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A bstract

This thesis seeks to understand further the role of solar flares and coronal mass 

ejections in the evolution of the solar corona, and the relationship between the 

two phenomena. The thesis starts with a description of the solar atmosphere and 

the physics governing the magnetic flelds in this region. Active regions are then 

discussed as they are the location of the flares studied in this thesis, and are related 

to the coronal mass ejections selected. The magnetic flux which emerges into the 

active regions is likely to be twisted and distorted. Such structure in the fleld can be 

described by the parameter magnetic helicity, which is also introduced. A discussion 

on coronal mass ejections and their relationship to flares and helicity concludes the 

introduction section.

Various instruments have been used in order to obtain a complete analysis of 

the chosen events. These instruments include both space-borne and ground based 

instruments. There is a section to explain the workings of each instrument which in

clude the Yohkoh Soft X-ray Telescope and Hard X-ray Telescope, SoHO Extreme- 

ultraviolet Imaging Telescope, Large Angle and Spectroscopic Coronagraph and 

Michelson Doppler Imager, the GOES X-ray flux monitor and two ground based 

Ha telescopes in Austria and Japan. The various data analysis techniques are also 

briefly described.

The relationship between coronal mass ejections and flares has been debated 

since the 1970s. This thesis investigates the effect of the ejections on the long-term 

flare activity in certain active regions near solar minimum. It is found that the 

ejections significantly alter the magnetic environment in the flaring active regions

9
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to produce a situation where less energetic flares occur. It is also found that at the 

start of a period of high CME activity in one particular active region, an imbalance 

between the positive and negative line of sight magnetic flux forms. This may 

also be related to a change of the magnetic environment resulting from a process 

contributing to CME onset, or even possibly as a direct consequence of the CME 

itself. The magnetic fleld component along the observers line of sight is measured 

and so will be sensitive to changes in orientation of the field.

Coronal mass ejections are thought to be an important process in the solar corona 

as they are the means by which plasma, and more importantly, magnetic fleld are 

removed from one solar cycle to the next. Twisting and writhing of bundles of 

magnetic fleld lines results in a quantity known as magnetic helicity which is a well 

preserved quantity. Coronal mass ejections also therefore offer a natural method 

to remove magnetic helicity and prevent an endless accumulation in the corona. 

The source of helicity for a rotating active region which produces many coronal 

mass ejections has been studied in this thesis. It has been found that the action 

of differential rotation on the footpoints of the coronal flux tubes cannot provide 

enough helicity to provide a source for the observed number of ejections. Instead 

the source must be provided by the emergence of twisted and distorted flux from 

below the photosphere.

The results in Chapter 3 are commensurate with previous work which suggests 

that high intensity flares are likely to be accompanied by a coronal mass ejection. 

Chapter 5 in this thesis details the study of a highly energetic flare that was expected 

to be accompanied by a coronal mass ejection but was, in fact, confined to the lower 

corona. It is found that the flare is likely to be the result of an interaction between 

emerging flux and pre-existing flux low in the corona. Reconnection occurs and 

a fast expansion is observed in one of the loops. The work suggests that a fast 

injection of twist into the expanding loop may have occurred, and that flares are a 

method by which helicity is transferred in coronal structures.



Chapter 1

Introduction

The Sun has posed a challenge to scientists for hundreds of years, and is the only 

star that can be spatially resolved. The wealth of data collected by the many 

space and ground based instruments over the years has revealed a variety of solar 

phenomena on all observable spatial and temporal scales. Our understanding of the 

physical processes taking place in the Sun has advanced substantially since the first 

telescope observations were made by Galileo in the 17th century. However, many 

questions on the phenomena that are observed remain unanswered. For example, 

the heating mechanisms of the corona, the origin of the 11 year solar cycle and 

the 22 year magnetic cycle, and the exact relationship, if any, between large scale 

eruptions and small scale flares.

The Sun is a giant ball of plasma, considered on short time scales as being ap

proximately in hydrostatic equilibrium. It is held together under its own gravitation. 

