial reference frame.

ZF =v+

(2.6)

The + sign in front ofb is decided by the wave direction, counter-intuitivehynus
(=k - Bg) for outward propagating waves anglus (+k - Bg) for inward propagating

waves. However, this is confusing and the magnetic fieldore8, is rotated 189
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when directed away from the Sun. Therefore a wave with a gn swill always be
an inward propagating wave and a wave with+asign will be outwardly propagating

regardless of the direction of the magnetic field vector.

A complete description of the interacting waves can be edrat wherb is normalised
by /4mp (b will be measured in Alfén units). Equation 2.6 will becon® = v=b.
The velocity field will bev = (z+ + z7)/2 and magnetic field will bé = (z- — z7)/2.
The MHD equations must also be normalised with respect té\theen time ), so

the parameters (length, time, magnetic field and presstedjeated as

S t b p
> — 5t — >5b — 2.7
L7 %7 BT ) P &7

From this, the second order moments such as kinetic eneagnatic energyz" or z-

energies and the normalised MHD equations can be derived.

If we assume that the dynamics of the turbulent cascade isodilne non-linear inter-
action and scattering of Alen waves, the system will relax into an aligned state (Do-
browolny et al,, 1980, Biskamp, 2003). The andz  components will only interact
non-linearly with one another (there are no self-intematd). Only Alfven waves prop-
agating in opposite directions will interact, bubw s the energy cascaded to smaller

scales, decaying the turbulence formed by these intetpatves?

Two timescales are at work when considering the cascadeean§grthe Alfien time
(ra = I/va) and the time it takes for a wave packeér'(, also known as an ‘eddy’) of
scalel to distort an equal but opposite eddz(). The time period of this interaction
will be 77 = 1/6Zz7. Generally,7a < 7}, wheret, indicates the time for opposite
propagating waves to interact fully. There will be a smakige in amplitude oAz

after each consecutive collision, therefore
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Aézf _TA

57 = - <1 (2.8)

To produce a relative (and significant) change in amplitudéh® order of unityN ~
(6z2/A6z)? elementary interactions are needed. From this, the ertemggfer time T*)

can be arrived at

TE ~ Nta ~ (1)%/7A (2.9)

In brief, energy is cascaded by interacting eddies caustigage in amplitude of each

daughter eddy, thus passing energy down the cascade ta kighe

A significant conclusion is made from this analysis¢af > 6z (i.e. more outward
than inward propagating wavesy, is depleted more rapidly, leading to a dominance
of the 67" spectrum. This will continue till the cascade is exhaustgd an outward

propagating Alfen state.

Voyagerl and 2 collected magnetometer data as they travelled frami 1AU (Roberts
et al, 1987). By measuring the energy spectrum of solar wind magfietd, the
cross-helicity and total energy of magnetic fluctuationsldde calculated (from the
Elsasser variables). The cross-helicity and total energyviergby H, = (év - 6b)/2
andE = (6v? + 6b?)/2 respectively. By simply taking a ratio of the cross helicityd
total energy, thenormalised cross-helicitjo. = 2H./E) can be calculated. This is a
useful tool to analyse the Alénicity of the fluctuations in the solar wind. |if¢| ~ 1,

the fluctuations are Alfenic in nature.

A key result to arise from Robertg al. (1987) is that 10-15% of the data accumulated
suggests perfect-aligned An waves. 85-90% of the data shows inward and outward

propagating Alfien waves and a mix of other modes. There is however a dominance
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of outward propagating waves in the inner heliosphere. §gea far higher percent-
age of mixed inward and outward propagating waves than pomenteracting waves

suggesting a turbulent energy cascade may be dominant sotllewind.

We now know the energy may be cascaded by means of small scale packet
interactions and these small scale interactions vasthcethe turbulent spectra of
the magnetic field. As we are dealing with stationary turbaée any rapid change
in energy input (in the energy containing region of the spawj will cause a near-
instantaneous change in the inertial range. Thereforerevhes the energy transfer
rate, Econtaining = Einertial = Edissipation (COrresponding to Eq. 2.5), energy transfer is con-

served within the stationary system.

2.3.3 Turbulent Heating Rates

In a hydrodynamic turbulent system, Kolmogorov (1941) déss general turbulent
spectra where the cause of the turbulence is not importastaigeneral interpretation
of fluid turbulence. In this case, assuming the energy teansflocal and discrete, the
inertial range can be divided into small scale length$wherelg > ;... > In21 > In).
The relationship betwedp andk, will be |, = k;1. As already stated, energy is passed
via distortions of interacting eddies, so energy will begsasbetween neighbouring
scales (i.el, andl,,;). The time for the interaction to occur can be approximatgd b
n ~ In/6Vh, Wheredv, is called the distortion time. Knowing the energy flux is cams
across the inertial range, by rearranging the relationghjp, ~ 6Vv3/l, ~ &, a scaling

relation becomes apparent

oV, ~ 313 — The Kolmogorov scaling relation (2.10)

To arrive at an energy spectrum for this regirig)( the eddy energy is integrated via a
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Fourier transformE, = knk"” ExdK) which leads to

Ey ~ £33 (2.11)

Kraichnan (1965) modifies this idea by specifically assuntiregturbulence is caused
by interacting Alf\en waves. The small scale fluctuations are stronfiscéed by the
macro-scale magnetic field feeding through the system,dimadl scale fluctuations in
magnetic field behave AlBnically. This is where Ebsser variables are called into
use (Section 2.3.2). Similar assumptions are made in thenégbrov regime, but
Kraichnan specifically develops this idea for an MHD systémis replaced with the
wave packet equivalerdiz and the energy transfer time ) is longer and changed to
Ti. Therefore, using the relation described in Eq. 29« (11)?/7A) and rearranging

E /7 ~ 52ﬁrA/I2 ~ g, another scaling relation becomes apparent

67 ~ (eva)Y41Y* — The Kraichnan scaling relation (2.12)

which leads to the spectrum (following from Eq. 2.11)

Ex ~ (sva)Y?k /2 (2.13)

Initially introduced for the extended solar wind, a nonelim heating mechanism was re-
quired to explain observed solar wind velocity and denditydistance of 0.1AU (Holl-
weg, 1986, Hollweg & Johnson, 1988). The heating r@gréquired to heat the solar
wind plasma is assumed to be turbulent in nature leadingetassumption that the tur-
bulence is generated by interacting Adfvwaves (now in both Kolmogorov and Kraich-
nan regimes). It is worth noting thenergy injection raten the inertial ranged in Eq.

2.11) has the units of ‘energy injection rate per unit massj €nT3 s1) which is iden-
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tical to the ‘heating rate per unit mass’. As detailed by Chial. (1998) and Gmez
& Ferro Fon&in (1988), the spectrum in Eq. 2.11 is integrated over thideange so

the heating rate for a selective decay regime can be found2(Ed)

Sv2)3/2
_ PV

LCOI’I’

Q (2.14)

where (6v?) is the variance in the velocity field of a propagating Afvwave,I is

a dimensionless factor of the order of unity aind,, can be related to the magnetic
structures in the photosphere. It is assumed by HollwegQL8&t L., is the mean
distance between photospheric flux tubes. The proposed gemeration via flux tube

footpoint shifling will therefore create waves of these scales.

Now, substitutingév) with &

pE:  p&

I—corr Idrive

Q=r (2.15)

wherelgive = I'/Lcor IS thedriving scaleof the dissipating waves (Li & Habbal, 2003).
I' is assumed to be absorbed ihig,,, therefore creatinty. and is assumed to be of

the dimensions approximating photospheric granulatidis.ce

The dynamic alignment regime can be treated in the same manhmgrating the
spectrum (Eqg. 2.13), the Kraichnan cascade rate can besdgtileyvaerts & Priest,
1992, Chaeet al,, 1998, Biskamp, 2003)

2\2 4
_ rp<5v < 5
Va I—corr Va I drive

Q (2.16)

Note, the Kraichnan cascade rate will cascade energy offeaaht scale to the Kol-

mogorov cascade rate/, is very large in the lower corona and the influence of this
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parameter will vastly fiect the value of the driving scalk{.e). A quick deduction will
conclude that the driving scales associated with the Kreinlregime will be two orders
of magnitude lower than the driving scales associated Wetkiolmogorov regime for
the Kraichnan regime to have any heatirfigget. In general, it is expected that the Kol-
mogorov cascade rate operates over scales from hundrelsusands of kilometres.
The Kraichnan cascade rate operates over tens of kilomeftegliscussed by Chae
et al. (1998), the determined value of Kolmogorov scales is agprately 1200km,
well within observational capabilities of instrumentatid his scale also relates to pho-
tospheric granulation distancing (as proposed by Hollw@g86land assumed by Li
& Habbal 2003), therefore linking the region of wave exeégatwith a physical (and
measurable) feature on the solar surface. Kraichnan saaddslow observational res-
olutions so can only be guessed at. This is not to say wavetedxn the Kraichnan
regime do not exist (the Kraichnan cascade rate is used &i gfect by Chaeet al.
2002). It is however hard to propose a mechanism for waveyataxh at these scales

if there is little observational evidence to support theory

2.4 Spectroscopic Non-Thermal Velocities

This work is based on the assumption that non-thermal metiothe chromosphere
and transition region are due to the interactions of @ffic turbulence with plasma.
Non-thermal motions are evident from analysis of broad, epshifted spectral lines.
Once thermal motions are accounted for, an excess of broepemains Non-thermal

broadening of spectral lines are attributed to wave agtwithin the chromosphere and
transition region. These wave driven motions have an asativelocity and can be

linked with Alfvén wave propagation.

The Alfven wave amplitudeg, given in Eqg. 2.15, can be directly taken from the non-
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thermal velocity observations described by Cleaal. (1998), Chaeet al. (2000) and
Chaeet al. (2002) (and references therein). Although these motioasat thermal
in origin, they are a function of chromospheric temperatuhere the Alf\en waves
propagate through. As demonstrated in Fig. 2.4, betweetethperature range of 10
1CPK, ¢ has a range of 0-30kms As outlined in Section 3.2.1, the paramefeis

derived from Chaet al. (1998) for the desired loop footpoint temperature.

Non-thermal velocities are observed in the solar chromexsphy a variety of instru-
ments. Spectrometers on board early spacecraft such &kyterkmissions (Boland
et al, 1975), theSpacelab-ZShuttle mission (the NRL High Resolution Telescope and
Spectrograph; Deret al. 1987), theSolar Maximum Missiofthe Ultraviolet Spectrom-
eter and Polarimeter; Doylket al. 1997) to more recentlipOHO(the SUMER instru-
ment; Section 1.5; Chaet al. 1998) have shown non-thermal broadening of spectral

lines to be commonplace.

Extreme non-thermal velocities have been measured by aeuohlauthors. @-limb
UV measurements by Kjeldseth Moe & Nicolas (1977) usBigylabdata find non-
thermal velocities of 23-75km&and Actonet al. (1981) find X-ray non-thermal veloc-
ities of approximately 50km$ when analysingolar Maximum Missiodata. For the
time being, the non-thermal velocities as measured by @hak (1998) are the most

applicable signatures of MHD waves, but there must be aneaveas of high=values.

Under the assumption that non-thermal motions have a Gaudgtribution, thenost
probable non-thermal velociariska, 1992, Erélyi et al,, 1998) can simply be added

to the observed Doppler width given by

1/2
Alp = " (— + gz) (2.17)
Put simply, the non-thermal velocity may be described a®amean-square velocity,
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Figure 2.4: The¢& (non-thermal velocities) vs. temperature curve adapted from Chae

et al. (1998) (original dataleft pane) and Chaeet al. (2002) (plot used to readict/T

values in this thesigight pane)
Vims = (3/2)Y2¢. Other authors such as Bolaetlal. (1975), Doschelet al. (1976),
Mariskaet al. (1978) and Chengt al. (1979) have measured a similar relationship
between chromospheric temperature &g indicated by Chaet al. (1998) and Chae
et al. (2002) (Fig. 2.4). The non-thermal velocity can also be dbed as therelocity

variance associated with the wave fiéldv?), Eq. 2.14) or theAlfvén wave amplitude

(¢in EqQ. 2.15).

Non-thermal broadening of spectral lines is not necegsealtropic (i.e. the broad-
ening observed at the solar disk may not be the same when redasuthe limb).
Erdelyi et al. (1998) find a general broadening of line widths from disk cetd solar
limb when using data from SUMER and attribute the broadetongifvén wave prop-
agation. This contradicts earlier work by authors such asibét al. (1975) where

it is assumed wave heating is the cause of non-thermal bnosglebut find it to be
isotropic in nature. Doylet al. (2000) supports the non-isotropic findings and indi-
cates the broadening may not be uniform across all plasminiesy Doyleet al. find
the CIV and Hel lines both exhibit disk-to-limb broadeningt khe high temperature
NeVIll line remains constant. However the variation is draald attributed to opacity

effects in the solar atmosphere and conclude mass motions ichtbenosphere and
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transition region may indeed be isotropic. There may alsa height dependence on
line broadening. Work by Harrisoet al. (2002) support Alfén wave dissipation the-
ory by analysing spectroscopic data at increasing alt#ddem the solar surface. It
is found that non-thermal broadening (and therefore @&ifwave amplitude) generally
decreases with height. This suggests that if the non-tHdsmadening is associated
with MHD wave activity, the waves are dissipated in some wathay propagate in the

corona (although thisféect is disputed by Wilhelnat al. 2004, 2005).

Although the measurement and interpretation of non-theuglacities may be open
to debate, non-thermal observations in the chromosphetéransition region remain
a very useful tool when trying to understand proposed MHD ewvawtivity in solar
plasmas. Now the theorised source of MHD waves and the meschani a non-linear
turbulent cascade has been explored, it seems prudene@rcbgpresent coronal loop
models to focus on how they might be improved by applying shoeas described in

this thesis.

2.5 Coronal Loops Heated by Turbulence

Steady chromospheric and coronal heating models can beaseghanto 2 groups. The
first group encompass hydrodynamic heating mechanisms.gfbup deals with shock
dissipation of acoustic waves which propagate from ther soldace and heat the chro-
mospheres of stars with weak or no magnetic field. As mentidnyeNarain & Ulm-
schneider (1990, 1996), this may be the case for late-type@\skotating stars, but is
not thought to be a main contender in our magnetically dotath&un. Acoustic shock
heating will therefore be discounted. The second group rapass magnetic heating
mechanisms. This group is further divided i2€ heating(magnetic field dissipation)

mechanisms andC heatingMHD wave dissipation) mechanisms.
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DC heating mechanisms rely on impulsive releases of energravelectric currents
appear steady along the loop length. Energy is injectedusecan irreversible change
in loop evolution. AC heating mechanisms rely on a contirsuswpply of energy prop-
agating from the photosphere. In this case, electric ctsrare oscillating (due to the
wave nature of the disturbance) and the timescales of thikatisnis are lower than the

time taken for an Alfén wave to travel along the length of the loop.

DC heating of coronal loops assumes some form of potenteggnrelease caused
by the displacement of loop footpoints. Magnetic field libegome twisted, shifted,
braided or forced together by photospheric convectionecus;, diterential rotation or
horizontal plasma flows. This build-up of potential energgyngenerate reconnection
events (such as intermittent explosive events) due to ntiggnstabilities. Aschwan-
den (2001) argues that although these may be important mischs, they produce uni-
form heating rates along the loop length, disputing the ndesenon-uniform heating

function (Parker, 1988).

AC heating of coronal loops on the other hand provides a giatéchanism for de-
scribing the non-uniform and footpoint heating observaiorl he energy for AC mech-
anisms can be generated by photospheric motion and tudadeansmitting waves into
the corona. The propagating waves are assumed to be thercdreinergy used to heat
the coronal plasma. Alen waves are considered to be the best candidate as they do
not sufer reflection & lower layers of the transition region (Aschwanden, 2001)eD
to the steep gradient of temperature and density througirdnsition region, MHD
waves would normally reflectfbthis boundary, severely hindering any energy propa-
gation into the corona. This boundary resembles a wavéiethgpendent reflection and
transmission filter where certain ABn wave wavelengths can resonate in the leaky
cavity of the coronal loop. This, and providing there igfigient twist in the magnetic

flux (Litwin & Rosner, 1998a,b), Alfén waves are able inject large energy flux into the
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corona due to highr, in the region.

If footpoint motions are of a high enough frequency, the gapeopagating through
the coronal loop will be able to set up turbulence in the AQmeg Hollweg (1984)
suggests turbulent heating by A#fa waves and that 85% of the energy flux entering
the loop will be dissipated in the loop. However it is foundttthe majority of the
heating is not near the footpoints, but high in the loop, nbarapex. This defies
current observational and model evidence of EUV loops. Ascidenet al. (2001)
find the heating mechanism to be concentrated in the locafityre loop footpoint.
The heating scale height operates in the lower 20% of the leogth &/L = 0.2 +
0.1) suggesting a strong non-uniform heating rate. Otheraasitbonfirm this finding
(Antiochos & Klimchuk, 1991, Neupest al, 1998, Lenzet al, 1999, Aschwanden
et al, 2000a). Chapter 4 models coronal loops with a range of hgptiofiles and find
that loops maintained by non-uniform (and focused footp)dieating can approximate
observed isothermal temperature profiles for a particalage of loops. It is dficult to
balance the turbulent heating parameters (i.e. the drstéade length and Alfén wave
amplitude) to maintain the isothermal profile. Isothernahperature is also highly
dependent on loop length, a complication not currently nlexe(Section 5.3), although

loop inclination (Reale 1999 and Section 5.4) may be a coutiod factor.

To acquire an answer for the heating of coronal loops, thermmbsphere, transition
region and corona must all be incorporated in loop modelstpAsinden, 2001). There
is a known chromospheric source of plasma feeding coromgisloan observed non-
uniform heating profile (often with strong footpoint hegfjrand a sudden temperature
enhancement through the transition region. Also, if Afwvaves are to be the prime
candidate for coronal heating, some form of turbulence nesgtlvork to cascade wave
energy so it can be dissipated. As highlighted by Bztgl. (1991), most coronal loop

models focus on energy being carried into coronal loops foortside the corona (i.e.
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injected from the chromosphere), but some suggest corooplHeating from turbulent
generated waves formed well within the corona (van TendD)198 & Habbal (2003)
approach this challenge by modelling a coronal loop whereware generated outside
of the corona, but then assume a non-linear proagi$sn the corona which cascades
energy into resonant waves (Section 2.2.2). This modeliguanin that it addresses
the multicomponent structure of a coronal loop, incorpesajravitational stratification

and is self-consistent.

