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Abstract

The three-dimensional magnetic stnicture of solar filament channels and filaments is considered. A 

simple analytical potential model of a filament channel is setup with line sources representing the 

overlying arcades and point sources tlie flux of the filament. A possible explanation of the distinct 

upper and lower bounds of a filament is given. A more detailed numerical force-free model with 

discrete flux sources is then developed and the effect of magnetic shear on the separatrix surface 

explored. Dextral channels are shown to exist for a wider range of negative values of the force-free 

alpha and sinistral channels for positive values of alpha.

Potential models of a variety of coronal structures are then considered. The bending of a fila

ment is modelled and a method of determining the horizontal component of a filament's magnetic 

field is proposed. Next, the observed opposite skew of arcades lying above switchbacks of polarity 

inversion lines is shown to be produced by a local flux imbalance at the corner of the switchback. 

Then, the magnetic structure of a particular filament in a filament channel is modelled using ob

servations from a photospheric magnetogram. It is shown that dips m the filaments magnetic field 

could result from opposite polarity fragments lying below the filament.

Finally, the formation of a specific filament channel and filament is modelled. The formation 

of the channel is shown to be due to the emergence of new flux in a sheared state. It is shown 

that convergence and reconnections between the new flux and old remnant flux is required for the 

filament to fonn. The field lines that represent the filament form a thin vertical sheet of flux. The 

changing angle of inclination of the sheet gives the appearance of twist. The method of formation 

is then generalised to other cases and it is shown that a hemispheric pattern consistent with the 

results of Martin et al. (1995) can be obtained.

IV



Acknowledgements

I would like to thank the following people;

My Mum and Dad for supporting me throughout my years of study at University.

My supervisor Eric Priest for guiding me through this study.

The members of the PROM consortium and especially Vic Gaizauskas whose philosophy 

and guidance has been invaluable.

My fellow colleagues in the Solar Group.

Klaus Galsgaai'd, Tricia Heggie and Aaron Longbottom for providing computing support.

Gordon Inverarity, Jack Ireland and Aaron Longbottom for reading this thesis.

My friends and fellow students in University Hall for making life somewhat interesting.

My tennis partners and team colleagues of the St. Andrews 2 '̂  ̂ team namely Gus Grieve, 

David Eglinton, Ian Leith, Bob M^Alinden, Fergus Muir and James Murray for constant 

support, entertainment and encouragement.

PPARC for financial support over the last three years.

The Solar Physics Research Corporation and NSF Grant ATM-9596070 for covering travel costs 

during my stay in Ottawa.

The National Research Council of Canada and the Herzberg Institute of Astrophysics for their 

waim hospitality.

The Medical Staff and Nurses of Ward 9, Kings Cross Hospital, Dundee.



E*ublished Papers

The following publications resulted from this thesis:

1. “A Model for Dextral and Sinistral Prominences”, Priest, E .R ., van Ballegooijen, A.A. 

and Mackay, D.H. (1996), Astrophys. J., 460, 530.

2. “A Potential Field Model for Dextral and Sinistral Filament Channels”, Mackay, D.H. 

and Priest, E.R. (1996), Solar Phys., 167,281.

3. “Force Free and Potential Models of a Filament Channel In Which a Filament Forms”, 

Mackay, D. H ., Gaizauskas, V., Rickaid, G. J. and Priest, E.R. (1997), Astrophys. J, 486.

4. “Role of Helicity in the Formation of Intermediate Filaments”, Mackay, D.H., Priest, 

E.R., Gaizauskas, V. and van Ballegooijen, A.A. (1997), Solar Phys., accepted.

5. “The Skew of Polar Crown X-ray Arcades”, McAllister, A.H., Mackay, D.H. and Hund- 

hausen, J.R, (1997), in preparation.

VI



Contents

1 Introduction. 1

1.1 The S u n ..............................................................................   2

1.1.1 In terior..........................................................................................................  2

1.1.2 A tm osphere.................................................................................................  4

1.2 Solar Filaments and Filament C hannels..................................................................  6

1.3 Hemispheric Patterns.................................................................................................  12

1.3.1 Filament Channels and F ilam ents...............................................................  12

1.3.2 Arcade Orientation Above F ilam ents.........................................................  13

1.4 MHD Equations and Assumptions...........................................................................  15

1.4.1 Properties of Force-Free Fields...................................................................... 17

1.5 Outline of T hesis ......................................................................................................  18

2 Potential and Force-Free Models of a Filament Channel. 20

2.1 A Simple Potential Model for a Filament Channel ................................................ 21

2 .1.1 Equations and Assumptions......................................................................... 21

2.1.2 Séparatrices.................................................................................................. 24

2.1.3 Free-Fall T im e ..............................................................................................  30

2.1.4 Magnetic Field Lines ..................................................................................  36

2.1.5 Arcade Orientation........................................................................................  38

2.1.6 Critical Flux V a lu es .....................................................................................  43

2.1.7 Filament Channel Field S tre n g th ...............................................................  43

2.1.8 C onclusions.................................................................................................. 45

Vll



2.2 Background Uniform F ield ........................................................................................  47

2.2.1 Separatrix H eights........................................................................................ 48

2.2.2 Separatrix Surface........................................................................................ 50

2.2.3 Strength of Background F ie ld .....................................................................  52

2.2.4 C onclusions.................................................................................................  54

2.3 Force-Free Filament Channel M odel......................................................................... 56

2.3.1 Case 1 ..........................................................................................................  58

2.3.2 Case 2 ..........................................................................................................  6 8

2.3.3 Conclusions.................................................................................................  72

2.4 Comparison of Analytical and Numerical M odels.................................................... 75

3 Application of Potential Models. 79

3.1 Bending of a F ilam en t...............................................................................................  80

3.1.1 Observations.................................................................................................  80

3.1.2 Field Lines .................................................................................................  81

3.1.3 Displacement and Width of F ilam en t........................................................   83

3.1.4 C onclusions.................................................................................................  85

3.2 Orientations of Arcades Above Switchbacks of Polarity Inversion L in e s   8 6

3.2.1 Introduction.................................................................................................  8 6

3.2.2 General M odel..............................................................................................  8 6

3.2.3 Model of Observations.................................................................................. 94

3.2.4 C onclusions.................................................................................................  100

3.3 Model of a Particular Filament....................................................................................  102

3.3.1 Observations.................................................................................................. 102

3.3.2 Potential M o d e l ...........................................................................................  104

3.3.3 Conclusions.................................................................................................. 110

4 Force-Free and Potential Models of a Filament Channel in Which a Filament Forms 112

4.1 O bservations...............................................................................................................  113

4.2 Force-Free Models of the Activity Complex...............................................................  118

4.2.1 Introduction..................................................................................................... 118

Vlll



4.2.2 Analytical Model for the 2V^ July................................................................  118

4.2.3 Numerical Model for the 22”*̂ July...............................................................  124

4.3 Potential Model for the 25^  ̂July................................................................................  129

4.4 Force-free Model for the 25^^ July.............................................................................  132

4.5 Origin of Filament Mass..............................................................................................  141

4.6 Conclusions.................................................................................................................  142

5 Role of Helicity in the Formation of Intermediate Filaments. 144

5.1 Introduction.................................................................................................................  145

5.2 Process of the Formation of Filament Channels and F ilam ents.............................  146

5.3 Hemispheric Patterns.................................................................................................. 150

5.4 Comparison with Previous M odels............................................................................  155

5.4.1 Rust and Kumar (1 9 9 5 ) .............................................................................. 155

5.4.2 Priest, Van Ballegooijen and Mackay (1 9 9 6 ) ............................................. 156

5.5 Conclusions.................................................................................................................  157

6 Discussion and Future Work. 158

A Comparison of Order of Magnitude Estimates and Numerical Results. 164

B Position and Labelling of Sources in Switchback Model. 166

C Position and Labelling of Sources for Model of Particular Filament. 168

D Numerical Method used to Obtain Linear Force-Free Fields. 170

E Position and Labelling of Sources for Potential Model of July 25̂  ̂1979. 173

References. 174

IX



Chapter 1

Introduction

The Sun is an object of beauty and wonder. Thousands of years ago, ancient eastern and Mediter

ranean societies worshipped the Sun as a god. Each society had its own folk lore for the constant 

rising, setting and passage of the sun across the sky, some more colourful than others. To the 

Egyptians it was the god Re, a fiery disc that travelled across the sky during the day, on a boat that 

sailed a great river. A solar eclipse was a serpent attacking the sun. The Babylonians worshipped 

the Sun as a living being called Shamash who emerged through a door in the east each morning 

and moved against the solid vault of sky to disappear in the west each evening.

In most societies today, the Sun is no longer worshipped as a god; however, it still plays an 

important role in our existence. Without its light and heat no life could exist on this planet. We 

were not created by the Sun but our existence is veiy much dependent on it. Today the Sun is 

known to be a great ball of hydrogen gas that lies 150 x 10® km (1 AU) from the earth. The earth 

orbits the Sun and the heat that allows our existence is generated in the Sun's core. This description 

may seem dull compared to the folk lore of ancient civilisations; however, modern science has not 

diminished the Sun's beauty. With today's generations of telescopes and filtergrams the Sun has 

been shown not to be a homogeneous ball of gas, but an object of much beauty and complexity. 

Even without the folk lore the beauty and wonder of the Sun still exists; at least for many of the 

scientists who study it. This PhD thesis will study objects found in the solar atmosphere called 

“solar prominences” or “solar filaments” and their places of birth, “filament channels”. To begin 

with, a brief description of the Sun and the properties of solar prominences is given.



1.1 The Sun

Compared to other stars the Sun is fairly ordinary. It has a spectral classification G2 V and an 

absolute stellar magnitude of 4.8. Although it is an ordinary star it has special significance to 

us and can give us much insight into other stars and astrophysical plasmas. The Sun is mainly 

composed of hydrogen (90%) and helium (10%) and has no solid surface. It is around 4.5 x 10® 

years old and has a mass of 2 x 10®̂  kg (330,000 times that of earth) and a radius of 696,000 km 

(116 times that of earth). The Sun rotates differentially with a period of 26 days near the equator 

and 30 days near the poles. The structure of the Sun may be described in terms of many different 

regions. Both temperatures and densities change drastically from one region to another and in 

each region different physical processes dominate, so let us now describe the main regions of the 

solar interior and atmosphere.

1.1.1 Interior

The solar interior is made up of three distinct regions and is shown in Figure 1.1 (Philips 1995, 

Priest 1982). The centre-most region of the Sun is its core. The core is the source of all the Sun's 

energy. In this region, which extends to I/A R q, hydrogen is converted into helium by fusion 

reactions and energy is released. The temperature of the core is around 15 X 10® K and the density 

is 1.6 X 10® kg m“®. These high temperatures and densities are required for fusion to take place 

since the hydrogen ions must overcome the electrostatic force that repels them. Similar fusion 

reactions take place in laboratory plasmas such as in Tokamaks; however, since the densities are 

much lower, temperatures need to be far higher and fusion reactions are more difficult to produce 

(Wesson, 1987).

Once the energy is generated in the core it needs to travel from the solar interior to the outer 

regions. Initially this is done by radiative transport. The radiative zone extends from the core to 

0.7E©. In this region the temperature ranges from 8  x 10® K to 2 x 10® K and the density from 

2 X 10*̂  kg m"® to 2 X 10® kg m“®. Since the temperature is lower in the radiative zone compared 

to the core, hydrogen atoms are not fully ionised. These atoms can absorb and emit photons. The 

continual absorption and emission is a random process and it takes radiation 1 0  ̂ years to pass 

through the radiative zone. During the process of absorption and emission the wavelength of the



'/  /
zone

core

1.0 0.5 0.5 1.0

Radiid distance from centre 
(units of 8im% radius, 686,000 Ion)

Figure 1.1: Zones of the solar interior (From Philips 1995).

radiation increases and it changes from gamma rays near to the core to visible light at the surface. 

As a result the photons lose energy as they pass through the solar interior.

Once out of the radiative zone the energy produced in the core uses another method of transport 

to reach the surface. At the top of the radiative zone convection takes over and transports heat to the 

surface. The convective zone runs from 0.7R q to the visible surface of the Sun (the photosphere). 

In this zone the temperature changes from 2 x 10® K at the bottom to 6000 K at the top. At these 

temperatures convection is the most effective means of transport. In this region hot material at the 

bottom of the convective zone rises up to the photosphere and cooler material sinks to the bottom. 

As the hot material rises it cools down and energy is transported. This process can be seen on the 

solar surface as a series of bubbling convective cells called granules and supergranules. Granules 

are typically 1000 km in size and have convective flows with speeds of 1 — 3 km s“  ̂ and lifetimes 

of roughly tens of minutes. In contrast, the much larger supergranules are roughly 3 X 10  ̂km in 

size and have flow velocities of 0.5 km s“  ̂ and lifetimes of nearly one day.

The interior of the Sun is hidden from view; however, techniques have been developed to mea

sure its properties. The temperature, composition and structure of the interior may be determined 

through helioseismology. This is the study of sound waves propagating in the solar interior. These 

waves can be seen as oscillations on the solar surface and have a distinctive period of 5 minutes. 

Another method is to measure the solar neutrino flux generated during the fusion reactions in the 

core. During the fusion reactions one of three types of neutrino, the electron neutrino (ve) is pro



duced. The observed flux of these can be used to deduce the temperature of the core. However, 

only one third of the calculated neutrinos are observed. The problem here may be due to neutrinos 

having some mass: if they do have mass it would be possible for the neutrino created in the core 

(the electron neutrino, Ve) to transfoim into one of the two other types, the muon iv^j) or tauon {v^) 

neutrinos. The detectors at the moment can only detect the lowest energy neutrino, the electron 

neutrino ive)-

1.1.2 Atmosphere

The atmosphere of the Sun can be split up into four distinct regions: the photosphere, chromo

sphere, transition region and corona. As with the interior of the Sun, temperatures and densities 

change drastically from one region to the next. In Figure 1.2 the variation of temperature through 

the solar atmosphere can be seen.

The lowest part of the Sun's atmosphere is called the photosphere (or sphere of light). All of 

the white light that we observe from the Sun comes from this region. The photosphere is 500 km 

thick and is the "appaient" surface of the Sun. The temperature of the photosphere is 6 ,000 K at 

the bottom and 4,300 K at the top where it joins the chromosphere. Its density is much reduced 

compared to the interior and is roughly 3 x  10"'^ kg m"®. When the photosphere is viewed through 

a telescope dark spots can be seen on its surface. These are sunspots and are regions of intense 

magnetic fields (2000 — 4000 G). They appear dark since they are cooler than the surrounding 

atmosphere. Sunspots are 2 x  10"̂  km in size and have lifetimes from days to months. The number 

and location of sunspots on the solar surface varies with an 1 1-year cycle.

The chromosphere (or sphere of colour) lies just above the photosphere. It is roughly 2,000 

km thick and through it the temperature increases with height. At the base of the chromosphere 

the temperature is 4,300 K and at the top, where it joins the transition region, it has risen to 

25, OOOK. The rise in temperature through the chromosphere accompanies a sharp fall of density 

with height from 3 X 10~^ kg m“® at the base to 1.4 x  10” ®̂ kg m~® at the top. The chromosphere 

is mainly observed in the red line of and in the Call K line. Both of these lines are important 

for observing filaments and filament channels, since filament channels lie in the chromosphere 

and filaments exist at chromospheric temperatures. Above the chromosphere lies the transition 

region. It is a very thin layer of the Sun's atmosphere which is about 100 km thick. Across this



Figure 1.2: Variation of temperature with height in the solar atmosphere (Athay 1976).

small region the temperature rises from 25,000 K to over 2 x 10® K in the corona. This sudden 

temperature rise is not well understood and is one of the main questions facing Solar Physics. A 

number of heating mechanisms have been put forward and it is widely believed that the heating 

is caused by the Sun's magnetic fields. A review of coronal heating mechanisms can be found in 

Zirker (1993) and Narain and Ulmschmieder (1990).

The outermost region of the Sun's atmosphere is called the corona. The corona extends from 

the transition region to outer space; therefore, the earth lies in the Sun's corona. The density 

of the corona is very low (4 x 10~^^ kg m“®), and so it is very faint. The corona can only be 

seen during solar eclipses or through a coronagraph. The shape of the corona is determined by 

the magnetic field of the Sun. A wide variety of structures can be seen including coronal loops, 

coronal holes and filaments. In loops, the magnetic field from the photosphere extends out into 

the corona and arches back to the solar surface. The plasma in these structures is very hot with 

temperatures ranging from 1.5 — 7 x 10® K. Due to these high temperatures the corona is often 

observed from space in X-rays. In contrast coronal holes are regions of open field lines. This is 

the source of the solar wind. Solar filaments are also found in the corona. They exist in the corona 

with temperatures much less than that of the corona and densities much higher. So let us now give 

an in-depth discussion of solar filaments and filament channels.



1.2 Solar Filaments and Filament Channels

Solar filaments are one of the most interesting but least understood of all solar phenomena. The 

unique sites of formation of these objects are filament channels (Martin 1990). To understand 

filaments we need to understand first the filament channel. Both of these objects provide the 

observer and theorist with demanding challenges. The theoretical study of filament channels and 

filaments can provide crucial physical insight into not only the solar atmosphere but a wide range 

of other astrophysical phenomena, where similar plasma processes are taking place. Through 

filaments, magnetic instabilities (which lead to eruptions) and thermal instabilities (which create 

their fine structure) can be studied. Filaments are not only interesting in their own right but are 

closely connected with coronal mass ejections (CME's) and solar flares, both of which affect 

the solar terrestrial environment. The main properties of filament channels and filaments are as 

follows.

In the simplest terms, a prominence or filament is a huge, almost vertical sheet of dense, cool 

plasma surrounded by a hotter and rarer coronal environment. Prominences aie generally 500 

times cooler than the surrounding corona and roughly 100 times denser. The prominence material 

would therefore be expected to fall through the solar atmosphere and to be heated up. In H a  

photographs these objects appear bright at the limb and are called prominences (Figure 1.3), while 

in H a images of the disc they show up as thin, dark meandering ribbons called filaments (Fig

ure 1.4). At any one time on the Sun, as Figure 1.4 shows, many filaments may exist. Throughout 

this thesis the names “Prominence” and “Filament” which describe the same object, will be used 

interchangeably.

The existence of a filament is due to the magnetic field of the filament channel which sup

ports the mass against gravity and insulates it from the surrounding corona. As filaments weave 

and meander their way across the solar surface they lie along large scale polarity inversion lines 

(P.LL.’s) (Babcock and Babcock 1955) in the photosphere. Polarity inversion lines are theoretical 

curves sepaiating regions of opposite polaiity flux in the photosphere, where the vertical com

ponent of field falls to zero. Filaments always form above polarity inversion lines, as long as a 

“filament channel” is also present. A filament channel is a path in the chromosphere characterised 

by chromospheric fibrils on either side of the P.l.L that are: (1) nearly parallel to one another;



Figure 1.3: Example of a prominence seen at the limb (from Meudon).

and (2) nearly parallel to the path of the P.l.L. This alignment of fibrils tells us that the channel is 

a region of dominant horizontal field. The horizontal component points in the same direction on 

both sides of the channel and the filament forms in the centre of the channel where the field is most 

horizontal. In filament channels there is an absence of any structure crossing the P.l.L. between 

the regions of opposite polarity flux. Filament channels are more fundamental than the filaments 

that form within them. The channels appear prior to the appearance of visible filament mass and 

can survive successive filament formations and eruptions. Filament channels may be longer and 

broader than the filaments that form within them. In Figure 1.5 an example of a filament channel 

without a filament (left) and one with a filament (right) can be seen. On the right-hand side the
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Figure 1.4: Full-disc image showing filaments on the disc (from Meudon).

filament only partially fills the channel. On both images fibrils can be seen on either side of the 

P.l.L. (shown as the dashed line). These fibrils outline the magnetic field vectors in the channel 

(Foukal 1970) and so may act in a similar way to a chromospheric magnetograph. On the left-hand 

image, a theoretical observer standing on the positive polarity side would see fibrils streaming to 

the left. This tells us that the dominant magnetic field of this channel points to the left and the 

channel is classified as “sinistral”. In contrast, on the image on the right, the fibrils stream to the 

right when viewed from the positive polarity side. In this case the magnetic field vector points 

to the right and we have a “dextral” channel. There are therefore two classifications of filament 

channels and filaments given by the direction of the dominant horizontal component of field in the 

channel. They may be of “sinistral” or “dextral” type when viewed from the positive polarity side. 

In Section 1.3 a surprising hemispheric pattern for filament channels and filaments is described.
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Figure 1.5: Example of a sinistral filament channel (left) and a dextral filament channel (right) 

(from Martin et «/. 1995.)

Filament channels of the same orientation may connect together to form larger channels that can 

run across the whole solar surface, but channels of opposite orientation may not.

The significance of the filament channel was not realised until recently. Before this, filaments 

were classified depending on their size and location with respect to neighbouring flux regions. 

Filaments could be classified into two main types: the “quiescent prominence” and the “active 

region” prominence. Quiescent prominences are very stable structures which are located in quiet 

regions of the Sun. As their name suggests, they change shape very slowly. Their lifetime was 

thought to be anywhere from 1-300 days, but this is probably an overestimate. A single quiescent 

filament can probable last between one and two months (Gaizauskas, private communication). 

The filament channels, however, survive many filament formations and eruptions and have a much 

longer lifetime. New filaments can form within them and this leads to an overestimate in the 

lifetime of a single filament. The temperature of a quiescent prominence is around 5,000-10,000 

K and the ratio of protons to hydrogen atoms is roughly 1:10. They form in a wide range of 

sizes with lengths from 60,000 — 600,000 km, heights from 1 0 , 0 0 0  — 1 0 0 , 0 0 0  km and widths



of 4,000 -  15,000 km. The average density lies between 10̂ ® and 10^  ̂particles m~®. Many 

measurements of magnetic fields in quiescent prominences have been made. This can only be 

done so far when the prominence is at the limb, using Zeeman splitting or the Hanle effect. This 

shows that within prominences the magnetic field is mainly horizontal and makes an angle of 

20° to the prominence axis (Athay et al. 1983, Querfield et al. 1985, Leroy et al. 1983). The 

magnetic field strength lies between 2 and 30 G (average 8 G) and increases with height through 

the prominence. Although quiescent prominences are stable structures they do sometimes erupt 

and eject mass into space. Not all of them erupt and some are seen slowly to disappear and break 

up or flow down to the chromosphere.

As their name suggests “active-region” filaments lie in the active-region belts of the sun. They 

are generally three to four times smaller than the quiescent prominences and are commonly as

sociated with flares. They are very dynamic structures with lifetimes from hours to days. The 

maximum height of an active-region filament is around 2 0 , 0 0 0  km, so they are situated much 

lower than their quiescent cousins. Although they are much lower they have a much higher den

sity and magnetic field strength of around 20 — 100 G.

As well as being classified in terms of their size and location, filaments have also been classi

fied ill terms of the direction in which the magnetic field passes through the plane of the filament 

(Priest, 1989). The two classifications are Normal (N) and Inverse (1) Polarity. In a normal po

larity filament the magnetic field passing through the filament is in the same direction as that 

of the overlying potential field. An example of a normal polarity filament can be seen in the 

model of Kippenhahn and Schluter (1957). The opposite occurs for an Inverse (1) polaiity fila

ment. The field passes through the filament in a direction opposite to that of the overlying arcade, 

such as suggested by Kuperus and Raadu (1974). Most 2D models of filaments are based ei

ther on the Kippenhahn-Schluter-type solution or the Kuperus-Raadu solution. However both of 

these models do not include the dominant field component along the axis of the filament. The 

sinistral/dextral types of filaments do not correspond one-to-one with the normal and inverse cat

egories of filaments. There are therefore four possible combinations between the sinistral/dextral 

and normal/inverse categories.

Overlying filaments are hot coronal arcades (Solberg, 1997) and above these lie helmet stream

ers (Tandberg-Hanssen 1974). The central part of the helmet streamer surrounding the prominence

10



is dai'ker and less dense than its neighbouring parts. This is called the coronal cavity (Engvold, 

1987) and is a region of reduced density surrounding the filament which can only be seen in eclipse 

or coronograph pictures. The cavity can reach as high as 4 x 10® km above the solai* surface and 

a model for it has been proposed by Low and Hundhausen (1995). Filaments also have much fine 

structure in the form of vertical threads. Threads are roughly 5,000 km long and 300 km thick and 

have lifetimes from minutes to hours. Prominences also have distinct lower and upper bounds and 

reach down to the chromosphere in a series of regular spaced feet or baibs, as shown in Figure 1.3. 

A possible explanation for the lower and upper bounds is given in Chapter 2. The barbs of the 

filament also define two new structural classes of filaments (Martin et a l  1995). They are called 

“right-bearing” and “left-bearing” and describe the direction in which the barbs of the filament 

leave the main spine and reach down to the chromosphere. Filaments either have right-bearing 

or left-bearing barbs but not both. There is a one-to-one coiTespondence between the structural 

classes of filaments and the magnetic classes of the filament channel. All dextral channels have 

right-bearing filaments and all sinistral channels have left-bearing filaments (Maitin et a l 1995).

The formation of filaments is a difficult and puzzling subject. Many theories have been put 

forward and include: formation through shear motion and thermal instability (eg. Antiochos and 

Klimchuck, 1993; and Antiochos et a l 1995); formation through subsurface shear and recon

nection (eg. van Ballegooijen and Maitens 1990 and Priest et a l 1996); formation in a twisted 

flux tube (Priest et a l 1989, van Ballegooijen and Maitens 1990) or through the emergence of a 

buoyant flux tube (Rust and Kumar 1994). A review of formation processes is given by Malherbe 

(1989). However, observations by Maitin (1973, 1986) show that filaments typically take a few 

hours to a day to form and the formation process requires cancellation of small fragments of oppo

site polarity magnetic flux at the polarity inversion line. This was reinforced by observations from 

Gaizauskas et a l (1997) who described an excellent example of a filament channel and filament 

formation through emergence, convergence and cancellation of flux. A hint about the forma

tion mechanism may come from observations by Tang (1987) and Gaizauskas and Zwaan (1997). 

Both of these authors found that prominences prefer polarity inversion lines between bipolar re

gions compared to polarity inversion lines within bipolar regions. This suggests that the magnetic 

topology of the filament can develop through reconnection of field lines between adjacent regions. 

Modelling carried out in Chapter 4 also shows this.
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Although filaments are relatively static a variety of flows has been observed. These include 

upflows, downflows and horizontal flows. Downflows have mainly been seen in prominences at 

the limb but are much less than free-fall speeds. Engvold (1976) observed downflows of 15 — 35 

km s“  ̂ while Schmieder et al. (1985b) observed downflows of 5 — 10 km s“ .̂ Upflows have 

been seen in filaments on the disc and range from 0.5 km s~^ (Martres et al. 1981) to 5 km 

(Schmieder et al. 1985b). As well as upflows, strong horizontal flows have been observed along 

the filament long axis or spine (Gaizauskas, private correspondence) and these are in the range of 

5 km s“  ̂ (Malherbe et al. 1983). A review of flows in filaments can be seen in Schmieder (1989).

1.3 Hemispheric Patterns

Hemispheric patterns on the Sun have been known for many years. An example is the clockwise or 

counterclockwise rotation of fibrils observed around sunspots (Richardson 1941). Other patterns 

include the helicity of erupting filaments and magnetic interplanetary clouds and the net helicity 

of active regions (Pevtsov et al. 1994, 1995). A review of these hemispheric patterns and others 

can be found in Zirker et al. (1997). More recently, hemispheric patterns have been found for 

filament channels and filaments and the arcades lying above them. These patterns aie described 

below.

1.3.1 Filaments and Filament Channels

One of the most surprising observations to emerge in the last few years is that filament channels 

and filaments have a hemispheric pattern with respect to their sinistral/dextral classification. Mar

tin et al. (1995) considered a sample of 154 filaments and found that quiescent filaments in the 

northern hemisphere are predominantly “dextral”, while those in the southern hemisphere are pre

dominantly “sinistral”. This rule is statistical and exceptions do exist. In Figure 1.6 (a) a graph of 

the number of sinistral and dextral quiescent filaments observed at each latitude can be seen for 

the period of September 1991 to June 1992. A further study showed that the pattern is independent 

of the solar cycle. However, when active-region filaments are considered over the same period no 

hemispheric pattern is found and equal numbers of sinistral/dextral filaments exist in each hemi

sphere (Figure 1.6(b)). Since there is a hemispheric pattern for quiescent filaments and not for
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Figure 1.6 : Number of (a) quiescent and (b) active-region filaments of sinistral/dextral type at each 

latitude on the Sun in the northern and southern hemispheres (from Martin et al. 1995).

active-region filaments, this suggests that there may be a mechanism that prefers the survival of 

dextral filaments in the northern hemisphere and sinistral in the southern. The obvious choice: 

differential rotation acting on pre-existing coronal arcades, however, tends to produce sinistral 

filaments in the northern hemisphere and dextral filaments in the southern (van Ballegooijen and 

Martens 1990, van Ballegooijen et al. 1997, Cartledge et al. 1997). New theories are now being 

put forward to explain this, such as. Priest et al. (1996), Rust and Kumar (1995), Zirker et al. 