The first observations of the Sun were those made with the naked eye, and there

fore in white light. Sunspots were observed as early as 350 B.C. by Theophrastus 

of Athens, a pupil of Aristotle, giving the indication that the Sun was not perfect 

and blemish free. Longterm observations of sunspots revealed the nature of surface 

rotation and also the existence of a sunspot cycle. In fact, the Chinese have ob

servations of sunspots dating back over 2000 years. The invention of the telescope

11
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allowed more detailed observations of sunspots to be made, with seminal work car

ried out by Galileo Galilei in the 17th century. The most dramatic advances in solar 

physics have been made with the ability to take observations above the Earth’s a t

mosphere. This allowed the Sun to be viewed in a totally new way using parts of 

the electromagnetic spectrum normally attenuated by the Earth’s atmosphere. Most 

significantly, observations could be made of plasma emitting at extreme-ultraviolet 

and X-ray wavelengths.

The solar interior consists of the core, radiation zone and convection zone and the 

atmosphere consists of the photosphere, chromosphere, transition region and corona. 

The approximation that the Sun is in hydrostatic equilibrium most obviously breaks 

down when considering the solar wind. This is the constant outflow of plasma, from 

the Sun into interplanetary space, which occurs as a consequence of the continual 

expansion of the hot corona into the near vacuum of space. This chapter presents an 

overview of the solar atmosphere and magnetic fields along with the theory governing 

the behaviour of the system. The parameter magnetic helicity is introduced as it is 

of paramount importance to the study of of magnetic fields in relation to eruptive 

phenomena.

1.1 The Solar Atmosphere

1.1.1 The Photosphere

Viewing lower into the atmosphere of the Sun shows that the opacity (the ease 

at which radiation can pass through the medium) increases. The point at which 

the atmosphere appears to become completely opaque to radiation is known as the 

photosphere, and is regarded as the imaginary surface of the Sun. It is an extremely 

thin layer where the solar photons created in the core, become able to pass through 

the solar atmosphere suffering only weak absorption. Below this region the opacity 

is due to the H“ ion which readily looses it’s electron by the absorption of a photon.
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The photosphere can be defined as the region from which the light escapes, a mere 

100 km in thickness, centered on T  =  5000 K and using an optical depth of unity. An 

alternative definition is that it is the region between 6600 K (base of photosphere) 

and the temperature minimum 4300 K, which is 500 km above the base of the 

photosphere. It has an effective blackbody temperature of 5800 K and the emission 

peaks at visible and infra-red wavelengths. The photosphere is in continual motion 

as a result of convection cells in the convection zone below which overshoot to 

produce granulation cells with a thickness of around 100-200 km. The centre of 

the cells appear bright in comparison to the boundary due to the hot plasma rising 

from below (0.4 km s“ )̂ which then moves horizontally (0.25 km s~^) to the cell 

boundary where it sinks as cooler plasma. The diameter of the granulation cells 

is typically 700-1500 km and they have a lifetime of around 8 minutes. A larger 

scale velocity pattern known as supergranulation also exists. Supergranule cells are 

typically 20000 -  54000 km across with a lifetime of 1-2 days. The convective flows 

here are weaker than in the smaller scale granules and the material rises in the centre 

of the cells with a velocity of 0.1 km s ^ \  moves horizontally at around 0.3-.4 km 

s~^ and sinks at the edge of the cell at 0.1-0.2 km s~^.

1.1.2 The Chromosphere

Moving up in the solar atmosphere, in both height and temperature, leads into the 

chromosphere. This region of the solar atmosphere extends from approximately 

500 km to 2300 km above the base of the photosphere. Disc observations of the 

chromosphere can be made using the light of Ha (formed by the n = 3 to n = 2 

Balmer transition, 6563 Â) and the Ca II H and K lines (3968 Â and 3934 Â). Non- 

visible wavelengths are used to observe the hotter regions of the upper chromosphere, 

such as ultra-violet (UV; 1000 Â - 3500 Â) and extreme ultra-violet (EUV; 100 Â - 

1000 Â) lines.
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PHOTO
SPHERE

CHROMOSPHERE TRANSI
TION
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Figure 1.1: The temperature structure of the solar atmosphere (courtesy of Athay, 1976). The 
temperature is observed to decrease through the photosphere until a minimum of 4300 K is reached 
500 km above the base of the photosphere. The temperature increases from this point into the 
corona where magnitudes of 2 MK are reached.
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The supergranulation boundaries are observed in the Ca II K line and observa

tions in Ha near the limb reveal plasma jets known as spicules (Beckers 1972) in 

the boundaries of the supergranules. H a observations on the disc reveal horizontal 

features known as fibrils located at the supergranule junctions.