Turbulent heating of coronal loops have been modelled befdeyvaerts & Priest,
1992, Inverarityet al, 1995, Inverarity & Priest, 1995, Dmitruk & @nez, 1997, 1999).
However, these loop models assume a homogeneous electisitydend a homoge-

neous axial magnetic field, thus producing a uniform heatig along the loop length.

Heyvaerts & Priest (1992), Inverarist al. (1995) and Inverarity & Priest (1995) as-
sume convective motions at the photosphere drag magnédilirfess. This motion may
cause net storage of energy (to be released after a periodegfadr instant wave prop-
agation, via DC or AC heating mechanisms respectively. Tarta the coronal loop in
a quiescent state, a heating mechanism strong enough ttecactrradiative and con-
ductive losses is required. In this case, Inveragityl. (1995) and Inverarity & Priest
(1995) model Alfien waves propagating back and forth along an arcade of dorona
loops driven by rapid photospheric motions. As the wavepagate through the tur-
bulent plasma, a cascade reduces the scale of waves tillabma absorbs (or damps)
the waves. Results from these studies suggest turbulenismwidronal loops amplify
Alfv én wave heating. Inverarity & Priest (1995) however enceusbme diiculty in

implementing Kraichnan cascade rates when considerigg kady scales.

Dmitruk & Gémez (1997) approach turbulent heating of coronal loopstalshufling
the loop footpoints. As the magnetic Reynolds number is asdutm be very large

(Rm = 10'° - 10'?), footpoint shiffling is found to promote strong turbulence within the
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loop. After a period of time, the coronal loop reaches a ‘tleht stationary regime”.
Within the modelled results, Dmitruk & @nez find the turbulent nature of the loop
promotes intermittent heating events (a.k.a. nanoflare$have a turbulent spectrum

approximating that of a Kolmogorov casca#e’(?).

Flare, nanoflare and microflare heating is also commonlysinyated as possible coro-
nal heating mechanisms and are often attributed to turbaland MHD wave activity
(Moriyasuet al, 2004, Realet al, 2005). With the advent of high resolution imaging
by instruments on board missions suchS$3HQ TRACEand Yohkoh a plethora of
transient, small scale heating events have been discovételthree flare categories
mentioned above are basically the same event butftdrdint energy classes. Flares
have an energy range of *P0- 10*3erg and will typically reach temperatures between
8 — 40MK, microflares have energies in the range of'1010°°erg and reach temper-
atures between 2 8MK and nanoflares have energies in the range ét 20.0?’erg,
reaching temperatures of-12MK (Parker, 1988, Aschwanden, 2004). Naturally each
class will radiate at a particular frequency. Nanoflaresatadn the EUV wavelengths
and can be detected by instruments suciRACE(Parnell, 2002), microflares emit
soft X-rays and can be detected by instruments such as SXblokohand large flare
events may be observed across a range of frequencies (Asdbna2004). Parnell
& Jupp (2000) suggest approximately 20% of the requiredrwarbeating may come
from nanoflares and microflares. Parnell & Jupp also statenthay more subtle flare
events may occur out of the scope of current instuments. Tarlys of stficient den-
sity and temperature can be observed through the obserahbandpasses, there may
be many more sub-resolution events heating the coronaeTiresesses are all symp-
tomatic of rapid magnetic reconnection and my produce sryrprocesses such as
MHD wave activity, perhaps amplifying wave-wave interaos in the corona (such as

the non-linear cascade as investigated in Section 2.3).
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Realeet al. (2005) relates nanoflare activity along coronal loops withdissipation of
MHD turbulence. Again it is assumed photospheric footpowstions promote MHD
disturbances and non-linear interactions further alomglélop structure. These tur-
bulent motions cause reconnection events, creating na@sfand heating along the
L = 30Mm loop. Current research appears to be drifting in thectoe of a strong re-
lationship between nanoflare events and wave activity. MHDeanactivity may cause
non-linear &ects, creating instabilities and triggering intermittegieases of energy.
Nanoflare activity may cause MHD wave pulses, creating acgoof inward and out-
ward propagating Alfén waves. This two-way relationship requires further sty a
requirement should be set on modern simulations for thesnwh of the wave-nanoflare

mechanism.

As Aschwanden (2001) and Li & Habbal (2003) agree, coronap lmodels must be
multi-component (including chromosphere and transitiegion) so the loop heating
profile can be focused near the loop footpoint (in the casevefdense and isothermal
EUV coronal loops) and they must be dynamic. There must béhanprocess caus-
ing the observed densities and velocities as so far existngnal loop models cannot
explain loop dynamics. This thesis takes the view that thdehdescribed here imple-
ments all of the above factors but through self-consisteaviespropagation, momentum

deposition from wave to plasma occurs to further enhancenadtoop density.

2.6 Other Coronal Loop Models

The previous section focuses on turbulence as an ideal aowlodel the heating of
coronal loops. Beginning with the categorisation of AC andi&@ting mechanisms, it
becomes evident there may be an inter-relationship bettireevo families. One such

example is the idea nanoflares (DC heating) may be the causel# caused by, wave
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propagation (AC heating). However, not all models neattyifito these categories, so

a brief overview of other relevant coronal loop models wilinbe presented.

Chaeet al. (2002) take a direct approach of modelling coronal loopsitoply inferring
the heating rates from observed turbulent MHD energy spdotra given loop. They
find strong footpoint heating maintains a dense and isotakloop profile, generally
agreeing with observations. An isobaric profile is assurnti@d,is not realistic as the
gravitational stratification will cause pressure variatadong the loop. Another limit-
ing and very important factor is the non-inclusion of theathosphere and transition
region. Most models do not take the transition region intwoaat, but if we consider
the chromosphere as the reservoir of coronal loop plasneyagion must be taken

seriously and modelled accordingly (Aschwanden, 2001).

Inferring the heating profile along coronal loops from olaé&on or simply applying
an ad-hocheating function to match observations is not a recent ideeeter. The
classical paper by Rosnet al. (1978) underpins modern simulations of the corona
and makes an attempt at explaining eékylabobservations of basic loop structures
emitting X-rays in the base of the corona. A quiescent, inbg@ameous solar corona is
modelled, whereas befofgkylab(Vaianaet al, 1973) a homogeneous corona was as-
sumed. The thermally insulated coronal loops observedssteaed to be in hydrostatic
equilibrium with constant pressure. From observationsnRost al. are able to fit a
variety of possible heating functions and arrive at the agion that the X-ray loops
observed are maintained by uniform heating creating a tesyre maximum at the
loop apex. From this study two hydrostatic scaling relaioould be constructed relat-
ing maximum temperature, pressure, loop length and heedieg(detailed in Chapter
4). Serioet al. (1981) advanced these scaling relations to allow for footpmeating
and pressure variation along the loop length. This modi6ioab the hydrostatic model

appeared to confirm observations until work by Porter & Klmk (1995) found dis-

54



Chapter 2. Alien Waves and Turbulence in Coronal Loops

crepancies when fitting with SXTrphkoh loops.

Craiget al. (1978) model a simple quasi-static coronal loop with a camistross sec-
tion, similar to the model used by Rosredral. (1978) and derive a contrasting scaling
relation of loop length, density and temperatuf&{/nL ~ constant when compared
with T/[nL]¥? ~ constantfrom Rosneret al. 1978) and find results to be consistent
with active region X-ray observations of the time. Hood &d3ti(1979) build on the
work by Rosneet al. (1978) also assuming quasi-static equilibrium and loopsoof
stant pressure. Hood & Priest advance these ideas to inttledffects of loop length-
ening and twisting to find model calculations appear to pcedoops with cool cores
(i.e. a temperature reductiamsidethe loop). This leads to the reckoning that the cool
plasma contained within the loop model would appear as ecégion filaments (or

prominences) when surrounded by hot and highly radiatingmaé.

These original coronal loop models set the scene for fuithazstigation and led to
the motivation to simulate dynamic loops as modern instntaten improved obser-
vations (such as EIT 0 80OHOand SXT onYohkol. Naturally, numerous coronal loop
models simulating plasma flow have been conceived in recestsy Orlandeet al.
(1995a) for example construct a model which simulates siglaw around a simple
semi-circular loop with constant cross-section. Siphowslare driven by a pressure
gradient between loop footpoints. This model simulatesityraconduction and radia-
tive losses in the hope of supporting new UV and X-ray obsama and relating the re-
sults with classical scaling relations (Roseéal., 1978, Craiget al., 1978, Serieet al.,
1981). Four classes of coronal loops are constructed: sitscritical, supersonic
and unphysical. The subsonic solutions exhibit flow velesibelow the local Mach
number M = v/cs < 1), critical solutions are found wheid ~ 1 (on the boundary
between subsonic and supersonic flow), supersonic sotusicmfound where plasma

flow exceeddM all round the loop and unphysical solutions result wherepds@ame-
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ters are not numerically sound. Orlanelioal. (1995b) expands this study to work with
shocked solutions (at the critical poitd] ~ 1) where shock fronts form in regions of
the loop where flow velocity exceeds the sound speed (ref€nhapter 5, Section 5.7,

for shocked solutions arising from the study outlined irs tiiesis).

More advanced hydrodynamic models are constantly beingloeed. Patsourakos
et al. (2004) for example model a loop of coronal lendth= 300Mm (assuming a
60Mm chromospheric section for each footpoint, increatiegotal length to 420Mm)
with plasma flow in the hope to explaifRACEand EIT observations of EUV loops. As
such loops are commonly found to have high densities, pldswadriven by a highly
assymetric heating rate is assumed. &hhocheating rate is applied where there is
concentrated footpoint heating and a degradation in hggatong the loop length. Gen-
erally there appears to be an enhancement in loop densitgtte solutions, but a dis-
crepancy remains. Patsourakeisal. concludes steady flow models cannot reproduce
observed loop densities and indicate time-dependent,| stale releases of energy
(i.e. nanoflares) may hold the key to observed plasma flow &ihd IBop overdensity.
Winebargeret al. (2002) approach a similar situation but with a shortei=(150Mm)
loop. To maintain coronal loop flows of the order of observedrmities, an asym-
metric heating function must be applied. This study find Enmesults as Patsourakos
et al. (2004), but rather than indicating nanoflares may enhanme densities, wave

momentum deposition is indicated as a possible candidate.

This section has so far focused on loops heated by an assweagddirate, whether it
be uniform in the case of X-ray loop modelling (Roseéal., 1978) or non-uniform in
the case of EUV loop modelling (Winebargstral,, 2002, Patsouraka al., 2004) and
results from these models have been highly successful indlmes. However, there
must be an awareness of the physidéée& a modelled mechanism will have on the

heating rate. Priedt al. (2000) make an important statement:
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“One of the paradigms about coronal heating has been theflibhe
the mean or summit temperature of a coronal loop is complétsknsitive
to the nature of the heating mechanisms... ... the temperatofile along

a coronal loop is highly sensitive to the form of heating.

This means that for a given heating mechanism, the heatwfgewill be unique. In
this case, Priestt al. use data from observations to deduce the heating profilggalon
coronal loops and then attempt to link the profile with a meda that has the abil-
ity of producing such a profile. Other models take a likelythmepmechanism can-
didate and model iself-consistently For example, Ofmaset al. (1998) carries out a
self-consistent study of resonant absorption in coror@p litux (Section 2.2.3) whilst
including the &ect of the chromosphere on the coronal loop. The chromos@ots as

a source and a sink of loop plasma (‘chromospheric evaporand ‘chromospheric
condensation’ respectively). The mechanism of resonastrabion characterises the
plasma parameters. Ofmanal. find a single frequency of Alfén wave to be indii-
cient for sustained resonance and heating in favour of aorar{throadband) spectrum
of Alfvén waves in order to maintain heating and loop density. Infferdint model,
Bradshaw & Mason (2003) simulate the self-consistent mogpdf 15 abundant coro-
nal ion species cooling time-dependently and exhibitignificant non-equilibrium.
The results from this lead to the conjecture that the readonseme models predict
loop cooling in minutes (Warreet al., 2002) whereas observations suggest hours (Lenz
et al, 1999) may be that contributions from non-equilibrium betw plasma species

have been overlooked.

These examples show self-consistent models to be morestie’shs the modelled heat-
ing mechanism characterises the plasma parameters anditgenrique heating pro-
files. The model discussed in this thesis does not implemieeating profile, the waves

propagating along the loapeatethe heating profile.
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2.7 Discussion

It is evident that the solar corona is a complex system. Maepries exist for the
heating mechanism of the coronal plasma and this chaptenaexy focused on wave
heating, but has addressed the main candidates (includingflare heating). Many
factors contribute to the eventual interaction betweenesaand particles. The first
main obstacle is how the energy of non-interacting, low destpy (below the proton
gyrofrequency) Alfeen waves can be dissipated. A non-linear turbulent cassade i
good candidate if counter-propagating Afv waves interact (Section 2.3). Through
a non-linear cascade, energy can be transferred (casctda@h frequency waves
allowing processes such as ion cyclotron resonance to ,odissipating wave energy

from the dispersionless to dispersive domain (Sectior2p.2.

Solar wind studies suggest a high degree of @i turbulence (Tu & Marsch, 1995).
Although there is nadn-situ observations of Alfén wave interactions in the lower
corona and coronal loops, it is assumed similar processsSiexhis region. One such
measurement of Alfen wave activity in the lower corona, transition region ahdoe
mosphere are observations of non-thermal broadening ofrgbénes (Section 2.4). If
we attribute these observations to MHD wave activity, agiarof the wave energy nec-
essary to heat the extended corona can be theorised. Duopggation, if the waves
undergo a non-linear process, the population of ion cyatotvaves can be maintained

as a continuous heating mechanism.

Itis important to be mindful that it is highly unlikely corahloops are heated by a single
wave heating process. It is more probable that this complstes supports a host of
mechanisms all sharing a portion of the net heatifigot. An interesting development
in the search for the main heating mechanism is the intatiogiship between wave

heating mechanisms. Perhaps wave interactions causensam-#fects, destabilising
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the magnetic flux, spurring reconnection and local expisivents such as nanoflares.
This in turn may launch secondary waves that dissipate \o&han mechanism, ampli-

fying the heating (Section 2.5).

Chapter 1 explored the energy transfer from the solar cofegtadrona and explained
the bdfling coronal heating phenomenon. This chapter has takentamelgint of
MHD wave heating via resonance with plasma particles @ifwaves as the main
candidate) as thenly heating mechanism capable of heating the solar atmosphere t
millions of degrees. This is a very purest view, but ChapteilBaexpand these ideas
into a functional coronal loop model in the aim of accounfiogthe observed heating.

It is worth noting that this study is not discounting the cdmttion of other coronal
heating mechanisms to thatal heating, but it is hoped this work will explain timeain

mechanism is wave heating though a turbulent process.
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Chapter 3

The Two-Fluid Numerical Method

3.1 Introduction

Modern numerical simulations of plasma interactions in sb&ar corona are a key
element when understanding solar observations. As coltiqueih power increases,
numerical methods of increasing complexity are at the digpof a growing mod-
elling community. The method used throughout this studyoigxception. Originally
used for solar wind acceleration models (Eiual,, 1997), this one-dimensional full-
implicit numerical method has been adapted for the coraw environment to great
effect. The numerical method is constructed and compiled inFtvéran 77 (F77)
programming language (using an Ir@eFortran Compiler for Linux installation and
post-computation analysis (i.e. plotting and data maaigpor) is carried out in IDL
(Interactive Data Languageersion 5.4 for Microsoft Windows). For the most part,
computation and processing of the numerical method coultbb®pleted with a basic

office PC (with a 1.24GHz AMD Athlo™! processor).

In the previous chapter, the theorised mechanisms at woeckrional loops are inves-

tigated. In this chapter, the physics of dynamic coronapsowill be reduced into

“http://www.intel.com/
"http://www.rsinc.com/
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their constituent equations and modelled. Section 3.2 dethil the basic equations
(continuity, momentum, energy), describe the numericahogtused in this study and
demonstrate how the “code” casts the parameters into a reahkgstructure. Sec-
tion 3.3 outlines how outputted solutions from the model aréved at and managed
by applying an iterative approach. Section 3.4 gives a lesipfanation intdNumerical
Simulation Unitsaand how this unit system relates to conventional systemsid®e3.5
explains how the primary loop solution is arrived at and horelates to two-fluid solar
wind modelling. This brief overview leads on to how the loqultl be lengthened and
shortened (Section 3.6) and justifies the range sélected for experimentation. In any
coronal loop model it is essential that tests are carriedoowerify simulation stability
and accuracy. In this steady-state model energy consenvatist be maintained along
the whole loop length, Section 3.7 investigates this. Bn&lection 3.8 focuses on the

greatest energy sink (radiation) and its implications far model.

3.2 The Numerical Method

This full-implicit scheme for a one-dimensional two fluidnohuctive coronal loop is
time dependent. This model is self consistent in that &tfwaves travel along the
coronal loops to set up a fully developed turbulent cascadecharacterise the plasma
parameters along the length of a thin coronal loop. Thisasotly mechanism heating
the plasma. Nad hocheating function is used to mimic a possible heating mech-
anism. This is useful to see if wave interactions in the caroray be contributing
toward the coronal heating problem. The role waves playenctrona is not fully un-
derstood (Winebargeat al., 2002), so the application of a method such as this seems
prudent. Also, the two-fluid approach is justified as apprately 87% of positively
charged particles populating the corona are ionized hyardgrotons), contributing

77% of the total electron population (McWhirtet al, 1975). Brayet al. (1991) con-
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firms this result for cool coronal loops. Many two-fluid siratibns have been devel-
oped for the solar wind (see for example Hollweg & Johnson8)2®d much of the

physics remain the same for closed flux.

For a particular coronal loop solution, the code is allonedeiach steady-state before
results can be taken and analysed. Details on the systeampgtioach of the iterative

method adopted can be found in Section 3.3.
3.2.1 Basic Equations
The modelled time dependent continuity equation can beemras

dp 1d(pva)
ot "a os =0

(3.1)

wherep is the plasma mass density~n,m, as my>m), v is the plasma velocity,
a is the loop cross section (assumed to remain constantsasdhe position along
the axis of the loop. Figure 3.1 demonstrates the loop strecnd terms used for
the modelled loops. Early work by authors such as Kriegexl. (1971), Polettcet al.