(1997), Kuperus (1997) and Mackay et al. (1997). The origin of the hemispheric pattern will be 

discussed in more detail in Chapter 5.

1.3.2 Arcade Orientation Above Filaments.

In the paper by Martin and McAllister (1996) the relationship between filament structures in Ha 

and their overlying coronal loops in X-rays is given. Both stationary (static) arcades above fila

ments and post-eruption (dynamical arcades) are studied. They find that above filaments there is 

a systematic orientation and development of the arcades. To show this the skew of the arcades is 

considered. The skew (a) of an arcade is the angle between a tangent to the top of the loop, in the 

plane of the loop, relative to the long axis of the filament (or the long axis of the filament channel 

or the polarity inversion line) as shown in Figure 1.7. With this definition, the coronal loops may 

be defined as being left-skewed or right-skewed. A left-skewed coronal loop (Figure 1.7) points
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Figure 1,7: Schematic diagram showing the definition of the skew of an arcade as the angle be

tween a tangent to the top of the loop and in the plane of the loop to the long axis of the channel.

from the observer's left to right when seen from above (0° < a  < 90°), while a right-skewed 

coronal loop points from the observer's right to left (90° < a  < 180°). With this definition it was 

found that, for stable arcades, all dextral filaments (filament channels) have left-skewed coronal 

arcades and all sinistral filaments (filament channels) have right-skewed coronal arcades giving a 

one-to-one relationship. The results are shown in Table 1.1.

Dextral/RS Dextral/LS Sinistral/RS Sinistral/LS

Northern Hemisphere 0 13 2 0

Southern Hemisphere 0 2 17 0

Table 1.1 : Relationship between filament channel and arcade orientation in each hemisphere.

Secondly, when dynamic post-eruption arcades are observed following a filament eruption they 

show a systematic change in their orientation with height. As successive loops develop there is a 

change in skew angle as higher loops forni. All sinistral filaments with right-skewed arcades show 

a clockwise evolution with height and all dextral filaments with left-skewed arcades display a 

counter-clockwise evolution with height such that the field becomes more normal with increasing 

height. These results show that the association between the skew of the coronal loops and the 

sinistral/dextral filament categories is stronger than the association with hemisphere. This suggests 

that the axial component of field in the filament channel and that of the overlying arcade have a 

common origin. This will be investigated more in Chapter 5. The equations and assumptions used 

in modelling filament channels and filaments are now discussed.
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1.4 MHD Equations and Assumptions

The MHD equations are used to describe the interaction of the Sun's atmosphere with its magnetic 

field. The plasma atmosphere is treated as a continuous medium so the interaction of individual 

particles is not considered. The length-scales considered must therefore be larger than the particle 

mean-free path, which is about 3cm in the chromosphere and 30 km in the corona. In the study of 

solar filaments both of these conditions are easily satisfied. The MHD equations aie a set of nine 

equations, which include those of conservation of mass, Newton's second law, an energy equation, 

ideal gas law. Maxwell's equations ( assuming v «  c) and a generalised Ohm's law. In these 

equations the magnetic field is coupled to the plasma velocity through the induction equation.

^  =  V X (v X B) + (1.4.1)

where B is the magnetic induction (magnetic field), v  the plasma velocity and rj the magnetic 

diffusivity ( ij = - magnetic permeability, a - electrical conductivity). In 3D these

equations are difficult to solve, but simplifications can be made to ease the analysis. According 

to Tandberg-Hansen (1974), “ The single, physical, most important parameter to study in promi

nences may be the magnetic field. Shapes, motions and in fact the very existence of prominences

depends on the nature of the magnetic field threading the prominence plasma ”

To study the magnetic field of prominences it will be assumed that all plasma velocities are 

negligible and that there is no time vai'iation, ( ^  =  0). These approximations are reasonable since 

prominences are relativity static objects. The MHD equations then reduce to

0 = -V p - l - j  X B +  pg, (1.4.2)

coupled with

V.B = 0, (1.4.3)

j  — —V  X B ,  ( 1 .4 .4 )

p  =  p — r ,  ( 1 .4 .5 )
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where p is the plasma pressure, j  the cuiTent density, p the plasma density, R  the gas constant 

{R =  8.3 X 10  ̂ JK“ ^kg“ ^), T the temperature, g the Sun's gravity and p  the mean atomic 

weight (or average mass per paiticle in terms of m^, for fully ionised hydrogen plasma p = 0.5). 

The first term in Equation 1.4.2 is the pressure gradient force, the second the Lorentz force (the 

force exerted by a magnetic field) and the final term the gravitational force. The temperature also 

satisfies an energy equation.

The equation of motion, ( 1.4.2) can be simplified even further by considering the relative sizes 

of each of the terms on the right-hand side. To do this, first consider the pressure scale height (A) 

at constant temperature and the plasma beta (/?),

R T
A =  (E4.(%

where Cs is the sound speed and Va the Alfven speed and 7  the ratio of specific heats ( 7  = ^ ) . 

The pressure scale height is the distance over which the pressure falls exponentially along field 

lines in a static state. At coronal temperatures it is 1.5 x 10  ̂km. The plasma beta {/3) is the ratio 

of the plasma pressure to magnetic pressure. For the corona it is typically 0.01.

Now consider the relative size of the terms on the right-hand side. First, the pressure force 

( - Vp) and gravity (pg) may be compared by dimensional analysis, where L  is the typical length 

scale.

V7 ^  PV p ~ ~ ,  pg ^

When L «  A the effect of gravity may be neglected with respect to the pressure force. For 

prominences, their height is less than the pressure scale height of the corona so this is a reasonable 

approximation. Now consider the pressure force (—Vp) and the Lorentz force (j x B).

p JB̂V p . . - ,

Therefore if

p ^
L p V

or

pp
g 2  «
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the pressure force may be neglected with respect to the Lorentz force. This is the case for the

corona since (3 % 0.01. Therefore with the approximations of L < <  A and (3 «  1 the equation

of motion to the zeroth order becomes the force-free equation (Marsh 1996),

j  X B =  0. (1.4.8)

1,4.1 Properties of Force-Free Fields

The Lorentz force j  x B may be split into two terms such that

j x B  = i ( B . V ) B - V ( ^ ) ,  (1,4.9)

where the first term on the right-hand side is the magnetic tension force and acts to straighten field 

lines when they are curved. The second term is the magnetic pressure force, which is similar to the 

plasma pressure force and acts from regions of high field strength to regions of low field strength. 

Since we have the force-free condition these two terms must cancel out everywhere.

Since the field is force-free, Equation 1.4.8 tells us that the current must be par allel to the field,

so

V X B = o:(r)B, (1.4.10)

for some scalar function o:(r) which varies with position. The function a (r)  is not completely 

arbitrary since the magnetic field must satisfy Equation 1.4.3. Taking the divergence of Equa

tion 1.4.10 we find that

B .V a = 0, (1.4.11)

so that alpha must be constant along a field line but may vary from one field line to another. 

The force-free equation is very difficult to solve for a spatially dependent alpha. However, many 

simplifications occur when a  = constant. When this occurs Equation 1.4.10 is reduced after-taking 

its curl to

V^B =  - a ^ B , (1.4.12)

namely, a linear Helmoltz equation. When a  = constant linear theory may be applied. A further 

simplification can occur when j  = 0 (a=0) and a potential field is considered. In this case the
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magnetic field is such that

V X B =  0, (1.4.13)

or

B  =  —V^, (1.4.14)

where

V2<j6 = 0. (1.4.15)

Hence finding a potential field reduces to solving Laplace's equation for the scalar potential (^). 

Throughout this thesis various methods both analytical and numerical will be used to determine 

potential and force-free fields. In all cases the results will be shown by plotting field lines in 3D, 

which aie obtained by solving the equations

Î  = wi

Î  - &
to obtain a point (æ(s), y{s), z{s)) at arclength s along the field line from the initial point 

(æ(0),p(0),^(0)).

1.5 Outline of Thesis

This thesis will mainly deal with the magnetic configurations associated with filament channels

and filaments. Throughout, an emphasis will be given on modelling actual observations. To begin

with, in Chapter 2, potential and force-free models of a filament channel will be constracted, both 

analytically and numerically. Network flux on each side of the channel and concentrations of flux 

along the channel are included. These represent the overlying arcades and flux of the filament. By 

doing this a filament-type stmcture can be seen to connect along the channel (Mackay and Priest 

1996). In Chapter 3 potential models aie used to describe a variety of coronal structures including 

the bending of a filament (Section 3.1), arcades overlying switchbacks of polarity inversion lines
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(Section 3.2, McAllister et al. 1997) and a filament in a filament channel (Section 3.3, Mackay 

and Priest 1996). In each case the potential models give a useful physical insight into the process 

being modelled. In Chapter 4 a series of H a  and magnetogram observations showing a filament 

channel and filament formation are considered. It is shown that the formation of the channel is due 

to the emergence of an activity complex in a sheared state. However, further modelling shows that 

interaction between the activity complex and a neighbouring remnant region is required before a 

filament can form (Mackay et al. 1997(a)). The process described in Chapter 4 is then generalised 

in Chapter 5 to give a formation mechanism for intermediate filaments. A possible explanation 

for the hemispheric pattern of filaments is then put forward (Mackay et al. 1997(b)). Finally, in 

Chapter 6  the conclusions and a discussion of future work is given.
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Chapter 2

Potential and Force-Free Models of a 

Filament Channel

The nature of a filament channel is first considered. Since they are the birth places of filaments 

(no filament may exist without a channel) any model that wishes adequately to describe filaments 

should also include the channel. It is therefore surprising that most models to date neglect to 

include a channel. In the first part of the chapter, a simple analytical potential model of a filament 

channel is constructed (Section 2.1). The model, which is consistent with the new observations 

of Martin et a l  (1995), consists of magnetic sources and sinks that represent the network flux on 

both sides of the channel. The flux of the filament is then given by extra concentrations of flux 

that produce a strong field component along the channel. It is the asymmetry of flux locations 

along the channel that produces the dominant direction of field in the channel. From this the 

resulting separatrix surface of the flux connecting along the channel is computed. The surface 

has distinct upper and lower bounds that may produce the upper boundary of a filament cavity or 

filament and the lower bound of the filament, respectively. Section 2.2 then considers the effect 

of a weak background uniform field on this surface. From this initial modelling, a more detailed 

numerical model is then constructed with more realistic flux distributions (Section 2.3). With the 

numerical model, the channel is considered for both potential and non-potential cases. The effect 

of magnetic shear on the separatrix surface is considered. A comparison between the potential 

case of the analytical and numerical models is then given (Section 2.4).
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2.1 A Simple Potential Model for a Filament Channel.

2.1.1 Equations and Assumptions.

A simple potential model for a sinistral or dextral filament channel is set up here, consisting of a 

set of magnetic sources and sinks that are believed to produce the basic components of a channel's 

field. Two point sources aie used to produce the flux of a filament, while two line sources aie used 

to represent the overlying coronal arcade. Thus, we suggest that a filament channel is created by 

an asymmetry in the location of opposite fluxes along the inversion line which produces the strong 

field component along the inversion line. Such a field may, but need not be, force-free and so for 

simplicity we first consider the case when it is potential. By contrast, in the traditional explanation, 

the global prominence field is force-free and is produced by the shearing of an infinitely long and 

initially potential field. Here, instead, it is the finite length of the channel and the asymmetiy in 

flux distribution which are crucial (see Antiochos et al. 1995).

The field lines emerge radially from the point sources, and the field description for a single 

source in terms of either the radial coordinate (r) in spherical polars or cartesian coordinates (x,y,z) 

is :

/ r  f  f  X f  y

(2 .1 .1)

B p o l n t  2^3  \^2 ( $ 2  +  2 / 2 + \ ^ 2 ) 3 / 2 '  2 ( a ; 2 - H y 2 + z 2 ) 3 / 2 '

/  z
2  ( .T ^  - j -  ^ 2 ^ 3 / 2 y  ’

when the pole is positioned at the origin (0 , 0 , 0 ) and t t /  is its strength.

The line source field depends only on either the radial coordinate (R ) in cylindrical polars or 

the cartesian coordinates (x^y) and has two components

Biine — (B%, By)

™  (2 .1.2)\  -f 2/2 ’ y2

when the line source of strength ttF  is positioned at = 0 , 2/ =  0 and extends infinitely in the z- 

direction. An example of the field produced by two line sources can be seen in Figure 2.1(a), while
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Figure 2.1(b) shows the coordinate system used and the positions of the sources in the filament 

channel.

The basic field in the filament channel is given by :

B ch a n n e l — B fiia m en t B arcad e

= (7.1.3)

where

r i  = +  yÿ +  (z +  u)z,

f2 =  x ± y f  {z ~  a)z,

R 3 =  (x +  6 )x +  ^y, (2.1.4)

R 4 =  ( æ - 6 )x +  î/ÿ,

are the distances of a point P(x,y,z) from the two point sources and two line sources, respectively.

It is assumed that all the sources are in the y -  0 (photospheric) plane. R 3 and R 4 are

the peipendicular distances from the line sources to any point P(x,y). The field is potential and

satisfies the equations

j  =  —V X B = 0, (2.1.5)

and V B =  0, so that

V^B =  0. (2.1.6)

When standing on the positive polarity side it can be seen that the field points to the right. 

Thus the configuration is that of a dextral filament channel (northern hemisphere). If the polarities 

of the two poles are reversed, the field would go to the left and a sinistral channel (southern 

hemisphere) would be produced. Sub-photospheric motions can create dextral channels in the

northern hemisphere and sinistral in the southern hemisphere (Priest et a l  1995), The flux values

are chosen so that

F  = 1.0 (2.1.7)
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Figure 2.1: (a) Magnetic field created by two line sources of strength ttF and (b) Cartesian 

coordinate system and notation, showing the positions of the sources in the filament channel and 

the distances to the point P.
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and the sizes so that

6 = 1 . 0 .  (2.1.8)

In other words, we nondimensionalise fluxes with respect to the line source flux and distances 

with respect to the half-width of the filament channel (half the distance between the network line 

sources). We shall take one unit in size to correspond to 30,000 km (i.e a typical supergranule 

width on the quiet Sun) so that the separation of the line sources of the arcade is typically 60,000 

km as seen in Figure 3.12. From now on without loss of generality, only a dextral channel will be 

considered.

2.1.2 Séparatrices.

The separatrix surfaces of the filament channel are the surfaces that divide up regions of different 

magnetic connectivity. On one side of the surface the field lines connect certain sources while on 

the other side the field lines connect different sources. Field lines that lie on the separatrix surface 

have the property that they extend from a pole to a neutral point or from a neutral point to a pole. 

For the filament to form in the channel the poles must be connected, which means by symmetry 

for this configuration, that the separatrix surface must cross the y-axis at some height, IIs. In order 

to find the range of heights of field lines that connect the poles, the height of the separatrix as a 

function of the flux must be found.

First of all, we make a simple order of magnitude estimate to show how the separatrix height 

vaiies with flux, since an analytical expression for the sepaiatrix surface is unavailable. The poles 

are estimated to connect on the y-axis if the field from the poles dominates the field from the line 

sources, so that

I  ^poles  I  ^  I  ^lines  |
or

where

f  F

-I- (2T +  a )^ ,  

= (a; +  6)^ +  t/ .̂
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I
Using the dimensionless values of Equations (2.1.7) and (2.1.8 ) we consider the inequality ( 2.1.9) |

for the two cases y =  0  and y 0 .

For a point in the photosphere = 0) at (z =  0, æ = 0), Equation (2.1.9) reduces to

/> 2 o 3 ,  CLITO)

which is the rough condition that the poles be joined in the photospheric plane. For a point above 

the photosphere, the poles connect according to (2.1.9) when

If the inequality is reversed the poles are not connected, and so the separatrix which divides regions 

of different magnetic connectivity crosses the y-axis at a point y given by :

_ 2 (i/ +  g^)
J -  ( l  +  ÿ2)i/2- (2.1.1/)

,2Solving for 2/ gives the separatrix height as a function of a and /  as

= +  +  (2.1.13)

There is therefore an upper separatrix height (Hs) defined by

Hg -  ^  +  2  Y ( f ë  “  (2.1.14)

and a lower separatrix height (hg) given by

hl = -a ^  + Y - \ \ j p  +  <2.1.15)

Let us now evaluate these for values of a that are physically realistic for filament channels. If 

a =  1 , the filament has the same length as the channel width, which may be appropriate in some 

cases for short active-region filaments or for one segment of a filament between two feet or baibs. 

The upper separatrix, Hg, is given by

p2

Hs^ = — 1 T (2.1.16)

is positive definite when /  > 2 , which is the same as condition (2 .1 .1 0 ) for the poles to join 

in the 2/ =  0 plane. As the flux increases, the separatrix height increases. The lower separatrix
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does not exist in this case since (2.1.15) gives a negative value for hg^{hs^ =  — a^). Therefore 

when a = 1 .0  the poles initially join in the ?/ = 0 plane.

If a > 1, the filament is longer than the channel width, which is more appropriate for most 

observed filament channels. The upper separatrix boundary given by Equation (2.1.14) exists for 

all flux values such that

/  > 4(a^ -  (2.1.17)

This is less strict than condition (2.1.10) for the poles to join in the y — Q plane, so initially as /  

increases the poles will first join at a certain height above the photosphere depending on the value 

of a, while remaining unjoined in the photosphere. As the flux increases, the height of the upper 

separatrix increases.

The lower separatrix (2.1.15) exists when (2.1.17) holds along with

The second condition is not satisfied when /  = 2a^, i.e. when the poles join in the y — 0 plane. 

Thus a lower bound on the height of the filament channel will exist when

(2.1.19)

When /  > 4(a^ — 1)^^^ the poles connect over a certain range of heights and, as the flux /  

increases, the lower height of the separatrix decreases until it reaches the y =  0 plane. Thus when 

a > 1 , the upper and lower surfaces of the separatrix exist for a range of flux values and they 

produce upper and lower bounds on the flux required to connect the poles.

The separatrix surface has also been found by numerical integration. The graph of how its 

height vai'ies with flux ( / )  between the poles is shown in Figure 2.2 for the cases when a = 

1 ,2 ,3 ,5  and is found to agree qualitatively with the order-of-magnitude estimate. For a = 1 , the 

sepaiatrix only intersects the y~axis at one point, but fora > 1 it does so at an upper and lower 

surface.

In Table 2.1 a comparison between the order of magnitude estimates of when the poles join 

and the exact values obtained numerically for the case when a = 2 are shown. It can be seen 

that the order of magnitude calculation gives a reasonable estimate in most cases. Close estimates

26



30

a=1.0a=5.0 /  a=3.0

X
X

I
œ

0 50 100 150
Flux

Figure 2.2: Separatrix height versus flux ( /)  for several values of the half-separation (a) of the 

point sources in units of the channels half-width.

aie also obtained for a ~  1.0,3.0,5.0. However as a and /  grow laiger the estimate gets worse 

(Appendix A).

The sepaiatrix surface of the filament channel is shown in Figure 2.3. Figure 2.3(a) shows the 

three-dimensional structure viewed obliquely, while plots (b) and (c) show the surface from the 

side and the top. The field lines shown lie on the separatrix surface. There aie two neutral points 

in the photospheric (y =  0 ) plane lying between the positive pole and line source and the negative 

pole and line source. The field lines all lie out of the y — 0 plane but pass near to the neutral 

points. All field lines inside the surface connect the poles, while field lines lying outside connect 

a pole to a line source or a line source to a line source. The field lines below the lower separatrix 

connect the positive and negative line sources, while the field lines that emerge from the positive 

pole that are not within the surface connect to the negative line source. On either side of the poles 

and over the top of the surface the line sources are connected. The surface is shown for a — 2 and 

a flux value of f  = 8.0. This means that the poles are eight times stronger than the line sources.
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Property Order of Magnitude 

Estimate

Numerical Value

Poles join in 

y = 0  plane

/ > & 0 / >  10.3

Poles /  =  &9 /z -L Q

initially join y = 1.44 y = 2.9

Sep. heights when 1.7 6 .0

f  = 7.0 1.1 1 .0

Table 2.1 : Comparison between order of magnitude estimate and numerical values for a =  2.

These lai*ge flux values are required so that field lines will connect between the poles at heights 

at which filaments form. This is consistent with the fact that a strong component of the field is 

inferred from the paiallel fibril structure along the axes of a filament channel. For this flux value 

the poles are not connected in the y = 0  plane, so that the separatrix has both an upper and lower 

surface. Their heights are

Hs ~ 6 .8  units (2 .0  x 1 0 ® km)

hs = 0.73 units (2.2 x 10  ̂km).

The lower part of the separatrix creates a lower bound for the filament that is consistent with 

observations (10 -30 ,000  km). On the other hand, the value for the upper part of the sepaiatrix is 

much higher than the observed top of filaments, but it does correspond to the height of the coronal 

cavity. One possibility, therefore, is that the coronal cavity seen around prominences is the region 

bounded by the upper part of the separatrix surface; another is that the filament top (or spine, 

Engvold, private correspondence) is indeed the upper pait of the separatrix but that the present 

calculation overestimates its height since gravity and force-free effects may well lower it. The 

lower bound to the filament exists when the separation of the sources of the filament is greater 

than that of the overlying arcade. The effect of the arcade is to create both a lower and an upper 

bound on the field lines that connect the poles.
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(b)

(c)

Figure 2.3: The separatrix surface when a = 2 and /  =  8.0 viewed from (a) an angle, (b) the side, 

and (c) above.
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2.1.3 Free-Fall Time.

The free-fall time for mass to fall down the field lines within the separatrix surface is now cal

culated. If the free-fall time is greater than the coronal condensation time (Tc), which is around 

3000s (Hood 1992), then it may be possible for dense cool material to condense along the field 

lines. Under the effect of gravity the cool dense material may then dip down the field lines and 

produce a configuration within the separatrix surface that can partially support the filament's mass. 

In simulations of Antiochos and Klimchuck (1991) it was found that if there is a long low-lying 

loop then there is a possibility for condensations to form at the apex of the loop. This will, how

ever, only occur if there is highly localised heating near the footpoints of the loop (see also Poland 

and Mariska, 1986). Fielder and Hood (1993) found that the magnetic field of the filament must 

be highly sheared from the initial, circular, “potential-like” loop for the free-fall time to be greater 

than the condensation time. In the model here, the field lines are not skewed by shear of footpoints 

as in Fielder and Hood (1993). However, they are skewed by the configuration and direction of 

field in the channel. The field lines within the separatrix surface take the form of much longer and 

lower-lying loops than those of a simple potential arcade.

Two methods are used to calculate the free-fall time. First, the field lines within the separatrix 

are classed as a plane which is held at a constant angle (Û) to the horizontal. The component 

of gravity is therefore constant along the field line. In the second method, the free-fall time is 

calculated for a particle following the path of the field lines. In this case,, gravity varies as a 

function of distance (a) along the field line (g(s)) and therefore the field line is not at a constant 

angle to the horizontal.

Methodl.

In Figure 2.4(a) a schematic of the field line is shown and in Figure 2.4(b) its representation in the 

model is given. The angle Û of the plane to the horizontal is given by

s i n 0 = ^ ^ ,  (2.1.20)

where pmax is the height at which the particle starts from rest (the height of the apex of the loop) 

and s is the total length of the field line that it falls down. Therefore, the field lines are stretched
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(a) (b)

Figure 2.4: (a) Field line showing distance s along it and starting height Umax̂  (b) Representation 

in model.

out along their entire length and assumed to be at a constant angle to the horizontal. The equation 

of motion of the particle along the field line is

(2.1.21)

Assuming that the particle starts from rest with velocity {v — 0) at time (t =  0) and from the point 

5 =  0 , the free-fall time for the particle to fall from a height y max along a field line of length s is

t =
2 5

9® d y 9 ®ymax

and the end velocity at time t is

V = qqî sin 0  =  gQt Vmax

(2 .1.22)

(2.1.23)

The length of the field lines that lie within the separatrix surface shown in Figure 2.3 are now 

calculated for field lines lying above the point (æ = 0,z =  0). For these field lines we are at 

the apex of the loop. Using Equations (2.1.22) and (2.1.23) the free-fall time in seconds and final 

velocity in kms“  ̂ are shown in Figure 2.5. As can be seen, the free-fall time in the calculation 

is at best half that of the condensation time, so all of the material that condenses would fall away 

before the condensation could form a dip. The final velocities on the other hand are two orders 

of magnitude greater then those observed (1 ~  5 kms“ ^). This means that the material in the 

filament cannot attain free-fall speeds. A possible explanation for this is that effects such as wave 

support (Verwichte 1997) and viscosity prevent the material from reaching free-fall speeds. These 

effects may therefore aid the filament formation process by keeping the mass in the corona for 

longer times. At the observed velocities of around 5 kms~^ it would take 4 |  hours to fall down 

the lower part of the separatrix, allowing time for the condensation to form.
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Figure 2.5: Top graph: free-fall time as a function of starting height for constant gravity. Bottom 

graph: end velocity of paiticle as a function of starting height for constant gravity.

Method2.

The free-fall time is now calculated using the second method. In this case gravity varies along the 

loop. The equation of motion along a field line then becomes.

( f s  dv ’ nf \
= - 4 0  sm g(3),

where

sin ^(5 ) =  —

(2.1.24)

(2.1.25)

Again assuming that the particle starts from rest {v — 0) from the point 5 = 0 at f =  0, the free-fall 

time and velocity of the particle now become,

;(d) = 1 ^ 2  y  gQsinO{s)di

and

i  =  r
Jo V

(2.1.26)

(2.1.27)
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Figure 2.6: Top graph: free-fall time as a function of starting height for variable gravity. Bottom 

graph: end velocity of particle as a function of starting height for variable gravity.

The free-fall time and final velocity are now calculated for the same set of field lines and are 

shown in Figure 2.6. With the more accurate model, the free-fall time for the lowest field lines is 

now of the same magnitude as the condensation time. However, the velocities are very similar to 

the ones obtained before. By computing a more accurate model the free-fall time has increased 

by a factor of 2 and the possibility for a condensation producing a dip on the field lines is now 

greater. The free-fall time increases with height even though the velocities also increase since the 

field lines are much longer.

The question can now be asked, “ Why does the free-fall time increase by more than a factor of 

two when similar end velocities aie obtained as before?” The reason for this is shown in Figure 2.7. 

The plots show the velocity as a function of distance along the field lines for three heights, h — 

0.73 units (lower separatrix), 0.3765 units, and 6.8 units (upper separatrix). The solid curves 

represent the free-fall velocity using the second method with variable gravity along the field lines 

and the dashed curve the first method with constant gravity along the field lines. With variable 

gravity the speed at the top of the loop is much less than with constant gravity. This is because the
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Figure 2.7: Comparison of velocities along field line for vaiiable gravity (solid lines) and constant 

gravity (dashed lines) for heights of 0.73 units (top), 0.3765 units (middle) and 6.8 units (bottom).

field lines are much flatter at the top. It is only further down the loop that the two velocities become 

comparable, or the velocity under constant gravity less than that under variable gravity. However, 

the average velocity across the loop with variable gravity is much less than that with constant 

gravity and therefore the free-fall time is much longer. This shows that the constant gravity case 

is not a good approximation to the true geometry and velocities along the loop.

Since the entire enclosed region is too high and wide to represent the whole filament, the next 

question that can be asked is “On which field lines within the separatrix does the filament form?”. 

Since it is generally accepted that a dip in magnetic field lines must occur before a prominence 

can form, the flatness of field lines in the separatrix has important consequences for the formation 

of the filament. The flatter a field line along its entire length, the much larger a chance of forming 

a dip through condensation. An alternate way of forming dips is shown in Chapter 3, where it is 

shown that dips in filament structures can be due to the locations of positive and negative regions 

of flux below the filament. The angles that the field lines make to the horizontal along their length 

is shown in Figure 2.8. The lower separatrix makes an angle of less than 30° to the horizontal
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Figure 2.8: Angle of field line to the horizontal for starting heights of 0.73 units, 0.3765 units and 

6.8 units.

along its entire length. However, the higher field lines make much larger angles to the horizontal. 

If a condensation occuixed it would be much easier to dip a larger part of the lower field lines 

than the higher ones since the lower field lines are flatter. As their height increases, the field lines 

become steeper and less suitable for the support of mass. The filament would therefore be more 

likely to form in the lower part of the separatrix than in the upper pait since in the upper part 

the field lines have a lai’ge concave-down stmcture which is too steep to support mass. These in 

fact would be the field lines of the coronal cavity. The cavity is perhaps a region surrounding the 

prominence which has the same magnetic connectivity as the field lines of the prominence but 

with field lines that aie too steep to support mass, which would just fall down along the field lines. 

For further details of mass supply and support in this kind of model see Priest et al. (1995) and 

Cartledge (1995). In the next section the field lines in the filament channel are considered for both 

in and out of the r/ =  0 plane.
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2.1.4 M agnetic Field Lines.

In this section the field lines in the filament channel are plotted, first in the y ~  0 (photospheric) 

plane and then out of the plane. For some flux values the sources are joined by field lines out of 

the plane but not in the plane.