The temperature increases in the atmosphere from the base of the chromosphere 

and becomes extremely rapid in the interface between the chromosphere and the 

corona, in a region known as the transition region. In the transition region the 

temperature rises from tens of thousands to over 1 million K. The temperature 

structure of the solar atmosphere is shown in Figure 1.1.

1.1.3 The Corona

The temperature rise continues into the solar atmosphere, to the region known as the 

solar corona, where temperatures of 2 million K are reached. The corona lies above 

the chromosphere, and plasma with different temperatures co-exist in this region. 

The first indications that the solar corona was extremely hot and tenuous (10® cm"®) 

came from the observations of emission lines from forbidden transitions (eg. Fe X 

line at 6374 Â, Edlén 1942). These are transitions which proceed slowly. In a gas 

of moderate density, collisions would destroy the excitations before a spectral line 

can be emitted. However, in the hot tenuous plasma of the corona, these transitions 

can be dominant. Observations of the corona cannot normally be made due to the 

overwhelming photospheric emission (the coronal intensity is approximately one- 

millionth of the photospheric intensity). However, white light observations can be 

made at times of eclipse, or with the use of a coronagraph which produces an artificial 

eclipse. Direct images can be taken in ultraviolet, extreme ultraviolet or X-rays as 

the plasma emits thermally at the coronal temperatures. The reasons for the high 

temperature of the coronal plasma are still disputed, but several mechanisms have 

been proposed, and it may be that different mechanisms are responsible for heating 

in different regions. In general, the heating mechanisms can be divided into 2 groups.
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the first encompassing heating due to the dissipation of waves generated at the base 

of the corona. The second group involves the dissipation of free magnetic energy 

created by the shuffling of the fiux tube footpoints due to photospheric motions. 

Recent work has indicated that coronal heating models based on the stressing of the 

coronal fields by footpoint motions, better fit the observational constraints than do 

those models based on wave dissipation (Mandrini et al. 2000).

Soft X-ray images of the Sun were first taken using instruments flown on rock

ets, the typical angular resolution being 2 arcminutes. The first high resolution (few 

arcsec) soft X-ray images of the corona were taken with the grazing incidence tele

scope onboard Sky lab (Vaiana et al. 1977). It was later realised that the observed 

structure in the corona is dominated by the magnetic fields and can be roughly 

divided into two regions; regions where the magnetic field is open and extends into 

the interplanetary medium, and regions where the field is closed with both ends of 

the flux tube intersecting the photosphere. In X-rays the closed field regions appear 

as coronal loops in a range of sizes and topologies, associated to both the quiet Sun 

and the concentrated magnetic fields above sunspots. The open field regions appear 

dark due to the outflow of plasma to form coronal holes and the fast solar wind. 

Open field lines are defined to be those which extend outward beyond the height at 

which the velocity of the solar wind becomes super-sonic.

1.1.4 Emission Processes

To observe the corona against the overwhelming emission of the photosphere, very 

long wavelengths (eg. radio) or very short wavelengths (eg. X-ray) must be used. 

The lower temperature of the photosphere means that it appears dark in X-rays, and 

at radio wavelengths, the height at which the optical depth reaches unity occurs high 

in the atmosphere, allowing observations in the corona. The coronal gas radiates 

efflciently and is dominated by isolated spectral lines from trace elements, on top of 

the continuum emission. The high temperatures in the corona mean that hydrogen
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and helium are almost completely ionised and do not contribute significantly to the 

emission.

The hot (T > 2 X  10^) plasma in the solar atmosphere has a low density 

(rig < 10^ )̂ and it is assumed that the plasma is in a steady state. That is, that 

the collisional excitation of an atomic species (X)  from level i to j  is balanced by 

the non-collisional process of spontaneous decay. An ion in an excited state can 

spontaneously emit radiation when the electron falls to a lower energy state, and is 

given by:

x + ’̂ + huij (1.1)

where an atom X  of charge state +m  in a quantum state j  is denoted by X^'^.  

This decay process emits a photon, and is known as bound-bound emission. The 

energy of the photon is equal to the energy difference between the quantum states 

i and j  of the ion (Eq. 1.2).

AEij{erg) =  hi îj (1.2)

In the coronal equilibrium model it is assumed that the upper state, j, is popu

lated mainly by collisional excitation by free electrons and that the de-population 

occurs by radiative decay. This process produces spectral lines, the intensity of 

which, at a wavelength Xij from a column of plasma with volume V  and cross- 

sectional area A, per unit solid angle, is given by Eq. 1.3.

nki) = ^fvP(Kj )dV  (1.3)

The units of Eq. 1.3 are erg cm“  ̂ s“  ̂ sr~E P(A*j) is the emissivity (power per 

unit volume) of the line, given by

= (1.4)
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where Nj{X^'^)  (cm"^) is the number density of ions in quantum state 

j  and Aj^i (s“ )̂ is the Einstein spontaneous emission coefficient (a measure of the 

number of transitions from state j  to state i occurring per second).