(1975) and Rosneat al.(1978) strongly imply the existence of loops with constanse

sections. More recently, studies BRACEdata (Aschwandeet al, 2000a) support
early research. Chaat al. (2002) and Testat al. (2005), for example model loops with

this important finding in mind.

The momentum equation can be written as

NV _}5(pe+ Pp + pw)
ot s p 0s

- g (3.2)

wherepe, p, andp,, are the electron, proton and turbulent wave pressure regpigc
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Figure 3.1: A schematic noting the nomenclature of coronal loop terms as used

throughout this thesis. A semi-circular structure is assumed.
andgj is the gravitational component acting on the plasgjés expected to have a max-
imum deceleration (acceleratiorffect on upflowing (downflowing) plasma. Naturally,
g, = 0 at the loop apex (Eqg. 3.10 demonstrates the specific way ithvthis parameter
is treated). Our model is unique in that Aéfir waves are used. These waves will in-
troduce momentum deposition to the loop plasma. Momentymosion may play a
very important role in pulling plasma from the chromospherthe corona (Belcher &
Davis, 1971, Belcher, 1971, Litwin & Rosner, 1998a,b, Wingbkaet al., 2002, Li &
Habbal, 2003).

The electron and proton energy equations can be written as

0Ty, 0Te  (y=DTed(va

ot 0s a 0s
-1 0 oT -1
- (ana)a_s akea—;] + 2vpe(Tp = Te) - (Van Lo (3.3)

Ty aT, (y—-1)Tpa(va)
ot v 0s * a 0s
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oT (y-1)

-1 0
_ -1 a“pa_sp]+ 2r5e(Te = Ty) + 22Q (3.4)

kgha ds

where T, and T, are the electron and proton temperatuness the plasma density
(plasma quasi-neutrality applies, ~ n. = n), kg is the Boltzmann constank,
andxp are the collision dominated electron and proton heat fluxdootivities . =
7.8x107Tg"%, kp = 3.2¢10°8T;/%; Spitzer 1962)y is the ratio of specific heats and for
fully ionised hydrogenyy = 5/3. This value is used throughout,,q is the radiative
energy loss from the loop and is considered to be one of tigedarenergy sinks in
coronal loops. This parameter is strongly influenced by #resdy of electrons and is
considered to be optically thin. Primarily, the valud_gf; used in this work is replicated

from Rosnet al. (1978) (RTV)

1072185 (1043 <T< 1046K)
10°31T2 (1 <T< 1049K)
107212 (1 <T< 1054K)
Lrad(RTV) = (3-5)
10710472 (1 <T <10 75K)
102194 (10575 <T< 1063K)
10°17.73T7-2/3 (1063 )

L;aq IS determined from plasma abundances in the corona. Resraruse coronal
abundances as calculated from spectroscopic analysidtaF& Schmelz (1999) for
example use the Bragg Crystal SpectrometeYamkoho derive absolute coronal abun-
dances for sulfur, calcium and iron using a filter ratio meth&s one would expect, the
different elements contained within solar plasma will radiatdifferent wavelengths
(and therefore emit éfiering quantities of energy) and is very dependent on tempera
ture. Equation 3.5 for example is an analytical expressioritfe abundance approxi-

mation and is therefore not exact and is dependent on theimentation available at
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the time. Coronal abundance measurements improve withdémpnadvances.

As a comparison, another radiative loss function is incaafem. More recent observed

coronal abundances are used by Klimchuk & Cargill (2001) (KC)

10309672 (T < 10497K)
10160571 (10497 <T< 10567K)
1072172 (10567 <T< 10618K)
Lrad(KC) = (3-6)
1071245732 (1018 < T < 10P55K)
10-2446T1/3 (10655 <T< 10690K)
10—1526T -1 (1063 )

In this case, Klimchuk & Cargill use more recent abundance.datdirect comparison

is made between the two radiative loss functions in Secti®n 3

Additionally, work by Moriyasuet al. (2004) (MTTK) addresses an issue with a chro-

mospheric imbalance in wave heating and excessive ragliiss (Ssee Section 4.2)

La(MTTK) = 10°%% (T < 10*°K) (3.7)

Qs the turbulent heating rate of the dissipating wave (Hedw1986), energy is there-
fore absorbed by the proton gas and emitted by the electren Bamarily, Q will
be assumed to follow a Kolmogorov turbulent spectrum anchddfasQ = p&3/lgive

(Eq. 2.14).

We will work under the assumption that the non-thermal \iéiles observed by Chae
et al. (1998) is the fingerprint of (Section 2.4). Chaet al.find spectral lines observed
in the transition region and corona (by the SUMER instrunenboardSOHO ex-

hibit excess broadening of spectral lines beyond thernwadening. The temperatures
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analysed in this study range fromx2.0'K to 10°K and the correspondingrange from
5kms* to 30kms?®. The¢ vs. temperature curve for quiet-Sun disk observations plot
is used, as detailed in Fig. 2.4, to redtl the desired temperature and corresponding

value ofé¢.

vpe IS the Coulomb collision frequency given by (Braginski, 1965)

-3/2
167 netin A [ZkBTe] (3.8)

Vv =
T3 mm | m
Vpe IS @n important parameter as a mechanism to transport efrengyprotons (en-
ergized by resonant Alen waves) to the lower mass electronsAlis the Coulomb
logarithm (InA=23 in this study as the lower corona is considered to be anilidom-

inated).

Finally, the Alfvén wave energy equation can be written as

Pw + 19 [a(1.5v + Va) pw]—\—”9LW +§

ot " ads =0 (3:9)

wherev is the plasma flow speeg,, is the wave pressure (given Ipy, = p&?/2; Li &

Habbal 2003) and, is the local Alfven velocity (Eq. 2.1).

Figure 3.2 shows the inclination (and arc lengdhin relation to the loop structure. The
inclination angle {) is taken as the angle from the vertical. As investigated &iil@uri

& Nakariakov (2001), it was found that the smalffdrence in gravitational acceleration
has a large influence on coronal loop dynamics, particukhgn considering MHD
waves. Of particular interest is how the plasma flow and lepperature may be
affected by a non-zerp. Aschwanderet al.(2000a) performed a detailed analysis on 35
loops in the temperature range of 1.5-2.5MK. It was found tihe average inclination

was ~35°, ranging from O to 8C, therefore suggesting most loops are not vertical.
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Figure 3.2: Schematic of the coronal loop described by the gravity equation (Eq.3.10)

Some results from this study are presented in Fig. 4.15.

The gravity term in Eg. 3.2 can be treated as follows

GMo
[Ro + h(s) cosy|?

g = COsH cosy (3.10)

It should be noted that there is an extra gdsrm in the denominator of Eq. 3.10. We
are dealing with an inclined loop (non-zeyy therefore there will be a small decrease
in the vertical extenth) of the loop. This will dect the gravity term only very slightly,
but has been included for completeness as long loops maffditen strongly by this

factor.

3.2.2 Compact Form of Basic Equations

To introduce the numerical method (the full implicit treant is detailed in Section

3.2.4), the basic equations (Section 3.2.1) are cast irtéollowing compact form

2
ou W(U ou GU)

it 9% oY o 3.11
at T s 9 (3.11)
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wheret is time ands s the arc length of the loopJ represents the plasma parameters

andW is derived from the basic equatiorid.andW are given by

. _Wl_
\; W

U=|T. |, W=|w (3.12)
T, W,
| Pw | | Ws |

W is expressed in the following manner

ov 8n nvda
W = n— Sl A
! na v 63 a ds (3.13)

N keToon ke dTe keToon ke dTo 1 opu

W, = — — 3.14

2= 85 men s  m, Js men s my ds M mpn 0s O ( )
e e, f DT N (Y -DkeT?8Te 5y —DkeTd? (0Te
3T Vs T T H legg kgn 02 2ksn 9s

_r=DTe?dadTe  (y-1)vTeda

-3/2, -1 1)
kgna ds ds a ds 2CpeT (T -T ) an Lag (3.15)

W, =v—

T, fh-DT ov (’y—l)KpTS/Z T, 5(y—DpTy? (dT,\°
os T\ e kgn O 2kgn ds

_0-DxT3"dadT, (y-DvTpda
ksgha ds ds a ds

r-1
+ 2C4eTs¥2n (T, - Te) + < Q (3.16)
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va 1 opw  3pwov  Vvapyw 1 dn 3vp,da
Ws = [ = — — - — 2 3.17
5 (am”) gs ' 2 9s 2an ynds  2a ds (3.17)
whereC is the conductivity between proton and electron given by
42rmee’ In A
pe: (3.18)

3myk/?

3.2.3 Expressions for the Derivatives oWV (0W/oU)

The derivatives oW can now be summerised. The element8\8foU can be cast into

the following matrix

on o

oW  OMWr W, W,
on ov 0Te dTp

0
oW — | MWz W3 W3 IV 0 (3 A 9)

0

W

oU | an Tov  GTe T,

oWy W Wy Wy
on ov 0Te  0Tp

M5 IWs 0
[ on ov 0 0 opw |

[ om g g g |

The expressions noted in tl&V/0U matrix (Eq. 3.19) are listed below. Fuv; (Eq.
3.13),0Wy/dU results in:

oy _ v vda
on  ds ads

oW, dn nda

v 9s ' ads

69



Chapter 3. The Two-Fluid Numerical Method

ow, ow, oW,
= = = O 3 . 20
dTe 0T, Opw ( )

ForW; (Eq. 3.14):

W, ke(TetTo)on 1 ap,

an men2 s myn2 ds
oW, _av
o ds
e _ ke an

dTe  mpnds

oW, _ ks dn
T,  mpnads

W,
— =0 3.21
Ty (3.21)

ForW; (Eg. 3.15):

Ms (v - DkeTe? #Te 5y - Dkeld? (@)Z

on kgn? 0s? " 2ksn? 0s

L= DTS dadTe

_ -3/2 _
kgnfa  ds ds 2Cpele (Tp Te)

My _dTe | (y=1Teda
ov 0s a ds
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OW; b-1) v 5(y-1kTe?0Te L 150 -1) kele'” (0Te 2
aTe V7 5s 2kan O kg as

- 32 - 3T
+5(’}’ 1) keTe'“ dadTe N (y-1)vda + CpeT¥n p
2ksna ds ds a ds Te—1

AW,
872 = —2C,n (Tp - Te)

ForW, (Eq. 3.16):

oW, (v - DpTp?0%T, N 5(y - 1) xp T2 (AT,)\?
on kgn? 0 2kgn? ds

. (-1 KPTS'/2 d_a@Tp
kgn?a ds ds

+ 2T Y2 (T - To)

W, _ 9Ty (y-1Tyda

o 0s a ds
W, an [ 3Tp
= —Cpelg>?
aT, ~ Pl n(Te— 1
W, b-1) v 5(y— Dk Ty? 8T, N 15(y — 1) kp T/ (0T,p)\?
at, 7 3s 2ken O Aksn ds

5(y — 1) KpTS/Zd_aan , (r-Dvda
2ksna ds ds a ds

+2Cpen (Tp = Te)
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“-0 (3.23)

ForWs (Eq. 3.17):

OWs Vao 9Pw  3VaoPwdn

on  2ar®2 9s = 4n52a ds

6W5_8|QN+3de_a
ov  0s 2ads

MW _ W _
aTe  aT,

OWs Vo Vap On 3vda

opy _ am?  2ar2ds  2ads

(3.24)

3.2.4 The Full-Implicit Scheme

Now the basic equations are cast into¥eector (Eq. 3.12) and thenfiirentiated and
cast into thédW/oU matrix (Eg. 3.19), the numerical method can evaluate thesestto
solve the following diference equations in the aim of arriving at a stable (stetatg)s

solution. From Lindemuth & Killeen (1973) and Hu (1989)

1
S lurt-upf+wit =0 (3.25)

where
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Urt=U(t™s), Ul=U(t"s), t™ =t"+At (3.26)

oW n oW n ouU n+1 ou n
Wt w4 (== [u™t—yn — — ——
] ! +(8U)j[ y 1]+(a(au/as))j i:(as)j (‘95)1‘]

o 22 (2]

]

This is a Taylor expansion of th&’}”l term. PU/ds); and PU?/9s%); can be evaluated

in terms of a central dlierence approximation as follows

) (3.28)

0s 0s? Sjs1 — Sj+1 — Sj Sj — Sj-1

(au) Ui -Uj (GZU) 2 (Uj+1— Ui Ui-Uja
i Si1— S ’ i Sj-1

Equations 3.27 and 3.28 are then inserted into the implgitgon (Eq. 3.25) to form

a tridiagonal set of algebraic equations

AU + BjUNT + U = E; (3.29)

j+1

whereA;, B; andC; are 5<5 matrices andE; is a 5 dimensional vectotJ; remains a
vector of the 5 plasma parameters used in this model (Eq).3A2B;, C; andE; can

be summarised as follows

N N
AL ouU j (Fjer = rj)(rj = rj—a) \0 (02U /0r?) j,

B _ 2 ( oW )”+ 1 ( oW )”
L (e = 1) — ry) \0(02U/ar?) i T —rjma\0(0U/ar) j’

c - 2 ( oW )”+ 1 ( oW )”
D (- T - 1) \0(02U/ar?) ), ra - \a(0u/ar) ),
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Ej =—an+|:

+
At

ow
ouU

n
)lu?+
j

W
(a @U;ar)

ar

A

ouU

):*(a(aft\x@r%)

”(82U

= ),- (3.30)

i

The set of tridiagonal equations indicated above can barasthe following form

(A B, O 0 0 U, E
C. A B 0 0 U, E>
0 Cno2 Av2 Bno2 0 Un—2 | = | En=2 (3.31)
0 0 Cn-1 Av1 Bnas Un-1 En-1

| O 0 0 Cv Ay Un En

where the subscrigh is the total number of parameters ahd a unit vector. The
above equations can be evaluated using a conventionalgulisimethod. Primarily, the
method must define and evaluate the mat@xand the vectory, from the algebraic
equationsAQ = B andAV = E. The Gaussian elimination method is used to solve
matrices of this form. Beginning with the first row in Eq. 3.34e first expression can

be treated as

AlU; +BlU; =E; — A*AU; + A'BiU, = A'Ey (3.32)

We can now defin€®, = A;*B; andV; = A'E;. The matricesA;, B, andE; will be

defined by the boundary conditions. Equation 3.32 becomes

Ui+ QU2=V; (3.33)

The second expression to arise from Eq. 3.31 can be treated as

AU5 + BgU3 + C2U1 =B
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Substituting forlJ; (rearranging Eq. 3.33)

AUy + B3U3 + Gy (V1 — Q1U2) = E;

rearranging

(A2 — CyQq) Uz + BsUsz = E; — GV (3.34)

Let Q, = (A» — C,Q1)1Bs, rearranging foBs, Eq. 3.34 becomes

Uz + QoUs = (Ay — CrQ1) (B2 — CoVy)

Now letV, = (A, — C,Q1)* (E, — C,Va), Eq. 3.34 can be reduced to

U, + Q2U3 =V, (335)

By comparing Eq. 3.33 and Eq. 3.35, it is evident they sharesdmee form. It is now
possible to derive general expressions for the componédriteeanatrix of Eq. 3.31.

Therefore

Uj_l + Qj_1Uj = Vj_l (336)

and

Q;=(Aj-CjQi_1)'B;, V= (A -CiQj-1) *(E; - C}V 1) (3.37)

wherej = 2,3..N -1, N.
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At the limit of calculation, wherg = N (as is evident at the base of the matrix in
Eq. 3.31 wher€€yUy_1 + ANUn = En), Uno1 + QnoiUn = Viez. Inthis caseBy = 0
and the matrice8y, Cy andEy will be defined by the boundary conditions. Combining
these equations results@y (Vn_1—Qn-1Un)+AnUn = En. Uy can now be determined.

From Eq. 3.36J\_; can be found. Therefore

Vi-1 = QiU =Uj (3.38)

wherej = N,N-1,...3 2.

3.2.5 Boundary Conditions

A steady flow of plasma is assumed during the steady-statepbfahe loop lifetime.
We also assume a magnetic field strength of 80G (typical magfeld strengths in
coronal loops are 50-100G; Lenz 1999). The footpoints hastaring temperature of
20,000K (both electrons and protons are assumed to be l@quifi), but may change
as diferent values of are used (due to the photospheric temperaturesamation-
ship;Chaeet al. 1998). ¢ is fixed at the upflowing footpoints&0) but is allowed to
change as the waves propagate around the loop, totallydis®y ats = L. Both foot-
points are free boundaries for density and plasma flow vglatis the energy flux of

the upflowing waves that characterise the coronal loop tdeasd plasma flow.

3.3 lterative Method

During experimentation with many solutions, it was founditenative method had to

be applied to the code. If the initial ‘guess’ solution is fao from steady-state (i.e.
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Check input
parameters

No

A 4
Initial ‘guess’
solution

Steady
solution?

A4

Run code

Yes

| v

: Qutput
lterate |¢-------------------o-ooooooooo o updated
solution

Store

v

Figure 3.3: Flow chart of the iterative method

after undergoing the lengthening process, Section 3.6; attempting to aquire an ex-
treme final solution), the code will break down due to its ihglto cope with extreme
changes in the plasma parameters. The code is particutargjtve to any variation in

larive @ndé (EQ. 2.15, i.e. variation in the turbulent heating rate).

Figure 3.3 graphically shows the system used in the itexatiethod. Firstly we have
the initial guesssolution. Strictly speaking this is not a guess solutionyenaf an
educated guessolution. For the numerical method to begin processing tte,dhe
input solution must haveé andlgyye values fairly close to what the code is expecting.
For example, if the input solution is taken from a hot loopatee by very energetic
waves with strong turbulence, to apply it to a code that haslset up to output a cool
solution heated by low energy waves, it is highly unlikekyasty-state will be possible.
Therefore there must be some consideration as to how thé sopution relates to the
output solution. If steady-state is not achieved, the irgath must be re-evaluated,
altering the variables until @rst-runis achieved. Once the first solution is computed it

is a relatively easy task to tune the parameters toward thieediefinal values of and
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larive iIN small iterative steps.