The plots in Figure 2.9 show how the field lines for a = 2 behave in the y = 0 plane for 

flux values at which the poles are either connected or not connected. In Figure 2.9(a) the flux of 

the poles is f  = 8.0, the same flux value used in drawing the separatrix surfaces in Figure 2.3. 

The field lines are the solid curves and the separatrix lines are dashed. The séparatrices go to, or 

emerge from, the two neutral points where the magnetic field B falls to zero (Parnell 1994). These 

points lie in the ^ = 0 plane between the positive pole and line source and the negative pole and 

line source. By inspecting the séparatrices (which divide up regions of magnetic connectivity ) it 

can be seen that the poles are not joined in the ?/ =  0 plane. All of the field lines in that plane 

from the positive pole goes to the negative line source. In between the two point sources the line 

sources are connected with each other and on the outside edges they are also connected. From the 

graph of the separatrix height (Figure 2.2) it can be seen, however, that for /  = 8 the poles are 

joined out of the y =  0 plane.

In Figure 2.9(b) the field lines are plotted for a flux value of /  =  10. The poles are nearly 

connected in the photosphere and the neutral points lie closer to the line sources. The sepaiatrix 

curves in the centre lie closer to each other and less field lines connect the line sources in the 

corridor between the poles. Although the field lines do not connect in the y = Q plane they do 

connect out of the y =  0 plane. The upper and lower separatrix surfaces have heights of = 8.2 

units and hg — 0.22 units, respectively.

As the strength of the poles increases, the separatrix lines become closer. Just before they 

connect, only one field line joins the line sources between the poles and it passes through the 

origin.

In Figure 2.9(c) the field lines are plotted for a flux of /  =  20. The poles are now connected 

in the 1/ =  0 plane. As the strength of the poles increases, the sepaiatrices move further apait and 

more flux connects between the poles. With this flux value only the upper part of the separatrix 

exists.
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Figure 2.9: Field lines in the photospheric {y = 0) plane for a flux /  of (a) 8 , (b)10 and (c) 20.
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A selection of field lines out of the ?/ =  0 plane is plotted in Figure 2.10 for /  =  8  and a = 2. 

The selected field lines, originate from a circle of radius 0.16 units about the point (0,1.1,0). They 

lie within the separatrix surface and are in the range of heights observed for filaments. They show 

a possible structure that could be seen if these field lines were to support condensed material and 

aie some of the flattest in the channel. Figure 2.10(a) shows the 3D stmcture of the field lines, 

whereas Figure 2.10(c) is a view from above (i.e. on the solar disc). The flux tube is a long, thin 

stmcture with a length of 4 units (120,000 km) and a width of 9,600 km. These values are well 

within the observed range of values associated with filaments.

Figure 2.10(b) is a view of the field lines looking side on, as would be seen at the limb in 

which the height of the magnetic field lines can be seen. The lowest field line has a maximum 

height of 28,000 km while the highest field line has a maximum height of 38,000 km. The field 

lines are low-lying structures that are flatter at the top, the kind of stmcture that may be suitable 

for the accumulation of mass, as already described. This type of model can also explain why 

there are so many different shapes and types of prominence. The field lines here are just the basic 

components of the channel field. Different sun ounding fields would cause changes in the magnetic 

topology. These changes would mean that different field lines would be better able to support the 

accumulation of mass than others. Different surrounding fields would cause different shapes and 

thus different filament stmctures.

2.1.5 Arcade Orientation.

The field lines of the arcade overlying the filament channel are now drawn (for f  = 8.0 and 

a = 2.0). They are initially drawn for the dextral channel and so to be consistent with the results 

of Martin and McAllister (1996) the arcades should be left-bearing. In Figure 2.11(a) the field 

lines of the arcade can be seen from above and they are indeed left-bearing. They are drawn just 

above the separatrix surface that encloses the flux of the filament and coronal cavity (h ~  2 0 0 , 0 0 0  

km , I  R q). In the simple potential model constructed here the dextral channel will always have 

left-bearing arcades as the skew of the arcades is due to the direction of the axial component of 

field in the channel. The axial component itself is a result of the asymmetry of flux locations along 

the channel. Due to this there will always be a one-to-one correspondence between the filament 

channel axial component and the large-scale fields overlying the channel.
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Figure 2.10; A selection of field lines joining the poles when the flux /  is 8  and the pole sepai ation 

(2 a) is twice the line source separation (26), viewed (a) obliquely, (b) from the side and (c) from 

above.
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The same is now done for the sinistral channel and the field lines are plotted for the same flux 

values as before. This time the positive pole is placed at .2̂ = +2 and the negative pole at z = ~2 

to give an axial component to the left. Wlien the field lines are plotted again at the same height as 

before it can be seen that the sinistral channel has right-bearing arcades as the observations suggest 

(Figure 2.11(b)), showing that the aicade orientation above the filament channel just represents that 

of the underlying axial component. This explanation is, however, a little simple and for a more 

detailed explanation see Chapter 4.

From the observations of Martin and McAllister (1996) it was found that all post-eruption 

dextral channel arcades show a counter-clockwise evolution with increasing height and all post

eruption sinistral channel arcades show a clockwise evolution with increasing height. In Fig

ure 2 .1 1 (c) the field lines are plotted at heights of hi = 2 1 0 , 0 0 0  km, /i2 = 360,000 km, /13 = 

510,000 km and /i4 = 650,000 km above the point ^ =1 0, .t =  0 for the dextral channel and in 

(d) for the sinistral channel. As expected, there is a counter-clockwise evolution of the arcades 

with height above the dextral channel and a clockwise evolution of the arcades with height above 

the sinistral channel. The skew of these field lines as a function of height is now calculated, but 

only calculated for the dextral channel as the results for the sinistral channel should be exactly the 

same by symmetry. The skew angle, a, is defined as shown in Figure 1.7 and calculated for points 

above the origin. A field line that has a laige shear due to the axial field of the filament channel 

will have small a, while a field line that is not sheared will have a  =  90°. The skew angle of the 

field lines is given by,

= l ( S
3F b ia^ + y'^)2 

f a  (62 + y2 )

For this channel a ■= 2 .0 , b = 1.0, F = l.O giving,

1 (4 -f 7/2)2

7  ( 1 + ^ 1 '

The values of a  are now calculated for all heights when /  =  8.0 and are shown in Figure 2.11(e). 

On the graph the two dashed lines represent the heights of the lower séparatrices (hs) and upper
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sepai-atrix (Ils). At the photosphere ( y =  0.0 plane) the field lines have a skew of 45°. As the 

height increases, the skew angle decreases until a minimum value is reached. This is when

■j— = 0, (2.1.30)dy

where

1 (4 T 2
a = arctan(^) , 9 = (2.1.31)

Now

(2.1.32)
da _  da dO 
dy dO dy

_  3j/(l +  ÿ^)(4 +  -  2ÿ(4 + ÿ^)t

/(I +

Therefore Equation (2.1.30) is satisfied when

3ÿ(l +  ÿ^)(4 + î/^)è -  2ÿ(4 +  î(2)l =  0 (2.1.33)

or y =  + 3 /5  (67,000 km). At this point we have the maximum shear of the field lines due to 

the axial component. The skew angle then increases with height and at the height of the upper 

separatrix (Hs), ot =  43°. The skew angle continues to increase with height, and due to the 

decreasing axial component as y 0 0 , a  90°. This shows that we have a changing skew 

of the field with height or shear from a potential field due to the increasing and decreasing axial 

component with height.

Although the results give qualitatively the same answer as the observations, we are not fully 

representing all the physical processes with this model. In the model the change in skew is due to 

the fact that the axial component grows weaker with height due to the field of the point sources 

diminishing faster than that of the line sources. A more detailed description is given in chapter 4.

The arcades seen by Martin and McAllister (1996) are post-eruption arcades, in which an 

eruption has taken place. These loops appear bright as some of the magnetic energy stored in 

the field has been converted into internal energy in the plasma. However, insufficient energy 

conservation takes place for the final magnetic field to be potential - the minimum energy state 

after an eruption. The changing skew with height probably represents the fact that the field higher
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Figure 2.11: Arcade orientation for filament channel with (a) dextral channel ~  left-bearing ar

cades, (b) sinistral channel ~  right-bearing arcades, (c) dextral channel ~  counterclockwise evo

lution with height, (d) sinistral channel ~  clockwise evolution with height and (e) graph of skew 

angle a  versus height.

42



up in the corona is relaxing to a potential field faster through reconnections than the field lower 

down. The axial field component is partly due to the sheai" of the field which decreases with height 

due to field relaxation. The arcades therefore become more transverse with height and rotate in 

the clockwise direction for sinistral channels and counterclockwise direction for dextral channels. 

It is these field lines which appear bright at what ever wavelength they are observed following an 

eruption.

2.1.6 Critical Flux Values.

Important quantities for a filament channel are the critical flux values at which the poles first join 

in and out of the y = 0 plane and the height at which they join (Figure 2.12). Figure 2.12(a) 

shows how the critical flux (Fcrit) for the poles to join out of the ?/ = 0  plane varies with the pole 

half-separation (a). It is plotted for a > 1.0 and shows that the poles join at relatively small flux 

values. Figure 2.12(b) plots the critical height { H c r i t )  for the poles to join out of the y — 0 plane 

and how it varies with a. When a = 1, the poles join in the r/ =  0 plane. As a increases, the height 

at which the poles join increases. Thus, as the pole separation increases, larger flux values are 

required for the poles to connect at heights at which filaments form ( < 3 units). Figure 2.12(c) 

shows the variation with a of the critical flux ( f c r i t )  at which the poles join in the 7/ =  0 plane. The 

values of fcrit are an order of magnitude greater than those of Fcrit- This means that, although the 

poles initially connect at small flux values and large heights, much larger flux values aie required 

for the poles to connect at heights corresponding to filaments, for which a strong field component 

along the axis is required.

2.1.7 Filament Channel Field Strength.

The model may now be tested to see how the magnitude of the field at the centre of the channel 

varies with the network flux. To do this, it is assumed that the total line source flux in a length 

( - L ,L )  of the channel is Ftotah typical values of which are about 10^  ̂ Maxwells (Mx). The 

length (—T, jC) is chosen so that it encloses all of the field lines from the poles. The strength of 

the line sources is then

i r f  =  (2.1.34)

43



1' crii

8

6

2

01 2 43 5

(a)

(b)

10

1 2 3 4 5

150

100

fc r i t

50

1 2 3 4 5

(c)

Figure 2.12: The variation with the pole half-separation, a, in units of the channel half-width of

(a) the critical flux at which the poles join, (b) the critical height at which they join, and (c) the

critical flux for the poles to be joined by field lines lying in the r/ =  0  plane.
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Figure 2.13: Magnetic field (in Gauss) against network flux (in Mx) for a=2 ,7  = 8 and L = 4.5 at 

the point (0 ,0 ,1  1)

where lunit = 30,000 km and is the scale factor used to give ttF  in Mx/m. Correspondingly the 

point source strength is

1F'total
7 t /  =  J i r F l u n i t

2 L (2.1.35)

where 7  is the ratio between the line and point source fluxes. The units of n f  are Mx. The values 

of the magnitude of the magnetic field B given in Gauss (G) were then plotted against Ftotah 

the total network flux, for 7  =  8  and L — 4.5 units. This corresponds to the channel shown in 

Sections 2.1.2 and 2.1.4. The field strength is calculated at the point (0,1.1,0), which is in the 

middle of the field lines plotted in section 2.1.4. From Figure 2.13 it can be seen that reasonable 

field strengths are obtained for the flux values. When, for example, the network flux is 2 x lO^i 

Mx the field strength at the centre is 13 G.

2.1.8 Conclusions.

In this section a simple three-dimensional potential model for a filament channel has been set 

up. A pair of opposite-polaiity line sources represents the network flux on both sides of the
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polarity inversion line and a pair of point sources models the asymmetry in locations of flux along 

the channel. It is the asymmetry of magnetic flux locations along a finite length of the polarity 

inversion line that is cmcial in creating the filament channel with its strong field component along 

the inversion line. A strong horizontal component along the channel is required for the poles to 

connect at heights at which filaments foim. An interesting feature of the model is the presence of a 

sepaiatrix surface which envelops the flux that joins the point sources along the filament channel. 

The lower bound of the surface may account for the distinct lower bound that is often observed 

for prominences on the limb, whereas the upper surface may create the boundaiy of the coronal 

cavity. The free-fall time for the field lines within the separatrix is around 3000s, which is the 

same as the condensation time of the corona, so it may be possible for filaments to form on the 

lower field lines which aie the flattest. It is shown that the arcades lying above the channel have 

the correct right/left-bearing structure for sinistral/dextral filament channels as observed by Martin 

and McAllister (1996). The one-to-one correspondence was due to the aicades being consistent 

with the underlying axial component of field in the channel.



2.2 Background Uniform Field.

In the filament channel model so far we have two line sources representing the flux of the arcade 

and two point sources representing the flux of the filament. However, the top of the separatrix 

is too high to represent the top of the filament, although it does correspond to the top of the 

coronal cavity. To see if the top sepaiatrix can be lowered to the observed heights of filaments a 

uniform background field component is now added along the channel. The field of the channel 

then becomes

B c h a n n e l — B f i ia m e n t  4" B a r c a d e  T

=  £  f  I L  _  Æ
2 \ r i^  r2^J R 4

where r j , T2 , R 3 , R 4 are given by Equations ( 2.1.5) and the uniform component is added in the 

z-direction. The same channel configuration is modelled as before (Fig. 2.1). When Bo > 0 the 

uniform component points to the right when standing on the positive polaiity side, in the direction 

of the field in the channel. However, when Bo < 0 it points to the left and is opposite to the field 

direction in the channel. We now examine whether longer, lower-lying field lines can be created 

by adding a background uniform field, whilst still keeping the lower and upper bound on the poles 

joining. The same channel will be modelled as before with

a = 2.0, b = 1.0, jF =  1.0 and 1 unit -  30,000 km.

The strength of the uniform field is chosen relative to the line-source flux. When Bo = 1.0, the 

strength of the uniform field is the same as the strength of the field from a line source at a radius of 

1 unit. At all points within this radius, the field of the line source is dominant whereas at all points 

outside the radius the uniform field dominates. If Fq = 0.5, the uniform field has half the strength 

of the field of the line source at a distance of one unit. The strength of the uniform field is not 

chosen any greater than 1 .0 , as we are considering the effect of a weak background component on 

already existing flux regions. Therefore, at low levels the dominant component must still be due 

to the sources and sinks of the channel. When Bo = 1.0, a field line that passes through a point 

above the z-axis on .t =  0 and at a height of 1 unit will be skewed by 45°.
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Figure 2.14: Graph of separatrix height versus strength of uniform field for /  = 8.0 

2.2.1 Separatrix Heights.

The uniform field is now added into the filament channel to see by how much it lowers the height 

of the upper sepaiatrix while still having a lower separatrix for the poles joining. Initially the flux 

between the poles is kept constant and the heights of the upper (Hs) and lower (hs) séparatrices is 

calculated as Bq increases from 0 to 1. This is done for the channel modelled before when /  =  8.0 

(Figure 2.14). When Bo =  0.0, the sepaiatrix heights are the same as before and as the value of Bo 

increases the heights decrease. The height of the upper separatrix changes the most, falling from 

2 X 10  ̂km to 8 6 , 000 km when Bo = 1.0. At this field strength the lower separatrix does not exist 

and the poles aie joined in the ̂  =  0 plane (hs initially zero when Bo =  0.92). So the unifoim field 

does lower the height of the séparatrices, but if it becomes too strong it removes the lower bound. 

When Bo =  0.8, the upper and lower bounds have heights of Eg — 8 6 , 000 km and hg =  6 , 000 

km, respectively, which are closer to the observed range of heights for filaments. This shows that 

a background field may easily lower the height of the upper separatrix to more reasonable values 

for filaments. In the next graph (Figure 2.15), the heights of the lower and upper séparatrices are
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Figure 2.15: Graph of separatrix height versus pole strength for various values of Bo>

calculated as the flux between the poles is increased for fixed values of Bo {Bo = 0.0,0.5,1.0). 

The dotted line shows the maximum height that the top of the separatrix should be for a realistic 

filament structure {h < 90,000 km). When Bo =  0.5 and 1.0, a larger proportion of the upper 

and lower séparatrices lie below the dashed line compared to when Bo =  0.0. As the value of Bo 

increases, the poles initially join for smaller flux values and the height at which they initially join 

decreases. All heights of the lower séparatrices are now consistent with the height of the lower- 

bound of filaments. Also, as Bo increases, the poles join in the y — 0 plane for small flux values 

compared to when Bo ~  0.0. Therefore, the effect of adding a uniform field with > 0 is to 

shift the graph to the left of its initial position where smaller flux values are required. This is just 

an effect of adding a constant component of field in the direction of the field in the channel. If 

Bo < 0  the graph would be shifted to the right and larger flux values would be required since the 

constant component is added opposite to the direction of the field in the channel. This can be seen 

in Figure 2.16 where the separatrix heights are shown for background fields of Bo = 1.0, —1.0 in 

the z-direction (solid lines) and for — 1.0 in the x-direction (dashed line), which is parallel to
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Figure 2.16; Separatrix height when a background field is added in different directions.

the direction of the field of the arcade.

In all cases similar results aie obtained as before with the graph just shifted to the right or left 

from the Bo — 0 position. This shows that the upper and lower bound of the separatrix surface can 

be made more consistent with heights of filaments when a weak uniform field is added. It does not 

matter in which direction the field is added as similar results are always obtained. However, larger 

flux values are required when the background field is not added in the same direction as the field 

of the channel. When Bo — 1.0 z, the curve lies below a height of 90,000 km for all flux values 

below /  =  9.0, and therefore there is a large range of values for which the sepaiatrix heights are 

consistent with the upper and lower bounds of filaments. From this it can be seen that the upper 

separatrix height is dramatically reduced when a background uniform field is applied.

2.2.2 Separatrix Surface.

The separatrix surface of the flux connecting along the channel is now calculated when Bo = 1.0 

and shown in Figure 2.18 for /  =  3.26. The poles were not connected for this flux value before the
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uniform field was added. The height of the upper separatrix is 54,000 km and the lower separatrix 

is 36,000 km. Both of these values are well within the observed range of values for prominences. 

The field lines lying on the surface can be seen side-on in Figure 2.18 (a). Again distinct upper 

and lower bounds can be seen. The stmcture now looks much closer to the observed structure 

of filaments at the limb. The field lines aie flatter than before and are of a topology that may be 

dipped down if condensed material is present. In Figure 2.18 (b) the field lines can be seen from 

above. With the uniform field added we have a much thinner stmcture (12,000 km wide) which is 

more realistic for a filament. The filament would again exist in the centre-most region where the 

field lines are the flattest and most able to support mass. The field lines that could not support mass 

would again be the field lines of the coronal cavity, although its size is much reduced compaied to 

the last example. The field lines and separatrix lines for the channel in the y = 0 plane are shown 

in Figure 2.18 (c). Again the field lines are given by the solid lines and the separatrix lines by the 

dashed lines. The two neutral points this time aie located at x =  ±2.2, % =  ±0.64. The separatrix 

lines on the outside are now more compressed, while the lines on the inside are more elongated. 

The background uniform field does not have a large effect on the field lines in this plane. It only 

affects the field higher up where the field strength due to the sources is weaker. By introducing a 

background uniform field the main chaiacteristics of the channel are kept, but the scales are made 

much more consistent with those observed for filaments.

The free-fall time is also calculated for the separatrix stmcture. Again gravity is taken to be 

a function of distance along the field line and the same formulation is used as in the last section. 

In Figure 2.17 the two graphs of free-fall time and velocity versus height are shown. With a much 

flatter stmcture the free-fall time is longer than in the previous case. For field lines within the 

separatrix it mns from 3900s to 4800s which is now much longer than the condensation time. At 

the previous heights the free-fall time was around 2800s. There is therefore a much higher chance 

of forming a dip in this stmcture through condensation than in the previous case. The free-fall 

velocities aie in the range 140 kms"^ to 170 kms“  ̂ which are very similar to those before but far 

above the observed velocities. If a particle fell at the observed velocities (~ 5 kms“ ^) it would 

take 4 — 6 hrs to fall down the lower and upper bounds of the separatrix thus giving plenty of time 

to form a dip. This time-scale is also in the range of the time required for a filament to form.
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Figure 2.17: Top graph: free-fall time as a function of starting height for variable gravity. Bottom 

graph: end velocity of particle as a function of starting height for variable gravity.

2.2.3 Strength of Background Field.

In the analytical filament channel model a uniform field component has been added to represent 

an overlying background field. This component of field would be due to the neighbouring flux 

regions that surround the filament channel. It is required to lower the separatrix to heights that are 

more consistent with filaments, something best achieved for Bo =  1.0, i.e. when the strength of 

the uniform field is the same as the strength of the line source at a distance of 1 unit. In Table 

2.2 the strength of the background field is shown for various flux values. The total flux Ftotai is 

defined by Equation (2.1.34) and L is again 4.5 units.

52



(a)

-2

- 3
- 3 -2 1 0 2 3

(b)

-1

-2
- 3 - 2 O-  1 1 2 3

(c)

Figure 2.18: The separatrix surface when a = 2 .0 ,/ = 3.5 and B q = 1.0 viewed from (a) the side, 

(b) above for field lines out of 2/ = 0 plane and (c) for field lines in ÿ = 0 plane.
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F̂ total F Bo

(Mx) (Mxm~^) (G)

1 X 1Q20 1.179 X 10^ 0.4

2.5 X 2.947 X 10^ 1.0

1 X 1Q21 1.179 X IQio 4.0

1 X 10^^ 1.179 X IQii 40.0

Table 2.2 : Strength of uniform field for different values of the network flux.

For quiet regions on the Sun, where the network flux on either side of the channel is around 

2.5 X 10^° Mx, a background field of around IG is sufficient to lower the separatrix to observed 

heights. These quiet-region flux values would represent channels at higher latitudes on the Sun 

or on the polar crown. The IG background field could then be due to the large region of weak 

unipolar flux on the pole. However, at lower latitudes, where the fields are much stronger and the 

network flux is around 1.0x10^^ Mx, a background field of 40 G is required to lower the separatrix 

to the same height as for the weak field case. Active-region filaments tend to be much lower than 

the high-latitude quiescent filaments with heights generally below 20,000 km. From Figure 2.15 

it can be seen that when Bo = 1.0 at no point on the curve are both the upper and lower bounds 

below this height, suggesting that a much stronger uniform field (> 40 G) would be required 

to achieve heights below 20,000 km. However, a background field of this magnitude cannot be 

accounted for (see Chapter 4). Thus, the filament channel model with a weak background field 

can easily fit the observed ranges of heights for large quiescent filaments at high latitudes; but the 

modelling is not consistent with the low-lying active-region filaments. The formation and stmcture 

of these objects is more likely related to the large-scale emergences of new flux and therefore the 

potential model may not be suitable for these, where magnetic shear may play an important effect 

as shown in Chapter 4.

2.2.4 Conclusions.

With a weak overlying background field added to the filament channel model of the last section, 

it is found that a large change in height of the lower and upper séparatrices can occur compared 

to previous values. For quiet-region flux values, the upper and lower séparatrices can be reduced
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to the heights of the upper and lower bounds of quiescent filaments when a IG background field 

is added. This size of field can easily be accounted for, as it could be due to the polar field of 

the Sun. The field lines within the separatrix are then much flatter than before and, with this, the 

free-fall time increased by over 1 — 2000s which in turn, increased the chance of a condensation 

foiTuing a dip and then a filament. For lower latitudes a background field in excess of 40 G would 

be required to describe active-region filaments. This size of field cannot be accounted for and 

therefore the potential model cannot describe those kinds of structures. The potential model with 

a background field added may, however, be a reasonable approximation for the higher-latitude 

quiescent filaments. However, with this type of modelling many different scales of stmcture can 

be found depending on the strength of the poles and uniform field. It is therefore important to 

model real examples from observations as shown in Chapters 3 and 4.
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2.3 Force-Free Filament Channel Model.

So far, a simple, analytical, potential filament channel model has been constmcted. In this model 

(Section 2.1) it was found that if, the sepaiation of the sources representing the flux of the filament 

is greater than that of the overlying arcade, both an upper and lower bound can be produced for the 

sources connecting along the channel. The lower bound represents the lower bound of the filament 

and the upper bound at best the top of the coronal cavity. The modelling is now repeated but this 

time, numerically. Using the multigrid code described in Chapter 4 the filament channel will be 

considered for both the potential and non-potential (lineai" force-free field) cases. More realistic 

flux distributions that represent the filament flux and arcade flux are chosen. The linear force- 

free field case should give a more realistic structure since filaments are much denser than their 

surroundings and therefore some support of mass has to occur, thus requiring a current. To lowest 

order the magnetic forces dominate the momentum equation and therefore a force-free model may 

give a good representation of the field in a filament. Furthermore, a non-potential magnetic field 

can store the excess energy required for a filament to erupt. The modelling will consider how the 

stmcture that represents the filament changes as the value of alpha (Equation 1.4.10) is changed for 

fixed flux values, in particular, whether magnetic shear raises or lowers the top of the separatrix. 

In Figure 2.19 a schematic diagram of the channel and coordinate system used is shown.

For the numerical code, only the vertical component of field at the z =  —1 (photospheric)

plane is specified. For the circular sources that represent the flux of the filament it is given by

H- cos , 0 < r  < rc, (2.3.1)

where is the radius of the source which is centred at either (—a, 0) or (a, 0), B qc is the central 

strength and r is the distance from the centre of the respective source, =  (æ ±  -f The 

source centred at (-a,0) is taken to represent the region of positive flux and the source at (a,0) the 

region of negative flux. The flux passing through one of the circular regions is

Flux  =  /  B .dA  = ( l  (2.3.2)
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Figure 2.19: Schematic diagram of the locations of sources and sinks in the channel.

where dA = rdrd^ z. For the elongated regions of flux that represent the arcades, the vertical 

component of field is given by

and

Bz = + cos < ^ < a-’i, 0 < d < T'a

Bz = + cos ^ > Xi, 0 < r  < fa,

where Boa is the central strength of the elongated source and I'a its half width. Also,

(2.3.3)

(2.3.4)

d = y ± b

7-2 =  ( z  -  X o ) ^  +  ( y  ±  6 ) ^ ,  X <  Xo

7-2 =  { x  -  x i Ÿ  +  ( y  ±  h f ,  X >  a-'i

(2.3.5)

(2.3.6)

From this it can be seen that the arcade flux regions have two components. The first is the 

main body given by Equation ( 2.3.3). It runs from Xo —> xi and has width 2ra- The vertical 

component of field across it depends only on the y-distance from the centre (y — ±6) and falls off 

with the cosine in the y-direction. At the end of each of these regions a semicircular region of flux
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given by Equation (2.3.4) is placed to complete the shape. The source placed on the y — —b line 

is the region of positive flux and the source placed along the y — 6 line represents the region of 

negative flux. With this source configuration a dextral channel is produced; i.e the direction of the 

field points to the right when standing on the positive polarity side.

The flux passing through the arcade sources is given by

Flux = B .dA  = Boa I  ( l  -  ^ )  ’’a + (2.3.7)

where L = xi — xq is the length of the main body of the elongated area. The channel will now 

be computed when a — b and a — 2b. Each of these cases will be modelled twice with different 

boundaiy conditions and compaied with the analytical potential model. By doing this it will be 

seen how well the point source representation (Section 2.1) compares with the present numerical 

model and more realistic flux distributions. Also, by considering two cases it will be seen how the 

solution depends on or is affected by the bottom and side boundary conditions of the box (Chapter 

4). For each case, the height of the lower and upper separatrix surface of the flux tube connecting 

the two circular sources along the channel is calculated for points above the origin .t = 0, y =  0. 

The width of the structure is also calculated as alpha is varied.

2.3.1 C asel.

In the first case the sources are positioned such that,

= -0.84375 

xi = 0.84375

6 = 0.34375

Ta = 0.1

Tc = 0.1

L = 1.6875.

As with the simple potential model all lengths and fluxes aie scaled such that

b unit = 30,000 km

Boa = TO.
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With this scaling the maximum height above the photosphere that can be reached, due to the 

top of the box is 5.8 units or 175,000 km. The field lines in the channel will now be computed for 

flux ratios of ^  = 1.0,0.75,0.5,0.25,0.1. The more realistic solutions should be when the flux 

of the circular sources is much less than the flux of the arcade sources. The ratio of fluxes is given

by

|Boc ( l  -  7’c

^  ^oa [ |  ( l  -  ^ )  +  Lfaj
(2.3.8)

and for this case it is

T  = 0.05245|^
a -tici

(2.3.9)

The table below shows the central strength of the circular sources for each of the flux values when 

Boa = 1-0.

Fc/fk Boc

1.0 19.0

0.75 14.3

0.5 9.53

0.25 4.766

0.1 1.9

Table 2.3: Flux ratio of circular and arcade sources and maximum field strength 

at centre of each circular region for casel.

a=b.