Along with bound-bound emission, the coronal spectrum also consists of bound- 

free and free-free emission. These processes become especially important at coronal 

temperatures due to the large number of free electrons present in the coronal plasma. 

The low mass of the electron means that they can be easily accelerated, and they also 

radiate efficiently. Scattering of the electrons from ions results in Bremsstrahlung 

radiation, or free-free emission. Capture of the electrons by ions produces free-bound 

emission. Both of these processes produce a broad continuum of radiation.

1.2 M agnetic Fields

The realisation that the Sun is magnetic star came with the discovery of the Zeeman 

effect in sunspots by Hale (1908). All forms of solar activity are now thought to be 

related to the magnetic fields threading the Sun which are able to store energy that 

can then be released to power energetic phenomena when the field deviates from 

the potential configuration. The structure in the corona is dictated by the magnetic 

field due to the large energy density of the field compared to that of the plasma. 

There is a continual supply of magnetic fiux to the corona via the rise and emergence 

of flux created at the base of the convection zone.

1.2.1 Generation of M agnetic Flux

It has been known since the time of the first sunspot observations that the photo

sphere rotates differentially and not as a solid body. Observations of the motion of 

the sunspots across the disc revealed that the rotation velocity reduces at higher 

latitudes. The differential nature of the rotation continues down through the con

vection zone to its base. Here, in the deeper layers of the Sun, the rotation becomes 

that of a solid body. The region where this abrupt change in rotation occurs is
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known as the tachocline, and is thought to be the location of the solar dynamo (for 

two good reviews see Deluca & Gilman 1991; Fisher et al. 2000). The dynamo pro

vides the continual regeneration of magnetic field from the motions of the electrically 

conducting plasma which is embedded in a ’seed’ background magnetic field. It is 

a way of converting the plasma kinetic energy into magnetic energy. The plasma 

and the magnetic field are frozen together as a result of the high electrical conduc

tivity (see section 1.2.2), so the plasma is forced to move through the background 

magnetic field due to the convective motions. When a conductor (the plasma) is 

moved through a magnetic field it experiences a force and responds by moving. This 

motion is itself a current and induces an additional magnetic field.

The solar dynamo produces a poloidal magnetic field, the lines of which are drawn 

out due to the faster rotation velocities at lower latitudes and wrapped around the 

Sun becoming parallel to the equator (Cowling 1953; Babcock 1961). Regions of 

strong magnetic field form flux tubes which are able to rise through the convection 

zone by magnetic buoyancy. Consider the internal and external forces on a fiux tube 

in pressure equilibrium embedded in an unmagnetised plasma; the external pressure 

{Pext.gas) ÎS due to gas pressure only and the internal pressure is due to the internal 

gas pressure (Pint.gas) and magnetic pressure ( ^ )  where B  is the magnetic field. 

The pressure balance is then given by,

Pext.gas ~  Pint.gas T (1-5)

We know from the ideal gas law (Eq. 1.6) that gas pressure is proportional to 

density and temperature. This means that, assuming equal internal and external 

temperature, the density inside the fiux tube is less than that of the surrounding 

plasma and the tube will be buoyant and can rise to the photosphere.

P = ~  (1.6)

where p is the pressure, N  is the number of molecules, k is Boltzmann’s constant.
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T is the temperature and V  is the volume.

The result is the rise of an Q shaped loop through the convection zone if the 

footpoints of the flux tube remain anchored. The terminal velocity of a flux tube, v, 

is given in Eq. 1.7 as found by Parker (1975). The tube rises at a rate determined 

by the balance of buoyancy and aerodynamic drag.

" = (âp)
where R  is the radius of the flux tube, is the drag coefficient, Hp is the 

pressure scale height and va is the Alfven velocity in the flux tube (Eq. 1.8. The 

pressure scale height is the distance over which the pressure falls by 1/e.