Although each iterative step is necessary to progress tbrthkedesired solution, each
iteration need not be wasted. At logical points, each itenas stored for later use. One
such use is apparent during the parameter study carriech@hapter 4. During the
construction of the contour maps in parameter space thexsgians could be applied

to form the smooth contouring evident in Figs. 4.1, 4.3 add 4.

3.4 Numerical Simulation Units (NSU)

Le Systeme International (SI) units are commonly used intraeas of physics. Astro-
physical studies often use Gaussian (CGS) units. Withinuhenmplicit environment
of the numerical code outlined in this study, all the pararseare converted and cal-
culated in Numerical Simulation Units (NSU). Once the cods balculated the basic
equations (Section 3.2.1), the output parameters are detMeom NSU to Gaussi#s|
units for further analysis. All units prior to this sectioave been in the Gaussian regime
(centimetres, grams, seconds). During the simulatioresththis study, the units devi-
ate into the NSU regime. Once solutions are gained and asalfysimulation data can
begin, parameters such as temperatlile@afd loop lengthl() are simplified to the units
of MK (million Kelvin) and Mm (million metres) respectivelyl his improves clarity of

the large scales under interpretation.

The NSU system is very important in the case of any solar ygordnal loop models.
We are dealing extremely large (in the case of plasma numdesity, n ~10°cm3)
and very small (in the case of particle massx10-2%g) numbers, there is therefore a
risk of exponential explosions and lack of precision in tessulo combat this problem,
the following basic units are applied keeping in mind the migle of average solar

values (Hu, 1989)
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(i) Length:d=10"cm

(ii) Velocity: v=10"cms?

(i) Mass: m=10"%%g

(iv) Number densityn=10Fcm3
(v) TemperatureT=10°K

For example, the proton mass measumgs1.67x10 ‘g in CGl units. As mass has the
unit of 10-?%g in the NSU system, the proton mass will now have a readinggaf. 1t is

obvious the NSU system will make the parameters far easmattage and calculate.

The basic units permeate through the derived units. Froremkional analysis, the sim-
ple derivation of time to the derivation of magnetic flux demetates how the derived

units are treated:

Example 1:v=d/t. The dimensions for are d][v]. d has the unit of 1cm andv

has the unit of 1&ms™. In the NSU systent, will therefore have the unit of £8.

Example 2:va=B/ /4nmp. The dimensions foB are V][ p]*2. v has the unit of 1&cms™*
andp has the unit of 18*°g cnm3 (derived from the analysis gf=nm,). In the NSU

system B will therefore have the unit of 18G.

After consideration for the scaling of the NSU system is takeo account, the basic
parameters can be arranged in their associated basic @uuéSection 3.2.1) and cast
into the the numerical method (Section 3.2.4). Once the migalenethod converges to
steady-state, the outputted NSU results are convertedtba@lussian or Sl units for

analysis.
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3.5 The First Solution

The primary solution to be inputted into the simulation isds¢d in Li & Habbal (2003).

In this work, one loop of length 70Mm is used. As already named, the numerical
method (Section 3.2.4) originates from solar wind simoladi This is the starting point
for this numerical model in that the very first coronal loopusion originates from a

two-fluid solar wind model solution.

The magnetic flux is open in the solar wind, it is closed foooad loops, but the plasma
characteristics are very similar. By manipulating a twoeflaolar wind solution, one
can arrive at a coronal loop solution. A solar wind solutiam de taken, cropped at
a certain altitude, duplicated and mirrored. This can pceda crude but manageable
coronal loop primary solution where the solar wind solutwiti now be anchored at
both ends and gravity stratification will govern the plasmaamics. Rather than be-
ginning at a gravity maximum at the solar surface and detrgas solar flux extends
into interplanetary space (in the solar wind case), theityré®rm for a coronal loop
dictates that the semi-circular loops gravitational epevdl begin at a maximum and

end at a maximum (at the solar surface).

The numerical method will haveftiiculties in converging to a steady solution from this
raw data set due to a rapid reversal in plasma parametetg(bary at the loop apex),
so very fine adjustments are required during the iteratioegss (Section 3.3). Once
convergence is achieved however, the plasma parametatiganwill be minimised, so

the output solution will be used for subsequent experintemta
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3.6 Loop Lengthening

For any detailed work, the loop must be lengthened (and shed) and must have a
smooth parameter transition from one grid point to the nkxs a necessary progres-
sion in this study to experiment with a range of loop lengshwanden (2002b) sum-
marises observations of a selection of EUV coronal loopsraleyant data is extracted
and presented in Table 3.1. This data is an indication oféhgths of EUV loops ex-
pected in the corona. From the first row in Table 3.1, the rasfgeop half lengths
is 37-291Mm, in which case it seems reasonable to conswopslwithtotal lengths
of 80-600Mm. Also, observations suggest the existence aftsh cool loops. Work
by Sakaiet al. (2001) follows up suggestions by Aschwandsral. (2000a) and ob-
servations byTRACEthat a possible unidentified energy source heats the cotara a
altitude of no higher than 16Mm. Therefore Sa&aal. (2001) work with shorter loops
with lengths of just under 10Mm in an attempt to probe the lonooa. In this study,
lengths will range between 10-600Mm to cater for this obsémange.

Table 3.1: Physical parameters averaged for 26 oscillating EUV loops - selected data

from Aschwanden (2002b). *The range value for the loop extent isasnabserved
quantity, found from loop half length datarE&2L), assuming zero inclination.

Parameter Average Range
Loop half lengthL: 110+453Mm  37-291Mm
Extent,h*: - 24-185Mm
Loop width,w: 8.7+2.8Mm 5.5-16.8Mm

In order to lengthen and shorten the loop solutions, an IDitine is constructed. The
main components of the routine involves calculating theoeemtial increase in grid-
point spacing and reading the basic parameter values apeauh The grid spacing is
an important factor when considering the scale of pertizbatin the modelled coronal
loop plasma. The primary solution has enough grid pointufpert a larger spacing

between points. It is therefore an easy task to incorporateal multiplying factor in
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the grid spacing to gradualbtretchthe modelled loop to the desired length. Problems
often occur with longer loops (i.e. loops of lendth~-300Mm required better resolution
between points), so extra grid points can be inserted to 8nthe transition of plasma
parameters from one grid point to the next. The values fon ealditional grid point is

the average value of the two adjacent grid points.

Shorter loops are also required, so the converse actionecekén. When shrinking the
loop, a dividing factor can be introduced decreasing in godt spacing, increasing
the resolution. This is not always beneficial. Grid pointshis case may be removed
in sections of the loop where they are superfluous (partigula the coronal section).
The maximum number of grid points in the longest loops dodseroeed 1350 and
for the shortest loops considered, the minimum number ison@id than 1160. The
range in grid point spacing for long loops used in this stugdgpproximately 15m (at
footpoint) to 1IMm (at loop apex). There isfSaient spacial resolution along the coronal
loop model to detect small-scale parameter variations iotlié corona and large scale

parameter variations high in the corona.

It is assumed the Alfén waves in this thesis propagate in the Wentzel-KrameleBiil
(WKB) limit. This approximation requires the propagating wae have wavelengths
smaller than the length-scale of variations in the mediua itris propagating through
(hence the attention to higher resolution of grid pointselt the surface than to high
in the corona). Although McKenzie (1994) states the WKB agjpnation breaks down
close to the Sun, due to small-scale variations in the medjymnoaching similar scales
to the small wavelengths of propagating waves, this worliraes WKB remains a good
approximation. Wave momentum deposition will be small elasthe Sun (Hollweg,

1986), so any violation of the WKB approximation will be negitile to results.

Grid point spacing will &ect the spacial resolution of the model. Although temporal

resolution is secondary to this (as we are only modellingdstestate loops, the evolu-
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tion plasma parameters is generally ignored), the calonlditme-step in the numerical
method becomes increasingly important at the boundarydmtwemperature inversion
solutions and shocked solutions. As plasma flow increabesks may form (as > Cg)
causing numerical instabilities. Shocks may only be meddbly this numerical method
if the temporal resolution is increased (i.e. decreasimgcticulation timestep). The
range of shocked solutions are small (as discontinuitiggaama parameters are very

difficult to model) but are detailed in Section 5.7.

3.7 Confirmation of Steady State

After rigorous testing of the numerical method as appliethia fashion, it was found
that for all the loops of various lengths, steady state ctwalchchieved very quickly
when running the code. In reality, quiescent coronal loagpseHifetimes of the order
of hours to days (see Fig. 1.13 in Chapter 1 for a time seriestdidurs where the
coronal loop morphology does not change appreciably).tdtadsimulation timas not
required to be as long as thtetal lifetimeof the coronal loop, only as long as it takes for
there to be no appreciable change in parameter stabilitytoae (i.e. the achievement
of steady state). The model is verffieient at reaching steady state, so generally, the
total simulation time is set to the minimum time for any fluation in parameters or
wave propagation to traverse the whole loop length. Ste#ate s reached within
minutes, but the model time is usually set in the order of bosw steady state is assured.
Even though a steady solution may be outputted by the codérmation of a balance
between the energy sources and sinks along the loop lengthbeuarrived at. Only
then will the final solution be considered to be in a steadiediene- and parameter-

wise.

In the coronal loop body, energy sources include gravitwey&nthalpy and kinetic
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energy flux. Energy sinks include conduction and radiatiéor steady state to be
achieved, all these energy fluxes must balance and be coastag the loop length.

Equation 3.39 describes the energy flux balance

nk(Te+ T s M,
[(3+ 2 )IQN+Y ( p)+f nm,G cos@(s)cos/\/Jr }nrrbvz va
0

Ma y-1 [Ro + h(s) cosy]? 2
Wave Enthalpy Gravity KE
dTe dT, s
—Ked—— —kpd——+a | Liagds=H 3.39
Ke ds Kp ds + f(; rad ( )
Conductivities Radiation

whereM, = v/v, is the Alfven Mach number anHl is a constant. The above energy
fluxes can be plotted and analysed to see ifthterm does indeed remagonstant
The degree of how constahit remains reflects the accuracy of the numerical method.
Conductive energy flux is influenced by the temperature gnadikong the loop (i.e.
—dTe/d9) and will therefore be negative in the upflowing footpoins @mperature
increases rapidly) and positive in the downflowing footpdas temperature decreases
rapidly). Any large deviation in the total energy flux woulVeal inaccuracies or errors
in the code. Figure 3.4 is an example plot of the energy arsabfsa 600Mm loop in
steady state. The total energy flux remains constant withiereor margin of 1%,

demonstrating the very high accuracy of this method.

The loop length described in Fig. 3.4 demonstrates an obdouble-humpn tempera-

ture profile. During preliminary studies it was assumed toal temperature minimum
and secondary local temperature maximum (above the righpdint) was due to trans-
fer of kinetic energy from near-supersonic plasma flow. @ahe all modelled loops

beyond 200Mm in length exhibit a simildouble-humpemperature profile at very low
driving scales and high flow velocities. However, on analgdiloop energy flux across
all loop lengths, it is obvious kinetic energy flux is minukcwhen compared to grav-

ity flux and enthalpy flux. It is logical to conclude thats the release of gravitational
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Figure 3.4: Balance of energy flux along a loop of lendth= 600Mm. In the top
frame (a), proton temperatured{id line), pressuredotted ling and velocity ashed

line) along the loop are plotted. The bottom frame (b) compares the plasma pasamete
with the various energy fluxes. Kinetic energy fluRit solid ling), gravitational flux
(dotted, conduction flux g¢hort-dash, radiative flux (ong-dash, enthalpy flux ¢lot-

dash and wave flux tfiple-dot-dash all contribute toward the total energy fluthick
solid line).
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energy flux that increases the enthalpy fluikhin the modelled loop and not arifect

loop heating due to kinetic energy transfer. Patsourakas (2004) carries out energy
flux analysis on a long loop model with a local temperatureimim at the loop apex
and comes to a similar conclusion. Kinetic energy flux is loleweas gravity and en-
thalpy dominate. The wave heating profile of this intergstemture is investigated in

Section 4.4.

3.8 Radiation Function

As already described, the radiative loss function is a vergartant factor in coronal
loop modelling and measurements lgfy are constantly evolving through improve-
ments of coronal abundance observations. Section 3.7radstates radiative losses to
be the main energy sink along the highly radiating, denseradioops. The parameter
study in Chapter 4 uses Rosredral. (1978) classical radiative losses (Eq. 3.5), but it
is useful to directly compare the classical radiative legsetion with more recent stud-
ies. Klimchuk & Cargill (2001) uses modified valueslofs (Eg. 3.6) for their nanoflare
heating model, so these two radiative loss functions argaoed by modifying the nu-
merical method accordingly. Three loop lengths are saliegte=10Mm, 300Mm and
600Mm) and the characteristics of the turbulent heatingest latlgive = 100km and

¢ = 8kmst. Figure 3.5 shows the results from this comparison. Gelyesdlort coro-
nal loops L = 10Mm in this case) experience lower temperatures and loemsities
when radiating with_,¢(KC), there appears to be a decrease in temperature of approx-
imately 0.1MK and a decrease in density of approximatedg@cm—3. The situation
changes for higher temperaturek,,4o(RTV) causes the lower temperature solutions
in both theL = 300Mm and 600Mm loops, but maintains higher densities than t
Lraa(KC) solutions. This comparison is interesting as there isragarable dference

in results and the dominance of one radiation function ovetleer is dependent on
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Figure 3.5: Comparison between two radiative loss functions for a selection of loop
lengths. Loops radiating with,ag by Rosneret al. (1978) (Eq. 3.5) are plotted with
asolid line and loops radiating with,q by Klimchuk & Cargill (2001) (Eqg. 3.6) are
plotted with adashedine. Both proton temperaturd §, top) and densityr(, bottom)

are plotted for each loop. The three example lodps{0Mm, 300Mm, 600Mm) are

all heated by = 8kms™, Igrive = 100km waves.

plasma temperature.

During preliminary tests of the numerical method, it wasndthat the stability of the
model worsened as the iterative procedure (Section 3.3papped higHgyive Values.

It can be expected that the method will not simulate hydtmstaops. As the code
reachedax the loops will approach a quasi-hydrostatic state/ds ~ 0, Eq. 3.2)
but there is also the concern that there is ffisient heating near the loop footpoints
to balance the radiative losses. The radiative loss funaieed by Moriyastet al.
(2004) (Eg. 3.7Laa(MTTK)) addresses this issue. Rather than setting the iaeliat
response for certain plasma temperatutgeg(MTTK) varies with the density of the
emitting plasma at temperatures below 0.04MK. Althoughhdheas some success with
the implementation df,,((MTTK), the numerical method still becomes unable to arrive
at a steady-state due to the quasi-hydrostatic nature ohabloops driven at maximum

driving scaleslgive).
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3.9 Discussion

This chapter details the numerical method applied to theradoops modelled in this
study. The reader is guided through the main mathematiepssturing manipulation
and application of the compact form of the basic equatioest{&n 3.2.1 and 3.2.2).
Each element in the numerical method can then be cast intdraxmdnere the deriv-
atives can be managed and evaluated. Only when the basitatubave undergone
this rigorous manipulation can the full-implicit schemedpplied (Section 3.2.4). Due
to constraints on this method it can often b#idult to arrive at a desired final solution
from scratch, so the iterative method as explained in Se&i8 must be used to grad-
ually adapt the independent variables toward a final (aretlgdesolution. It is found
that this approach is venytective, and although time consuming, one can probe the
limits of numerical stability with great accuracy. From npanation of the full-implicit
scheme described here, rigorous testing and developnrewjLised to adapt this model
for simulating coronal loops of various lengths and turbakecriteria. Some of the ini-
tial results arriving from this study are also presentedrdutests of numerical stability
and energy conservation (Section 3.7). A good foundaticaceuired so a thorough
parameter study can be carried out to see the ability of théehto simulate coronal

loops that may explain the characteristics of observedtgies(Chapter 4).
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Chapter 4

Coronal Loop Parameter Mapping

4.1 Introduction

After development and testing, the next task for this stsdp iexplore the advantages
and limitations of the numerical method outlined in ChapterTBe resonant Alfén
waves are maintained by a turbulent cascade as describedtini®2.3. The parameters
of Alfv én wave amplitudes) and driving scalele) characterise the dynamics of the
guiescent coronal loops under study. There is a massivengaea space to explore
(especially when considering the range of loop lengthsahatvailable) so a method
is required to quantify the response of the basic param@targerature], density,n,
velocity,v, and pressurey) to £ andl gy Variation. It is assumed that the turbulence will
develop by the Kolmogorov regime as the typical scales irstiole are well within the
resolution limits of current observatories, but very srsalles (down tdye ~ 10km)
will also be probed so a full picture of the system can be etall. Section 4.3 justifies

this choice.

This chapter is devoted to an extensive parameter studyewherfect of the variables

¢, larive @nd loop lengthl() on coronal loop plasma are analysed in a series of contour
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plots. These plots provide an ideal visual basis to devalbgequent loop case studies
and analysis giving a better understanding of any patterd®arelationships between
the independent variables. Section 4.4 examines the gatodfiles generated by this
method for a range of loops also detailing the dependenclkeoétolvingé on loop
temperature and loop length. This chapter concludes witbnapcehensive compar-
ison with the classical hydrostatic scaling relation dediloy Rosneet al. (1978) in

Section 4.5.

4.2 Parameter Mapping

It is important that an overview is acquired of the resporfghis range of loop lengths
for different Alfven wave amplitudesé] and driving scaleslie). This numerical
method does not allow us to select a desired output temperangor density due
to the self-consistent nature of the physics used. The gowgiturbulence equation
(Eq. 2.3) characterises the loop output parameters, netwacsa. A problem presents
itself. To arrive at any steady-state solution, valueséfandlgqe must be decided on
and then the simulation started (assuming, firstly, thavén@bles are not too extreme
for the input solution to converge to). This is a major litika, one cannot simply
see how an arbitrary value gfand an arbitrary value df;. produces a reasonable
output solution. The iterative method described in Sec3i@1s a very &ective way to
slowly adapt a solution toward the desired output pararaghert this can be an arduous
cycle of running the simulation, slightly altering the \abies, running the simulation,
slightly altering the variables and so on. Producing tharddsoutput temperatures
andor loop densities can befelicult and highly improbable (over a small number of
iterations in any case), one iffectively taking ‘shots in the dark’ and guessing at the
parameters that are outputted. So, the maximum tempei@iygg, minimum density

(Pmin), Maximum velocity Ymax) @nd minimum pressurefi,) must be plotted for many
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steady solutions (storing the output data over each iterato thes andl gy indepen-
dent variables in parameter space. A visual ‘map’ of the etquefinal solutions can be

acquired.