The numerical code is first mn for the case when a = b ~  0.34375, when the separation of the 

two circles is the same as that of the two arcades. The separatrix height and width of the flux 

tube connecting the two circular regions of flux are calculated for each flux ratio and value of 

alpha (Figure 2.20). The top graph gives the separatrix height (//s/6) versus alpha. Since we 

have a confined box system the top of the separatrix is constrained to be below the top of the box 

(5.8 units). This boundary is shown as the solid line. However when the field lines approach the
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Figure 2.20: Graph of sepaiatrix height ( H s / b ,  top) and width of flux tube (W^/a,bottom) versus 

alpha for various flux ratios. The separatrix height is shown for the flux ratios of ^  = 1.0 (solid), 

0.5 (dashed), 0.25 (dash-dot), 0.1 (dot).

top or sides of the box they become affected by the boundary conditions and become unphysical. 

The second graph gives the width of the flux tube (W /a) versus alpha. For a realistic filament 

we would require the width of the structure to be much less than its length. Similar results are 

obtained to those of the analytical potential model, but there are some differences. Again, as in the 

conesponding analytical case, when the flux regions connect they do so with only an upper bound 

and no lower bound, since they aie connected in the photospheric plane through a; =  0, ^ =  0. It 

is interesting to note that if the flux is too weak to connect the circulai" sources in the potential case 

( ^  =  0.25,0.1), connections can be made by vaiying alpha.

For ^  = 1.0 (solid line) as alpha is increased from zero to positive values the height of the 

upper bound of the separatrix decreases and, with that, the width of the stmcture also decreases. 

This can be seen in Figure 2.21 which shows the sepaiatrix surface for a  — 0.0 (left) and 1.4
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(right) with the surface seen from the (a) top, (b) the side and (c) an oblique angle in each case. 

The changes in the structure are due to the type of twisting that is being added to the field. In Fig

ure 2.22 we see the horizontal field vectors By) plotted at a height of 7 grid points (19,000 

km). The vectors are shown for both the potential case (black arrows) and the force-free case with 

a  — 1.4 (red anows). It can be seen that when a positive value of alpha is used, the field vectors 

at the centre of the channel rotate in an anti-clockwise direction from that of the potential field. 

This rotation of the field makes it easier for the flux of the positive circular source to connect to 

the negative arcade at the top of the channel as more flux from the circular source can now connect 

across the channel rather than along it. Therefore the flux tube connecting the two circular sources 

decreases with height and width as the value of alpha is increased as shown in Figure 2.21. At 

the bottom left-hand comer and top right-hand corner of the channel (Figure 2.22), the horizontal 

field vectors are very small compared to the ones at the centre of the channel. This is due to the 

two positive regions of flux and two negative regions of flux interacting with each other. The flux 

emerging from the two positive and two negative regions is such that their horizontal components 

are oppositely directed at these two locations. The horizontal components nearly cancel out, leav

ing only a dominant vertical component which points upwards at the bottom left of the channel 

and downwards at the top right.

Once a value of a  = 1.5 is reached, the two circular flux regions connect over two ranges 

of height. They aie connected from the photospheric plane to the height of the upper separatrix 

(a =  1.8, iTjs = 1.2 units) and then they are connected over the top of the arcade sources from a 

height of 4.5 units (135,000 km) to the top of the box. In Figure 2.23 the field lines can be seen 

over the two domains of connectivity. The second domain of connection is due to the boundary 

conditions in the box and is unphysical. As the value of alpha is increased from a  = 0.0, the 

region of dominant vertical field at the lower left-hand and upper right-hand corners in Figure 2.22 

becomes stronger. Eventually, when enough twisting is added, the field is directed up the side wall 

of the box, along the top and down the other side into the negative region of flux leading to the 

second unphysical domain of connectivity.

The same type of graph is obtained for ^  = 0.5. However, since the flux is much weaker, the 

two circular sources become disconnected for a much lower (positive) value of alpha. Correspond

ingly, a much larger value of alpha is required for the sources to connect over the top of the arcade.
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Figure 2.21: Separatrix surface for flux connecting circular sources for a  = 0.0 (left) and 1.4 

(right). Fc/Fa = 1.0 and a = b in each case.
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force-free (a = 1.4) field (red) for Fc/Fa = 1.0 and a = b.
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Figure 2.23: Separatrix surface for flux connecting circular sources for o; =  1.8 (Fc/Fa = 1.0,a 

6) showing the two domains of connectivity.
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The opposite now occurs for ^  =0.25 and 0.1. For these cases, the flux of the circular sources 

is too weak to connect in the potential case with an upper bound. The value of alpha needs to be 

negative for the two circular sources to connect. As the value of alpha is decreased, the height of 

the flux tube connecting the two stmctures increases along with the width. Again, this is due to the 

type of twisting that is being added to the field. As the value of alpha is changed to negative values 

the field vector of the horizontal field By) is rotated in a clockwise direction compared to that 

of the potential field. This can be seen in Figure 2.24 where the potential (a =  0.0) field direction 

is shown in black and the sheared field (a = —2.0) direction is shown in red. The flux from the 

positive circular source is directed more along the channel than across it compared to the potential 

case. When the shear is great enough, the two circular regions of flux can connect. By decreasing 

the value of alpha more flux is twisted along the channel and the height of the sepaiatrix and the 

width increase.

a=2b.

The separation of the circular sources representing the flux of the filament is now twice that of the 

arcade sources. This is a much more realistic configuration for larger filaments. Again, the graph 

of separatrix height (Hsfb) versus alpha and width (W /a) versus alpha is shown in Figure 2.25. 

Similar results are obtained to the simple analytical model. The two regions of flux are connected 

with both an upper and lower bound. From the graph it can be seen that we have two different 

types of curve. For ^  = 1.0 we have both an upper and a lower bound for the potential case. As the 

value of alpha increases, the heights of both séparatrices increase until a value of a  =  0.4, when 

the upper separatrix reaches the top of the box, at which point the solution becomes unphysical. 

When taking a wider spacing we ar e much closer to the sides of the box and, for strong flux values, 

the walls have a large effect on the solution. If the flux of the sources is decreased, the effect of 

the walls becomes less. For ^  = 0.75, the two circular sources are not connected for the potential 

case. However, if alpha is decreased to negative values, at a  =  —0.3 they connect at a height 

of 2.2 units (66,000 km). As alpha is further decreased the lower separatrix extends down to the 

photosphere and the upper bound stays roughly at the same height. The sources become connected 

over a much larger range of heights and the width of the stmcture also increases, again due to the 

type of twisting that turns more flux to connect along the channel than across it, as described
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Figure 2.24: Horizontal field vectors (i?^. B y )  for the potential (q = 0.0) field (black) and linear 

force-free (q = -2 .0 ) field (red) for FdFa = 0.25 and a = h.
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Figure 2.25: Graph of separatrix height {Hsjh, top) and width of flux tube (PF/a,bottom) versus

SkFaalpha for various flux ratios when a — 2b. The graph shows results for flux values of ^  = 1.0

(solid), 0.75 (dash-dot-dot-dot) 0.5 (dashed), 0.1 (dot).

before. In Figure 2.26 the flux tube connecting the circular sources is shown for a = —1.8, 

FcJFa = 0.5. For this value of alpha the height of the upper bound is 57,000 km and lower bound 

is 20,000 km, while the stmcture is 2,000 km wide. All these dimensions being well within the 

observed range of values for filaments. For this value of alpha we have a very long, thin stmcture. 

Thus connections can be made along the channel even if the flux of the circular sources is much 

less than that of the arcade, but only if there is shear in the magnetic field. When the flux of the 

circular sources is less than that of the arcade more realistic stmctures for the filament can be 

obtained than in Section 2.1 since the stmcture is much longer and thinner. For all of the fluxes 

considered in this example the range of heights and widths are within the ranges observed for 

filaments. The results here are also consistent with those in Section 2.1. However, a much wider 

variety of separatrix stmctures and widths is possible as the value of alpha is changed. Finally,
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if alpha is increased to positive values, connections can be made at the top of the box, but again 

these are unphysical.

Thus it can be seen that as the value of alpha is changed to both positive and negative values, 

in both cases a wide range of possible connections over many heights and widths is possible. 

Connections can occur where there were no connections before and disconnections can also occur 

as the value of alpha is changed, leading to a wide variety of possible structures that resemble 

filaments. It will therefore be useful to model some observed channels since this helps to fix some 

of the free parameters. For a dextral channel the widest range of connections are for negative 

values of alpha. By symmetry, for a sinistral channel positive values of alpha give the widest 

range of connections. The connection of helicity with the sinistral/dextral patterns of filaments 

will be dealt with in more detail in Chapter 4.

2.3.2 Case2.

In the last example the effect of the boundary conditions is large for large fluxes, leading to the 

generation of unphysical results. The modelling is now repeated but with different boundary 

conditions to see how this affects the solution. The sources are placed closer together and their 

radii are reduced. This has the effect of making the box larger so the solution should be affected 

less by the boundary conditions of the box. The sources are placed such that

Xo  = -0.84375

X i  = 0.84375

b = 0.21825

Ta - 0.09

Vc - 0.09

L = 1.6875.

The sources ar e placed 8 grid points closer together. It should be noted that the length of the arcade 

source has been left the same as in the last example. By doing this the arcade extension becomes 

longer compared to the filament extension and the configuration becomes more like that of the 

analytical potential model. Again the structures are scaled such that

b = 1 unit = 30,000 km 

Boa =1.0
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Figure 2.26: Separatrix surface for flux connecting circular sources for FdFa = 0.5, a  

and a =  26, showing the upper and lower bounds of connectivity.

=  - 1 .

69



The heights of both the upper and lower séparatrices and the width of the flux tube are again 

calculated for the flux ratios ^  =  1.0,0.75,0.5,0.25,0.1. Since the radii of the sources has 

changed, the flux ratio of ^  (Equation 2.3.8) now becomes

^  = 0 .0 4 7 4 5 ^ ,
T'a T?oa

(2.3.10)

Table 2.4 shows the strength {Bod of the circular sources for each of the flux values, when Boa — 

1 .0 .

B o c

1.0 21.0

0.75 15.8

0.5 10.5

0.25 5.3

0.1 2.1

Table 2.4: Flux ratio of circular and arcade sources and maximum field strength 

at centre of each circular region for case2.

a=b.

The experiment is first repeated for a — b. The results are shown in Figure 2.27 where the solid 

line at the top of the box again represents the top boundary which is at 9.16 units or 275,000 km. 

Again the results aie plotted for the flux ratios of ^  = 1.0 (solid), 0.5 (dashed), 0.25 (dash-dot), 

0.1 (dot). Only an upper bound exists for the flux tube connecting the circular sources. As the value 

of alpha is changed to both positive and negative values the separatrix height and width change in 

the same manner as before. The width in general decreases as the value of alpha is increased to 

positive values, and increases as alpha is changed towards negative values. The results are similar 

to those obtained in case 1 but there aie differences. Since the walls have less effect than in case 1 

the results obtained for a = 0.0 should be closer to that of the simple potential model constmcted 

in Section 2.1. A comparison of the two methods of modelling is carried out in the next section. 

This time, a larger value of alpha (a =  1.9) has to be reached before the unphysical nature of 

the walls of the box comes into play and the sources connect at the top of the box. This larger
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Figure 2.27: Graph of Sepai'atrix Height ( l i s / b ,  top) and Width of flux tube bottom) versus 

alpha for various flux ratios in case2 when a = b .

value is due to the fact that the boundary of the box is further away from the flux regions being 

considered. Since it is further away, a much larger amount of twisting has to be added before the 

effect described earlier takes place.

A major difference in the two sets of results is the height of the upper separatrix in each case. 

Table 2.5 compares some of the values for the same flux ratios and values of alpha. All of the 

heights are higher in case 2 than in case 1, due to the fact that magnetic fields are space-filling. 

Since the box is effectively larger in case 2, the field expands to fill it giving larger separatrix 

heights. The width of the flux tube connecting the sources is also larger and this can be seen by 

comparing Figure 2.20 and Figure 2.27. Although in both cases different heights and widths are 

obtained, the same type of dependence of height and width on alpha is obtained.
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a Case 1 Case2

0.0 1.0 2.75 3.75

0.0 0.75 1.1 2.0

0.5 1.0 2.6 3.6

0.5 0.5 0.65 1.6

-1.5 0.5 1.7 2.4

-1.5 0.25 0.75 1.1

Table 2.5: Comparison of separatrix heights for different flux ratios and values of alpha. 

a=2b.

The separation of the sources is now chosen so that a = 2b and the process repeated. The re

sults are shown in Figure 2.28, for the flux ratios of ^  = 1.0 (solid), 0.75 (dash-dot-dot-dot) 0.5 

(dashed), 0.25 (dash-dot). The top of the box is again shown as the solid line. Again the same type 

of graph is obtained as in the last case. The sources are connected in general with both an upper 

and lower bound. As alpha is changed towards negative values the sources become connected 

over a wider range of heights due to the type of twisting that allows more flux to connect along 

the channel. For Fc/Fa = 1.0 as the value of alpha is changed to a higher positive value a point 

is again reached when there is only a lower bound and no upper bound (a = 1.4). This time a 

larger value of alpha is required for this point to be reached. This is again due to the fact that the 

boundary conditions of the box have a smaller effect. As when a = b, the sources aie connected 

over a larger range of heights and widths due to the lessening effect of the box. However, the 

same principle of solution is obtained as before, i.e. a lower and upper bound for the flux tube 

connecting along the channel.

2.3.3 Conclusions.

In this section the effect of magnetic shear on the separatrix surface of the simple potential model 

constructed in the last two sections is considered. Results similar to those of the potential case 

were found with either an upper, or upper and lower bounds existing for different separations 

of the circular sources. The surface increases or decreases with height and width as the sign of
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Figure 2.28: Graph of sepai'atrix height {Hg/h, top) and width of flux tube (W/a,bottom) versus 

alpha for vai'ious flux ratios in case2 when a =  26.

alpha is changed to both positive and negative values. It is found that the circular flux regions can 

connect for much smaller flux values when helicity is added. For the cases studied here, there are 

many possible heights and widths for the flux tube connecting the two circular sources as alpha is 

changed, with many of them lying within the observed range of values for filaments.

The modelling shows that the exact details of the solution (such as heights and widths) depend 

very much on the boundary conditions of the box, i.e how far away the sides and top of the box 

are from the flux regions. However, different boundary conditions give qualitatively the same 

behaviour and dependence with alpha. To model a specific filament accurately, the boundary 

conditions of the surrounding region would have to be adequately modelled. These conditions 

may include the helmet streamers that overlie filaments and have a confining effect on the filament 

channel field, like the top of the box. Also, neighbouring active regions may play a similar role
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as the sides of the box by confining the field into a certain width. Again there are many free 

parameters in the modelling, many of which will be fixed by modelling observed channels. In the 

next section the results of the analytical model and the potential case of the numerical model are 

compared.



2.4 Comparison of Analytical and Numerical Models.

It is now useful to compare the results of the potential case of the numerical method with the results 

from the simple analytical potential model, to give an indication of the differences in results due 

to the two different methods of modelling. In each case we are dealing with potential fields so the 

total relative helicity is zero and the results can be directly compared . Below, the main differences 

between the two different methods are outlined.

1. The simple potential model uses:

(a) Magnetic point sources (or singularities) to represent 

the field where Bx, By, B^ are specified.

(b) Open system with radial field at infinity.

(c) Two different types of source:

point source (filament) ~  ^  as r ^  oo 

line source (arcade) ^  ^  as jR oo.

2. The numerical model uses

(a) Diffuse regions of flux .

(b) Closed box — flux only enters or leaves through bottom surface.

(c) Vertical component of field zero at top of box, normal 

component zero at sides.

(d) Specify only Bz at photosphere.

(e) Both flux regions have same type of dependence.

From this it can be seen that there aie many differences between the two methods. It is there

fore promising that both methods give similar qualitative results, namely, that when a = b there is 

only an upper bound for the flux tube connecting the filament flux sources and when a — 2b there 

is both an upper and a lower bound for the flux tube.
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Figure 2.29: Comparison of potential field results for analytical model and three different config

urations of the numerical model for a == b.

Figure 2.29 shows the comparison for a — b, plotting the separatrix height (Hs/b) versus the 

ratios f / F  (for analytical model) and BodBoa{L +  (for the numerical model). The solid 

line represents the results of the analytical potential model. The separ atrix heights ar e computed in 

the numerical model for b =  0.34375 (dashed), 0.28125 (dash-dot) and 0.21875 (dot). The lines 

drawn across the graph show the top of the box for each separation of 6.

The analytical model gives a much higher upper separatrix surface. For b = 0.34375 the 

worst comparison between the two methods is found. For this value of 6 the sources fill up 

most of the box and the boundaries have a strong effect on the solution. As smaller values of 

b (0.28125,0.21875) are used, better agreement with the analytical model is found. By going to 

smaller values of b the box is made effectively larger and more like the analytical model. The 

field of the sources expands to fill the box. Consequently, since the simple potential model has 

open boundary conditions, it should represent the highest possible height for the separatrix. As 6 

is decreased it can be seen that the effect of the top of the box becomes less as the final height gets
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Figure 2.30: Comparison of potential field results for analytical model and three different config

urations of the numerical model for a — 2b.

much further away from it. For b = 0.34376 units the difference in height of the top of the box 

and top of the separatrix for f  j F  = 40.0 is 0.5 units, for 6 =  0.28125 it is 1.2 units and finally for 

b =  0.21875 it is 2.2 units. For the three cases studied here it can clearly be seen that as the system 

of flux sources is shmnk, the solution grows closer to that of the potential model. This indicates 

that, if the boundaiy of the box could be placed at infinity, the solution may give the same results 

as in the analytical model. However, a more detailed study would have to be carried out to show 

this. For numerical reasons the sources cannot be placed any closer than 0.21875 units (7 grid 

points). To compute any configuration below this spacing the number of grid points will have to 

be increased from 65^ to 129^. On 65^ grid points each program takes 720s to run and generates 

6Mb worth of data. On each graph 30 points are used (21600s, 6 hrs, 180 Mb). To increase the 

spacing to 129^, roughly 35 hrs of RAL J90 time would be required and 1530 Mb worth of data 

produced. It is therefore too expensive to test the result any further. In Figure 2.30 the results aie 

shown for the same spacing and a = 26. Again similar results are obtained as before with the
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solution becoming doser to the analytical model as the sources are shrunk into the box.

For the potential case the height and width of the flux tube connecting the circular sources 

can vary by a large margin depending on the boundary conditions. For filaments that aie closely 

bounded by active regions on either side and held down by low-lying arcades, the results for 

b =  0.34375 may be more realistic. However, for high-latitude quiescent polar-crown filaments 

which have open radial field near to them, the larger box or analytical model may be more realistic. 

A wide possible range of heights can be obtained with most being within the observed range for 

filaments.
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Chapter 3

Application of Potential Models,

In this chapter potential modelling will be used to describe a variety of coronal stmctures. Potential 

models are very useful since they may be constmcted analytically and can cover a wide region of 

parameter space. For the cases considered here it will be shown that potential models aie a good 

first approximation. However, it should be noted that potential models cannot always represent the 

full nature of coronal fields and essential aspects of the physics involved may only come to light 

when force-free or magnetostatic models are considered. To begin with (Section 3.1), potential 

models will be used to describe the bending of a filament in a filament channel as it passes between 

regions of opposite polarity flux, called plagettes. The modelling describes one mechanism by 

which a filament may break up. After that (Section 3.2), arcades lying above switchbacks of 

polarity inversion lines at high latitudes on the Sun aie considered. The potential modelling shows 

that the opposite skew of the arcades on each arm of a switchback may be due to a local flux 

imbalance at the corner of the switchback. Finally (Section 3.3), potential models are constmcted 

of a filament in a filament channel. The modelling shows that dips in the magnetic field of a 

filament may be due to the locations of positive and negative flux lying below the filament.
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3.1 Bending of a Filament.

3.1.1 Observations.

In Figure 3,12 a filament can be seen lying in a filament channel. On the left-hand side there are 

two H a images and on the right-hand side the corresponding magnetograms. On the H a images 

the filament is the dark elongated structure in the centre of the channel that bends and weaves 

its way past the regions of opposite polarity flux. On the magnetograms which give the vertical 

component of field through the photosphere, white represents regions of positive flux and black 

regions of negative flux. On the top magnetogram at the right-hand side there are two regions of 

opposite polarity flux that lie close together, regions 4 and 5. As the filament approaches these 

two regions (called plagettes), it bends or kinks and passes between them. As it does so, it also 

becomes narr ower. This feature of filaments will now be modelled.

To model the bending of the filament, the magnetic field of the filament is regarded as a 

uniform field B q in the x-direction. The plagettes are represented by two poles, one of strength

+ /  placed at ^ = —a and the other of strength — /  placed dXy = a. The schematic of the channel

can be seen in Figure 3.1. By representing the channel in this manner we suggest that the bending 

of the filament is a result of the plagettes acting on the horizontal component of the filaments field 

in the channel. Since the region of bending of the filament (Figure 3.12) is small compared to 

the entire length of the filament the horizontal component of the filaments field is assumed to be 

uniform in the region of the plagettes.

The magnetic field of the channel is given by

where Bo is the strength of the uniforari field {Bq > 0) and /  is the strength of the plagettes. The 

vectors r i  and rg are given by

r i  =  æ x  -t- ( 2/ -  a ) y  +  z z ,

rg = .Tx-I-(^ + a)y + zz, (3.1.2)

and all fluxes are normalised such that

Bo =  1.0. (3.1.3)
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Figure 3.1 : Schematic of channel showing coordinate system and location of plagettes in channel.

3.1.2 Field Lines.

The field lines in the z =  0 plane are first considered. In Figure 3.2(a) the field lines are plotted 

for f  = 1.25 and a = 1.3. The dashed lines represent the separatrix lines and the solid lines the 

field lines. Two neutral points exist at the intersection of the séparatrices, in front of the positive 

pole and behind the negative pole. The separatrix lines separate the flux of the plagettes from the 

body of the filament and it can be seen that the plagettes aie not connected. The field lines that 

emerge from the plagettes lie anti-parallel to one another and paiallel to the body of the filament, in 

agreement with the observations of Martin et a i  (1995). The body of the filament passes between 

the plagettes and as it does so it bends or kinks and becomes narrower.

In the second plot. Figure 3.2(b), the strength of the plagettes is increased to /  =  2.5. With this 

the filament is bent more and is much thinner. The sepai'atrix surfaces that contain the plagettes are 

much larger and lie closer together. For this flux value the effect of the plagettes on the horizontal 

field of the filament can be clearly seen. In the final plot (Figure 3.2(c)) the strength of the poles 

is increased to /  =  10.0. The two plagettes are now connected together and no flux can pass 

between them. The plagettes have become too strong and have broken up the filament.

In Figure 3.3(a) the field lines out of the z = 0 plane are shown from an oblique angle. It is
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Figure 3.2: Field lines in the z = 0 plane for (a) /  = 1.25, (b) /  = 2.5 and (c) /  = 10.0
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shown for a =  1.3 and /  =  1.25. The dashed lines are again the separatrix lines and the field 

lines in bold represent the ones out of the z = 0 plane, while the light ones are in the z = 0 plane. 

As the body of the filament approaches the plagettes it bends or kinks its way between them. The 

field lines closest to the positive pole bend away and rise up to avoid it, while the field lines closest 

to the negative pole bend down and towards it. The plagettes are not connected to the body of the 

filament and are separated from it by a type of “plagette magnetosphere”, which is outlined in the 

z =: 0 plane by the dashed line. The bold field lines are plotted at a height of 0.5 units for the field 

lines representing the filament and at 0.35 units for those representing the fibrils. In Figure 3.3(b) 

the same set of field lines is seen but from the side.

3.1.3 Displacement and W idth of Filament.

From the field line plots it can be seen that the effect of the plagettes on the structure that resembles 

the filament is to make it bend or kink. The amount of bending or kinking will depend on the ratio 

of the strength of the filament field (Bo) to the strength of the plagette flux (/). In Figure 3.4(a) 

the displacement of a field line from a uniform field caused by the plagettes is shown. The graph 

plots d/a  versus the flux ratio / / (B qO^). Where d is the displacement of the field line that passes 

through the origin and lies in the z =  0 plane. As the flux of the plagettes increases, the displace

ment of the field lines also increases. The maximum displacement of the field at fKBoO?) =  2.56 

conesponds to the two poles joining together and the filament field can no longer pass between 

them.

If this is a reasonable representation of the filament bending process then this graph could be 

used to find the horizontal component of field within the filament from H a  and magnetogram 

images. From the H a  image, the displacement “d” of the filament from its uniform (straight) 

structure and the separation “a” of the plagettes can be measured. The magnetogram then gives 

the flux “/ ” of the plagettes. By finding the location on the graph given by “d /a ” the value of Bo 

could be indirectly calculated. The practical application of this procedure should be considered 

in the future. As the filament passes between the plagettes its width decreases. In the next graph 

Figure 3.4(b) the ratio of the width of the filament (Wo) before it passes through the plagettes to the 

width (wi) as it passes between the plagettes is given versus the same flux ratio as before. Again 

the widths are measured in the z =  0 plane. For all flux values the width ratio is less than one,
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4(a)

4(b)
Figure 3.3: Field lines out of the z = 0 plane fora = 1 .3 ,/ = 1.25 seen from (a) an oblique angle 

and (b) the side.
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Figure 3.4: Graphs of (a) displacement d /a  of field line from uniform field versus the flux ratio 

/ / {BqO^) and (b) width ratio wx/wo versus the same flux ratio.

showing that the structure becomes thinner as it passes between the plagettes. As the strength of 

the poles increases, the ratio decreases until f/BoO^ = 2.56 and the width is zero. This is again 

when the two poles connect. This graph together with Ho; and magnetogram images could again 

be used to infer the strength of the uniform field through the filament.

3.1.4 Conclusions.

In this section a simple potential model has been constructed to represent the bending of a filament 

in a filament channel. The model consists of a uniforai field that represents the filament and a pair 

of point sources that represents the plagettes. A good representation of the bending is found and a 

possible mechanism for obtaining the strength of the horizontal field in a filament is given.



3.2 Orientation of Arcades above Switchbacks 

of Polarity Inversion Lines.

3.2.1 Introduction.

A “switchback” of a Polarity Inversion Line (RLL.) and the skew of the overlying coronal arcades 

are modelled next. The polarity inversion lines considered here generally lie at high latitudes on 

the Sun and tend to be those of the polar crown. In Figure 3.5(a) a schematic diagram of the type 

of polarity inversion line and the typical skew of the coronal arcades can be seen. On one arm of 

the switchback the arcades have one type of skew and on the other arm the opposite skew. The 

arcades aie post-eruption arcades and in a recent survey by A McAllister (Private Communication) 

it was found that, for the majority of cases of this type of P.I.L. in each hemisphere, the arcades 

have this form of opposite skew. Since the ai'cades have opposite skew the direction of the hori

zontal component of field is opposite on each arm. This has important consequences for the type 

of filaments that would lie under the arcades, since there is a one-to-one correspondence between 

the arcades and filaments. On one ann of the switchback there would be a dextral filament and on 

the other arm a sinistral filament, both lying on the same P.I.L. This would contradict the results of 

Martin et al. (1995). In this section the origin of the skew of the arcades is considered. A poten

tial model of the switchback is developed which gives qualitatively the observed skewing of the 

coronal arcades. Potential models are considered since the arcades observed are post-eruption and 

therefore have lost some energy. The initial modelling will therefore consider the lowest-energy 

state of the field. The model is then applied to a specific set of observations where magnetograms 

are used to deduce the locations and strengths of flux sources at the photosphere and Yohkoh im

ages aie used to compare the orientations of the deduced model coronal arcades with those given 

by observations.

3.2.2 General M odel

For the general model we consider two regions of flux nested together as shown in Figure 3.5(b) 

with the positive flux region nested inside the negative flux region. It is assumed that the two 

regions have the same flux density. Since the positive region is nested inside the negative region
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Figure 3.5: (a) Polarity inversion line with opposite skew of arcades on each arm. (b) Nested

magnetic flux regions with a positive region nested inside a negative region, (c) Representation

of a nested flux region by point sources (plus sign) and sinks (minus sign), (d) Shear angle (7 )

of field lines along the P.I.L. measured from the normal to P.I.L. (e) Definition of left-skew and

right-skew arcades as having 7  positive and negative, respectively.
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its area is less and so its total flux is smaller than that of the negative region. Locally, at the corner 

of the switchback, there is an imbalance in location of flux towards the negative flux. It is this 

imbalance at the corner of the switchback which creates the skew of the arcade, which can then be 

compared with observations.

The flux region shown in Figure 3.5(b) can be represented in a potential field model by placing 

a series of point sources and sinks along both arms of the positive and negative regions. The 

magnetic field of each source or sink relative to its location is again given by Equation 2.1.1. The 

positive sources (all of strength tt /)  aie positioned as shown in Figure 3.5(c) with the distance 

between the centres of successive sources being 1 unit, which corresponds to 30,000 km (i.e. a 

typical supergranule width on the quiet Sun). The switchback angle (Og) is defined as the angle 

between the two lines of sources (i.e the angle between the horizontal and diagonal aims of the 

switchback). Opposite each of the positive sources a negative sink of strength — ̂ /  is placed at a 

distance of 2 units. By doing this a negative sink is matched to each of the positive sources. Extra 

negative sinks are then added onto the horizontal and diagonal arms of the negative flux region 

with separations of 1 unit until the corner of the switchback is complete. These aie balanced by 

positive sources at large distances (out of the field of view considered) and equally spaced in angle. 