/ ^2 \ 1/2

The journey of the flux tube up through the convection zone is not straight

forward, and certain conditions must be met for the tube to remain coherent, ie. 

intact, during its rise. Schiissler (1979) and Longcope et al. (1996) showed that at 

the beginning of the rise phase a buoyant flux tube in temperature equilibrium with 

its surroundings will develope an umbrella shaped cross section, where the side lobes 

rotate in opposite directions and detach themselves from the tube. The detached 

sections experience a downward force which cancels the effects of buoyancy and the 

flux tube ceases to rise, instead the tube experiences a horizontal motion. Emonet 

& Moreno-Insertis (1998) showed that for a flux tube to remain coherent during its 

rise to the photosphere, and not be ripped apart by the vortices trailing the tube, a 

certain amount of twist must be present so that the magnetic tension prohibits the 

formation of the vortex rolls. The amount of twist needed is given by a pitch angle,

of

1 R
^  «  sin (1.9)

l i p

where Hp is the local pressure scale height and R  is the radius of the flux tube. At
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the location of the maximum transverse magnetic field, Emonet & Moreno-Insertis 

(1998) find that a pitch angle of around 10  ̂ is needed for the fiux tube to withstand 

the destructive forces of the vortices.

1.2.2 Equations Governing the M agnetic Field and Solar 

Plasm a

The branch of physics describing the interaction of the magnetic field and an elec

trically conducting plasma is known as magnetohydrodynamics (MHD), MHD can 

be used for sub-relativistic velocities, large scale phenomena where the length scales 

are greater than the Debye length, collisional plasma or strongly magnetised plasma 

and is therefore good for the solar corona. The Debye length gives an indication of 

the distance over which the electrostatic field of a charge is shielded as a result of the 

collective behaviour of a plasma. The electrostatic potential falls off exponentially 

over a distance called the Debye length given by Eq. 1.10.

S
where k is Boltzmann’s constant, Tg is the electron temperature, C[0 is the di

electric constant, Uq is the equilibrium density of the plasma with Tg and Çg is the 

charge of electron. A typical value in the corona is around 1.7 cm (T =  3 x 10® K 

and Tig =  5 X 10^) (Keenan et al. 1996).

To investigate how the magnetic field changes with time Ampere’s law (Eq. 1.12), 

Ohm’s Law (Eq. 1.11) and Faraday’s (Eq. 1.13) law can be combined. When the 

plasma velocities are much less than the speed of light, the displacement current 

(second term in Eq. 1.12) can be neglected and Eq. 1.12 becomes V x B =  /ij. 

Using also the divergence free nature of the magnetic field, the resulting equation 

(1.14) is known as the Induction equation where 77 =  ^  is the Ohmic magnetic 

diffusivity. In the following equations j  is the current density, B  is the magnetic 

induction (although it is usually referred to as the magnetic field), Ê  is the electric
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field, /i is the magnetic permeability in a vacuum (47t x \ 0 ~ ^ a  is the electrical 

conductivity, V  is plasma velocity and t is time.

J =a{E + V X ê)  (1.11)

V x B  = îj +  ~  (1.12)

V x Ê  = ~  (1.13)

o D
—  =  V X ( f  X B) + jjV^B (1.14)

The first term on the right hand side (RHS) of Eq. 1.14 represents the changes 

in the magnetic field due to advective motions of the field with the plasma and the 

second term represents the diffusion of the magnetic field through the plasma. The 

ratio of the advective to the diffusive time scales gives the dimensionless parameter 

known as the magnetic Reynolds number (Rm^ Eq. 1.15) where L and v are typical 

length and velocity scales.

Rm = —  (1.15)
ri

When Rm Z$> 1 the first term on the RHS of the Induction equation dominates 

and the changes in the magnetic field can be taken to be due to the fluid motions. 

When Rm 1 the second term on the RHS dominates and the changes in the 

magnetic field are dominated by diffusion. In this situation the magnetic field lines 

may slip across the plasma. The magnetic Reynolds number is proportional to the 

length scale, the velocity and the electrical conductivity. In the situation where flows 

occur at low values, the main factors determining the magnetic Reynolds number are 

the length scales and the electrical conductivity. In the solar corona Rm = 10  ̂— 10̂  ̂

indicating that diffusion is usually negligible and the induction equation reduces to 

Eq. 1.16 which is the perfectly conducting limit.
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^  =  V X (y  X B) (1.16)

As a consequence of this limit, the magnetic field lines are restricted to move 

with the perfectly conducting plasma (Alfven 1942), this has become known as the 

magnetic field lines being frozen into the plasma.