The results presented in this chapter are wide ranging afidake on 3 sections.
The response of a number offidirent coronal loop lengths (from ‘shoit’ = 10Mm

to ‘long’ L = 600Mm) to the variableg and |y, are evaluated whilst assuming a
Kolmogorov turbulent spectrum. The first section demonssr#éhe sensitivity of loop
length to a range of driving scalely{. = 10 — 8000km) whilst being held at a con-
stant Alfven wave amplitude£(= 10kms?; corresponding to a footpoint temperature
of 20,000K; Chaeet al. 1998). The second section again platagainstl e, but the
Alfvén amplitude is increased o= 14kms? (corresponding to a footpoint tempera-
ture of approximately 30,000K). The resultséof 10kms? can be compared with=
14kms?. In the third section, one loop length & 40Mm) is studied to find the parame-
ter response to bothandl e vVariables. By ‘mappingTmax Nmin, Vmax @Nd Pmin, COM-
parisons can be made with the results of other authors (iigedrgeret al. 2003 ran

tests on & = 40Mm loop and compared their dynamic model results with nlagen).

Warm (Tmax ® 1MK) and denser,in > 10°cm3) short, EUV loops L < 100Mm)
are readily simulated. Hofl(,s > 2MK) and less denseng;, ~ 10°cm3) long, SXT
loops L > 200Mm) are also evident. Through mapping the coronal loopmaters,
an insight to the reaction of loops of a range of lengths tduhaulent heating variables

can be gained.

Figure 4.1 shows the response of loop lendgthss 10 — 600Mm to driving scales
lgrive = 10— 8000km. In this case, all solutions are held at constantlOkms™. There

are 277 steady solutions that form this analysis. The ardama data in the top left
hand corner of each plot are hydrostatic solutions and aoeidbe computed with this

code. The area with no data in the bottom right hand corneurstable solutions due
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Figure 4.1: Contour plot of thee=10kms*! dataset. a) Maximum proton temperature (MK), b) maximum proton velocity 1Kme)
minimum proton densityX10°cm™2), d) minimum pressure (dyne ¢). Note:| in the above plot is equivalent tgve in EqQ. 2.15. This
is the case for all subsequent parameter plots in this chapter.
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to extreme plasma flow (Fig. 4.2). Short (long) loops withyeigh (low) l4ive Causes
the code to break down. Short loops with very highe lead to insdficient heating
near the boundaries to balance the radiative loss (radiatiergy loss far exceeds wave
energy gain). There is some improvement on results whenattiative loss function
as adopted by Moriyasat al. (2004) (Section 3.8) is incorporated in the footpoint
region of the loops, but problems persist as maximm-is approached. This issue
is therefore a problem with the code not finding steady statéydrostatic solutions.
At low-lgive @and long loop lengthsl(> 300Mm) however the opposite action occurs.
Plasma flow becomes shocked+{ c;), causing instabilities and loss of steady-state.
Some shocked solutions can be modelled after further reé@newnf the code (Section

5.7).

In Fig. 4.1, Timax Vimax Nmin @Nd prin are plotted in framea), b), c) andd) respectively.
It is worth noting that these maximum and minimum values atenecessarily at the
loop apex. Loops with extreme asymmetry in their heatindilewill cause a heat-
ing maximum closer to the loop footpoint. This is not obviawushis figure, but with
reference to Fig. 4.2, generalised regions of heating psoéite plotted. Figure 4.2 is
assembled by scanning through the loop temperature anthdpgabfiles. Tempera-
ture inversion, footpoint, non-uniform and quasi-unifdnemating profiles are identified
according to the profiles evident in tife= 10kms* data. This is produced ‘by eye’
and is only intended to illustrate the general regions ofihgarofile. The criteria for

identifying different heating profiles can be found in Section 4.4.

This model predicts generally high plasma temperaturethtowhole range of coronal
loops, with a maximum value of 5MK located lat,e = 1000km for the longest loop,
L = 600Mm. The coolest solution is locatedl @t = 280km for a short loop of length
L = 10Mm, where the maximum (apex) temperature does not exteed).75MK.

This cool loop solution is investigated in Section 5.5.
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Figure 4.2: The generalised regions of modelled loop heating. The shaded zones
indicate where the numerical method hafidilty producing steady-state solutions
and could not be plotted. A similar pattern in heating profiles is observedsatb
values of¢.
As investigated by Neupeet al.(1998), Lenzt al.(1999), Aschwandeat al. (2000a),
Aschwanden (2001), the driving scale has a strong influencth® mass of plasma
flow into the coronal loop. Winebarget al. (2003) use the variable ‘scale height’
(s4), which is analogous thyie as described in Eq. 2.3. Winebarg#ral. (2003) state
a smallsy, has the ability to pull more mass from the chromospheres phocess is
reflected in work by Antiochos & Klimchuk (1991), where it isund that an increase
in heating (i.e. reducing the driving scale) focuses thegndeposition above the
upflowing footpoint, pulling more plasma into the loop. Hawe Fig. 4.1c shows that
this dependence is not monotonous. For a loop of fixed lerigdre is a particular
value oflgie Which optimises plasma density around the loop apex. Faort $bhaps
at low lgive, there is a huge amplification in the apex densifyex (Napex = Nmin iN this

case). AsL is increasedn,pex diminishes very quickly. The density for the shortest
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(L = 10Mm) loop approach@%pex = 8x10°cm2 at low l4ve. However, for the longest

loop the density drops to aroumgge, = 4x10%cm at low | grive.

At maximumigivemax) fOr the whole range of loops the wave energy seems to be too
weak to drive the plasma around the loog;, is reduced to a minimum as the plasma
flow is close to zero. Maximunh. appears to be highly dependent bn From

this analysis, the contrast between short, cool loops angl, lbot loops can be seen.
This predicts cool and very dense loops ok 60Mm atlgie < 100km. Also, very

hot, less dense loops existlat- 200Mm, with ‘optimised heating’ at approximately

Idrive = 1000km .

Figure 4.3 shows the results fgr = 14kms?®. A similar pattern ag = 10kms?
exists, but more energy is injected into the corona. THisceis demonstrated in the
temperature profile (Fig. 4.3a). The maximum temperaturéhie range ofL has now

increased to 6.5MK, fot. = 600Mm atl 4iye = 4000km.

This analysis is composed of 285 steady solutions. A greategye of solutions exist;
maximumigyve iS increased by an average of 62%. The coronal loops areasipport
higher driving scales. f is increased, the energy carried by the wave is increasas. Th
explains why there is such an increaségifemax asé is raised from¢ = 10kms* to

&= 14kms?,

Although this is the case, for solutiolis< 40Mm at¢ = 14kms?, the code breaks
down. AsL andlge are small, a massive amount of plasma is dragged from the chro
mosphere to produce very dense coronal loops (Fig. 4.3¢hoAgh compared to the
other solutions in this analysis they appear ‘cool’, thds@tsloops have temperatures
in the region ofT < 2MK (this is an approximation as loops beldw= 40Mm have
been ommitted from this plot). If the loop temperature isdogd too far, the solution
becomes unstable. Cool loops are a direct result of IgweFhe maximum density

pulled from the chromosphere by Afim waves af = 14kms? is Ny, = 6.0x10°cm 3.
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Figure 4.3: Contour plot of thet=14kms? dataset. a) Maximum proton temperature (MK), b) maximum proton velocity Rme)
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As detailed in Chapter 1 (Section 1.5), plasma flow velocitiesmg observed steady
state coronal loops are believed to be in the range-@@ms* (Saba & Strong, 1991,
Spadareet al., 2000, Winebargeet al, 2002). In this model, if the driving scale is low,
higher plasma flow velocities can be expected. With refexénd-ig. 4.1b and 4.3b,
velocities are enhanced at minimugge t0 Vimax = 150kms?. The solutions appear to
have a very sharp cutfiaat low |4, Where the code breaks down due to the production
of shocked plasma flow. The solutions oker 200Mm demonstrate highepay for

higherlgive, but the maximum velocity remains below 170kmér < cs).

To further this method, a loop of length = 40Mm is analysed (Fig. 4.4). Again,
Tmax Vmax Nmin @Nd pmin are plotted in framea), b), ¢) andd) respectively.£ andlgive

are varied so a picture is built as to how a loop of this lenggponds. 142 steady
solutions form this analysis¢ = 5 — 12kms* andlgie = 10— 1000km are chosen
as the variable range. The rangeéotorresponds to chromospheric temperatures of

T = 15000- 22000K (Chaeet al, 1998).

As one would expect, the maximum temperature can be foundxtmumé (12kms?).
There is a region of optimised heating at approximaligly = 200km, lowel 4 tends
to cooler solutions. This pattern can be seen foLatiptimised heating occurs at mid-
larive fOr each solution, before the code runs into the hydrostagon (in the top left-
hand corner). As observed in Fig. 4.4a and 4.4c, a high teatyoer [ nax = 2.5MK)
region coincides with a high densitp & 4.5x10°cm3) region. This confirms ag is
increased, greater energy is injected into the coronah@agausing greater heating
and more mass to be driven from the chromosphereT Aadn are in correlation for
this test, the total plasma pressupe={ nkT) is greatly enhanced at high(Fig. 4.4d).
As can be expected, plasma velocity is high atlgwe (Fig. 4.4b), reaching a maximum

Of Vinax = 42kms? atlgive = 10km and¢ = 12kms™.
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Figure 4.4: Contour plot of theL=10kms? dataset. a) Maximum proton temperature (MK), b) maximum proton velocity 1Rme)
minimum proton densityx108cm=3), d) minimum pressure (dyne c?).
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4.3 Kolmogorov vs. Kraichnan Il

Section 2.3.1 explored the current understanding of Kolmnomg and Kraichnan tur-
bulence (Kolmogorov, 1941, Kraichnan, 1965) and suggestskraichnan turbulence
operates over scales that may be associated with sub-iesottructures. To focus
this work, Kolmogorov scales are assumed to dominate thesheadcoronal loops in
this study and applied to the parameter study in Section #itRs section will detail

the reaction of the modelled loops to the Kraichnan turltulegime and justify why

Kolmogorov turbulence is assumed in Section 4.2.

The Kraichnan turbulent cascade equatiQn= p&*/valarive) is applied to an isothermal
loop solution for thel = 300Mm loop (see Chapter 5, Table 5.1). A comparison can
then be made between the loop heated in the Kraichnan regichtha loop heated by
the Kolmogorov regime to verify the fierence in driving scales required to maintain
the heating of a steady state loop at isothermal tempergaturiee motivation behind
using one of the isothermal loops from Section 5.3 is thatetmeeds to be a very
delicate balance dfie andé to acquire an isothermal coronal temperature. For a given
magnetic field strength there appears to be a unique teroperathere the balance
between wave energy flux and gravitational energy flux fotmessothermal state. By
applying Kraichnan heating to one solution and gradualfpgig the input variables to
match the isothermal temperature with the Kolmogorov satia comparison between

plasma parameters can be made whilst being certain sinadirty is being applied.

Figure 4.5 shows a direct comparison of loop temperaturatirge rate, density and
velocity (from top to bottom) for th& = 300Mm loop solution. The left column shows
the loop heated by the Kolmogorov regime, the right columowghthe loop heated
by the Kraichnan regime. There is very littleffidirence in parameter values once the

isothermal temperatures are matched at approximately K.@We Kolmogorov loop
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Figure 4.5: A direct comparison of a 300Mm loop heated with Kolmogorov turbulence
(left columr) and Kraichnan turbulenceight columr). Proton temperature, heating
rate, density and flow velocity are plotted from top to bottom.
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is held atlgve = 48km, ¢ = 5.4kms?! and B, = 80G. The Kraichnan loop is held
atlgive = 0.47km, ¢ = 10kms? and B, = 34.5G. No other isothermal temperatures
seem possible apart from the solution with these charattexi Note the Kraichnan
loop can only be maintained in an isothermal state if the ratigriield strength is
decreased to approximately half that of the Kolmogorovtsmtu At higherBy, hotter
isothermal solutions result. On comparisorfe for both cases, it becomes clear that
the prediction in Section 2.3.1 is accurate. Due toshterm in the denominator of Eq.
2.16,l4ive must be decreased by two orders of magnitude (in Fig. 4.5 #8km down

to 0.47km). It would appear that Kraichnan turbulence nexginigher energy waves of

higheré to support equivalent heating as Kolmogorov turbulence.

Loops of various temperatures and lengths are put througlsame comparison and
the results are similar. For Kraichnan loofgye is two orders of magnitude lower than
Kolmogorov loops, magnetic field strength must be lower taasimilar heating, angd
must be increased to support the low driving scales. Thdystuggests waves cascaded
under the Kraichnan regime are legicent at heating the coronal plasma than the
Kolmogorov regime (highef is required for the lowg;ive). Figure 4.5 demonstrates a
steeper temperature gradient above the upflowing footpoirthe Kraichnan solution
however. Also, with reference to the heating rate along dop,| the profile appears
to be far more exponential than the Kolmogorov profile. Botsthfeatures may be

symptomatic of the small scales wave energy is dissipated ov

Generally, Kraichnan heating does not return favorableltgss the scale lengths are
very small. In addition, Chet al.(2003) confirm that Kolmogorov turbulence is a good
approximation of coronal turbulence as numerical expemniare consistent with the
k=53 spectra. As the corona is highly magnetic one would expecDMKraichnan)
turbulence evolving in the plasma, magnetic field interfgnvith turbulent eddy mo-

tions, but this does not appear to be a factor. Therefore Bgbrov turbulence (a
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non-magnetised description) is assumed to be a very goawdpyation for the in-
compressible plasma in this study even whilst assuminguti®itence is Alfenic in

character.

4.4 Heating Profiles

The temperature profiles relating to each of the heating ratéed in Fig. 4.2 will now

be presented from solutions for the 600Mm loop and plottetie Jolutions in this
comparison are heated By= 14kms?! waves and have been extracted from the data in
Fig. 4.3. The longest loop and highly energetic waves ared sgenodelled features will
be highlighted. Figure 4.6 shows 5 solutions as the drivoadesis increased through

larive = 60— 8000km. Each of the heating profile regions are capturedsmlbt.

Starting with a driving scale dfi,. = 60km, the obvious local temperature minimum is
present in the temperature profile (Section 3.7). This igllatl ‘temperature inversion’

in Fig. 4.2. From the upflowing footpoint to the loop apex, ttmperature drops over
IMK from Tmax = 2.5MK t0 Tapex = 1.4MK. From the loop apex, there is a slow
increase in temperature To= 1.75MK above the downflowing footpoint. The heating
rate is extremely exponential indicating localised hapéibhove the upflowing footpoint.
Due to high flow velocities it would be easy to mistake the seldweating enhancement
(above the downflowing footpoint) as kinetic energy transBection 3.7 disputes this
in favour of a dominating gravitational energy flux causingiacrease in enthalpy
energy flux. Adgrive is decreased further, shocks may develop as plasma flow lescom

supersonic (Section 5.7).

As the driving scale is increased k@, = 200km, the temperature maximum is again
above the upflowing footpoinT(,.x = 3.4MK), but the ‘dip’ in the temperature profile

has decreased significantly. This profile is labelled ‘foatpheating’ in Fig. 4.2. This
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Figure 4.6: Proton temperature profileap pane), heating raterfiddle panél and
density profile bottom panel of a L=600Mm loop progressing through the driving
scales of 4ive=60 (solid line), 200 dotted ling, 500 dashed ling 2000 @ot-dashed
line) and 8000 km tfiple-dot-dashed ling ¢ = 14kms™? for all solutions. Each
line represents the heating profilestemperature inversigrfootpoint non-uniform
optimised heatingndquasi-unifornrespectively.
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is a profile where it is obvious there is an enhancement iniiggabove the upflow-
ing footpoint. Wave energy can propagate further beforad&tally dissipated. At
larive = 500km, wave energy is able to propagate further. In this,dhsee is a steady
loss in wave energy from the upflowing to the downflowing fadtp. The maximum
temperature has again increased te 4.5MK above the upflowing footpoint, but the
temperature profile is becoming more symmetric. This prefdeibits a ‘non-uniform
heating’ profile. After some experimentation, it was fouhattby decreasing the energy
flux into the loop £), that isothermal solutions are possible. A case-studytiéned in
Section 5.3 where the relationship between non-uniforntimgand isothermal loops
is clarified. As the driving scale is increased e = 2000km, optimised heating for
the whole loop length is acquired {.x = 6.3MK). The contours in Fig. 4.1a and 4.3a
show these regions of optimised heating for each loop ler@#merally they occur at
largerlgrive, before quasi-hydrostatic solutions. Higher driving esdlyive = 8000km)
lead to quasi-hydrostatic solutions as the maximum tentperaettles al = 5.2MK.
The heating rate becomes symmetrical at these large drsgaltgs, therefore driving

minimum plasma around the loop, reducing flow and heating.

Figure 4.7 extends this analysis by plotting the variatioAlfvén wave amplitude with
distance along the loop (using the same solutions as Fig. & model allows to
change (or evolve) as the local density and wave pressurgebdthe evolving Alfén
wave amplitude is indicated &s,). £y is given by the simple equatiai, = (2pw/p0)Y?

(as noted in EqQ. 3.9). As wave pressupg)(peaks above the upflowing footpoit,
reaches a maximum very quickly if the driving scale is smalk |4 iS increased,
maximumé&,, is reached further along the loop length. All the heatindfij@® are
present and the decay &, clearly shows the rate at which energy is transferred from

wave to plasma.

As expected, the temperature inversion profild{at = 60km) peaks sharply and ex-
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Figure 4.7: The evolution of,, with salong thelL. = 600Mm solution (corresponding

to Fig. 4.6), progressing through the driving scalek;@t=60 (solid ling), 200 dotted

line), 500 @ashed ling 2000 @ot-dashed linpand 8000 kmfttiple-dot-dashed ling

£ begins at 14knTg for all solutions and allowed to evolve.
ponentially decays witls, energy is transferred very quickly to the footpoint plasma
In contrast, th&,, associated with optimised heating,i(e = 2000km) demonstrates a
linear decay of energy after reaching maximggm This is key to understanding the
physics behind the region of optimised heating for each E®[i representthe most
gfficient way of heating the whole loop lengihd not just a focused region. Before
the loop reaches optimised heatingie < 2000km in this case), the heating profiles
are predominantly exponential, thus dumping wave energy gaickly. AS lgive IS
increased beyond optimised heating, the heating profils do¢ heat the loop fast

enough. The region of optimised heating is where the decay,dends to a linear

profile, providing steady and extended heating for the wlaae length.