The field lines at the switchback are then plotted at various heights to show how the skew varies 

with height and distance along the aims, for switchback angles Og of t t /4, t t /3  and t t /6.

(i) 0g = 7t/4

The field lines are first plotted when the angle of the switchback is t t /4, as shown in Figures 3.6(a- 

e). There are 17 positive sources; opposite each of these a negative sink is placed. Eight negative 

sinks are then added (four on each arm ) to complete the comer of the switchback. The system is 

in flux imbalance of —9 units. It is this imbalance in flux location at the corner of the switchback 

that generates the skew of the field lines. The dashed curve on each of the plots represents the 

P.I.L., which we define to be the photospheric location above which the field lines at unit height 

are horizontal; along the arms of the switchback the P.I.L. lies in the centre of the polarity inversion 

zone midway between the two rows of sources. Near the centre, the P.I.L. curves round closer to 

the inside positive sources because of the local flux imbalance.

The length of each of the arms of the switchback is 10 units or 300,000 km, which is almost
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Figure 3.6: A selection of field lines along both arms of the switchback when 6/5 = tt/4  at heights 

of a) 15,000 km, b) 30,000 km, c) 60,000 km, d) 90,000km and e) 120,000km. (f) a graph of shear 

versus length along an arm of the switchback for these heights.
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half a solar radius across the surface of the Sun. The model of the region is carried out on a flat 

plane and so has not so far taken into account the effect of the curvature of the solar surface, which 

will be included in future (see van Ballegooijen et al. 1997). The plots shown in Figure 3.6(a)-(e) 

show the field lines that cross the P.I.L. at various heights. In Figure 3.6(a) the height is 0.5 units 

(15,000 km), at which the field lines are not greatly skewed with respect to the P.I.L. The positive 

source at the centre connects to many of the sunounding negative sinks and so the flux from the 

source only reaches low heights. This is why the P.I.L. lies closer to the positive source rather than 

the negative sinks at the comer.

The second plot, (Figure 3.6(b)) shows the field lines that cross at a height of 1 unit (30,000 

km), at which there is more skew on the field lines and the skew exists much further along both 

arms. Less flux from the positive source at the corner reaches this height due to the fact that it 

connects to so many negative sinks at lower heights. In Figures 3.6(c)-(e) the field lines are plotted 

that cross at heights of 60,000 km, 90,000 km and 120,000 km, respectively. Again as we go 

up higher the skew of the field lines relative to the P.I.L. increases; it is non-zero along the entire 

length of each arm in Figures 3.6(d),(e). The higher the field lines the more flux connects over the 

top of the positive sources on the inside of the comer to the negative sinks on the outside of the 

corner, which gives long, skewed field lines. In Figure 3.6(f) graphs of the skew of the field lines 

against the length along the P.I.L. are plotted. The length along the P.I.L. is the distance along the 

P.I.L. from the west-most point of the horizontal arm to the northem tip of the diagonal arm. The 

skew angle (7 ) is the angle that a field line makes to a normal from the P.I.L. as it passes over 

the P.I.L. (Figure 3.5(d) ), Along the arms of the switchback where the P.I.L. lies paiallel to the 

x-axis, a field line that is parallel to the P.I.L. will have a skew angle of 90° and a field line that 

is not skewed will be perpendicular to the P.I.L. and have a skew angle of 0°. The changing skew 

from one arm of the switchback to the other will be represented by a changing sign of the skew 

angle. The two types of skew are left skew and right skew. An arcade is said to have left skew if, 

when seen from above and on the positive polarity side, the arcade goes from the observer's left 

to right. This will be represented by a positive skew angle (7 ), Figure 3.5(e). Correspondingly, 

a right-skewed arcade is when the arcade goes from the observer's right to left again when seen 

from above and on the positive polarity side and is represented by a negative value of gamma. 

Figure 3.5(e). The graph shows how the skew angle varies with length for heights of h = 0.5,
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Figure 3.7: The same as Figure 3.6 but with the angle (#,) between the arms being tt/3.
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1.0, 2.0, 3.0 and 4.0 units. At the west-most point of the horizontal aim the skew is its smallest 

(positive value) for any given height. As the comer is approached the skew increases until a 

maximum is reached. It then falls sharply to zero at the corner of the switchback and reverses sign 

on the diagonal arm. The same feature is then repeated but with negative values of gamma along 

the diagonal arm. On the horizontal arm we have a left-skewed arcade and on the diagonal arm 

a right-skewed arcade. Thus there is a different skew on each arm of the switchback. As can be 

seen from the graph, the skew angle of the field lines at any point along the P.I.L. increases with 

height. Since there is a changing skew with height we have a shear of the field lines.

(ii) (9s = 7t/3

For a switchback angle of0g = tt/ 3, the positive flux region is again represented by 17 positive 

sources and opposite each of them a negative sink is placed at a distance of two units. Six extra 

negative sinks are then added, three onto each arm to complete the negative flux region of the 

switchback. The plots of the field lines are shown in Figures 3.7(a)-(e). The plots are again for 

field lines crossing the P.I.L. at heights of 15,000 km, 30,000 km, 60,000 km, 90,000 km and

120.000 km, respectively. As before, the skew angle of the field lines is small at low heights 

and increases with height. At a height of 60,000 km no flux comes from the positive source at 

the corner. This encourages a skewing of the higher field lines from the sources along the arm. 

The field lines connect over the top of the positive source and produce long skewed field lines. In 

Figures 3.7(d) and 3.7(e) the skew can be seen along the entire length of the arms. Figure 3.7(f) 

shows the skew angle against length along the P.I.L. at heights of h — 0.5, 1.0, 2.0, 3.0 and

4.0 units. Again the higher the height the greater the skew of the field lines. The skew is again 

small at the west-most point of the horizontal arm and increases with distance along the arm till a 

maximum is reached and then falls to zero at the corner. Again, as we pass from the horizontal arm 

to the diagonal arm, the angle reverses from a positive value (left-skewed structure) to a negative 

(right-skewed structure) and a similar pattern is repeated on the diagonal arm. It can be seen that 

there is less skew in the field lines than in the case when 9̂  — 7t/4. This is due to the fact that 

there is a smaller flux imbalance at the comer due to the increased value of the switchback angle 

Os- With the smaller flux imbalance fewer field lines connect to the corner of the switchback and 

so the shear of the field lines is less.
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Figure 3.8: The same as Figure 3.6 but with the angle (9s) between the aims being tt/6.
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(iii) 9 s — 'k /Q

The above model was now repeated for a switchback angle oi 9s — t t / 6 .  The positive flux region 

is again represented by 17 positive sources, but this time the negative flux region is represented 

by 32 sinks. Since the flux imbalance is even greater in this case, the skew of the field lines is 

greater at each height than when 9s — t t / 4  and t t / 3 .  Figures 3.8(a)-(e) show the field lines at 

the same heights as before. The graph in Figure 3.8(f) of the skew angle with respect to length 

along the P.I.L. shows how much the skew of the field lines has increased due to the increased flux 

imbalance.

Skew of field lines can be created by having a local flux imbalance at the corner of a switch- 

back. The amount of skew of the field lines depends on the amount of flux imbalance and also 

the height of the field lines and their distance from the corner of the switchback, A different type 

of skew is obtained on each aim of the switchback due to the flux imbalance. On the Sun the 

imbalance of flux at the comer is due to the switchbacks lying at high latitudes on the solar surface 

near to the poles where there is a laige region of unipolar flux.

3.2.3 Model o f Observations

The general model of the switchback is next applied to a specific set of observations. By repre

senting the flux emerging through the solar surface as a series of sources and sinks the resulting 

model coronal arcades will be compared with the overlying coronal arcades seen in Yohkoh im

ages. By doing this a qualitative agreement between the orientation of the arcades in the model 

and the observations is found. The arcades were observed between the 24*  ̂ and 25^  ̂ Febmaiy 

1993. In Figure 3.9 an Ha synoptic chart shows the location of the switchback of the P.I.L. The 

cusp of the switchback lies between 210 and 240 degrees of heliographic longitude and in the 

southern hemisphere between S50 and S60 in sine latitude. To construct the model synoptic chart 

inagnetograms were obtained from the NSO archive. The magnetograms were taken by the NSO 

Vacuum Telescope located in Kitt Peak, Arizona using a spectromagnetograph with the 8688 A 

line. Each synoptic magnetogram represents one Carrington rotation of the Sun and is made from 

a weighted average of the daily maps. Each map is also corrected to provide a best estimate of the 

average magnetic flux density in Gauss at each pixel and represents the magnetic field at central

94



Carrington Rotation 1866

m

«MJ m

'•r

lin lUviiHtf tKf /$) g #,#*
9

MüîKsgraphéc LamgAud#

Figure 3.9: Ha synoptic chart showing a switchback of the P.I.L. in Carrington rotation 1866.

meridian passage (Harvey 1994). The maps are of size 360 x 180 pixels where each pixel in the 

x-direction represents 1 degree of longitude and each row represents an equal step in the sine of 

latitude ranging from the south pole to the north pole.

The area of magnetic flux corresponding to the switchback must now be cut out of the magne

togram. To model the arcades no flux that lies at less than 180 degrees of longitude is considered 

since any flux before this value lies far away from the comer of the switchback. Also no flux that 

lies above S30 or below S70 in sine latitude is considered. Above S30 is the active-region belt of 

the Sun and is well above the top comer of the switchback, while below 870 is the polar crown 

region of coronal holes and so it is not included either.

In Figure 3.10(a) a contour plot of the magnetic field made at -4 and 4G can be seen. Positive 

flux is outlined by the dark lines and negative flux by the light lines. From the contour plot it 

can be seen that the switchback is mainly made of weak background flux and most of the flux 

lies between ± lOG. Since it is made up of weak background flux no boundary flux value can be 

chosen (as in Mackay et al. 1996 and Schrijver 1987) and all flux values will be included in the 

modelling. Even though the switchback is made up of weak background flux the distinct shape of 

it can be seen with the cusp lying between 220 and 240 degrees of longitude. There are several
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different sets of observations that show the time-development of the switchback between the 24^  ̂

and 25^  ̂ February 1993. However, due to the fact that there is only one magnetogram and the 

magnetogram is not of high resolution the time-development of the arcades cannot be modelled. 

Instead a time snap-shot of the arcades will be constructed showing the main properties of the 

arcades on both the horizontal and diagonal arms. The deduced field lines give a good agreement 

with the observations made on the 25*  ̂February at 07:03 for the arcades above the horizontal arm 

and at 11:36 for the arcades above the diagonal arm. At these times the skew of the arcades on 

the horizontal arm varies between 50°-65° and the skew on the diagonal arm is around 50°. A full 

description of the development of the arcades over the two days can be found in McAllister et al. 

(1997). For the switchback the horizontal aim is defined as the arm that mns nearly parallel to a 

line of latitude and the diagonal arm passes through different latitudes.

On the synoptic chart a common spatial scale does not exist between the equal step in sine of 

latitude and longitude since the Sun has a shorter cylindrical radius neaier the poles. The origin 

of the model coordinate system is chosen to be the point (180,-70) on the synoptic chart and all 

distances are measured from this point. The conversion factor from degrees of longitude {9) to 

kilometres at any given latitude (^) is

E  ^^distance — 9 Rsun^^ (3.1.4)ioU

while the conversion factor for degrees of latitude {4) at any given longitude is

7T
^  ^ distan ce — 4  ̂ gQ (3.1.5)

Thus all lengths on the synoptic chart are such that 1 y-pixel = 1 equal step in sine of latitude 

=  12,147 km X 4  where for the pixel measured from the equator,

4 = a rc s in (^ )  -  a rc s in (^ ^ ^ ) . (3.1.6)

Therefore the y-pixel length scale increases with latitude. The first pixel from the equator is such

that N  -  Sdistance = 7 ,733fcm, while for the 30^  ̂pixel from the equator it is iV -  Sdistance =

12,147A:m, CoiTespondingly 1 x-pixel = 1 degree of longitude = 12147 km x cos(4), so that the 

length decreases with increasing latitude. The magnetogram is now split up into smaller areas
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of flux which are predominately of either positive or negative flux. In general, each area is 10 

longitudes long and 5 steps in sine latitude wide. Each of these areas is now represented by a 

magnetic source or sink whose total flux is the resultant flux of the area that it represents. The 

field of a single source or sink is again given by Equation 2.1.1 where this time the strength 7r/ is 

given by summing over the individual contributions of each pixel within its area,

7f/ = ^ / n X A „ ,  (3.1.7)
n

where fn  is the magnetic flux density in Gauss of the n’̂  ̂ pixel and An is the area expressed in 

cm^. This gives the total flux (tt/) in Maxwells. To model the magnetogram 145 sources are used, 

93 of which are negative and 52 are positive. The strength of each source and sink in terms of 

10̂ ® Mx is given in Appendix B. Each of the sources and sinks is placed at the centre of the region 

that it represents in terms of sine latitude and longitude coiTected for the fact that there is a shorter 

cylindrical radius nearer the poles. With this scaling all y-coordinates match the sine latitude seen 

on the synoptic chart and all x-coordinates differ by a cosine factor. In the region being modelled 

there is an imbalance of flux towards the positive flux of 2 x lO^i Mx. This is balanced (as in the 

basic model) by a series of negative sinks placed at equal angles apart and large distances from the 

switchback. By expressing the distances in this manner the flux regions are seen as they would be 

looking straight on the Sun and the location of the sources can be seen on Figure 3.10(b). The flux 

regions have a sheared structure and this, with the local flux imbalance towards the negative flux 

at the comer of the switchback, gives the sheared stmcture of the arcades.

The P.I.L. is now calculated for the 145 sources and in Figure 3.10 (b) it is shown as the 

dashed line that divides up regions of positive and negative flux. From the plot it can be seen 

that the deduced P.I.L. gives a good agreement to the one seen on the Ha synoptic chart. The 

centre of the cusp is located at (35,15) units or when transferred to heliographic coordinates at 235 

degrees of longitude and S55 in sine latitude, which is close to the observed location. The main 

body of the horizontal arm lies at 11 units or S59 in sine latitude and at the western end the top of 

the horizontal arm lies at 20 units or S50 in sine latitude. Finally, on the diagonal arm the P.I.L. 

runs east-west for a distance of 18 units (218,653 km) at 25 units or S45 in sine latitude, and the 

horizontal region is situated 13 units west of the cusp of the switchback. Thus the P.I.L. deduced 

from the sources gives a very good agreement with the one on the synoptic chart.
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Figure 3.10: (a) Contour plot of magnetic flux regions around the switchback at ±4 Gauss. Posi

tive regions are given by the darker lines and negative regions by the lighter lines, (b) Field lines 

plotted at a height of 50,000 km showing a left skew on the horizontal arm and a right skew on the 

diagonal arm. Positive sources are given by the plus signs and negative sources by asterisks, (c) 

The same as in (b) but at a height of 140,000 km. (d) Oblique view of the field lines at heights of 

200,000 km on the horizontal arm and 140,000 km on the vertical arm.
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The field lines of the switchback are now plotted for various heights. Only the field lines that 

correspond to the observations are plotted in each case. For each of the field lines the length in 

kilometres and the skew angle (the angle that a field line makes to a peipendiculai* from the P.I.L.) 

are calculated. Initially, the field lines are plotted at a height of 50,000 km. From Figure 3.10(b) 

the field lines on the horizontal arm can be seen to have a distinctive left skew. At their southern 

end the feet of the arcades are located at S62 (8 units) in sine latitude and at the northern end they 

are located at S52 (18 units) in sine latitude in the east and at S47 in sine latitude beyond 80 units. 

The left skew is created by the local flux imbalance at the corner of the switchback and also by the 

shear in location of the sources along the aims of the switchback. If a filament formed under these 

arcades it would be expected to be of dextral type. The field lines along the horizontal arm have 

an average length of 200,000 km. On the other hand the field lines above the diagonal arm have 

a definite right skew which can clearly be seen to be in the opposite direction to the field lines on 

the horizontal arm. In contrast a filament that formed below these arcades would be of sinistral 

type. The southern feet of the arcades are at S52 in sine latitude and therefore intermingle with the 

feet of the arcades on the horizontal arm. Again the structures are on average 200,000 km long. 

In Figure 3.11 the shear angle of the field lines can be seen along the entire length of the P.I.L. 

from the west end on the horizontal arm to the northem tip of the diagonal ann. At this height the 

predominant skew angle on the horizontal arm is 10 to 20 degrees and on the diagonal arm it is 

around -30 degrees so there is slightly more skew on the diagonal arm.

Next, the field lines are plotted at a height of 140,000 km, which is closer to the height of the 

observed field lines (Figure 3.10(c)). Again the field lines on the horizontal arm have a distinctive 

left skew and the field lines on the diagonal arm have a right skew. The footpoints of the arcades 

on the horizontal arm at the southern end now lie at S68 in sine latitude but the northem feet lie 

at the same position as before. Again the feet of the two arcades intermingle. With the increased 

height the skew of the field lines has also increased: again the graph of skew angle against length 

along the P.I.L. for this height is seen in Figure 3.11. On the horizontal arm the predominant skew 

lies between 40-50 degrees and on the diagonal arm between 45-60 degrees. The field lines are 

now much longer, with lengths on average 450,000 km on the horizontal arm and 350,000 km on 

the diagonal arm. At this height there is a good agreement with observations.

The field lines were then finally plotted at a height of 200,000 km. At this height the field
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Figure 3.11: Sheai* of field lines along the arms of the switchback modelled from observations. 

Positive values denote left-skew and negative values right-skew.

lines on the horizontal arm again gave a good fit to the observations with a skew of 50-70 degrees 

(Figure 3.11). However, the field lines on the diagonal arm did not compare well with the observed 

structures from the Yohkoh images with a skew between 70 and 90 degrees. In Figure 3.10(d) an 

oblique view of the field lines can be seen where the height of the field lines on the horizontal 

arm is 200,000 km (skew 60 degrees) and the field lines on the diagonal aim aie at a height of

140,000 km (skew 50 degrees). Thus a good comparison of the field lines and Yohkoh images was 

obtained.

3.2.4 Conclusion

In the first part of the section, it has been shown that a skewed structure can be generated along 

both of the arms of a switchback with a potential field model if we have a local flux imbalance 

at the comer of the switchback. The local flux imbalance means that on the inside of the switch- 

back all of the flux from the positive source connects to the negative sinks at low heights. Flux 

from other positive sources along both of the aims can then connect to the negative sinks at the
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corner over the top of the inside positive source and generate large sheared field lines as shown 

in Figures 3.6- 3.8. On one arm the field lines have one type of skew and on the other a different 

type. The amount of skew increases with height but decreases with distance along the arms of the 

switchback. When the amount of flux imbalance is increased, the skewing of field lines is also 

increased. In the second part the general model was applied to a specific set of observations and it 

was found that a good agreement with the orientations of the observed coronal arcades above the 

switchback can be obtained. The arcades on the horizontal arm have a definite left skew while the 

arcades on the diagonal arm have the opposite right skew. The best fit is obtained when the height 

of the field lines on the horizontal arm is 200,000 km (giving a skew of around 60 degrees) and the 

height on the diagonal arm is 140,000 km (giving a skew of around 50 degrees). Again the higher 

the field lines the greater the skew. The shear was again created by the local flux imbalance at the 

corner of the switchback and the asymmetry in physical location of the sources. The model gave a 

surprisingly good agreement with the observations, considering that the switchback was made up 

of weak background flux and low-resolution synoptic charts were used. The modelling has shown 

that in the corona low-lying field lines are often not greatly skewed, while the overlying field lines 

may be greatly skewed. The shear of field lines can be generated by a purely potential field if 

there is a local imbalance in flux location. Thus, unlike the case of a straight infinitely long uni

form arcade, a force-free field is not required in order to produce sheared field lines. The addition 

of currents to produce a force-free switchback may on the other hand increase the skew still further.
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3.3 Model of a Particular Filament.

In Chapter 2 a simple potential model of a filament channel was set up. We now develop it further 

by applying it to a specific example of a filament and filament channel.

3.3.1 Observations.

The two filament channels modelled in this section are shown in Figure 3.12. The images on the 

left are Ha filtergrams which show the chromosphere and on the right aie videomagnetograms 

which give the line of sight component of the magnetic field at the photosphere. The images 

are from a series of time-lapse films taken on the 29*  ̂ and 30*  ̂ August at the Big Bear Solar 

Obseivatory (Martin 1985,1986). By comparing the two images, the structure of the filament can 

be seen relative to the photospheric magnetic fragments that lie under the filament. The filament is 

bounded by mostly positive flux below and negative flux above. The filament therefore lies along 

the polarity inversion zone between the two flux regions. There aie also many sites of cancelling 

magnetic features near the filament. In the magnetogram the negative fields are black and the 

positive fields are white except within contours where there are stronger fragments of flux. Each 

successive contour represents an increase in field strength by a factor of two. The lowest contours 

correspond to field strengths of aiound 50G. It can also be seen that the strong concentrations of 

magnetic flux correspond to bright plage regions in the Ha picture.

The Ha images show many distinctive properties of the filaments. They are long, thin dark 

stmctures that bend and weave their way between regions of opposite polarity flux. When the 

filaments pass between regions of opposite polarity flux they tend to become very narrow (see 

Section 3.1).

By using the method of Foukal (1971) it is possible to determine the direction of the field 

inside the filament from the fibrils in the chromosphere, since the fibrils are aligned parallel to the 

filament's axis. In the top Ha image the fibrils on the positive polarity side emanate to the right 

of the plagettes (concentrations in the network magnetic field). By comparison, on the negative 

polarity side the fibrils emanate to the left. This suggests the horizontal component of the field is 

in the same direction on both sides of the filament. Thus the field in the filament goes from left 

to right. When standing on the positive polarity side the horizontal component of the field points

102



••

*%#&

M ' . -wr.&A

Figure 3.12: H a  (left) and photospheric magnetogram (right) pictures of a filament channel on 

two days shown top and bottom ( From Martin, 1985).
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to the right, so this filament may be described as being “dextral”. The legs of the filament leave 

the main body of the filament and go to the right into the chromosphere and so, as expected, this 

filament is also “right bearing”.

The top H a image shows a filament that seems to emerge from a region of positive flux on 

the left-hand side (region 1). It passes between the positive and negative regions of flux ( regions 

2 and 3 , 4 and 5 ) and becomes very narrow as it passes between them. It also has a bend or 

kink in the middle where the filament changes direction. The end of the filament passes off the 

Ha image. The same filament on the next day (bottom Ha image) has broken up into two smaller 

filaments (both “dextral”). The top filament emanates from flux region 1 to flux region 2 and is 

a very straight structure. The second filament emerges from flux region 3 and ends off the Ha 

image. It bends and kinks as it passes between regions of different flux. The features described 

above are the main ones that will be modelled.

3.3.2 Potential Model.

A potential field model is set up consisting of a series of sources and sinks representing the regions 

of positive and negative flux in the photosphere. It is assumed that nearly all of the sources on the 

magnetogram affect the filament to some degree. The magnetic field at a point (æ,y, z) due to a 

source or sink at (u , 6,0) is given by :

■ Q ^ L f  { x - a )  { y - b )
2 \  ((æ -  u)2 +  (y  -  6)2 -H z2)3/2 ' ((a; _  a)2 (y  _  6)2 +  ;;,2)3/2 '

(3.3.1)((æ — a)2 + {y — 6)2 -f ^2)3/2

where t t /  is the strength of the source or sink. It is assumed that the poles aie situated in the 

photosphere (i.e. z=0 plane). The relative strengths of each region are estimated roughly from 

the field strength and area of each region on the magnetogram. The strengths are only estimates 

since no raw data was available for the magnetogram. A more accurate calculation of this type 

using the exact flux values from a magnetogram is carried out in Chapter 4. All of the plots are 

drawn first looking vertically down on the field lines and then looking side on. The dashed box
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in Figures 3.13 and 3.14 represents the magnetogram box which contains all the magnetogram 

sources. One unit in the box corresponds to 9200 km or 13".

(i) Magnetogram 1.

It is assumed that the filament's magnetic field starts in pole 1 and an extra pole (pole 2) is added 

outside the magnetogram box for the field lines to end in. It is also assumed that there is an 

overlying uniform field, created by some surrounding flux regions (see Section 2.2). The magnetic 

field is therefore given by :

21 f . p .

® ~  S  "oT + Boy-y, (3.3.2)

where r* = (æ -  ai)± +  (y — bi)y +  {z)z is the distance between the point (x,y,  z) and the 

pole. The strengths fi are given in Appendix C, and we set Box = 6.0, Boy = -2.0, |B| = 6.3. Only 

field lines that pass between poles 3 and 4 and 11 and 12 on the magnetogram are considered since 

the filament is seen to pass between these regions.

In the first model the field lines were plotted for the sources seen on the magnetogram and the 

overlying uniform field given above. Figure 3.13(a) shows that no field lines that pass between 

poles 3 and 4 connect poles 1 and 2. The majority of field lines connect poles 5 and 2. Thus 

the simplest potential model for the filament with only the poles in the magnetogram box and the 

overlying uniform field will not produce the required connections of the field lines following the 

path of the filament. Figure 3.13(b) shows how the field lines vary with height. They are long 

low-lying structures which may be able to support the prominence mass having a height of about 

10,000 km.

The H a and magnetogram images are of high resolution and only show part of the suiTounding 

active-region flux. There may be large regions of flux lying outside the magnetogram box which 

may effect the fleld line and filament connections. The next two models show how improvements 

can be made to the simple potential model by adding extra sources so that the field lines connect 

poles 1 and 2 and so that they follow the stmcture of the filament. However, there is no direct 

evidence for the existence of these flux regions. Synoptic chart magnetograms from the NSO
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archive in Tuscon were considered but were not of the required resolution to determine the location 

of the channel or whether the neighbouring flux regions exist.

In the second model the magnetogram poles have the same positions and strengths as before, 

except that a new pole is included outside the magnetogram box so that the correct connections 

between poles 1 and 2 are produced. The pole is added at (0,10.5) and has a relative strength of 

240. This pole would represent a large region of positive flux lying outside the upper left-hand 

region of the magnetogram. Figure 3.13(c) shows that the correct connections aie produced. The 

field lines shown are the only ones that connect poles 1 and 2 and pass between poles 3 and 4 and 

11 and 12 (i.e. follow the path of the filament when seen from above). The field lines give a much 

better fit to the path of the filament than in model 1. When viewed from the side the field lines are 

long low-lying structures which have a central dip. The field lines are of a topology that is suitable 

for the formation of mass having a height of about 10,000 km. One feature of the filament that is 

not reproduced in the model is the bend in the middle of the filament as it passes close to pole 6. 

No field lines that connect 1 and 2 and pass between 3 and 4 and 11 and 12 pass near pole 6. It 

was therefore decided to add extra poles to try and give the bend seen on the H a image.

In the third model in order to create the bend two extra poles were added outside the mag

netogram box at positions (8.1,0),(9.3,0). The poles have relative strengths of -220 and 260, re

spectively. It can be seen in Figure 3.13(e) that the effect of the poles is indeed to create a bend 

in the filament that makes the potential model fit the path of the filament much better. Again the 

variation of field lines with height is shown in Figure 3.13(f).

With the regions of positive and negative flux seen on the magnetogram and an overlying field 

it was found that in the simple potential model the correct path of the filament from the magnetic 

field lines was not given. By adding flux sources and sinks outside the magnetogram box it was 

found that the correct connections and a better shape for the filament could be obtained. However, 

these flux regions were very large and there is no direct evidence for their existence, since the only 

magnetogram available of the channel is of high resolution. This may mean that the filament is 

significantly altered by the suiTOunding fields that lie outside the magnetogram image.
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Figure 3.13: Field lines and sources (plus), sinks (minus) for model 1 from (a) above, (b) side, (c) 

and (d) same but for model2. (e) and (f) same but for model 3.
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(ii) Magnetogram 2.

The relative flux values were then recalculated for the second magnetogram (lower-part of Fig

ure 3.12) which is of the same region taken a day later. It can be seen that there is much flux 

cancellation over the 24 hours since the first magnetogram. In the Ha picture the filament has split 

up into two smaller parts. As before, the filaments are first modelled with the poles seen on the 

magnetogram and it is assumed that the same uniform field exists overlying the filament channel. 

The field is given by :

^  f.j..
B = +  Boyy, (3.3.3)

and the relative flux values are given in Appendix C.

The fourth model considers only the sources seen on the magnetogram. It can be seen (Fig

ure 3.14(a)) that the correct connections between the poles are made but the field lines do not 

follow very closely the observed path of the filament. The top filament curves much more than in 

the Ha image and the bottom filament does not pass between poles 13 and 14. Thus the sources 

on the magnetogram give the coiTect connections but not reasonable paths for the filaments. Fig

ure 3.14(b) gives a side on view of the two structures. They are both long, low-lying structures 

which could support the prominence mass.

In the first magnetogram the field lines gave a better fit to the Ha observations when extra 

sources lying outside the magnetogram were added. The next two models show how adding these 

same sources also improves the field line path in the second magnetogram. First of all, in the 

fifth model the pole with position (0.0,10.5) is added with its relative flux of 240. It can be seen 

in Figure 3.14(c) that the top filament has a much straighter structure and gives a better fit to the 

shape seen in the Ha image. The bottom filament has changed slightly but has the same basic 

shape and still does not have the field lines posing between poles 13 and 14. Thus by adding the 

extra pole a much better fit for the top filament is obtained. Figure 3.14(d) gives a side-on view of 

the field lines.

In the sixth model the two extra poles are added to see if they give a better structure for the 

bottom filament. They have coordinates (8.1,0) and (9.3,0) and strengths -220 and 260, respec

tively. With these extra poles added it was found that the conect connection could not be made.

108



12

10

6

6

2

0
5G 10 15

(a) (b)

0 5 10 15

(c) (d)

100 5 15

(e) (f)

Figure 3.14: Field lines and sources (plus), sinks (minus) for model 4 from (a) above, (b) side, (c) 

and (d) same but for modelS. (e) and (f) same but for model 7.
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The lai’ge negative pole connects poles 5 and 6 while the positive pole connects to pole 2. Thus by 

adding the two extra poles the filament at the bottom breaks up.

Between the first and second magnetogram there is, however, much flux cancellation in the 

region of the magnetogram, and it is possible that the regions of flux outside the magnetogram 

have cancelled also. If the two extra poles cancel each other, a positive pole of strength 40 is left. 

The field lines in this case (model 7) aie shown in Figure 3.14(e). The field lines give a good 

agreement with the Ha image of the filament. In Figure 3.14(f) a side-on view of the filament 

shows the field lines to be long low-lying structures with a height of around 10,000 km. In 

Figures 3.14(b),(d),(e) it can be seen that there is always a central dip in the field lines. The dips 

in the field lines are due to the location of the sources and sinks in the channel. The field lines in 

the channel are plotted so that they follow the path of the filament. The dip in the middle is due to 

the location and sign of the sources 9,12 and 13 ( Figure C2). The field lines emerge out of pole 7 

where the vertical component of field is positive. Near poles 9 and 12 the sign of Bz changes from 

positive to negative so the field lines decrease in height. Around pole 13 the sign of Bz changes 

again to become positive so the field lines rise to avoid pole 13 and create the dip. Thus it is the 

location and sign of the sources 9,12 and 13 that create the dip in the structure. The dip in the field 

lines comes from the location and size of flux regions seen on the magnetogram. It is in this type 

of magnetic topology that the process described by Antiochos and Klimchuck (1993) could easily 

take place.

3.3.3 Conclusion.

The filaments here have been modelled with a simple potential field consisting of magnetic sources 

and sinks. By representing the magnitudes and locations of the flux sources observed in the mag

netogram a surprisingly good representation of the filament channel and its filaments was found, 

considering how simple the model is. However, it is assumed that there is an overlying uniform 

field created by some surrounding regions. The relative strength of the overlying field is much 

stronger than the one considered in Section 2.2. At a height of 30,000 km it is more than 3 times 

stronger than the field due to the sources. However, without more extensive data the magnitude 

of the field in Gauss cannot be calculated, so it is unknown if it is a realistic value. In the next 

chapter using a different example, the magnitude of the uniform field required can be calculated.
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To obtain the best fit some external sources had to be added to the field outside the magnetogram. 

These sources represent large regions of neighbouring flux that lie outside the field of view of the 

magnetogram. Due to the lack of data, the existence of these flux regions could not be established. 

However, an interesting point in the model is that dips in the magnetic structure of the filament 

can result just due to the locations of flux lying below the filament. The model here is very rough 

so a more detailed calculation is carried out in Chapter 4.
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Chapter 4

Force-Free and Potential Models of a 

Filament Channel in which a Filament 

Forms

Few examples of the creation of a filament channel or filament have ever been documented. In a 

recent paper, Gaizauskas and coworkers observed the early stages of creation of such a channel 

and then the formation of a filament in it. The filament channel was born when a new activity 

complex emerged neai* to an old decaying bipolar active region. The filament itself then formed 

after convergence of flux in the channel.

In this chapter force-free models are constructed for two phases of the channel's development. 

For the early days the models show that the formation of the filament channel seen in H a is due 

to the emerging activity complex. Later, when the activity complex has matured and a filament 

has formed between it and the adjacent decaying bipolar region, models which include both flux

regions give a good representation of the path of the filament in the channel. The magnetic field j

lines of the filament form a narrow vertical, sheet-like, fiux-tube corridor that is flat and low-lying. I
1

The role of the remnant region in the changing topology of the channel is investigated. It is found
i

that the presence of flat or dipped field lines and of converging flux are necessar y but not sufficient I

conditions for filament formation. !
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4.1 Observations.

In the paper by Gaizauskas et al. (1997) the emergence of a small activity complex and the 

subsequent formation of a filament channel and filament are described. The formation of the 

filament channel and filament occurred between the 19^  ̂and 25*  ̂July, 1979 during the ascending 

phase of cycle 21. By comparing H a  images from the Ottawa River Solar Observatory (ORSO), 

(Gaizauskas 1976) and full disc magnetograms from the National Solar Observatory (NSO) they 

were able to describe fully the development of the channel. A brief summary of their observations 

is given below.

On July 20* ,̂ 1979, a small activity complex M^Math 16166 emerged just south of the equator, 

in an area free of active regions. The activity complex consisted of two dipoles in close proxim

ity. To the east of the activity complex lay an old decaying region of plage, M^Math 16159. In 

Figure 4.1 (bottom right panel) the newly emerged region is enclosed by an oval while the bright 

region to the south-east is the old remnant plage. On the previous day (July 19, bottom left panel) 

it can be seen that the area of emergence is free of any flux regions or strong fibril structures. 

The newly emerged activity complex grew rapidly on the 21 and 22^^ but began to decay away 

slowly after the 23^^. The old remnant region's total flux remained relatively constant for the 

period of filament channel and filament formation. One day after the complex started to emerge 

a system of curved fibrils in Ha surrounded most of it. The fibrils are in the region labelled B 

in Figure 4.1 (top right panel). The fibrils twist in a N-S direction and at the south side they bend 

back into the activity complex. Near* where they end Arch Filament Systems (AFS) can be seen, 

giving a transverse structure across the RI.L. rather than a horizontal field along it. These AFS 

denote the end of the channel. The swath of fibrils, as wide as a supergranule, is in a region that 

was previously free of strong magnetic fields or patterns of coaligned fibrils. The fibril alignment 

occurred over a period of three hours (compare Figure 4.1 top panels); once formed, it lasted many 

days with mass forming erratically along different strands in a matter of hours (Figures 4.2,4.3, 

top panels). The alignment of fibrils at B indicates a strong horizontal component there and the 

formation of a filament channel at that location. Since that alignment takes place in a few hours 

and occurs when there is rapid flux emergence in the new activity complex, this suggests that the 

pattern is due to the extended magnetic field of the newly emerged activity complex. The strong
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Figure 4.1: Emergence of M^Math 16166 (oval) on July 20^ ,̂ 1979 (lower right panel) and its 

rapid growth by July (top left panel). On the 2V^ a C-shaped ring of fibrils surround the 

trailing side of M^Math 16166 (labelled B, top right panel) (from Gaizauskas et al. 1997).
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Figure 4.2: Comparison of ORSO Ha filtergrams and magnetograms from NSO/Kitt Peak for July 

22*^ and 23’’'̂ . On the magnetograms white is +ve flux and black -ve flux (from Gaizauskas et al. 

1997).
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Figure 4.3: Same as Figure 4.2 but for 24^  ̂and 25*  ̂July. A small quiescent filament forms on the 

25*  ̂ (upper right) where opposite polarity fragments converge (FI, lower right) (from Gaizauskas 

et al. 1997).
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twisting in the N-S direction suggests that the field is non-potential. On the 22^^, 2Y^  and 24*  ̂

mass accumulated along strands in a period of hours as though attempting to form a filament at B. 

The newly emerged activity complex started to decay after the 23 '̂̂ ; on the magnetograms of the 

23̂ ^̂  (Figure 4.2, bottom right), 24^  ̂and 25*  ̂(Figure 4.3, bottom panels) the flux can be seen to 

disperse slowly. The dispersion of flux in the channel is manly due to the eastward expansion of 

the positive polarity of the activity complex.

On the 25^^ magnetic flux converged at the point FI between the trailing positive polarity 

of Math 16166 and the old remnant negative plage region M^Math 16159 (Figure 4.3, bottom 

right panel). With the convergence a filament formed at FI and linked excess positive flux with the 

negative flux in a plagette south of 16166 (Figure 4.3, top right panel). The newly foimed filament 

persisted until its passage over the limb three days later. The fonnation of the filament occurred 

overnight and there was no smooth transition of the fibrils to the filament on the period of days. In 

contrast to this, neither a filament nor a filament channel formed at the point F2 where there was 

also convergence of flux. At this point the magnetic field has a strong transverse structure across 

the polarity inversion line (P.I.L.) rather than along it shown by the AFS, so there is no filament 

channel.

With the observations in mind, force-free models of the newly emerged activity complex are 

first constructed and produce the same type of fibril alignment as seen on the 21®* and 22^^. 

This shows that the pattern of fibrils and therefore the filament channel is most likely created by 

the extended non-potential field of the newly emerged activity complex. Consequently, the old 

remnant plage region will not be included in the force-free modelling for these dates.

On the later days when the filament has formed, the new and remnant regions have interacted 

with each other. For the 25*  ̂ it is shown that, while a potential model fails to give the correct 

connectivity of the field to represent the filament, force-free models do. Thus the magnetic field 

of a small active-region filament cannot be described by a potential field. Force-free models of 

the entire channel show that the global field of the filament channel and filament can be described 

well by a highly sheared force-free field, even though a magnetostatic model would be required 

to describe the local internal structure of the filament. By modelling the channel without the 

old remnant bipolar active region forming a boundary on one side, the role of this region in the 

evolving global topology of the channel is investigated.
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4.2 Force-Free Models of the Activity Complex.

4.2.1 Introduction

One day after the activity complex started to emerge, a system of curved fibrils surrounded most 

of it. The fibrils outline the magnetic lines of force and imply that there is a strong horizontal 

component of field there (Foukal 1971). The alignment of fibrils is due to the newly emerged 

region's extended magnetic field. Each individual fibril lasts from minutes to a few hours with 

mass forming enatically along them; therefore the fibrils field may be described as being in a 

quasistatic state. These fibrils lie in the chromosphere and lower corona where the magnetic 

field dominates over other forces such as pressure or gravity (see Section 1.4). Accordingly, the 

magnetic field that outlines them may be described as being a force-free field so that it satisfies 

Equations ( 1.4.3), ( 1.4.4), ( 1.4.10). To start with, in Section 4.2.2 a simple analytical force-free 

model is constructed of the newly emerged activity complex. By a topological comparison of the 

fibril alignment and magnetic lines of force, the field on the 21®* (Figure 4.1, top right panel) 

surrounding the activity complex is shown to be in an approximately force-free state. A numerical 

force-free model, with the flux through the photosphere obtained from the magnetogram, is then 

constructed for the 22"^ (Section 4.2.3) and again the field lines aie compared with observations.

4.2.2 Analytical M odel for the 21®* July.

For a general function a (r)  the force-free equation( 1.4.10) is very difficult to solve. However j

a great simplification occurs when a  is uniform and linear theory applies. In previous papers by j

Nakagawa et al. (1971), Raadu and Nakagawa (1971) and Nakagawa and Raadu (1972) a topolog- 1
■i

ical similarity between certain classes of constant-a force-free fields and H a structures was found. {
t

By taking observations from a longitudinal magnetogram a full boundary-value problem was then I
I

solved by Nakagawa et al. (1973). The magnetogram gave the horizontal (x,y) distribution of the i

vertical component of the magnetic field. In this method there was, however, a limitation in their I

manner of representation due to a  being constant over the entire region. To ensure that the field •
I

was bounded, the value of a  had always to be less than the minimum value of the wavenumber I
I

kmin (a < kmin), which was determined from the size of the domain: a large domain meant that |
i

the value of kmin was small and therefore a  had to be small. Therefore, Ha structures which had I
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a large local curvature could not be reproduced successfully from the computed field in a large 

domain. The same problem that Nakagawa encountered also appear s for the data sets here when 

solving the full boundary-value problem. The features seen in Figure 4.1 have a large local cur

vature and therefore a large value of a  is required. The domain of analysis containing the four 

patches of flux in M*^Math 16166 is however much larger than the region modelled in Nakagawa 

et al. (1973), which implies that the maximum value of a  is even smaller than in their modelling. 

So, by having a  constant everywhere, the large-scale curvature effects cannot be reproduced. For 

the activity complex M^Math 16166 there are four distinct flux patches, two positive and two neg

ative, so an analysis similar- to Nakagawa and Raadu (1972) can be carried out. Single terms in 

the solution to the force-free equation will be considered, without solving the full boundary-value 

problem. Due to the geometry the analysis will be carried out above a flat plane in Cartesian 

coordinates.

To find a linear force-free field we have to solve Equation 1.4.10 with a  = constant, and 

determine B such that it satisfies the solenoidal constraint Equation 1.4.3. To simplify the problem 

and to adopt a poloidal/toroidal representation (Morse & Feshbach 1953) the magnetic field may 

be written in terms of two arbitraiy scalar* functions, P and T, such that

]B =  X 5/ X (j^z) +  X (372) (4L2L1)

By substituting this foi-m for B into the force-free equation and splitting it into its poloidal and 

toroidal terms (which each separately vanish), the force-free equation reduces to,

V X V X {(T -  aP)z ]  -  V X {(V^P +  aT )z}  = 0, (4.2.2)

or

T  = aP,  (4.2.3)

y 2 p  = (4.2.4)

Equation 4.2.4 is then solved subject to the boundary conditions:

1. the field is bounded as z oo ;
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2. the vertical component of the field B;^(x,y) at the photospheric level is given from the hori

zontal distribution of the observed line-of-sight component.

The appropriate solution to Equation 4.2.4 is

2
P  = (4.2.5)

* 9 6 0

where

k - k x x p k y f ,  X =  æ x 4- y y , k"̂  = k l  + k^, (4.2.6)

and the values of B* are the Fourier coefficients of the observed magnetic field. The corresponding 

magnetic field components are,

%  = E  (4.2.7)

= E  -  ^  +  ky (&" -  « 4 (4.2.8)y
k^O

B ,  =  (4.2.9)

An important property to note from Equation 4.2.5 is that, since all of the field components must 

be bounded, the /? = (k  ̂ - a^)& appearing in the z-dependence cannot be imaginary. This means 

that the maximum value of a^a^ax) must always be less than the minimum value of k(kTOm), 

cimax < kmin, which limits the amount of curvature that can be obtained for the field lines. In 

order to compare the topology of the deduced magnetic field with the Ha observations, single 

terms of the Fourier series are picked by choosing a suitable horizontal wave number ko = ( k j + 

ky )2 to fit the observations. Since we are dealing with a single term, the vertical dependence /? = 

(k§ - a^)& now becomes constant and Equation 4.2.1 can be written in the form

B = a  (Vj^P) X z -  /) (Vj^P) +  &gPz, (4.2.10)

where

The value of a  will be determined from the twist angle 7 , which is the angle that a magnetic 

line of force makes with a contour of B^ ( P= constant). Since VjyP is a vector that is perpendicu

lar to the contour of B  ̂ ( P= constant), and (S/jjP) x z is a vector that is tangential to the contour
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B, = const

Figure 4.4: Diagram showing the definition of the twist angle 7 , as the angle at which a field line 

cuts the contour of .

of Bz, (Figure 4.4), the magnetic lines of force cut the contour of at an angle 7 , given by

| - /3Vi,P|  0
tan 7

X 2)1 <%'

a — ko cos 7 .

(4.2.11)

(4.2.12)

By this representation the value of will always be less than kg so that the solution is bounded. 

When 7  = 90° the field lines are radial and a  = 0 so this corresponds to the potential case.

The analytical method will now be applied to the observations from the 2V^ July. The magne

tograms of the activity complex show four distinct flux patches emerging in M^Math 16166. Two 

patches are of positive flux and two are of negative flux. To model this a suitable single term from 

Equation 4.2.5 is chosen, namely

2
F  = 7-5- sin kxX cos kyye~^^, 

where kx = ^ , k y  = \ and = 17. This gives the field components as
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Figure 4.5: Force-free model of 21®* July, showing (a) the curved fibril alignment around the 

activity complex and (b) a plot of the deduced field lines for 7  = 29°.
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Bx =  aky sin kxX m i kyy — (3kx œ s kxX cos kyy)e  (4.2.14)

By = ~  {(5ky sin h^x sin hyy -  akx cos k^x cos kyy) e“^^, (4.2.15)

Bz = smkxX zoskyye"^^. (4.2.16)

Before the field lines are fitted to the observations of the 21®* July, a limitation in this type of 

modelling should be mentioned. Since cuiTents are imposed on all field lines with a magnitude 

proportional to field strength, the field lines have a strange behaviour at large distances, where they 

become periodic and form closed magnetic cells. Thus the field cannot be extended into infinite 

space, where the energy content becomes infinite. The field must be confined by localised artificial 

boundaries such as planes in Cartesian geometry. This problem can, however, be overcome in 

principle by considering a nonlinear force-free field, reducing a with distance from the sheared 

region and so avoiding the field reversals. Here, however, the field lines are plotted in the range,

7T 7T 7T 7T
< X < —, < y < —. (4.2.17)

Equation 4.2.16 gives two positive areas centred at x = -  | 7t and |  and two areas of negative flux 

centred at x = and | 7r. Thus this simple choice of P gives four distinct flux areas each of 

equal strength and area. The value of a  is now deteimined so that the field lines are topologically 

similar to the fibril pattern seen on the 21®* (Figure 4.5(a)). The value of a  is obtained from the 

twist angle 7  using Equation 4.2.12. The best fit to the fibrils was obtained for 7  = 29° or a  = 3.6 

and j3= 2.01 . The field lines are shown in Figure 4.5(b). The plus and minus signs denote the 

areas of positive and negative flux and the dashed line shows where B;^= 0 on the z = 0 plane. By 

comparing the two images, a good agreement could be obtained for the field lines emanating from 

the positive source at x = — fîT. The field lines are plotted so that they closely follow the path of 

the fibrils and are only integrated as far as they can be followed on the Ha image. The field lines 

obtained for the rest of the area did not match the Ha structures so well, suggesting that a  is not 

uniform over the whole activity complex.

The simple analytical model of four flux areas with the field components given by Equa

tion 4.2.14- 4.2.16 was therefore able to reproduce the curved fibril alignment that was seen on 

the left of the H a image. A more detailed numerical model of the activity complex on the 22"^ is 

constructed in the next section.
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4.2.3 Numerical M odel for the 22^  ̂July.

A numerical, constant-a, force-free model of the newly emerged activity complex will now be 

constructed. A contour plot of the magnetogram of M°Math 16166 on the 22^^ is shown in 

Figure 4.6(a). Solid contours represent areas of positive flux and dashed contours negative flux. 

Only flux values that lie above 50 Gauss or below -50 Gauss are considered. The newly emerged 

activity complex is contained within an array of 151 x 81 pixels, where 1 pixel = l" = 720 km. 

The four discrete flux patches are labelled 1 to 4 from left to right.

For the numerical modelling, the total flux in the box representing the activity complex must 

be balanced and the flux can only enter or leave the box through the bottom surface. Details of 

the numerical method used, can be found in the papers by Finn et al. (1994) and Longbottom et 

at. (1996) and in Appendix D. The total flux density and flux of each patch is calculated from the 

magnetogram and the results are shown in Table 4.1.

Patch Total Flux Total Flux Model Flux

Density (G) (Mx) Value Fi

1 251233 1.3x 10̂ 1 1.3x 1021

2 -172246 -8.93 X 10^° -9x 1020

3 244133 1.265X 10̂ 1 1.3x 1021

4 -322402 -1.67X 1021 -1.7x 1021

Table 4.1 Measured flux values for M°Math 16166.

In the area considered there is a very good flux balance for the flux above or below ±  50G. 

The slight imbalance of 3 x 10̂ ® Mx could be accounted for by having long-range connections 

to other parts of the Sun, or due to unresolved magnetic features. Since there is such a good flux 

balance and the regions of flux emerged together, this suggests that the activity complex at its eaiiy 

stages of development is an isolated system. The fourth column shows the flux values in Maxwells 

that are used in the modelling to ensure total flux balance.

The field lines are plotted in a cube whose sides range over (-1:1, -1:1, -1:1). All lengths are 

scaled so that 0.01 units = l " = 720 km. Each of the flux patches is represented in the model by a
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Figure 4,6: (a) Contour plot of M^Math 16166 with contour levels of -800, -600, -300, -100, -50, 

50, 100, 300, 600, 800 Gauss, respectively, (b) A surface plot of the vertical component of the 

magnetic field in the numerical model.
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flux area whose vertical component at the photosphere (z= -1) plane is given by

Bn . f 7 r r \ \
B;, = —  + cos j  J , 0 < r < ?'o, (4.2.18)

where is the radius of the source which is centred at the point Xo,yo and r  = (x - x^) x  + (y - y^) 

ÿ. All of the components are centred at the maximum/minimum flux value of the patch that they 

represent. The total flux emerging through a single discrete flux area is given by

Flux -  B .dA  =  ^B o  ^1 -  r l, (4.2.19)

where dA -  rdrd^ z. The radius Vq of each area is set to be 0.15 units or 1.08 x lO^cm. From 

Equation 4.2.19 the value of Bo in Gauss for each area can be obtained using the model flux values 

Fi in Table 4.1. In Table 4.2 the position (Xo,yo) and the value of Bo for each of the sources is 

given.

Area Xo Jo Bo

G

Relative Value

1 -0.438 0.0 1193 0.7647

2 -0.125 0.0 -826 -0.5294

3 0.125 0.23 1193 0.7647

4 0.5 0.0 -1560 -1.0

Table 4.2: Position and strength of sources in model.

In Figure 4.6(b) a surface plot of the vertical component of the magnetic field at z= -1 is 

shown for 129 x 129 grid-points. For this number of grid-points the function can be seen to be 

well resolved.

The field lines inside the box are now plotted for the four flux areas given in Table 4.2 and are 

shown in Figure 4.7(b). The best comparison between the field lines and the fibrils seen in Ha 

(Figure 4.7(a)) was obtained for a=3. The values of a  aie scaled differently in the numerical and 

analytical models, so the two sets of values for the and 22*^ cannot be directly compared. 

However, in both cases a laige value of a  was required to give the best fit to the observations.

On the left-hand side the field lines bend round from the positive region to the negative region 

in a north-south direction and give a very good comparison with the Ha fibrils. From this topolog

ical agreement it can be seen that the C-shaped arc of fibrils observed on the 22^^ is aligned with
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Figure 4.7: (a) The alignment of fibrils in Ha for the 22̂ ^̂ . (b) The deduced field lines from the 

numerical model placed on a contour of the magnetogram. (c) The same set of field lines from an 

oblique view.
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the extended non-potential magnetic field of the emerging activity complex. These fibrils outline 

the filament channel and the model shows that the formation of the filament channel is due to the 

magnetic field of the newly emerged activity complex. The channel is of sinistral type, since when 

viewed from the positive polarity side the magnetic field points to the left. The formation of the 

sinistral channel is due to currents that are parallel to the field (a +ve). If a had been negative 

(cunents antiparallel to the field) the field lines would have closed south-north instead of north- 

south and a dextral channel would have been produced. Thus the formation of the sinistral channel 

(in the southern hemisphere) is due to the type of currents that are built up in the convection zone 

before the flux emerged through the photosphere.

Also in Figure 4.7(b) two sets of field lines that correspond to the arch-filament systems are 

drawn. The first set of field lines, between sources 1 and 2, show that there is transverse structure 

across the polarity inversion line (RI.L.) between the two areas and no horizontal fields along 

the P.I.L. This transverse stmcture still exists four days later and is one of the reasons why a 

filament does not form at the P.I.L. between the two patches when flux converges between them 

(Gaizauskas et a l (1996)). The set of field lines on the right-hand side between sources 3 and 

4 shows the arch-filament system that connects between the two leading sunspots. Figure 4.7(c) j

shows an oblique view of the field lines. The circles outline the areas of emerging or submerging 

flux. The maximum height of the field lines is 8,000 km so they all lie in the lower corona, just 

below the projected height of the filament (10,000 km). From this it can be seen that the field |

lines that give the best fit to the H a image are low-lying and very flat structures. Since they are 

flat, mass can lie along their entire length and therefore they appear as dark strands in Ha. The |

plot shows that, as early as the 22”*̂, there is a dominant horizontal component down the filament
I

channel at the level of the lower corona. In H a this horizontal component is seen to develop over ,

a period of three hours and the modelling shows that it is due to the non-potential nature of the j

newly emerged activity complex. The Ha images of the 23^  ̂and 24*  ̂(Figures 4.1, 4.2) show that j

the filament channel is maintained throughout the next few days as the activity complex develops. |
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4.3 Potential Model for the 25̂  ̂July.

A potential model of the filament channel magnetic field is now constmcted for the 25^  ̂ July, in 

the same manner as in Chapter 3, Section 3.3. The field in the channel is given by a series of poles 

representing the regions of positive and negative flux at the photosphere. Potential modelling 

is carried out for this day since the emerged activity complex has dispersed and is now slowly 

evolving. For the 25*^ July there is a magnetogram and an Ha image, so the calculated field can 

be compared with the image and position of the filament.

Figure 4.8(a) shows a contour plot of the magnetogram containing the newly emerged activity 

complex M^Math 16166 and the region of plage M^Math 16159 where 1 pixel = Ï '  = 720 km. 

The solid curves represent the patches of positive flux while the dashed curves show the negative 

flux. To define the perimeters of the flux patches a boundary flux value must be chosen. The 

best boundary flux values were found to be the ±  50 G contours for the positive and negative 

areas. When the 100 G contours were plotted the inner pai ts of the flux patches were fragmented, 

so this value is too high. Thus from now on only flux values above 50 G or below -50 G will be 

considered (Schrijver 1987). Also in Figure 4.8(a) a contour plot of the filament is placed on the 

magnetogram. The contour does not show the entire length of the filament but shows its location 

with respect to the flux areas. By considering this image and overlaying the magnetograms and 

Ha images, the origin of the filament's field can be seen to be the positive patch labelled 1 which 

connects to the negative plage region 2.

To model the flux distribution in the channel each of the flux patches on the contour plot are 

split up into smaller areas. The cuts in the patches are made across the lowest contours wherever 

possible (± 50, ±  100 G). Each of these areas will now be represented by a source (positive) 

or sink (negative) whose field in Cartesian coordinates (x,y,z) is given by Equation 3.3.1. For 

the 25^  ̂ the magnetogram is modelled by a series of 19 sources and 27 sinks. In previous work 

such as Démoulin et al. (1992), (1993), it has been shown that the topology of an active region 

can be described by such magnetic sources and the more sources used the better the fit to the 

magnetogram.

To obtain the total flux (fi) of each of the sources the total flux density ($^) in Gauss must 

first be obtained for each of the areas from the magnetogram. This is done by summing over the
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individual contributions of the V  elements that lie within each area. To obtain the total flux for 

each pole in Maxwells ( Mx = G cm^ ) the total flux density is multiplied by the area of one pixel 

(cm )̂,

X (5.184 X (4.3.1)

Each of the sources/sinks is now placed on the photospheric plane (z=0) at the maximum or 

minimum value of the area that they represent. The flux values and the position of each of the poles 

can be seen in Appendix E. In the region being modelled there is a flux imbalance of 1.74 x 10^  ̂

Mx towards the negative flux. To balance this, a system of positive sources is placed at large 

distances outside the field of view and spaced at equal angles. All of the lengths are scaled such 

that 1 unit = 1" = 720 km.

The field lines are now plotted at various heights (h = 0,5,14,20,30 units) for the sources seen 

on the magnetogram. At all of these heights it was found that the poles representing the areas of 

flux 1 and 2 (Figure 4.8(a)) did not connect. All of the field lines connected across the channel from 

the edge of the trailing positive flux to the remnant negative region. No field lines connected down 

the channel along the path of the filament, evidently because there is a component of field that the 

model is not taking into consideration. The magnetogram only gives the vertical component of 

field emerging through the surface and therefore may not give us all the field components in the 

channel. To improve the model a background field is added down the channel. This background 

field is added as a uniform field and may represent for example the field due to the axial dipole 

field of the Sun. Typical strengths of this field would be a few Gauss (Wang et a i (1991)).

In order to determine the exact strength of the uniform field, the field lines are plotted on top 

of the H a image. The strength is then changed until the best fit obtained. The field lines give the 

best fit to the path of the filament when a uniform field of Box = 21 G and Boy = -11.5G is added 

(I B  I = 24 G). A large uniform field is required since the connectivity has to be changed from 

across the channel to along the channel. In Figure 4.8(b) the field lines can be seen plotted on top 

of the magnetogram.

It can be seen that the field lines give a good fit to the observed path of the filament. The field 

lines are plotted at a height of 10,000 km and their width is 6000 km. Since a very strong uniform
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Figure 4.8: (a) Contour plot of the magnetic field in the filament channel for 25*  ̂ July 1979. 