Figure 4.8 shows the variation ¢f, with temperature along the loop. Depending on
heating profile, the variation @f, will cause unique heating in the loop length. With

reference to Fig. 4.8, each profile begingat 14kms?®. As the loops evolve, they
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diverge before the plasma is heatedlto= 1MK. Several conclusions can be drawn
from this representation of modelled results. Firstly, veg:e is small (in the case

of temperature inversion and footpoint heating), althotltgre may be very intense
heating at the upflowing footpoint, heating whole loops byegof these scales is very
inefficient. For thdgie = 60km solution, the temperature peaks at 2.5MK, and when
compared with the optimised heating ‘lobe’ (with.x = 6.5MK), the difference is dra-
matic. Some parameters are summarised in Table 4.1 and d&atera linear increase

in &max With temperature. Each heating rate is listed along With, the position of

maximumé,y, along the loop ) and the temperature at this position,g.).

So far, only the heating profiles of the= 600Mm loop have been investigated. As
already mentioned, each loop length exhibits similar Inggpirofiles, so a comparison

of all the results for. = 600Mm will be compared with all the results for a short
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Figure 4.8: The relationship betweeft, and T as the Alf\en wave evolves along
theL = 600Mm loop (corresponding with Fig. 4.6). Progression through thendyi

scales ol g;ive=60 (solid ling), 200 @otted ling, 500 dashed ling 2000 @ot-dashed

line) and 8000 kmtfiple-dot-dashed ling & begins at 14kntg for all solutions and

allowed to evolve.
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Figure 4.9: The relationship betweehandT as the Ali\en wave amplitude evolves

for all driving scaleslrive (min) — ldrive (max) for theL = 600Mm loop @lotted liney as

compared with the shott = 40Mm loop &olid lineg. Solutions forL = 40Mm and

L = 600Mm extracted from Fig. 4.3.
L = 40Mm loop. Both loops are heated by 14kms?! waves. Figure 4.9 demonstrates
both loops stepping throudh, (in the case of th& = 40Mm loop,|nin = 10km; for
L = 600Mm, lp,in = 60km) tolnax (for L = 40Mm, |, ,ax = 2000km; forL = 600Mm,
Imax = 8000km). Both loops are overlaigplid linesfor L = 40Mm solutions andotted
linesfor L = 600Mm solutions. For short loops, the range of temperatanes., can
be expected to be smaller than that of long loops. Similaepa emerge for both loop

lengths, it is the magnitude gf, andT that changes. This confirms that the loop length

governs Alf\en wave evolution and maximum temperature.

The above analysis provides a good visualisation of ffexts of various wave heating
profiles on a selected loop length. Plottifig along the loop has implications for the
theorised source of the very high non-thermal velocitieslescribed in Section 2.4.
The extreme values ¢f= 25— 70kms* (Kjeldseth Moe & Nicolas, 1977, Actoet al.,

1981) may be very large when compared with the results of @ha. (1998), but
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Table 4.1: Maximum values of Alfien wave amplitudeay), the position wherémax
occurs €) and the temperatur@ fax) atémax during evolution for each heating profile
in Fig. 4.6. Measurements taken from thes. sandé vs. T plots (Fig. 4.7 and 4.8).

1 2 3 4 5

larive (km): 60 200 500 2000 8000
Emax (kmst): 341 375 405 46.3 54.7
s(Mm): <10 <10 10 25 200

Tmax (MK): 14 20 26 42 53

on analysing the very rapid evolution &fin this model (refer to Table 4.1), Alen
wave amplitudes (a.k.a. non-thermal velocities) of up tkr&* can be modelled by
allowing ¢ to evolve during propagatiors,, tends to peak in relatively low regions of
the corona iflgive IS suficiently balanced with loop length aid This short investiga-
tion supports wave dissipation in the lower corona as thishaeism provides a source
of non-thermal velocities within the extremes of observed-thermal broadening of
spectral lines. However, modelléd, does not appear to conform to thers. T curve

in Fig. 2.4 (Chaeet al, 2002) ast., appears to increase continuously with temperature

and appears to be associated with far higher temperatures.

4.5 Model vs. Classical Theory

As discussed by Winebarget al. (2003), loops with isothermal temperature profiles
and loops with temperature maximum at the apex are suspetteeing heated by
different mechanisms. Section 4.4 finds wave heating to fiisat to explain many
forms of temperature profile simply by assuming a cascade@igy and wave dissi-
pation through resonance with protons. Depending on thmikemnt characteristics of
the wave £ andlge), almost any variety of dynamic loop is possible. In genefal
directly influences the energy flux of the injected Afvwave and has a dramatitext

on the overall temperature maximum. The dissipation of theenis governed bigrive
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and dictates the scale of the wave and the extent of its digsipinto the plasma. This
variable locates the scale of the region where the wave gietg be dumped into the
plasma influencing the amount of plasma driven into the I@dpough the very simple

turbulent heating equation, total control on the plasmampaters can be achieved.

Non-uniform heating as observed in the corona (Parker, 1G88eet al., 2002) may

reveal rapid wave dissipation from the footpoints. If thvidig scale is low, the waves
will dump energy quickly. This will cause an exponential g wave energy as the
wave propagates around the loop body. The model descrilbthsithesis simulates a
range of non-uniform heating profiles (Section. 4.4). Sgréootpoint heating occurs
if the driving scale of the turbulent heating is low. This hias dfect of drawing more

plasma from the chromosphere into the coronal looplsAs is increased, it is found
(generally) that the non-uniform heating profile shallows as plasma flow velocity
and plasma density decreases. As already mentioned, thisodhesadily produces
hot, tenuous loops and short, dense loops. A direct congrawdl therefore be made

between model solutions and solutiexgectedrom classical theory.

Classical theory by Rosnet al. (1978) derive a scaling relation in the hope to explain
observations byskylabof apparent hydrostatic structures in the lower coronat{@ec
2.6). Due to the highly dynamic nature of the method as desdrin this thesis, a
scaling relation is diicult to arrive at (due to the large array of free variables pad
rameters). Attempts have been made to relate turbuleneenddynamic loops with
isothermal EUV observations (Section 5.3), but no atteragtiieen made to assemble
a relationship between loop length, temperature or presmmsity. It would there-
fore be interesting to compare the outputted pressures tinasmmodel withexpected

pressures arising from the scaling relation from classiwbry (Eq. 4.1).

If a loop has a density higher than the classical model, tbp s known to beover-

denseif a loop is less dense than expected, the loop is known tinderdenseEqua-
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Figure 4.10: A direct comparison between modelled loop minimum pressimg- (
pane) and derived pressurbdttom-panglfrom the well known hydrostatic scaling re-
lation by Rosneet al. (1978) (Eq. 4.1). Maximum temperatures from ¢he 10kms?®

modelled loops are used to find tegpectechydrostatic pressures. The regions la-
belled ‘A,'B’ and ‘C’ mark some regions of interest.

tion 4.1 demonstrates the hydrostatic relationship froenabservations carried out by
Skylaband derived by Rosnest al. This relates loop length, pressure and maximum

temperature for static loops

Tmax ~ 1400x (pLy2)™° (4.1)

whereTax is the maximum loop temperatunejs the hydrostatic minimum loop pres-
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Figure 4.11: As Fig. 4.10, but for loops heated By= 14kms?* waves.
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sure andL,,, is the loophalf-length. Pressure is related to densify £ nksT) so
modelled pressure is indicative of loop density (Aschwan@®04). The pressure of
modelled loops using the dynamic method described in tdy/swill be compared with
the expectedoop pressures if the loops were hydrostatic. This is donediputting

temperature results and applying the rearranged equditmn Eq. 4.1)

3

(4.2)

" 1 (Tmax)

~ Ly, \1400
Figure 4.10 demonstrates the comparison of pressure fredotps in this study (top
panel) as compared with the result expected if they weredsydtic (bottom panel).
The top panel shows the outputted pressures for loops hiepted 10kms* waves, the
bottom panel shows the expected pressures arising froneldteonship in Eq. 4.2. The
maximum temperatures and loop (half) lengths are read h@@tuation and expected

pressures are plotted.

High velocity solutions in the loWg;ive region (labelled ‘A in Fig. 4.10) return favorable
results suggesting higher velocity flows and low drivinglesgull more plasma into
the corona, creating an overdensity (Winebawgeal., 2002, 2003, Patsourakes al.,
2004). A complication occurs when the classical (hydrostaesults from the above
scaling relation appear to return more dense results f@gdoloop solutions (labelled
‘B’). Generally it is thought hydrodynamic loops will be modense when compared
with hydrostatic loops, this result defies this idea. Howewaderdense loops may
also be modelled by hydrodynamic models when they exibiay)toop charateristics.
This is confirmed by the simulation where long coronal loopkigh driving scales
outputted from the model (labelled ‘C’) appear to be undesdesthen compared with
the classical values. Figure 4.11 compares the model pessaith expected values (in
the same manner as Fig. 4.10), but using data frong tael4kms? study (Fig. 4.3).

A very similar pattern exists for both studies, underdeneps$ in highkye regions,
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overdense loops in lowgie regions, again with a discrepancy for long modelled loops.

Obtaining better clarity in results is required. Figure$24and 4.13 arise from sub-
tracting modelled pressurep{oge) from the expected Rosnet al. (1978) hydrostatic
pressuresrty) shown in the comparison plots in Figures 4.10 and 4.11. A wrer
teresting pattern emerges from this analysis. Primarérelappears to be two very
distinct regions of overpressure and underpressure guurgling to overdensity and
underdensity). In both Figures 4.12 and 4.13 an overderegfipn can be found in the
bottom-left hand corner of the plots. This region corresjsoto the coolest, short and
dense coronal loops in the results of the 10kms* and¢ = 14kms? analysis (Fig. 4.1
and Fig. 4.3 respectively). A region of underdensity candasd in the top-right hand
corner of both plots which corresponds to hot, long and tasworonal loops found in
the¢é = 10kms?! and¢ = 14kms? analysis. Cargill & Klimchuk (2004) support this
finding. By comparing loop model densities and pressures eldtbsical theory (Ros-
neretal, 1978, Craicet al, 1978, Hood & Priest, 1979), Cargill & Klimchuk conclude
dynamic loop models produce overdense, cool loops and dedse, hot loops. The

results from the analysis summerised in Fig. 4.12 and Fii8 4dd an extra parame-

10000 E

Prmodel ™ Pr1v

1000 E

I (km)

100 E

Figure 4.12: From Fig. 4.10Pmodel— PrTv iS plotted. For the = 10kms™? dataset,
differences in pressure between loops range fkprs —0.8 dyne cm? (underdensity)
in the top-right sector tap ~ 1.1 dyne cm? (overdensity) in the bottom-left sector.
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ter: the dependence on loop lengtn this case overdense loops are generally short

(L < 100Mm) whereas underdense loops are generally Ilang300Mm).

Figure 4.14 generalises these results by plotting the negyd overdensities and under-
densites onto the heating profile plot described in Secti®iiFg. 4.2). As can be seen,
regions of maximum and minimum temperatures reside in thesas. Observations
suggest cool (EUV) overdense loops and hot (X-ray) undeeléoops. Winebarger

et al. (2003) find loops observed byRACEare overdense structures and loops ob-
served by SXT are underdense structures, concluding hdiotoop models are in-
suficient to explain the densities of coronal loops. It can tfeeeebe suggested that
hot, X-ray loops will result from highg:ive, high-L models and EUYtool loops will
result from lowlg;ive, low-L models. The turbulence heated coronal loops described in
this thesis appear to support general observational fisdadthough no definitive loop

length-temperature relationship exists at present.

10000

1000 E

I (km)

100 E

10

100 200 300 400 500 600

Figure 4.13: From Fig. 4.10Pmodel— PrTv iS plotted. For the = 14kms™? dataset,
differences in pressure between loops range fipm —1.4 dyne cm? (underdensity)
in the top-right sector tap ~ 1.6 dyne cm? (overdensity) in the bottom-left sector.
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Figure 4.14: As Fig. 4.2 but regions of overdensity and underdensity are includeal. T
region of ‘optimised heating’ (see Fig. 4.6) is includelbt:dashedine) with regions

of general loop underdensities and overdensities (labelled). Maximummarchum
temperatures reside in these regiobashed grey lines represent the boundaries be-
tween loop heating profiles (replicated from Fig. 4.2) and ghetgedlines represent
the maximum and minimum observed velocities for quiescent loops.

4.6 Discussion

This chapter demonstrates the unique numerical methodideddan Chapter 3 can
produce densities comparable witRACEand EIT loops (Fig 4.15; Aschwandenal.
2000a,b). Hot X-ray loops with densities comparable withTS¥bservations (Kano
& Tsuneta, 1995) can also be produced. Steady flow loop madelsenhance loop
densities far higher than hydrostatic simulations (Wimgbeet al., 2002, Patsourakos
et al, 2004) but these models still fail to explain the high dgneliserved byTRACE
and EIT (see Fig. 4.16 for a loop modelled by Winebargteal. 2002). It is demon-
strated here thahomentum deposition by Alfvén waves improves modelleda@idamp

densities This also supports the idea that EUV and SXT loopsy share a similar

115



Chapter 4. Coronal Loop Parameter Mapping

5 ; 5.0
1. Loop #20 A=110 4 14 Mm Loop 420 T 20
£ a Ly T =240 40,32 MK asb T =202 4018 MK ]
S 3k '+ x d I,
B Hhr— 2 20 i 3
o af ~+ 3 ﬁhﬂ!{_ F
= ﬁ;‘%‘% L 3 e = 00021 kim
& (i] Al | n 1.0 + 0,0005 Kim
0 20 4D 60 BO 10D 120 140 G 20 40 6D 8O 100 120 140
B 30
= Loagp #21 .- =84 + 4Mm Lo #31 Elr
T - -?04 +01DMK EE.E T e 1,78 4042 MK
{5 !
=] ?: ] £ 20 il T
5l ] s s = 000tz elin ]
cor 1 + 0,0002 Kim
o K i ; L ST
?u 50 100 180 200 280 0o 50 100 150 200 250
. “F Loopuzé R BE 4+ 5Mm 3 L] S — e
L T, =188 0,12 MK o 25F Te U NP
o
1 3 = 20§ + -+ E
[=] |
o %ﬁw E g e df s 'J-::':JE Wi
<2 ++*+++++*'H+ F A 7 Looooakim MM
OE E 1.0 4 0,000 1 o
— O
0 0 100 150 200 o 50 100 150 200 g
4 3.0 -
1 R— Loap 1r2? A=08 210 Mm Loon #27 B _ =]
C % osp T, 2.08 0.3 MK o 25 e
N g
> T fF 220 .|.-l- it + 4 =
R T s za T TV '_"5#1" R ] g
& = ] + 0,0006 Kim
o . L 0 o
Q 0 50 100 150 o 50 100 150 (‘_D‘
T  _ *F Loop#2s h= B7 + B Mm L ey e o s s o
= %o T, =187 021 MK Ez,s- il ot S [
o -2 .jﬂa_l_‘_ Z 20 L W |
*’é 2 °f . i ﬁkqﬁmpj'lhﬁ_ vooacne 1
D 'FFFPH Frte kit + 0,0007 Kim &
—_ : i . i . : m
] 0 20 40 BOD  BOD 100 120 o 20 40 60 80 100 120 5
— 3 Loop #30 he 74 1 5Mm ] LOF lcopwmn R T
i 2& T -152¢n12MK_ o 25F ek (s
2
w 1E 3 = 2.0k o o
rr 3Fi - Ll 1 Ll
e LVED ﬂ#+i_—|—l-+f_-_!_-|-|_ﬂ++‘_++ E Ll =E :ElEFF +' T '+ H w||1-_|5 =0, ' COo04 im =
& nE L T E o & 0,0004 Kim
E o
o 50 10[?' 180 o] 50 100 150
. Lc:upl #31 Y 5-1. +12Mm 3 L S o
,..‘__2 18 10,27 MK b ] T, =180 012 MK ]
S E 3 &
2 ﬁm E 20F et A
o g ;—FFH& o 3 e =i
e 3 'FI- 3 = isE fmﬁﬁw uT,'ds— o003 Km 3
= Ug E i + (L0005 Kim
aﬂ 20 A0 B0 BD 10D 120 140 T = an  E0 B0 100 120 140
_ S lpopwaz 7 = 82 111 Mm 3O eon 232 e
= BF T} =2,02 40,25 MiK] 28t T =180 0,15 MK ]
a [ ]
5 4.El+ ] £ 20 % Hﬁ#mﬁ-ﬁ-% 3
:"?:-_‘ e - 1.5 alf ds- 0,0048 Kim 4
e of 1 0 4+ 0,0004 Kim
0 20 40 &0 B0 100 120 140 0 20 40 80 80 100 120 140
Leop length s[Mm! Loop length s[Mm]

Figure 4.15: Observed electron temperature and density profiles along a selection of
loops (as presented by Aschwandsnal. 2000a in Figures 5 and 6). Temperature
values are derived from applying the filter ratio method to the 284A and TRIFA
bandpasses (which has some shortcomings as identified in Section 1.8). th¥so
small selection of 8 loops of varying length, it is evident that the model results
Figures 4.1, 4.3 and 4.4 appear to approximate observed parametandidgmm the
balance between the turbulence varialflesdlgve.
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Figure 4.16: Modelled loop parameters for a 150Mm isothermal loop heated laglan

hoc(non-uniform, ‘V’-shaped) heating rate (from Fig. 3 in the Winebargeal. 2002

study). The parameters modelled for a loop heated by a uniform heatin¢sodite

line) and a non-uniform heating ratégshedine) are shown. Note the plasma density

of this loop is significantly lower than modellechve-driverdoops of this length shown

in Fig. 4.1 and Fig. 4.3 and observed loops shown in Fig. 4.15.
(wave-momentum deposition) heating mechanism (Winelbatyd., 2003, Schmieder
et al, 2004). This important finding is discussed in Section 4.5ddgting the para-
meter study results with classical models (Rosstesl., 1978). A strong relationship
betweenL, lgie and ovefunderpressure is obvious, providing evidence that hydrody
namic loops heated by MHD waves can improve coronal loopities$or short coronal

loops (overdensity) and improve results for long coronapk(underdensity).