Solid contours represent positive flux and dashed contours negative flux. On top of the plot an 

outline of the filament is placed showing its location. The contour levels are -500, -300, -200, 

-100, 50, 50, 100,200, 300, 500 respectively, (b) The field lines obtained from the potential model 

superimposed on the magnetogram and viewed from the top.
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field has to be applied down the channel, only field lines locally in the region of the filament agree 

with the H a image. No field lines at any other part of the image agree with the H a structures 

when the uniform field is added. This shows that a very strong localised horizontal component 

of field is required to give the correct connectivity of the filament. Thus the filament cannot be 

represented adequately by a potential field and a force-free field will be required to describe its 

global structure. The result here is also consistent with that obtained in Chapter 2, Section 2.2 for 

the strength of a uniform field required around active region belts of the Sun. It therefore shows 

that the potential model fails at active-region latitudes.

4.4 Force-free Model for the 25̂  ̂July.

A linear force-free model of the entire filament channel will now be constructed for the 25^  ̂July. 

The aim is to find whether or not the global field of the filament channel can be represented by 

a force-free field. The connectivity of the field down the channel and the dominant horizontal 

component of field will be shown to be due to the force-free nature of the channels field. Again, 

in order to construct a simple force-free model the channel must be in total flux balance. In 

Figure 4.10(a) a contour plot of the positive and negative patches is shown. The patches that aie 

labelled are the main ones that will be considered. From the magnetogram four positive patches 

will be considered (labelled 1-4) and five negative patches (labelled 5-9). With these flux patches 

there is a large imbalance towards the negative flux in the channel. This imbalance is due to the 

old remnant region of plage M^Math 16159. In Table 4.3 the total positive and negative flux in the 

field of view is calculated for flux values that lie above 50 G and below -50 G.

Positive Flux Negative Flux Imbalance

Mx Mx Mx

2.32 X 10^1 -3.67 X lO^i -1.35 X lOfi

Table 4.3: Total flux values in channel for 25^  ̂July.

The imbalance is large and a region of positive flux must be found to balance it. In Figure 4.9 a 

synoptic chart of the appropriate carrington rotation that covers the filament channel and filament 

formation can be seen. The regions M'^Math 16166,16159 lie in the centre of the image. Below
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Figure 4.9: Kitt Peak synoptic chart ml684f showing filament channel and region of diffuse flux 

lying south of it.

them lies an extended region of positive flux which is weak and diffuse. The extended region 

of positive flux balances the excess negative flux in M^Math 16159. To represent this region 

a source of the correct size required to balance the channel will be placed south-east of the main 

flux concentrations and out of the field of view of the magnetogram (called region 10). This source 

will not represent the correct distribution of flux but will give the correct direction of connectivity. 

Since the source is placed far from the centre of the channel it should not effect the local structure 

of the field in the centre of the channel. Each of the flux patches is now represented by either a 

circular or elongated area of flux.

For the circular areas of flux the vertical component of field (B^) at z=-l is given by Equa

tion 4.2.18 and the total flux through the area is given by Equation 4.2.19 as before. For the 

elongated areas of flux the vertical component of field is given as follows, where the coordinates 

(Xo,yo) and (xi,yi ) describe the opposite ends of the main body of the region :

(4.4.1)
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Figure 4.10: (a) Contour plot of magnetogram showing labelling of the patches of flux in the nu

merical model for the 25*  ̂ (contour levels -50,50 G). (b) A surface plot of the vertical component 

of magnetic field in the numerical model of the filament channel for the 25^ .̂
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where

B . - ^ ( l  +  COS y <  2/0,2/> 2/1, 0 <  r  <  ro ,

r  = (æ -  Xo)± +  ( 2/  -  2 / o ) y ,  2/ <  2/0 

r - { x -  æi)x + (2/ -  2/i)y, 2/ > 2/i-

(4.4.2)

The total flux emerging through the area is

Flux B.dA  = B, I': rl +  L to (4.4.3)

where T = 1/1 -  2/0 is the length of the main body of the elongated area.

The sources are now scaled so that the dimensions of the box fit the magnetogram. In the box 

0.01 units = 15000 km = 2". The resolution is now half of that used when the activity complex 

was modelled in Section 4.2.3 since a much larger area of the Sun is being considered. In Table 

4.4 the total flux, centre and radius of each area is given. The value of Bo for each area can be 

determined from equations 4.2.19 and 4.4.3 for the circular and elongated areas.

Source Flux (Mx) Xo,yo I'o B.

1 6.5 X ICPO -0.875,-0.375

-0.875,-0.125

0.0956 0.233

2 2.2x 10%o 0.0,0.4375 0.0956 0.292

3 9x 10^° 0.25,0.5625 0.143 0.528

4 8x 10^° 0.5625,0.5625 0.143 0.472

5 -7.2x 10%o -0.3125,-0.0625 0.12 -0.61

6 -6.5 X 10^° -0.25,0.1875 

-0.25, 0.4375

0.0956 -0.233

7 -l.Sx ICfo 0.375,0.3125 0.0956 -0.237

8 -1.7x 1Q21 0.75,0.3125 0.143 -1.0

9 -4x 10^9 0.3125,0.0 0.0956 0.055

10 7.2x 1Q20 -0.625,0.6875 0.12 0.61

Table 4.4: Position and strength of sources for 25^  ̂July in force-free model
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Figure 4.11: (a) Field lines in the channel for a= 2,3 showing the connectivity of the field lines in 

the region of the filament, (b) Same set of field line but shown from an oblique angle.
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In Figure 4.10(b) a surface plot of the vertical component of the magnetic field can be seen 

at the photospheric (z=-l) plane. Again for 129 x 129 grid points the function is well resolved 

as before. The field lines in the channel are computed for vaiious values of alpha and it is found 

that the best representation of the filament in the channel is for alpha = 2.3. In Figure 4.11(a) the 

field lines that connect between areas 2 and 9 and give the best representation of the path of the 

filament are shown. They forni a very thin linear' sti-ucture that inns down the channel parallel to 

the P.I.L. and near* their end there is a steep bend to the right when they enter the small region of 

negative plage. Also, on both sides of the flux connecting areas 2 and 9, some field lines are plotted 

showing the global topology of the channel. The same field lines are then shown from an oblique 

angle in Figure 4.11(b). Thus the modelling shows that the magnetic sti-ucture of the filament 

channel and the global field of the filament can be well described by a force-free field. The best 

representation of the filament in the channel is a highly sheared force-free field in agreement with 

Schmieder et al. (1996). Also in Figure 4.11(a) two sets of field lines that correspond to the arch

filament systems are drawn. Again between regions 3 and 7 there are transverse fields across the 

P.I.L. between the two regions and no horizontal fields along the P.I.L. The transverse fields are 

still maintained on the 25^^, which is why no filament forms at the location P2 even though there 

is convergence of flux there (Gaizauskas 1997).

The separatrix surface that encloses the flux connecting regions 2 and 9 is shown in Fig

ure 4.12. All of the field lines that represent the path of the filament lie within this surface. In Fig

ure 4.12(a) the surface is viewed from above. The dashed lines represent the separatrix lines that 

divide up regions of connectivity in the z=-l plane. A neutral point is located at = 0.12, y =  0.02 

and is shown by the star*. The neutral point is at the intersection of four of the séparatrices. The 

other separatrix to the north of the neutral point shows the outer (northern) boundary of the field 

lines that connect between regions 2 and 9. The field lines map from a small area on region 2 to a 

much larger area of weaker field on region 9, shown as the enclosed ovals on both regions.

In Figure 4.12(b) the separatrix surface is shown from an oblique angle and viewed from the 

North. From this angle it can be seen that the flux forms a thin vertical sheet structure that extends 

down the channel. Near source 2 the sheet is inclined at an angle to the vertical and becomes 

more vertical as it reaches further down the channel, before fattening out near the neutral point, 

where the magnetic field is ver-y weak. Since the angle of inclination of the sheet changes as we
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Figure 4.12: Separatrix structure for flux connecting between regions 2 and 9 view from (a) above, 

(b) an oblique angle, showing the thin vertical sheet structure and (c) the side showing long, low- 

lying field lines.
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go down the channel this gives the appearance of twist of the field lines. However, this is largely a 

projection effect and when viewed from the side in Figure 4.12(c) it can be seen that there is very 

little twist in the structure. The two areas of flux ar e connected over a small width but over a wide 

range of heights from the photospheric plane to a height of 22,000 km. The flux that connects 

between the two regions forms a thin vertical sheet structure that resembles well the topology of 

a filament. The maximum height of the field lines is slightly above the projected height of the 

filament (10 ~  15,000 km) but the effect of gravity would lower them still further. The field lines 

that connect between the two regions are on average 90,000 km long, and are five times longer 

than they are high so they are very flat, low-lying structures.

It will now be shown that M'^Math 16159 is a necessary boundary on the east side of the 

channel for the global magnetic topology to represent the connectivity of the filament. This will 

indicate the effect of this region on the evolving global structure of the chaimel. To construct the 

model only the newly emerged activity complex and the small plage region where the filament 

ends are included. Sources 1,5,6,10 are removed, and the field lines are plotted for various values 

of alpha. It was found that for no values of alpha (positive or negative) could a good representation 

of the path of the filament be found. Typical results for the channel are shown for o; = 1.0 and 2.3.

In Figure 4.13(a) the field lines are plotted in the channel for a  = 1.0. Only field lines emerging 

from the south of area 2 are plotted. The field lines here are shown at a height of 12,000km. Some 

flux does connect between areas 2 and 9; however, the field lines are not at the location of the 

filament and they are highly curved structures. The field lines near the location of the filament 

connect between regions 2 and 8 but again are strongly curved. The filament itself is a long 

straight structure and it can be seen that none of the field lines here gives a good representation 

of its magnetic topology. The field lines seen here are very similar to the fibril structures that are 

seen from the 21̂ * to the 24*  ̂before the two regions interact and the filament forms.

The value of alpha was then changed to 2.3, the value that gives the best representation of the 

global topology of the filament in the channel before. Again field lines at a height of 12,000 km 

are shown in Figure 4.13(b). For this value of alpha no field lines connect between areas 2 and 9 

along the path of the filament. The field lines have a geometry that represents the type of fibril 

structure that was seen on the eaiiier days of formation. These plots show that the filament could 

not have formed in the channel with its same global topology if M^Math 16159 had not formed
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Figure 4.13: Field lines for the 25*  ̂ July when M'^Math 16159 is excluded from the modelling. 

This gives very curved structures that do not represent the path of the filament for (a) «=1.0 and 

(b) a=2.3.
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a boundary on the east side of the channel. The interaction of the two regions is what generates 

long straight field lines that connect down the channel, with some of these field lines lying along 

the path of the filament. This shows that on the 25*  ̂the global topology of the channel cannot be 

described without including M^Math 16159 m the modelling.

These results indicate the role of M'^Math 16159 on the evolving magnetic topology of the 

filament channel and filament formation. On the early days of formation the fibril alignment 

and foitnation of the channel can be attributed to the emergence of the activity complex M^Math 

16166. This region then evolves and spreads out over the next few days with continued circular 

fibril alignment. Near the time the filament forms, the two regions interact with each other. This 

interaction generates long, straight field lines that connect down the channel in comparison to the 

curved field lines that existed around the activity complex on earlier days. These long straight field 

lines give a good representation of the global magnetic topology of the filament. Thus the role of 

16159 is to allow a thin vertical sheet of flux to connect down the channel representing the path 

of the filament. This shows that M^Math 16159 plays an important role in the evolving global 

magnetic topology of the channel on the latter days of formation.

4.5 Origin of Filament Mass

The main features of the magnetic topology and the role played by each patch of magnetic flux 

in the channel has been described. One question that still has to be answered is “Where does 

the filament mass come from and why is it located in the thin structure of the filament ?”. From 

Figure 4.12 (c) it can be seen that the field lines that represent the filament are very flat, low-lying 

structures. This is a type of topology that may be suitable for the support of mass. Since they are 

flat the extra inclusion of mass may make them dip down and help further the accumulation of 

mass. The angle that the field lines make to the horizontal is now calculated at a height of 12,000 

km to see if the field lines that represent the filament aie the flattest in the channel. In Figure 4.14 

the regions where the field lines are inclined less than 5 degrees to the horizontal are shown. The 

area where the field lines are their flattest runs across the channel and not down the channel. From 

this it can be seen that the field lines that represent the filament are no flatter than many of the 

surrounding ones. This implies that the presence of flat or dipped field lines is a necessaiy but not
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Figure 4.14: The locations (shaded) in the channel where the field lines make an angle of less than 

5 degrees to the horizontal at a height of 12,000 km.

sufficient condition for the formation of a filament. To explain why the mass accumulates in the 

filament other mechanisms such as thermal instability, injection processes or the convergence of 

flux at the polarity inversion line below the filament have to be considered. A review of thermal 

instabilities and injection processes can be found in Priest 1989, chapter 5 and references therein. 

On the other hand the convergence of flux below the filament may lead to the constant supply of 

mass by a pick-up process ( S. Martin, private communication. Priest et al. (1996)). It would be 

invaluable to investigate the role of each of these mechanisms in the formation of the filament with 

SoHO (CDS,SUMER,MDI) observations.

4.6 Conclusion

In this chapter both force-free and potential models of a filament channel and filament formation 

have been constructed. The modelling shows that, during the early stages of development, the 

C-shaped fibril alignment is consistent with that of a force-free field. To start with, a simple
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analytical model was constructed for the July. The deduced field lines gave a good agreement 

with the observed fibril structure. A numerical model of the 22"^ was then constructed from the 

magnetogram of that day. By using the observed flux values a very good representation of the 

fibrils in the channel was obtained. The field lines that give the best fit aie very low-lying and have 

a dominant horizontal component. The force-free modelling shows that the horizontal component 

seen from the pattern of fibrils can be attributed to the extended non-potential field of the newly 

emerging activity complex. This suggests that the formation of the filament channel may be due 

to the emerging activity complex. It is also consistent with the fact that the fibril alignment in Ha 

improves when fresh magnetic flux is injected into the complex.

For the 25^^, when the filament had formed, a potential model fails to give the correct connec

tivity for the filament in the filament channel. To obtain the conect connectivity a strong uniform 

field has to be added down the channel. With this field added, agreement with the Ha image only 

occurs in the immediate location of the filament. Thus a localised strong horizontal field has to be 

added to obtain the correct connections. This suggests that the field of the filament is not potential 

and to describe the global structure at least a force-free field is required. A force-free model was 

then found to give a good representation of the filament in the filament channel, with the filament 

best described by a highly sheared force-free field. The field lines that give the best fit form a 

thin vertical sheet of flat low-lying flux that connects down the channel and is bounded from the 

remnant region and most of the new flux by separatrix surfaces. The role of each region was then 

investigated and it was found that on later days only when M^Math 16159 creates a boundaiy on 

one side of the channel can its global topology be well represented. M^Math 16159 has an impor

tant effect on the magnetic topology on later days. It was then shown that the flatness of a field 

line is not a sufficient condition for filament formation and so additional mechanisms need to be 

considered, such as for instance convergence and cancellation of flux.

This modelling has highlighted some of the main features of both filament channel and fila

ment formation. To describe the process in more detail high-resolution images taken at different 

levels in the atmosphere with good time resolution are required along with high-resolution vector 

magnetograms, which are not available for the channel considered in this chapter. The forma

tion of the filament seems to be directly linked to the formation and development of the filament 

channel and future observations and theories should address both of them together.
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Chapter 5

Role of Helicity in the Formation of 

Intermediate Filaments.

In the last few years new observations have shown that solar filaments and filament channels I

have a surprising hemispheric pattern (Section 1.3.1). To explain this pattern, a new theory for !

filament channel and filament formation is put forwaid. It describes the formation in terms of I

the emergence of a sheared activity complex. The complex then interacts with remnant flux and, |

after convergence and flux cancellation, the filament forms in the channel. A key feature in the 

model is the net helicity of the complex. With the correct sign a filament channel can form; 

with the opposite sign no filament channel foims after convergence. It is then shown that the 

hemispheric pattern of helicity in emerging flux regions gives a hemispheric pattern for filaments.

A comparison between this theory and previous ones is given.
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5.1 Introduction.

Filaments are one of the most interesting but mysterious of all solar phenomena. Maitin, Bilimoria 

and Tracadas (1995) have shown that these objects and their birth grounds (filament channels) have 

a surprising hemispheric pattern. In the northern hemisphere most quiescent filaments are dextral, 

and in the southern hemisphere most are sinistral. No pattern was found for low-latitude active- 

region filaments (Section 1.3.1). Such a pattern for quiescent filaments shows that there is an 

organisational principle of some kind behind the global nature of filaments and this needs to be 

identified. The idea of a global organisational principle was reinforced by observations of X-Ray 

arcades seen above filaments by Martin and McAllister (1995). They found that stationaiy arcades 

above dextral filaments are always left-bearing, while those above sinistral filaments are always 

right-bearing (as seen from above). The arcade orientation and filament channel orientation have 

a one-to-one correspondence (Section 1.3.2). All post-emption arcades that reform at successive 

heights above dextral filaments do so with a counter-clockwise rotation with height and above 

sinistral filaments with a clockwise rotation with height. A full description of these hemispheric 

patterns and others can be found in Zirker et al. (1997).

In response to these observations new theories of filament formation have been put forward 

by Rust and Kumai' (1995), Priest, Van Ballegooijen and Mackay (1996) and Zirker et a l (1997). 

Each of these authors recognised that surface differential rotation would give the wrong axial com

ponent in each hemisphere and so put forward a different scenario for the origin of the hemispheric 

pattern. Priest et a l (1996) explain it by the combined effects of differential rotation acting on sub- 

photospheric flux, its subsequent emergence by magnetic buoyancy and then the rearrangement of 

the emerged elements by magnetic reconnection to give the correct axial component. On the other 

hand Rust and Kumai* (1995) considered the filament as a twisted (helical) flux rope. This helical 

flux rope is organised by sub-photospheric differential rotation to give the correct axial component 

and then emerges into the solar atmosphere as a twisted magnetic field. The filament mass then 

rests in the bottom of the helix in static support. More recently, however, Zirker et al. (1997) 

explain the hemispheric pattern by surface flows acting on surface fields with magnetic reconnec

tions to give the conect axial component. This process is considered for a mid or high-latitude 

bipolar magnetic region that has been acted on by differential rotation and meridional flows. The

145



latter authors prefered not to ascribe the patterns to unobservable subsurface flows which could 

not be tested. All of the authors above give convincing theoretical and observational arguments to 

support their models. The readers aie left to consider the validity of the respective arguments for 

themselves.

An alternative explanation to these, which does use surface differential rotation along with 

reconnections and flux cancellation, has been put forward by Kuperus (1996). However to obtain 

the correct axial component in each hemisphere, reconnections and cancellations of flux must 

occur after a specific amount of differential rotation. Too much differential rotation and the wrong 

axial component is produced. It therefore seems unlikely that this method is robust enough to 

produce such a dominant hemispheric pattern.

Although there are many theories for the formation of filaments, very few examples of for

mation have ever been observed. One such example was seen by Gaizauskas et al. (1997) and

then modelled by Mackay et al. (1997) (see Chapter 4). The observations and models showed
!

the development of the filament channel with the emergence of an activity complex and then the |
j

foimation of a filament in the channel. An important feature in creating the channel with the cor

rect chirality was the net helicity of the complex. In this chapter we will consider how the net 

helicity (positive or negative) of activity complexes is related to the foimation and hemispheric I

patterns of filaments. This is a feature which none of the above authors have included in their |
Î

models. To begin with, in this chapter the process of filament channel and filament formation |

deduced from Chapter 4 will be described and the role of helicity in the formation discussed. Next |

the hemispheric pattern deduced from the models is described and finally a comparison between
I

the model described here and that of Priest et al. (1996) and Rust and Kumar (1995) is given. The i

model is not compaied with the formation process of Zirker et al. (1997) since their model deals I
I

with formation in an old developed magnetic region, rather than around a newly emerged region |
!

as considered here. Î

5.2 Process of the Formation of Filament Channels and Filaments.

On the Sun there are many different classes of filament. Each of these classes form at different 

locations and have different scaling properties. The process outlined below describes the formation
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of an “intermediate” or “boundary” filament. It is a filament that forms between single bipolar 

regions of flux or activity complexes and unipolar background fields. In general they circle the 

periphery of the main flux concentrations but have one end rooted in one of the flux polarities. In 

a survey carried out by Tang (1987) it was found that the majority of filaments (63 %) form above 

polarity inversion lines between adjacent regions of flux rather than above polarity inversion lines 

contained in a single bipole. The formation process is deduced by considering the observations of 

Gaizauskas et al. (1997) and the modelling of Chapter 4 which described the magnetic field of the 

observed structures by force-free fields. In terms of the hemispheric pattern of Martin, Bilimoria 

and Tracadas (1995), the intermediate (boundaiy) filaments have been included with quiescent 

filaments but so far no individual study has been undertaken solely for them.

To begin with, the emergence of a new region of flux is required in the form of an activity 

complex (or a bipolar region). In a recent survey of 152 active regions by Gaizauskas and Zwaan 

(1997) it was found that the majority of low-latitude filaments form either inside or aiound ac

tivity complexes rather than inside single bipolar regions. The activity complex will therefore be 

considered from now on, although the details of the model aie the same for both types of region. 

The complex must emerge close enough to a remnant region so that the two can interact. Not only 

convergence but also cancellation of flux has to take place so the neighbouring magnetic polarities 

of the new region and remnant region must have the opposite sign. The activity complex must 

therefore emerge on one side, either east or west of the remnant region (see Figure 5.1(a), where 

a complex emerges on the west side in southern hemisphere). The remnant region will have pre

viously been acted on by differential rotation, meridional flows and supergranular diffusion and 

therefore will be more elongated and extend to higher latitudes than the activity complex. The 

effect of the remnant region on the field of the complex is small at the initial stages of develop

ment (i.e botli regions are independent from each other). This is supported by the observations 

of Gaizauskas et al. (1983), who found that most emerging activity complexes are in good flux 

balance. The flux of the activity complex must also be in a sheared state. This gives a dominant 

direction and horizontal field component at the level of the chromosphere and lower corona be

tween the two regions and therefore helps the formation of a filament channel. It is the sheared 

nature of the field that gives the sinistral/dextral nature of the channel (see Figure 5.1(b), where 

the force-free alpha is positive and gives rise to a sinistral channel).
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Convergence of flux now occurs between the two topologically distinct regions as the compo

nent bipoles inside the activity complex expand and some of their flux is transported outwards as 

Moving Magnetic Features (MMF, Harvey and Harvey, 1973) into the surrounding network. With 

the convergence the two regions interact and reconnection takes place. The remnant region forms 

a boundary on one side of the channel and allows flux to connect down along the polarity inversion 

line between the two regions. Flux from the trailing positive polarity of the activity complex is 

transported into the filament channel as MMF towards the polarity inversion line. Elements of 

flux from the negative region also move into the channel (Figure 5.1(c)). At the point of maximum 

convergence, flux elements from the two regions cancel and the filament forms. It links excess 

flux from the convergence to other flux down the channel but not to the large remnant region (Fig

ure 5.1(d)). The arrows give the direction of the horizontal component of field on either side of the 

filament structure. Since the flux that connects down the channel is small compared to the neigh

bouring regions it takes the form of a thin vertical sheet (Chapter 4, Figure 4.12). The filament 

therefore forms in the field due to an imbalance of flux along the channel but with a sheared field 

rather than a potential field as previously suggested in Chapter 2, Section 2.1. Although the field 

is sheared, the filament stmcture does not necessarily have helical twist. It is suggested that the 

mass is fed into the filament by the convergence and cancellation of flux (Priest et a l 1996).

For the magnetic field of the filament to connect down the channel so that it lies along the 

polarity inversion line the activity complex must have the conect sign of alpha with respect to the 

remnant region. Consider now what happens for the opposite (- ve) sign of alpha. In Figure 5.1(b) 

the fibrils would point in a S-N direction and the field direction would be reversed. After conver

gence and reconnection the field configuration of the channel shown in Figure 5.1(e) is produced. 

In this case transverse structures across the polarity inversion line are formed rather than a strong 

field along it. In other words, the configuration required for the formation of a filament channel 

and filament is not set up (Chapter 4, Figure 4.12).

The most important feature of this scenario is that a channel with sinistral or dextral nature is 

created when the complex emerges with the correct sign of alpha. The correct sign with respect to 

the neighbouring region (in this example +ve) gives a dominant horizontal component along the 

polarity inversion line between the two regions (i.e a filament channel), while the opposite sign 

gives transverse structure and no filament channel after convergence.
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The following questions naturally arise. First, how common is this method of formation ? For 

this process to occur the emergence of new flux in a sheared state and then its interaction with 

existing remnant flux is required. This will best occur during a phase of the solar cycle when there 

is much old flux lying around. It is not the only method that foiuis a filament but it may be a 

predominant one at low latitudes during the ascending phase of the solar cycle. As we approach 

solar maximum this hypotheses could easily be tested using SoHO and ground based instruments. 

The second question is, how is the mass introduced into the filament and what keeps it there? 

This question is more difficult and presently a matter of debate, so a definite answer cannot be 

given. One possibility is that mass is introduced when the flux elements cancel. The cancellation 

of topologically distinct flux elements may create a current sheet which then “shoots” mass down 

the channel along the field lines that represent the filament. The mass then lies on field lines that 

are sufficiently long and flat to support it for a period of time. However, since the mass is not held 

in static support it will need to be continually replenished. Thus a process of continual small-scale 

flux convergence and reconnection below the filament (as suggested by Priest, Van Ballegooijen 

and Mackay (1996) and observed by Martin (1990)) would be required. Another possible means of 

mass supply is that flux is picked up from the chromosphere as the two regions converge. Recent 

simulations by Galsgaard and Longbottom (1997) have shown that it is possible to have density 

enhancement between regions of opposite polarity flux as they converge and reconnect. The full 

details of this are as yet unknown and more observations and theoretical work will be required to 

answer the question. The method described above only considers the evolution of the magnetic 

topology of the filament channel and filament. There is not enough information at present to 

describe in detail the plasma process involved. However, the model does show that helicity can be 

important for the formation of filaments.

5.3 Hemispheric Patterns

In a recent paper by Pevstov et al. (1995) it was found that there is a hemispheric pattern for the 

net helicity of active regions. In the northern hemisphere 76 % of active regions have negative 

helicity (alpha -ve) and in the southern hemisphere 69 % have positive helicity (alpha -hve). The 

dominant values of alpha in each hemisphere do not change with the solar cycle or with class of
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Cycle Side Northern

alpha

Southern

alpha

21 west -ve (76%) +ve (69%)

dextral sinistral

21 east +ve (24%) -ve (31%)

sinistral dextral

22 west -ve (76%) +ve (69%)

dextral sinistral

22 east +ve (24%) -ve(31%)

sinistral dextral

Table 5.1: Sign of helicity (alpha) necessary to form filaments.

flux region (unipolar, active region, activity complex). In the present model the net helicity of the 

activity complex plays an important role in determining the chirality of the channel. The correct 

sign of helicity gives connections down the channel along the P.I.L. and the wrong sign gives 

connections across the channel. Can a hemispheric pattern for this type of formation be explained 

by the hemispheric pattern of helicity ?

To see if this is the case force-free models of the channel analysed before, which formed on the 

25^  ̂July 1979, are constructed but we consider the effects of flux emerging on both the east and 

west side of the remnant region and in each hemisphere according to the polarity emergence law 

for both cycle 21 and 22. The sign and value of alpha is deduced that produces connectivity down 

the channel rather than across it so that a filament-type stmcture can be obtained as before. The 

results are presented in Table 5.1 for different solar cycles, hemispheres, and sides of emergence 

of the new flux relative to the old flux.

If the flux regions emerge to the west of the activity complex in cycle 21 a positive value of 

alpha is required to give the correct connectivity in the southern hemisphere and a negative value 

of alpha is required in the northern hemisphere. With this, sinistral channels are produced in the 

southern hemisphere and dextral channels in the northern hemisphere (Figure 5.2(a)), which is 

consistent with the results of Martin, Bilimoria and Tracadas (1995). If the opposite value of
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alpha is used in each case, a transverse structure is obtained across the channel and no flux con

nects down the channel to produce a filament-type structure (Figure 5.2(b)). If the flux emerges 

on the east side of the remnant region the opposite occurs. A negative value of alpha is required in 

the southern hemisphere and gives a dextral channel and a positive value is required in the north

ern hemisphere to give a sinistral channel (Figure 5.3(a)). Again if the opposite sign of alpha is 

used in each case flux connects across the channel and not down it (Figure 5.3(b)). Emergence 

on the west side needs the dominant sign of alpha in each hemisphere to obtain the correct mag

netic structure while emergence on the east side needs the minority sign of alpha. The minority 

values of alpha in each hemisphere give the wrong chirality, while the dominant values give the 

correct chirality. Thus statistically there is a much higher chance of having dextral filaments in 

the northern hemisphere and sinistral filaments in the southern hemisphere. However, both can 

be produced by this mechanism in each hemisphere. The same pattern is found for the next cycle 

(22) with the polaiity of the flux regions reversed accordingly; thus the results are independent of 

the solar cycle as Martin, Bilimoria and Tracadas (1995) found. This shows the significance of 

helicity in the hemispheric patterns of filaments, a feature not considered until recently. In this 

chapter a hemispheric pattern known from observations has been used along with theory to predict 

that there is a hemispheric pattern for intermediate filaments.