The dfect of ¢ on the loop solutions mainly governs the energy flux injedteéd the
plasma. A brief comparison of the = 10kms? and¢ = 14kms? results (Section
4.2) shows hotter, more dense loops result from an increa&tvién wave amplitude.

The magnitude of has a large influence on the loop footpoint plasma charatteyi

117



Chapter 4. Coronal Loop Parameter Mapping

too, this becomes evident when attempting to model “moskitisms (investigated in

Section 5.6).

On modelling the evolution of along a coronal loop (Section 4.4), implications for
the possibility of Alf\en wave propagation generating non-thermal velocitievang
interesting. From Fig. 4.8, the maximum non-thermal véiesican be related to tem-
perature, thus giving a picture of how modelled non-themedbcities (oré) compare

with observation.

The driving scalelfve) Of turbulence is key to the heating of the modelled coronal
loops. As discussed in this chaptkge strongly influences plasma flow velocity and
loop density to a high degree. If we compare the final solutielocities with the
observed loop velocity range of 5-60kmsone is able to see which solutions fall within
the region of observed velocities. Figure 4.14 marks tlgsrebetween thdottedlines
labelledvya(0bs) (maximum observed velocity of 60kmisSaba & Strong 1991) and
Vimin(0bS) (minimum observed velocity of 5kms Spadarat al.2000). From this figure

it is reasonable to propose that the extreme velocity smist{y > 60kms?! andv <
5kms!) may be flows that have yet to be discovered or indeed do nst iexilynamic
quiescent loops. Loops exceeding 60kms? are interesting features demonstrating a
‘double hump’ (exaggerating the gravitational influencéamp heating) in temperature

profile and should not be discounted from this work.

Shocked solutions (investigated in Section 5.7) existéntiost extreme flow velocities
(v ~ cs) at very low driving scales. The numerical method (Chapterad)ot calculate
rapid changes in plasma parameters (such as the charictigsontinuity of plasma
parameters across the shock front), but some steady statk sblutions are possible

if the time-step of the calculations are reduced to imprérxeecode stability.
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Unique Loop Solutions

5.1 Introduction

The results gained in Chapter 4 provide a summary of the strerand limitations
of the numerical method. By investigating parameter spacaith the very general
method of mapping hundreds of loops, solutions are exuldotenodel certain coronal

phenomena.

This chapter will outline a number of case studies where thppimg method in the
parameter study is used to pin-point certain areas of isttdoe further investigation
and development. As this model simulates protons and elecwut of thermal equi-
librium, Section 5.2 investigates some situations wherel@ol coupling between
species varies infciency, causing thermal non-equilibrium. Section 5.3 apphes
isothermal modelling of coronal loops and addresses sontkeomain pitfalls with
maintaining an isothermal state through wave heating. [Blaids to Section 5.4 where
the consideration of loop inclination may play a very impaitrole in observations and
models alike. Case studies of cool loop solutions, EUV ‘masst wave-driven shocks

are detailed in Sections 5.6, 5.6 and 5.7 respectively.
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5.2 Non-Equilibrium of Electron and Proton Plasma

The two-fluid nature of the model aids the understanding efititeraction between
plasma species. The Coulomb collision frequemgy(Eq. 3.8), is strongly influenced

by density. Figures 5.1 and 5.2 are results arising from ffexeof the driving scale

on plasma parameters. Figure 5.1 demonstrates a 500Mm lbegevhe majority of

the coronal section has a largdfdrence in species temperature (electron temperature
is thebold lineand proton temperature is thetted ling. As the driving scale is high,
minimum matter is driven from the chromospheric reservoire plasma velocity and
loop density is therefore low. This has implications fgg in that the diciency of
energy transfer in the form of collisions will be low in theroaal section of the loop.

A 500Mm loop is used in Fig. 5.1 to exaggerate the non-equilib for clarity, but

it can be expected that significant non-equilibrium willsbacross allL and all¢ at
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Figure 5.1: A 500Mm loop out of electronifold line) and proton dotted ling thermal
equilibrium for the majority of its coronal section. The driving scale is a maxirfarm
the loop length and Alfén wave amplitude is set at an arbitrary value (whgnp is
maximum for anyL, a similar profile is acquired across b)l. Clockwise from top-left:
temperature profile, heating rate, velocities and density profile.
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maximuml give.

Significant non-equilibrium may be evident in loops with ig,e (and low density),
but non-equilibrium between the two species can exist ipsodriven by lowkgive
waves. As shown in Fig. 5.2, the driving scale is at a minimantitie example 500Mm
coronal loop. Plasma density is likely to be at a maximum atimmiim 4., SO it can
be expected thaty will be at its most éicient when transferring energy from proton
to electron gas. However, even at low driving scales nonkbgum can occur due to
an energetic ‘overshoot’ (circled). As plasma is drivemirthe chromosphere in the
first footpoint, highly energetic waves will accelerate ghiasma (primarily the proton
gas) into the corona at high velocity. The density is alsdhiit Coulomb coupling
cannot transfer thermal energy fast enough to prevent anocaequilibrium above the

first footpoint. At low driving scales, the characteristimutble hump feature is evident
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Figure 5.2: A 500Mm loop held at minimunig.ve (before becoming shocked). A
small ‘overshoot’ in proton temperature can be observed (circled)ex®eulomb cou-
pling cannot transfer energy fast enough to the electron gas. Equitilisite-instated
very quickly in the coronal section due to high flow velocity and density. Kiloge
from top-left: temperature profile, heating rate, velocities and densitylgurofi
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Figure 5.3: Data from thet=10kms? study (Fig. 4.1), showing temperature non-
equilibrium (Tpmax) — Te(max) between protons and electrons, for the complete range
of £ andlgive. Temperature values quoted in MK. The label (a) corresponds to the
location of the solution in Fig. 5.1 and (b) is the location of the solution in Fig 5.2

in long loops, highlighting the local non-equilibrium.

Figure 5.3 demonstrates the non-equilibrium betweenrelestand protonsTimax) —
Temax) for the range of loop lengths and driving scales in ¢he: 10kms™ study.
The non-equilibrium in proton and electron temperatureseases with loop length
andlgive. There is a maximum temperaturefdrence for long loopsL( > 400Mm)
at large driving scaled4ie >1000km), reaching a maximum of 0.38MK for the=
600Mm loop atlgive = 7000km. Loops heated by various Adfwr wave amplitudes
exhibit similar features. Long solutions heated by higls waves are at maximum

non-equilibrium, whereas short loops at ldye exhibit very little non-equilibrium.

Some models assume the main constituents of coronal logmpldi.e. protons and
electrons) are in thermal equilibrium. Lenz (2004) cordtras hydrodynamic model
with this in mind but also assume minor ions are heated hitjtaar the electrgiproton

equilibrium temperature. Bradshaw & Mason (2003) model 15dhant ions in a cool-
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ing coronal loop and find significant non-equilibrium betwespecies when simulated
time-dependently. The unique model described in this shagly considers a two-fluid
plasma where there is strong Coulombic interactions betywesons and electrons, but

non-equilibrium is found to be commonplace (especially wpkasma density is low).

5.3 Isothermal Loop Solutions

Chapter 4 investigates isothermal loops embedded withirpéinameter space. This
case study extracts a selection of loop lengths from rethdtsexhibit near-isothermal
properties. The turbulence variables are then adjustedrspdrature profiles are ap-
proximately isothermal. This is a veryficult process as there appears to be very few
unique isothermal solutions for a given loop length. Theecia imposed on the output
solution is the temperatureftirence between temperature maximum and apex temper-
ature should not exceed 2% of the temperature maximum (T@ax F Taped/ Tmax <
0.02). This value was arrived at through trial and error anddmygaring our modelled
results with the observations (Neupettal, 1998, Lenzet al,, 1999). Table 5.1 sum-
marises the results of four modelled isothermal loops édknt lengths corresponding

to the profiles in Fig. 5.4.

Figure 5.4 plots the isothermal temperatures for each leogth. |4 andé are ad-

Table 5.1: The values of loop lengthLj, driving scale yive), Alfvén wave ampli-
tude ¢) and approximate chromospheric temperatdrg,{) from Chaeet al. (1998)

to produce stable isothermal solutions detailed in Fig. 5.4. The maximum temgeratur
(Tmax) attained by each loop is also detailed.

L (Mm) Idrive (km) f (km§1) Tfoot (K) Tmax (K)

100 10 4.3 1.210* 1.0x10°
200 20 4.5 1.2104 1.2x10°
300 48 5.4 1.210* 1.6x10°
600 190 7.9 14100 2.8x1¢P
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justed until the coronal section of each loop falls withinasiance of 2%. It is worth
noting that although there appears to be one unique isotiaatution for a given loop
length, the magnetic field strengtBqf remains a constant throughout (at 80G). After

experimentation it is found that decreasiBgresults in cooler loops, thus decreasing

the isothermal temperature.

For the range of loops frorh = 100Mm toL = 600Mm, isothermal loops can be mod-
elled. However there is a very strong relationship betweep isothermal temperature
and loop length, a relationship not currently observed BACEor EIT. Loop inclina-

tion also has a factor to play in that the gravitational epexgmponent acting on the

loop will decrease witly, degrading the isothermal profile in favour of an asymmetric

temperature profile.

Figure 5.4. A selection of isothermal coronal loop solutions of loop lengths
L =100Mm, 200Mm, 300Mm and 600Mm. The model parameters are listed in Ta-
ble 5.1. Clockwise from top-left: protométtedline) and electrondolid line) temper-
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5.4 The Hfect of Loop Inclination

As discussed in Section 3.2.1, it is rare to find a perfectlyica coronal loop, many
loops evolve at an angle from the vertical due to magnetisques of neighbouring
loops, magnetic configuration or plasma load (Aschwareteal., 2000a). Loop incli-
nation reduces the gravitational energy flux componentt{@e8.7), thus reducing the
enthalpy energy flux, cooling the loop. Equation 3.10 déssithe gravitational com-
ponent of the basic equations modelled in this work wherevdéin@abley (loop inclina-

tion) has a profoundfiect on the loop plasma parameters (Reale, 1999, Aschwanden
et al, 2000a, Tsiklauri & Nakariakov, 2001). Figure 5.5 demaausts the progression

of an isothermal loop as it is inclined from verticaf)@o horizontal (90) to the solar
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Figure 5.5: A 600Mm isothermal loop inclined from = 0° (vertical) to the extreme
x = 90 (horizontal) in 10 increments. The starting (isothermal) state hdskl
line, the 10 increments arelotted linesand the finaly = 90° state has aashed
line. Clockwise from top-left: proton temperature profile, heating rate, velscétel
density profile.
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surface. A longL = 600Mm loop is used so thefect on the plasma parameters are

obvious.

As expected, the loop generally coolsyass increased, however the maximum temper-
ature above the left (upflowing) footpoint does not cool (ghis in fact slight heating).
This dfect may be due to the lack of gravity countering plasma flowniieven by
wave energy flux. The isothermal temperature profile is lesy quickly, developing
an asymmetric profile as the loop is inclined further. Thikdour is expected, as al-
ready mentioned, the enthalpy energy flux (self heating)lildrastically interrupted
as the driving gravitational energy flux is reduced. It isrétfiere logical to conclude
that isothermal temperatures cannot be maintained ($€518) if the loop is inclined
beyond 30, the heating source for the downflowing footpoint is weakksed eventu-
ally cancelled out ag approaches 90 There is little change in the heating rate along
the loop, however plasma velocity becomes more asymmetdicsareduced by 25%.
Plasma density expriences a slight increasg iasncreased. This behaviour is evident

across all loop lengths, but greater in long loops.

5.5 Cool Loop Solutions

Cool coronal loops have a temperature range of0.02-1MK and have often been as-
sociated with the cooler plasma flowing from sunspots invaagtegions (Foukal, 1975,
1976, Brayet al, 1991). Active regions are usually under intense studydospot ac-

tivity and flaring, hot loops. The existence of cool, steautypls are therefore of partic-
ular interest. Cool loops are often found in close proxintyot coronal loops and can
be orders of magnitude cooler than the surrounding plaserg,litle thermal conduc-

tion acts perpendicular to the field lines (Habegl., 1985). Cool loops will therefore

contrast greatly, appearing dark against the highly radjahot plasma. Foukal (1975,
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Figure 5.6: A cool, L = 10Mm loop examplel{old line) as compared with the hottest
L = 10Mm loop solution dotted ling. lgive = 280km for the coolest l00fgrive =
10km for the hottest loops = 10kms™? remains constant. Clockwise from top-left:
proton temperature profile, heating rate, velocities and density profile.
1976) analysé&kylabdata and find cool loops can only exist through dynamic plasma
flow. Their internal pressures can be expected to be loweartti@surrounding plasma

and densities of surrounding loops will generally be higher

A large array of coronal loops can be arrived at from the patanstudy in Chapter 4,
so it may be possible that MHD wave activity can sustain a flmmgcool loops whilst

maintaining a locally low temperature.

To evaluate the coolest loops as outputted in the resutissttbrtest loopl( = 10Mm)
from the¢ = 10kms? dataset (Fig. 4.1) is presented in Fig 5.6. The coolest lobp s
tion for this length is compared with the hottest loop salnfl 4. = 280km §olid line)
andlgive = 60km (dotted ling respectively. In this example, it is found the coolest so-

lution has a temperature maximum of under 0.8MK and a minirdensity of 16cm3
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Figure 5.7: The coolestL. = 600Mm loop examplelold line) as compared with the

hottestL = 600Mm loop solution dotted ling. lgive = 58km for the coolest loop,

larive = 2000km for the hottest loo = 14kms? remains constant. Clockwise from

top-left: proton temperature profile, heating rate, velocities and densitiyepro
(there is no cooler solution belokyi. = 10km). The heating profile is quasi-uniform,
suggesting minimum plasma is driven into the loop. The flovosigy will therefore
be expected to be low(~ 0). If cool loops are to be maintained in active regions,
there must be a strong flow of plasma. In this case, there iappately zero flow
suggesting short and cool coronal loops cannot be sustairsath regions. The max-
imum flow velocity ¢ = 18kms?) is associated with low driving scales amximum
temperaturesT{ = 1.3MK). It is also worth noting the enhancement in loop density

nearly one order of magnitude (from10° to ~ 10'°) aslyve is decreased from 280km

to 10km.

A different pattern emerges as loop length is increased. Figidris % longer loop

(L = 200Mm) from the sam¢ = 10kms* dataset (Fig. 4.1). Again, the coolest loop
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is compared with the hottest loop for this length. This timésifound the coolest
solution is the most dynamic solution (whereas in Fig. $16,doolest loop was quasi-
hydrostatic). The coolest solution cannot be cooled belMiK s thes = 10kms*
waves cannot support lower driving scales (belgw: = 58km), so technically is not a
‘cool’ loop, but this comparison remains useful. As a geherla, we acquire cool loop
solutions at both extremes of plasma flow. Cool solutionstdgisquasi-hydrostatic
loops and for highly dynamic loops. In the case of Fig 5.6pihappens theoolest
loop resides in the quasi-hydrostatic (maximiyys) region, but in the case of Fig. 5.7,
the coolestloop resides in the highly dynamic (minimul@ye) region. All values of
& produce a similar pattern. For loops bf< 100Mm, the coolest solutions can be
found in quasi-hydrostatic states and for loopd.of 100Mm, the coolest solutions
can be found in highly dynamic states (but often at velogiérceeding that of obser-

vations; Saba & Strong 1991, Spadatal. 2000, Winebargeet al. 2002).

In conclusion, this model reproduces relatively cool loolusons (w.r.t. the majority of
solutions) with both dynamic and quasi-hydrostatic chigrstics, but to cool the loop
suficiently ¢ needs to be very low. Only then chi,. be reduced to optimise both flow
speed (within the 5-60km observed range) and minimum temperatire<( 1MK).
Generally, the wave heating outlined in this thesis produut® loops; cool solutions
are dfficult to arrive at. Cally & Robb (1991) find that cool loops of tesngtures
lower than the ones discussed here are generally unstatblkevatve very quickly into
a hot state. It is also more likely long loops will remain ‘tofer a longer period,

contradicting the main results in this study that cool loojlugons are generally short.
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5.6 Modelling Transition Region ‘Moss’

Some of the hotter solutions detailed in Chapter 4 demosestoat-altitude plasma
exhibiting characteristics of EUV ‘moss’ as observed by@wonal Diagnostic Spec-
trometer (CDS) onboar8SBOHO(Bergeret al., 1999). EUV moss can often be observed
in the footpoints of some X-ray loops. Peresal. (1994) report findings from the
Normal Incidence X-ray Telescope (NIXT) where regions ¢éirse brightness are ob-
served in the lower regions of hot (X-ray) coronal loops. eBet al. relates intense
low lying EUV emission (or ‘Hr plage’) with X-ray loops and state that instruments
sensitive to 16-10°K emission can be used to search for the footpoints of X-rap lo
systems. However the loops are assumed to be in hydrostatiioeium (i.e. they lack

plasma upflow).

In this model, as the plasma rises by chromospheric evaporat is heated through
EUV temperatures (0.6—1.6MK) at approximately 2Mm aboweghotosphere (allow-
ing it to be observed by instruments that operate with barssgmwithin the EUV
wavelengths). The moss emission tends to be restricted haclness of 1IMm and
exists at pressures in the range of 0.7-1.7 dyn&dfulfilling the criteria outlined by

Bergeret al. 1999). Dynamic plasma upflows are also observed in thesenggi

By focusing on the footpoints of the long and hot solutions elledl in this thesis,
conditions for observed EUV moss have been met for a rangmpsl Figure 5.8 shows
the plasma temperature, velocity, density and pressufdgz@f 5 hot, L=300Mm

loops that fall within or close to the criteria for observeld\Emoss.