The models constructed are also consistent with the results of Martin and M'^Allister (1995) 

for the overlying arcades. The axial component of field in the channel is created from the type of 

twisting due to the sign of alpha in the complex. The arcades overlying the filament channel must 

have the same direction of axial field as the filament channel lying below them or there would be 

a field reversal with height. Thus all stable arcades lying above dextral filament channels should 

be left-bearing and all arcades above sinistral filament channels correspondingly right-bearing 

(Figure 5.1(f)).

The filament channel in this model is represented by a sheared force-free field. As we go 

higher up into the corona we would expect the field to relax more to a potential field with height. 

Thus the higher up, the more transverse the field should be across the P.I.L. The relaxation time 

for the coronal field through a tearing mode instability would be typically a few days. When 

eruptions occur some energy will be lost but not all of it. The field that closes down is then seen as 

a dynamical loop system and loops that were not seen before are now lit up. If the field is relaxing
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towards a potential field with height (as Schmieder et al. (1996) found) then a clockwise rotation of 

the loops with height would occur for sinistral filament channels and a counter-clockwise rotation 

for dextral filament channels (Figure 5.1(f)). This is indeed what is seen in the observations. The 

arcade orientation must be consistent with the axial component of field in each channel and that is 

why there is a one-to-one correspondence between them.

5.4 Comparison with Previous Models

It is now useful to compare the method of formation described above with the models of Rust and 

Kumar (1995) and Priest, Van Ballegooijen and Mackay (1996) to show how well the previous 

theoretical models compare with the present one deduced from observations.

5.4.1 Rust and Kumar (1995)

In their model the authors describe the formation of a filament as the emergence of a horizontal, 

twisted flux rope. The flux ropes are produced by a global, subsurface velocity that twists the field. 

Subsurface differential rotation then acts on the flux rope to give the connect axial component in 

each hemisphere. To support this they describe the barbs of pre-emptive filaments as a filled helix 

and interpret the cancelling magnetic features seen during formations as the emergence of a U- 

shaped loop that lifts mass up into the corona. With each new, U-loop emergence the total length 

of the emerged flux rope increases and helicity and mass are added to the filament. The model 

does not use shearing motions of surface fields or magnetic reconnections to form the filament.

While their scenario is appealing due to its simplicity it does not fit the picture deduced from 

the observations. First of all, it does not include the role of the filament channel in the formation 

of the filament. For the type of filament considered here, the filament channel is observed to be 

created by the emergence of a new region of flux in a sheared state. It is then the shear of this 

region that produces the sinistral/dextral nature and a dominant horizontal component of field in 

the channel long before the actual filament forms. The fibrils of the channel represent arches 

that connect regions of positive and negative flux, they do not represent emerging horizontal flux 

ropes. Secondly, cancellation of flux does occur in our model but it is interpreted differently. 

The cancellation is observed to occur between elements of the new and remnant regions. If it
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represented the emergence of a U-shaped loop that connected the cancelling fragments below 

the surface, the emergence of the loop would give a flux rope that stretched across the polarity 

inversion line and not along it. The emerging structure would be at a large angle to the dominant 

direction of field in the channel. In our opinion the cancellation is of two topologically distinct 

structures that are not necessarily connected below the surface because one structure had emerged 

many months before the other. These elements cancel out and in the process inject mass down the 

channel to form the filament. Reconnections also play an important role in the changing topology 

of the channel as the two flux systems converge. In our opinion the Rust and Kumar scenario does 

not fit well the method of formation seen here. However, our mechanism is for a specific type of 

filament formation so it does not mle out their process for other types of filaments such as those 

of the polar crown.

5.4.2 Priest, Van Ballegooijen and Mackay (1996)

The above authors put forward a dynamical model for the formation of filaments where the fil

ament is maintained by the continual input of mass and magnetic flux from cancelling magnetic 

fragments. Subsurface differential rotation is used to give the correct axial component in each 

hemisphere. However, the build-up of this component in the chromosphere and corona is de

scribed in terms of small-scale emergences and reconnections along the polaiity inversion line. 

These emergences and reconnections create the filament as a flux tube along the filament channel 

with cool plasma lifted up from the photosphere and chromosphere by each reconnection. The 

flux tube may have twist but it is not an essential ingredient. Continual reconnections are required 

to maintain the filament channel and filament.

This scenario also differs greatly from the one described in Section 5.2. To begin with, it 

describes the filament channel formation through the systematic alignment of small-scale fields 

that have emerged once subsurface differential rotation has acted upon them. In contrast, the 

mechanism of the present chapter forms the channel by the emergence of a sheared region. The 

formation of the channel occurs with one large-scale emergence, rather than with a series of small- 

scale emergences as Priest, Van Ballegooijen and Mackay (1996) suggest. To form the filament, 

reconnections are required in both scenarios. In our model the new and remnant regions interact 

with the remnant region forming a boundary on one side of the channel. The filament then foiins
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after there is a large-scale cancellation of flux at the top of the channel. Thus the filament is 

formed by one large cancellation building up the mass and flux rather than by many small-scale 

cancellations. However, a process of many small-scale cancellations below the filament would 

be required to maintain it after it has formed. The method of Priest et a l (1996) may be more 

suitable for high-latitude filaments where there are no clear large-scale emergences of flux. At 

high latitudes where the fields are weaker, small-scale emergences and reconnections may more 

easily orientate the field to the sinistral/dextral direction in each hemisphere. However, at lower 

latitudes where the fields are stronger the process is less likely.

5.5 Conclusion

In this chapter a new scenario has been put forward for the formation of filament channels and 

filaments. It involves the emergence of new flux and its interaction with remnant flux. The key 

ingredient in the model is the net helicity of the new region that emerges. With the correct sign of 

helicity a filament channel and filament can form between the two regions; with the incorrect sign, 

transverse structure is obtained across the polarity inversion line and no filament can form. The 

observed hemispheric pattern of helicity then naturally leads to a hemispheric pattern for this type 

of filament, with dextral filaments dominating in the northern hemisphere and sinistral filaments 

in the southern hemisphere. This method, however, is appropriate for a specific type of filament, 

namely the intermediate or boundary filament. The formation of polar-crown filaments is more 

likely to be caused by one of the alternative methods given above. However, the present model 

stresses that helicity can have an important effect on the hemispheric patterns of filaments, a fea

ture that should be included in future modelling.
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Chapter 6

Conclusions and Future Work.

This thesis has mainly dealt with the magnetic stmcture of filament channels and filaments. To 

model these objects, potential and force-free approximations have been used. Throughout this 

thesis, an emphasis has been given to the modelling of specific observations. In Chapter 1 both a 

potential and a force-fiee model of a filament channel were set up. The potential model consisted 

of two point sources that represent the origin of the flux of the filament and two line sources that 

produce the flux of the overlying arcade. With this model, the filament channel was created by an 

asymmetry of flux locations along a finite length of the polarity inversion line in the channel. An 

interesting feature of the model is the presence of a separatrix surface that envelopes the flux that 

connects along the channel. For the initial model, the lower bound of the separatrix was consistent 

with the lower bound of a prominence, whereas the upper bound was far to high to be the upper 

bound of the prominence, though it did correspond in altitude roughly to the top of the coronal 

cavity. For the lower field lines within the separatrix the free-fall time was around 3000 s which 

is the same as the coronal condensation time. Therefore, it may be possible for a filament to 

form on the lower field lines while the higher ones represent those of the coronal cavity. When 

a weak background field was added to the filament channel it was found that a large change in 

the heights of the sepaiatrices could occur. For quiet-region flux values and a background field 

of aiound IG the lower and upper sepaiatrices could be reduced to the heights of the lower and 

upper bounds of quiescent filaments. With the uniform field added the field lines were much 

flatter and had a free-fall time of 4000-5000 s. With the increased free-fall time and flatter field
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lines the topology was much more suitable for the formation of a filament. However, when active- 

region flux values were considered a background field of over 40G was required and a field of this 

magnitude could not be justified. This showed that the potential model may be suitable for large 

quiescent filaments but not for small active-region filaments. After the simple potential model a 

more detailed numerical linear force-free model was constructed. With this, the effect of magnetic 

shear on the separatrix surface was considered. Again similar results were found to the potential 

model with the possibility of both upper and lower bounds existing. This time the heights and 

widths of the séparatrices could be increased or decreased as the sign of alpha was changed to 

both positive and negative values. Dextral channels existed for a wider range of negative values of 

alpha and sinistral channels for positive values of alpha. For the cases considered here there was a 

wide range of possible structures that could represent the magnetic field of a filament. It was also 

found that the exact dimensions of the structure depended very much on the boundary conditions, 

with the potential model and open boundary conditions giving the highest possible solution.

In Chapter 3 potential modelling was used to model a variety of coronal stmctures. First the 

bending of a filament in the filament channel was considered as the interaction of the horizontal 

component of the filament field with regions of opposite polarity flux called plagettes. With this, 

the bending and narrowing of the filament as it passed between the plagettes was obtained and 

a possible mechanism for determining the horizontal component of the filament field from Ha 

and magnetogram images was put forward. The potential modelling was then used to model the 

opposite skew of aicades above each arm of a switchback of a polarity inversion line. The initial 

modelling showed that the skew on each arm could result from an imbalance of flux at the corner of 

the switchback. This imbalance was due to the switchbacks lying close to the polar regions on the 

Sun. As the flux imbalance increased the amount of skew also increased. The modelling showed 

that changing skew of field lines with height or shear of the field could be obtained with a potential 

field, as long as there was a flux imbalance in that field. A specific example of a switchback was 

then modelled and a good comparison between the model and observations was found. The skew 

on the horizontal ann was found to be right-skew and roughly 60 degrees while on the diagonal 

arm it was left-skew and 50 degrees. Finally, a specific example of a filament in a filament channel 

was modelled. However, to obtain a good representation a background uniform field had to be 

added along with extra regions of flux. Since the region being modelled was of high resolution the
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existence of the extra regions of flux was not ascertained. It was, however, shown that dips in a 

filament's magnetic field could be due to the locations of opposite polarity flux that lie below the 

filament.

In Chapter 4 the formation of a filament channel and filament over a period of five days was 

modelled from a sequence of Ha and magnetogram images. The modelling showed that the forma

tion of the filament channel was due to the emergence of an activity complex in a highly shear ed 

state. Both analytical and numerical force-free models were considered. It was found that the 

field lines that give the best fit to the Ha images were flat and low-lying. Further modelling then 

showed that the magnetic field of a small active-region filament could not be represented by a 

potential field but was described well by a highly sheared force-free field. The field lines that 

gave the best fit to the filament formed a thin vertical sheet of flat low-lying flux that connected 

down the channel. The changing angle of inclination of the structure gave the appearance of twist. 

It was then shown that interaction between the new activity complex and the old remnant region 

was a necessary condition for the filament to form at its observed location. This suggested that 

magnetic reconnections play an important role in the formation of filaments, a feature which some 

models do not include. In Chapter 5 the process described above was generalised to suggest a new 

scenario for the formation of filament channels and filaments. It involves both the emergence of 

new flux and its interaction with reiunant flux. A key feature in the model is the net helicity of 

the newly emerged region. With the correct sign a filament channel and filaruent could form after 

convergence; with the incorrect sign no filament channel or filament could form. The observed 

pattern of helicity in each hemisphere then naturally leads to a hemispheric pattern for filament 

channels, with dextral channels dominating in the northern hemisphere and sinistral channels in 

the southern hemisphere with an average ratio of 70:30. This result shows the importance of he

licity in the hemispheric patterns of filaments, a feature which should be incorporated in future 

modelling.

One interesting feature that has been observed throughout the modelling work carried out in 

this thesis is that it is very difficult to determine whether field lines are potential or force-free just 

by considering their topology. In Chapter 3, Section 3.2 it was shown that a changing skew or 

“shear” of field lines could be obtained with height (see Figures 3.6 (f), 3.7 (f), 3.8 (f)) from a 

purely potential field (as long as there was a flux imbalance in that field). However, in Chapter
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4, Section 4.2.3 the two sets of field lines that conespond to the “aich filament systems” can be 

seen to give a very transverse (unsheaied) stmcture across their respective polaiity inversion lines 

(Figure 4.7), even though these field lines are highly sheared. This shows that the only way to 

determine whether an observed structure is really potential or not is to consider the flux locations 

and sizes and to compute the resulting potential and non-potential field lines.

There are many outstanding problems in the area of prominence resear ch and future work may 

proceed in many directions. To begin with, the modelling of the observed region in Chapter 4 

could be repeated with non-linear force-free field models. If vector magnetograms were available 

these could be used to determine alpha in the various flux regions. With this a much better model 

of the filament channel could be constmcted and possibly the arcades lying above the filament 

included. With the present model (using a linear force-free field) the solution is only reasonable 

in a localised region (the region of the filament where alpha is roughly constant).

Another unanswered question relates to the hemispheric pattern of filament channels and fila

ments. Progress has been made with the results in Chapter 5 but it does not give the full answer. 

To determine how helicity affects the hemispheric patterns of filaments throughout the solar cycle, 

helicity could be added into the global diffusion code developed by Aad van Ballegooijen. This 

code simulates the effects of differential rotation, diffusion, and meridional flows on photospheric 

flux distributions. With this, the authors van Ballegooijen, Caitledge and Priest (1997) were able 

to show that these effects could not give rise to the hemispheric patterns of filaments. However, 

they neglected one important effect, namely the observed helicity of emerging flux regions. By de

termining the amount and location of helicity emergence from the results of Pevtsov (1994,1995) 

the evolution of this preferential twisting in each hemisphere throughout the solar cycle could be 

followed. It would be interesting to note whether these effects allow a preferential survival of 

dextral channels in the northern hemisphere and sinistral in the southern.

Another use of the code would be to take the channel modelled in Chapter 4 and evolve the 

field for one month. The computed field could then be compared with that observed on the next 

rotation to see if differential rotation, diffusion and meridional flows can explain the changing 

appearance and evolution of the filament channel through the next solar rotation. These are just 

two of the many possible applications of the code in the context of filament channels and filaments.

A further area of future work relates to the barbs of filaments. Very little research to date has
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been undertaken on these structures. Models are needed to address fundamental questions about 

suitable magnetic topologies for barbs. They will have to explain how the mass is supported and 

why there is a hemispheric pattern. By considering the magnetic topologies of the barbs a fuller 

understanding of the three-dimensional nature of magnetic fields in filaments could be obtained. If 

the barbs join to the top of the filament, it would suggest that the field of the filament has a helical 

structure. However, if the barbs connect to the bottom of the filament, the field is likely to have 

more of a straight tube-like structure. Both two-dimensional analytical and three-dimensional 

numerical models could be constructed. Such models should also consider how the barbs are 

connected to the photosphere. Observations suggest that the barbs are located in regions of para

sitic (opposite) polarity photospheric flux, but it is unclear whether they connect to the centres or 

boundaries of supergranular cells. The modelling has important theoretical and observational con

sequences. In order to maintain a close relationship between theoretical and observational results 

the models could be applied to observations to test how well the theories deal with specific cases.

The magnetic topologies of barbs are also of fundamental importance for understanding the 

source of mass in filaments. One possibility is that mass is injected from the chromosphere along 

the baits into the filament. The modelling could be compaied with SOHO (CDS,SUMER) ob

servations of filament flows. Again, models need to be constructed which allow both upflows and 

downflows in filaments. An alternative explanation for supplying the mass is to lift it as dense 

photospheric material up into the corona by flux cancellation events that occur at the footpoints 

of barbs. In a preliminary paper Priest et aL (1996) address this problem and outline the process. 

More detailed calculations could consider whether the mass pickup process does indeed work.

As another area of reseai'ch, filament eruptions and CME's could be considered in terms of 

the switchbacks of polarity-inversion lines. At these locations, frequent CME events occur in 

conjunction with erupting filaments lying along the arms of the switchback. Yohkoh images of 

the overlying arcades could be studied. By constructing models of both the pre-emption and post- 

emption arcades from magnetograms, calculations of the change in energy state could be made. 

The Yohkoh data could also be compared with H a images of filaments. By doing this, a possible 

mechanism for the CME could be sought. The global diffusion model would be useful in this 

study, to test whether or not the arcades are formed due to differential rotation on the footpoints 

and whether it could describe the evolution of the switchback. There are, therefore, many possible
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areas o f work that can be undertaken as natural steps from the research canied out in this thesis.
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A. Comparison of Order of Magnitude Estimates and
Numerical Results.

The tables below compare the order of magnitude estimates of the separatrix heights with those 

obtained numerically for a = 1.0,3.0,5.0. It can be seen that as the value of a and /  grows larger 

the estimate becomes worse.

a = 1.0

Property Order of Magnitude 

Estimate

Numerical Value

Poles join in 

y=0 plane

/ > 2 . 0 / >  1.9

Poles f  = 2.0 /  = 1.9

initially join y = 0.0 y ~  0.0

Sep. heights when 

/  =  10.0

2.3 3.0

a =  3.0

Property Order of Magnitude 

Estimate

Numerical Value

Poles join in 

y=0 plane

/  > 18.0 /  > 31.0

Poles /  = 11.0 /  =  6.0

initially join y = 2.8 y =  5.0

Sep. heights when 6.0 14.0

/  =  10.0 0.7 1.25
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a = 5.0

Property Order of Magnitude 

Estimate

Numerical Value

Poles join in 

y=0 plane

/  > 50.0 /  > 135.0

Poles /  =  19.6 / - 7 . 0

initially join y -  5.0 y — 8.6

Sep. heights when 10.0 29.0

/  =  25.0 2.2 2.2
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B . Position and Labelling of Sources in 
Switchback Model.

In Figure B1 the position and labelling of the sources and sinks that represent the switchback 

are shown. Below a list of the flux values of the sources and sinks can be seen with the flux values 

scaled in terms of 10̂ ® Mx.

■} 1 1 3  1 S  1 7  1 Q g ,1  a 3 a e 5 2 - 7 g p 3  1 , 3 3 3 5

Figure B1 : Position and labelling of sources and sinks in switchback model.

A = -27.6 A = -8 .0 A = - 2 2 .7 A = -7 .2 A - -27 .4 A  = ■-6 .2

A  = -26.4 A  = - 8 ^ A = -27 .2 Ao = -24.0 A i = -30.0 f l 2  =  ■-11.1

As = -30.6 f l 4  = -17.4 As = -22 .8 Ae = -13.3 A t - -35.7 As = -5 .4

f l 9  = -45.4 Ao = -9 .4 A i = — 32.0 A 2 = -15.2 As = -15.4 A 4 =- ■-19.8

As = -25.0 Ae == -18.7 A t = -31.0 As = —24.8 Ao = -19.0 Ao =  ■-17.0

A i = -24 .7 A 2 = -24.4 As = -30.8 A 4 = -15.4 As = -26.1 Ae =  ■-26.2

A t = -10.1 As = -16.7 Ao == -8 .3 Ao — -4 .9 A i =: -4 .1 A 2 = -7 .5

As -= 3.2 A 4 = - 4 ^ As =: -8 .6 Ae = -5 .1 A t = : -8 .7 As = -0 .4

Ï49 -= 9.4 Ao == 9.4 A i == 18.2 A 2 == 18.8 As - = 10.9 A 4 = 11.2

As == 36.9 Ae == 6.5 A t -= 32.9 As == 6.3 Ao == 43.6 Ao = 16.3

A i == 46.0 Ï62 == 2.5 As -= 32.6 A 4 =: -7 .0 As == 11.8 Ae = -19.2
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f e r  — 8.0 As =  -23.8 Ao =  —12.9 Ao -  -21.6 A l = —15.4 A 2 =  --27.4

/ t3 = —12.2 A4 =  -18 .4 As = -13.4 Ae = —9.9 A t =  -15.5 As = 3.4

As = -17 .2 Ao =  -11 .7 A l = -19.6 f s 2  = -9 .4 As =  —18.1 A 4 = -3 .4

As =  -25.0 Ae = 0.65 A t = -9 .8 As = 1.9 Ao =  —21.9 Ao = 1.5

A l = -27 .7 Ï92 =  15.5 As = -11.5 A 4 = 40.4 As =  26.7 Ae = 44.0

A? =  67.5 As = 47.0 Ao = 48.8 Aoo = 47.0 Aoi = 32.0 A 02 = 50.2

/io3 =  58.9 A o4 = 55.9 Aos = 90.1 Aoe — 76.8 A ot =  86.9 Aos = 3&7

/i09 = 36.1 f i i o  =  -17 .4 A il — —50.3 A i 2 = —12.2 A i 3 = 6.9 A 14 = -7 .7

/ l is  = 7.1 Aie = -6 .7 A it =  0.6 A is = —22.8 Aïo = —3.8 A 20 = -25.1

121 =  -25.3 122 = -28.9 A 23 = -6 .8 f i 2 4  -  -40.5 A 25 =  -16 .7 A 26 = -68.6

f i 2 7  ~  —20.9 f i 2 8  =  —53.8 A 20 = —70.8 Aso = —2.9 A si = -31 .7 f l 3 2  = 64.7

/l33 = —4.7 A s4 — 81.9 Ass =  102.7 Ase = 58.7 AsT = 113.6 Ass = 14.6

/i39 -  20.5 

/i45 = 29.2

A 40 = 69.4 A 41 =  -4 .9 f i 4 2  =  49.5 f i 4 3  =  28.6 A 44 = 110.5
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C. Position and Labelling of Sources for Model 
of Particular Filament.

Diagrams showing the position and labelling of the sources and sinks in the filament channel 

for both magnetogram 1 (Figure C l) and magnetogram 2 (Figure C2). The sources are represented 

by ' +’ signs and the sinks by ’ signs. Below each of the diagrams are the relative flux values of 

the sources (A).

14

12-

10-

8 -

6 -

4

2 -i

-21

-20 -15

-8 -7

4-1
-19

4-5
4-3

-4+18 -13

4-12 -2
■4-14

4-16
4-17

4-6
+10 +11

0 10 12 14 16 18 20

Figure Cl: Position of sources and labelling for magnetogram 1. 

Magnetogram 1

A = 20.0 A = -100.0 A = 3.0 A  = -4.0 A = 10.0 A  = 2 4 A  = -13.0

A = -13.0 A = -13.0 Ao = 12.0 A i = 10.0 f i 2  = 2.0 As = -2.0 f i 4  = 8.0

As = -13.0 Ae = 3.0 At = 3.0 As = 10 Ao = -6.0 Ao = -3.0 A i = -3.0

168



14-

12-
-22 -21

10- -23 -19 _i7
-20 -16

8 - + 1
-15 -18

6 -
+ 5  + 3 -4 -14

4 - +6 -12 +13
+7 -9

2 -
+8 +10+11

0 2 4 6
1
8

1 1 1 1 1
10 12 14 16 18 :

Figure C2: Position of sources and labelling for magnetogram 2.

Magnetogram 2

A = 26.0 A = -100.0 A =  3.0 A =  -8.0 A =  10.0 A =  10.0 A = 7 . 0

A =  7 .0  A =  -3 .0  Ao =  10.0 A l  = 10.0 A 2 = -3 .0  A s  = 3.0 A 4 = -4 .0

A s  = - 6.0 A e  = -16 .0  A t  = -1 6 .0  As =  -4 .0  Ao =  -16 .0  A o  =  -5 .0  A i  =  - 10.0

A 2 = - 12.0 A s  =  - 1.0
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D. Numerical Method used to Obtain Linear 
Force-Free Fields.

A brief description of the method used to obtain the 3-D force-free equilibria is given here. For 

a more detailed description of the method used, the papers by Finn et a l (1994) and Longbottom

et a i  (1997) and references therein should be considered. To find a 3-D linear (a — const)

force-free equilibria the equation

V X B = a'B, (D.l)

must be solved. One method of doing this is to reduce the problem to one involving the vector 

potential A (B =  V x A). The problem is then solved in a cube whose sides range from — 1 < 

x^y^z < 1. With this foim for B the force-free equation reduces to solving

A -f aV  X A = 0, (D.2)

subject to the boundary conditions

1. The tangential components of A ( At =  — n x (n  X A)) on each face are consistent with 

the normal component of B {B^ ~  B.n).

2. The normal component of A(A„ = A .n) satisfies V .A  = 0 on the boundaiy. In fact with 

convergence to the solution of Equation D.2, V.A = 0 everywhere.

The cube represents an isolated region of the solar surface and flux can only enter or leave 

through the bottom surface (^ =  — 1). This means that Bn the noimal component of B , is zero 

on each of the faces except z = ~1 (which represents the photosphere). To satisfy boundaiy 

condition 1 it is assumed that the tangential components of A are zero on each of the faces except 

the z = —1. With this the second boundary condition is satisfied by having the normal derivative 

of the normal component of A  zero on each of these faces.

The base flux now needs to be specified. This is done by specifying the normal component of 

the magnetic field {Bn =  B%) at z = —1. To do this it is first assumed that on the base

dA,
dz  
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and conditions 1 and 2 give

To find Ax,Ay on the base from the vector potential A is written in the form of a flux function 

$  such that

A = V X ($(æ, y)z) +  A^z. (D.6)

With this form for A  Equation D.4 becomes

^ - _ r  
dy'^ ^

This equation is then solved subject to the boundary conditions that

s - «
on the boundaries. This is required so that on the boundaries the tangential components of A are 

zero. With Ax,Ay determined from Bz on the base the full problem can then be solved. It is 

solved by linear multigrid including V-cycles on a regular cartesian grid and with a Gauss-Seidel 

smoother.

Each of the problems considered in Chapters 2 and 4 is solved on three different grid spacings, 

namely 33^, 65^ and 129^ grid points. This is done so that convergence of the solution can be 

shown. In all of the problems the radius and location of the sources are chosen so that they 

are independent on the lowest grid (33^). As the number of grid points is increased the sources 

are centred on the same grid points as on the 33^ grid. This is to ensure that exactly the same 

problem is solved as the number of grid points is increased. In all cases, as the number of grid 

points is increased it is generally found that the footpoints of the field lines lie within one grid 

spacing of those carried out on the previous grid size. However, if a field line passes close to a 

separatrix surface or lies on the separatrix surface, as the surface becomes better resolved, a large 

displacement of footpoints can occur. This just represents the nature of these surfaces. To show 

that convergence of the solution has occurred as the number of grid points is increased global
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Figure Dl. Graphs of (a) Relative Helicity versus grid spacing and (b) magnetic energy versus 

grid spacing. Both show convergence of the solution as the number of grid points in increased.

properties of the field are considered such as the magnetic energy and relative helicity (Berger 

1985) of the field. The magnetic energy and relative helicity are given by

2fj,

and

f
M  agnetic Energy = / — dV  

J y  2tU/
(D.8)

RelativeH elicity — / A.BdV.
Jv

(D.9)

The magnetic energy tells us how much energy is stored in the field. When the field is potential we 

have the minimum amount of energy and this energy is unavailable. However, as alpha increases 

(magnetic shear added) the energy increases. The relative helicity measures the linkage of the 

field and gives a measure of the amount of twisting. When a  = 0 the relative helicity is zero. 

In Figure D l the graphs of (a) relative helicity and (b) magnetic energy versus grid spacing in 

dimensionless units can be seen for a  =  2.3 and the problem considered in Chapter 4, Section 

4.5. These show that as the grid spacing is doubled the solutions quickly converge. Convergence 

for the other problems considered in this thesis was also checked and similar results found.
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E. Position and Labelling of Sources for Potential 
Model of July 25*'* 1979.

Flux values in terms of 10̂ ® Mx for each of the poles representing the magnetic field of the 

filament channel. In Figure El we see the position and labelling of the sources, ’ +’ signs and the 

sinks, ' signs for the potential model of the 25^  ̂July.

-4 5

-2 5200

- 3 9 + 7 -2 6
-4 3

+8
150

-28-4 2 + 10

- + 1 5
-3 4

- 3 3
-20100

-2 9

- 3 2  - 3 0

50 -  +  17

+19
0 100 200 300 400

Figure E l . The positions and labelling of the sources in the channel for the potential model of the

25*  ̂July.

f i  = 4.9 /2 = 11.1 /s  = 4.4 A = T 9 A = 13.1 A  =44.0

A  = 16.3 A  = 1Z5 /9 = L9 fio -  3.7 / i i = 4 . 5 /1 2  = 4.4

/i3  = 25.3 /i4 = 34.4 /1 6  = 10.0 A6 = 16J /i7 = 7.4 As = 20.7

Ag = 126 /2 0  = -4.0 /2 1  = -15.9 /22 = “3.4 As = “28.9 A4 = -91.5

/25 = “17.0 /26 = -45.5 /27 = -11.2 /28 = -15.5 /29 = -3.2 Ao = -7.5

/s i =-6.1 /s2 = -6.5 /as = “43.8 /S4 = -12.0 As = -13.3 Ae = -16.9

fs7 = -14.8 fs8 = “3.6 /sg = -18.4 / 4 0  = -6.7 /4 i  = -4.8 /42 = -8.7

/43 = -7.2 /44 = -6.9 As = -16.0
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