For all results l4ve iS kept at a constant 4000km, whilstis increased 11-15kmks
The temperature and pressure requirements are boxed iogHeft and bottom-right
frames. From this simple analysis the two solutions thatasssfully model moss char-

acteristics (matching both the temperature and pressuditamms) aree=12kms* and
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Figure 5.8: Solutions from the modelL(= 300Mm) with ‘moss’ characteristics. The

dashed lines represent the boundaries matching values quoted by 8eatj¢1999)

of observed parameters of EUV moss. Clockwise from top-left: footpgmistibn tem-

perature, velocities, pressures and densities.
£=13kms?. As more energy flux is injected into the loop (by increasihgthe loop
footpoint undergoes increases in plasma temperatureitgléterefore pressure) and
velocity. £ appears to have a strong influence on moss characterigtiecshas a more
influential dfect on the higher sections of hot loops, but has negligikieence on

lower regions. This is highlighted in Fig. 4.6 in Section #Here the driving scale is

increased to change the overall structure of a long coroogl. |

Figure 5.8 demonstrates the coronal loop model used intindly £an readily simulate
the observed characteristics of EUV moss in the lower corbmeonclusion, it appears
EUV moss may be symptomatic of rapid wave dissipation in tle¢foints of long, hot
coronal loops, allowing instruments observing EUV emisgmg. TRACEand EIT) to

search for large-scale X-ray loops (Pee¢gl., 1994).

131



Chapter 5. Unique Loop Solutions

5.7 Shocks

Chapter 4 demonstrates thdfiulty the numerical method has with acquiring steady
state for lowkgive and supersonic flow. At lovigive, long loops exhibit a temperature in-
version which quickly moves toward a quasi-shocked statgh@ck is characterised by

a sudden increase in density followed by a sharp drop in floacity. These rapid
changes will appear almost as a discontinuity. Due to th&rapange in plasma
parameters the numerical method will not converge to a gtetate for long loops

(L > 200Mm) at lowdqive. However it is suspected there is a transition zone between

temperature inversion and shocked solutions where stgistiocks may be modelled.

This scenario is investigated by Orlandbal. (1995b) where a shocked loop with a
modelled siphon flow was presented. Supersonic flow was neadel a very hot
(Tmax ~ 7MK) loop of half-lengthLy;, = 5x 10'%m (L = 1000Mm). In an adia-
batic situation{ = 5/3), it is found a shock forms toward the downflowing half of the
loop, creating a discontinuity in temperature profile (aréase ok 4MK at the shock
front), density profile (an increase of 2 x 10’cm3) and velocity profile (a decrease
of ~ 400kms?). In the model presented here, a similar pattern emergisuah the

magnitude of the shock on modelled parameters is less damat

Figure 5.9 presents two shocked solutions for the 600Mm loop, one heated by

¢ = 7kms?! waves 6olid line) and the other by more energetic= 14kms* waves
(dashed ling As shocked solutions reside in Idwre regions of the parameter space
(Chapter 4), it is expected that all shocked loops will hauy wetense (and localised)
heating above the upflowing footpoint. As the loop cools fiitv upflowing footpoint
temperature maximumrl{,,,), the plasma reaches a local minimum at approximately
s = 350Mm (as predicted, thé = 14kms? loop is warmer than the = 7kms?

loop) before experiencing a sharp increase @&5MK. Loop density also undergoes a
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Figure 5.9: Standing shocks for a 600Mm loop. This example remains in steady state
with no appreciable change in plasma parameters. A loop heateéd=by7kms?
waves ¢olid line) is compared with a loop heated ly= 14kms? waves @lashed

line). lgrive = 30km andgrive = 50km respectively. The shock develops very quickly in
both solutions (in under 100s) and this figure is 500s into the simulation. To w@pro
calculation stability the model time-step length is reduced from 10s to 0.1s and the
iterative approach is applied. Clockwise from top-left: proton temperaheating

rate, velocity and density.
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rapid increase over a short distancesof 25Mm. There is a discontinuity in plasma
flow speed in the same location. Both loops indicate a rapid tireelocities through
the shock (a velocity dierence of-50% for the¢ = 7kms? solution, —40% for the

¢ = 14kms? solution). The position of the shock does not deviate siggifily from

s = 350Mm. As most of the loops modelled appear to produce wglataximum at the
loop apex, all lengths produce a standing shock on the dowinitpsection, just after
the loop apex. An increase ditauses an increase in loop temperature, loop density and
velocity, but does not greatly influence the position or mtagie of the shock. Orlando
et al. (1995b) predicted shock formation &j,,x whereas this model predicts shock
formation at the local',;», but both predict shock formation beyond the loop apex, in
the downflowing section. Cargill & Priest (1980) support tbeniation of shocks in
the downflowing section of the loop, although this model dugsconsider theféect of
gravity. The solution in Fig 5.9 cannot shock for loops wittemperature maximum at
the loop apex as generally flow speed is not close to the lecaddsspeed, only loops
with focused heating above the upflowing footpoint can aegsupersonic flow. Robb

& Cally (1992) also model standing shocks as a result of soparssiphon flow and
find similar results. There is a shock in the downflowing settf the loop at velocities

comparable with the model in Fig. 5.9.

Shocked flow is characterised by thkach numberThe Mach number is a simple ratio

between flow velocity\) and local sound speeds] in the plasma

(5.1)

Sl<

where the sound speed is

(5.2)
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where parameters are as previously stated (in Section)3.2Vith reference to the
results in Fig. 5.10, the flow velocity for the= 7kms™ loop is plotted against local
sound speed and Mach number. On comparison with 5.9, theteisy heating above
the upflowing footpoint due to the very lolgme, Causing a temperature maximum at
T = 1.6MK. There is a steady decrease in plasma temperature {padhd T, are in
equilibrium) until the shock forms. The flow velocitgigshed lingrises steadily until it
matches the local sound speeldgh-dot ling. The sound speed is strongly dependent
on plasma temperature (Eq. 5.2) and therefore decreasesdtde cool loop apex.
At this point,M = 1 (a.k.a.transonic flo}. Plasma flow can be seen to decelerate as
as it flows supersonicallyM > 1). The shock front quickly forms at approximately
s = 350Mm, causing a sharp increase in density and a sharp drapftow velocity

until the flow becomes subsonic in the down-flowing sectiothefloop.

For any detailed study of shocked solutions, better remwmius required in the model
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Figure 5.10: The shocked plasma velocity profile along the: 7kms ™! solution in
Fig. 5.9. The Mach number (Eg. 5.1) along the lotpdk solid ling, flow velocity
(v; dashed lingand plasma sound speed;(dot-dash ling are plotted. The horizontal
dotted linemarks whereM = 1 (at~110kms?).
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loop apex. Currently all the loops have maximum resolutievara the loop footpoints
and minimum resolution at the loop apex (up to 1Mm grid spgéom theL = 600Mm

loop discussed here). Where there are sudden changes inapfesameters, better
resolution is required so the model remains stable and tladl-scale fluctuations can

be examined.

It is important to note that shock charateristics will charfggthe gravitational compo-
nent is reduced (the loop is inclined). Asncreasesy decreases, reducing the gravita-
tional energy flux. With reference to the inclined loop in bi§, flow speed will reduce
requiring smaller values df;. to drive the flow faster. Maintaining a modelled shock
in an inclined loop requires more energetic waves with lodmring scales. In this
case, the flow velocity profile is not symmetric, the veloatsgiximum will drift toward
the upflowing footpoint. Should a shock form for inclined psit can be expected the
shock front will drift toward the upflowing footpoint and nibie downflowing footpoint

due to the reduction in gravitational energy.

5.8 Discussion

This chapter summarises some of the highlights of the paeanseudy carried out in
Chapter 4. Primarily, as two-fluid coronal loops are modellied coupling between the
resonant protons and non-resonant electrons is very iamdi$ection 5.2). As energy
is transferred between proton and electron gas via Coulomtacactions, it is found
that plasma non-equilibrium maximises in loops with minimdensity (i.e. long and
tenuous, hot loops). Short loop solutions are generallgelao Coulomb coupling is

very dficient at retaining thermal equilibrium.

Isothermal coronal loops are the source of much debate,lsboss with isothermal

characteristics are extracted from the vast array of plessiflutions. Section 5.3 in-
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vestigates four isothermal loops and find a strong relatiprisetween loop length and
isothermal temperature. A very delicate balance betweeriutbulence variables is
required to maintain an isothermal state. The two main gngogrces in an isother-
mal loop are wave flux and gravitational flux, if one is lost ¢ggnificantly reduced),
isothermal loops cannot be modelled. From this, tests gmiladination are carried out
in Section 5.4. It is logical to conclude that an increasenalimation will decrease the
gravitational energy flux. This imposes a serious restictin the formation of isother-
mal loops as the majority of coronal loops are inclined to satagree (Aschwanden
et al, 2000a). This would suggest thatwave heating is a main contender in coronal
loop heating and isothermal temperature profiles in EUV loops do exist, tmeust be
another form of heating supporting the flat temperature lerofithe coronal sectioar
the observational techniques used in the analysis of isotilecoronal loops are flawed
(Schmelzt al, 2001, Martengt al,, 2002, Schmelz, 2002, Aschwanden, 2002). Waves
propagating from one footpoint as tbaly form of energy input is not gficient to cre-
ate a flat temperature profile, a temperature maximum ab@vegfowing footpoint
or at the loop apex is more likely to result. In addition togh@rguments, Winebarger
et al. (2002) model a dynamic loop with an asymmetrad{hoq heating rate (Fig.
4.16). There is strong heating in the upflowing section wliebreases steadily with
height. The heating minimises at the loop apex. The heattg is then increased
along the downflowing section of the loop which reaches a mar at the downflow-
ing footpoint. The vV’ shape of the energy input maintains tbothermal profile along
the loop. On comparison with the heating rates in the mod&tritged here, wave flux
dominates the upflowing section whereas gravitational fxidates the downflowing
section, approximating a similar ‘V’ profile as suggestedMitiymebargetret al. (2002).
There is recognition that two forms of energy input are regplin the upflowing and
downflowing sections of coronal loops to maintain an isati@mprofile if asymmetric

flow is assumed.
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Some cool loop solutions are also analysed (Section 5.5)exdneomparison is made
between the coolest solutions and the hottest solutioms fesults in Chapter 4. It
is found that cool solutions can only be modeligih suficient flow if the loop is of
lengthL > 100Mm and modelled with lovge. The coolest solutions for shorter loops

tend to be quasi-hydrostatic.

The phenomenon of transition region moss is investigate&ertion 5.6. This section
moves away from analysis of the whole loop and focuses oneztsah of loop foot-
points. Keeping in mind the moss characteristics from olzdems (Perest al., 1994,
Bergeret al, 1999), some hot loop solutions appear to have footpointacheristics
similar to moss features and provide a ‘tracer’ for EUV instents to search for X-ray

loop footpoints.

This chapter is completed by a study into the possibilitytahding wave-driven shocks
(Section 5.7) and arrive at some surprising results. ThaystuChapter 4 clearly shows
regions in model data where flow velocities are consider&e o a shocked state. Due
to the constraints on this numerical method (i.gficlilties in arriving at steady state if
sudden changes in plasma parameters develop), theses&gom largely disregarded.
On further investigation it became apparent that some gtstade shocks can be suc-
cessfully modelled. Further refinement of the model (sucmasoved grid resolution

at loop apex) is required before an exhaustive study of vaziven shocks can be car-

ried out, but the results presented here are very positive.
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Conclusions

This thesis presents the results arising from the develapofa unique, self-consistent
numerical method and thorough parameter study of modelidaiflence and ion cy-
clotron resonance in a variety of coronal loops. Coronal $oae basic structures in
the lower layers of the corona and form a link from the coneectzone to the so-
lar atmosphere. Any heating mechanism in the extended aasosolar wind is also
assumed to operate along coronal loops. Following fromrseilad heating and ac-
celeration models, the full-implicit, one-dimensionahmerical method is successfully
applied. It is assumed that A waves launched from the photosphere (generated by
an assumed sffiling motion of footpoints) are transmitted into the coronaxdh-linear
turbulent cascade transports energy to higher wave numb#ére turbulent spectrum,
thus allowing waves of frequencies comparable with therpéagyrofrequencies to res-
onate with protons. Coulomb coupling between proton andrelegas allows heating
of non-resonant electrons. There may be significant nomHequm between plasma

species as protons are preferentially heated.
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Principal Results

The primary objective of this study is to complete a thoropghameter study of the
turbulence variables governing the nature of the energyackes Alf\en wave ampli-
tude and driving scale are found to have total control overntodelled loop plasma
parameters (Section 4.2). A novel way of summarising theltesf a large number of
steady-state solutions is to map the plasma parametensségdyi. andL. From the
iterative method (Section 3.3) hundreds of solutions atpudted, so when mapped, the
plasma response to the propagating waves is clearly visiliie main results arising

from this study can be summarised as follows:

1. Low values oflgie generally increases flow velocity and density. For long $oop

(L > 200Mm), very lowlgive Will result in standing shocks (Section 5.7).

2. The coolestloop solutions can be found at Iy and lowL.. Cool solutions are
also found at maximunhy,. Where modelled loops approach hydrostatic states
(Section 5.5). The hottest loop solutions can be found dt-hige and hight.,
although a region of optimised heating exists at a partiotdaie ofl gy, for each

loop length.

3. There is significant thermal non-equilibrium between pngtand electrons where
plasma flow is either extremely large or very low. Low plasreagities weaken
Coulomb interactions between the resonantly heated proibelactron gas (Sec-

tion 5.2).
4. Short loops are generally overdense and long loops are dexlee (Section 4.5).

5. The heating rate along loops heated by Kraichnan turbulengere exponen-
tial than Kolmogorov loops suggesting the Kraichnan regisiess #icient at
transferring energy to coronal loop plasma, requiring nesrergetic waves to be

injected at lowlkye. Kraichnan scales are confirmed to be 2 orders of magnitude
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lower than Kolmogorov scales, so Kolmogorov turbulenceaigfired (Section

4.3).

6. Isothermal loops can be modelled, but a very delicate balartiween the turbu-
lent variables and gravitational energy flux is requiredr &constant magnetic
field strength, a strong relationship between loop lengthisothermal tempera-
ture presents itself (Section 5.3). The isothermal prddilest as loop inclination

is increased (Section 5.4).

7. The characteristics of EUV transition region ‘moss’ can badily simulated,
matching observed parameters, indicating footpoint lbeigimg of X-ray loops
may by symptomatic of rapid wave energy dissipation at lawuales (Section

5.8).

8. A host of heating profiles exist across the whole range of rrtbops. This
study confirms the idea that isothermal loops are heatedroggy asymmetric
or non-uniform heating rates whilst loops with a tempemtraximum at the

apex exhibit quasi-uniform heating (Section 4.4).

Outstanding Problems

On reviewing the main conclusions from this study, sevessalés have been raised con-
cerning the current understanding of the solar corona. dhewing points highlight

the most contentious subjects:

1. High resolution measurements are required before a deératiswer to the na-
ture of turbulent scales can be arrived at. Advanced metbio@snote measuring
techniques are required to establish the natuig;@f Turbulence operating over
Kolmogorov scales are assumed to be the best candidateuatusts believed

responsible for wave generation (such as photospheric dotpdint sheling)
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can be resolved by instrumentation (Section 4.3).

2. How waves of these scales are produced at all is a matter atelek is known
that waves of scales down to a thousand kilometers may beaedey features
of the order of photospheric flux tubes or granulation asetieatures are well
within the resolution limit of modern instruments. As ex@d in Chapter 4, the
values ofl 4ive range from 10-10000km for loops of length 10-600Mm. Also, by
assuming Kolmogorov turbulence for the results in the patanstudy, the typi-
callgive €Xpected in the corona is quoted at 1200km (Gétead., 1998), so many
of the results are well out of the range of the expedigd. More advanced the-
oretical ideas need to be conceived for generation meahnaro$ sub-resolution
scales.lqyive IS therefore a free variable where no definitive link withasacales

can be made at present.

3. Current EUV observations debate the existence of isothezarahal loops. The
numerical method outlined in this study can reproduce simgothermal pro-
files with comparable densities and flow velocities as olzems (Section 5.3).
It is however noted that a very delicate balance of the terué variables is
required to regulate the heating rate along the loop to rairthe isothermal
profile. Inclination of the loop results in loss of the isatimal profile, indicating
loops modelling wave driven flow deviating from the verticannot sustain an
isothermal temperature (Section 5.4). If an isothermaicstire is to be main-
tained, another form of heating must replace the loss inigiteanal energy flux
(i.e. symmetrical wave propagation from both footpointhea than one). Fur-

ther investigation of EUV loop analysis methods are reglire
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Future Work

During development and analysis of this numerical methwditdtions on the code

itself or investigations out of the scope of this project mevitable. Further work is

required before a complete understanding and developrhérg self-consistent model

can reach completion. The following points outline someasaref improvement and

further study:

1.

Direct comparisons with observations are now required. Feseturned from
the application of this self-consistent, turbulence-giniwave model compare fa-

vorably with observations, but definitive data analysisasaed.

It is well known that dynamic coronal loop models improve signwhen com-
pared with observation, but a discrepancy remains. Dir@tiparisons with other
loop models should therefore be carried out to see the role weomentum de-

position plays in density enhancements.

Once steps (1) and (2) are complete, the model can be dedesapktting rou-
tines can be applied to observational data. Waves defirti@he a role to play
in plasma heating in coronal loops, but to what degree of dked heating flux
do they contribute? By developing an analysis package, tngrexl wave char-
acteristics can be modelled to fit observations. Once ohtsens become more

advanced, evidence for the required wave heating can béradqu

There must be an awareness that other coronal heating mgecizamay con-
tribute to the total heating flux. The possible coupling tesw turbulent flow
and nanoflare generation is one such example how the heagogamism may

have secondaryfkects, amplifying loop heating.

The structure of modelled loops are of a semi-circular, trtscross-section

configuration. Although this is a good approximation, thee of a varying
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cross-section or footpoint expansion may yield intergstasults.

6. Modelling symmetric propagation of waves (from both footps) may produce
other loop categories. This would promote chromospheaperation from both
loop footpoints causing a collision and therefore an inseeim density at the
loop apex. Prominences may form. The physical loop strectoay also be
modelled with a ‘dip’ at the apex (increasing the local giawnal acceleration

at the apex), also developing prominences.

7. Including additional plasma species in modelled loops Wi an advantageous
step. Tests of a 3-fluid loop model have been carried out hilnt Mile success.
Further work is required to model ion cyclotron resonand Wweavier ions such
as helium g-particles) so energy can be transferred down the masgs thgravith

an additional species (He— p — e).

This postgraduate research position was funded entiretiid¥Particle Physics and
Astronomy Research Council (PPARC) rolling grant to UWA.
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