Many solar phenomena are observed to remain essentially static for long periods 

of time and a magnetostatic equilibrium solution to the MHD equations can be as

sumed. In magnetohydrostatics the equation of motion reduces to the force balance 

equation (Eq. 1.17) as fiows are neglected.

0 = - T 7 P - ^ j x B  + pg (1.17)

On the RHS, the first term is the pressure gradient, the second term is the Lorentz 

force and the third term is due to gravity. From Ampere’s law (Eq. 1.12), the current 

density can be substituted into the Lorentz force to obtain Eq. 1.18 where it can be 

seen that the Lorentz force can be decomposed into a scalar magnetic pressure (first 

term on RHS) and a magnetic tension force (second term on RHS).

The plasma /3 is defined as the ratio of the gas pressure to the magnetic pres

sure p = When the plasma (3 is large (z> 1) the plasma motions can shape 

the magnetic field. However, when the plasma /? is low (<K 1) the Lorentz term 

dominates in Eq. 1.17 and the energy density of the magnetic field is greater than 

that of the plasma. Such conditions exist above sunspots and active regions. In this 

case the Lorentz force vanishes and the field is force-free to a good approximation.

The force-free condition (Eq. 1.19) can be used in the corona where the plasma j3

is much less than unity, but cannot be used in the convection zone and photosphere 

where the plasma (3 is much larger. The force-free equation is given by.
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j x B  = 0 (1.19)

If the force-free magnetic field is not potential (the lowest energy state), the 

general solution to the force-free equation (Eq. 1.19) is that the currents run parallel 

to the magnetic field and V  x B  = aB,  where a  is a scalar function of position, a 

is useful as it allows the determination of the amount of twist in the magnetic field 

and therefore free energy.

1.2.3 M agnetic Reconnection

The solar atmosphere is normally assumed to be be a perfect conductor but un

der some situations this condition breaks down and diffusion ceases to be negligible 

in Eq. 1.14. In these regions, known as diffusion regions, the frozen in theorem 

breaks down due to the non-negligible diffusion, and the magnetic field lines are 

able to change their connectivities through a process known as magnetic reconnec

tion (Dungey 1953; Sweet 1958a,b; Parker 1957). The simplest scenario is that 

of oppositely directed field lines separated by a thin current carrying layer (sheet) 

which arises due to the change in field direction. The presence of a current on small 

spatial scales, along with the locally enhanced resistivity means, that the diffusion 

term in the induction equation cannot be neglected. The magnetic field lines are 

then able to diffuse through the plasma. For steady reconnection the configuration 

is such that oppositely directed magnetic fields are brought toward each other into 

the diffusion region where they reconnect and are ejected. Figure 1.2 illustrates a 

simple 2-D reconnection scenario of a X-type neutral point. Configurations such as 

these are unstable, if the field lines are free to move (Dungey 1953) perturbations to 

the field can trigger reconnection. The outflowing plasma can have velocities of the 

order of the Alfven velocity, which is around 1000km s~^ in the corona. Topologies 

where reconnection can occur include null points (regions of no magnetic field) in 

the corona (Priest 1996), bald patches (where magnetic field lines are tangent to the
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Figure 1.2: Schematic of steady X -type reconnection. Field lines AB and CD are carried into 
the diffusion region where they reconnect to form A*C* and B*D*.

photosphere), or in the absence of these, reconnection can occur in quasi-separatrix 

layers (regions where a large gradient in the magnetic connectivity occur). Recon

nection is of fundamental importance in the evolution of the coronal magnetic fields. 

Observations show that these fields become twisted as a result of photospheric mo

tions (Parker 1987), and this results in energy being stored in the fields as they 

become non-potential. Reconnection is a method by which the energy stored in 

the magnetic field can be released and results in heating of the plasma. It is also 

a very important process in the study of coronal mass ejections as it allows the 

detachment of magnetic volumes from the photosphere which can subsequently be 

ejected. It also allows energy to be extracted from the field which is though to drive 

the eruption.
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1.2.4 M agnetic Helicity

The complexity of the coronal magnetic field, such as twist and writhe, is best 

described by the parameter known as the magnetic helicity (hereafter referred to as 

helicity). In the solar corona, the magnetic field pervades the space and it is useful 

to use the concept of a magnetic flux tube. A magnetic field line is everywhere 

parallel to the magnetic field B  (B x dl = 0). Following from this, a flux tube is 

a collection of field lines which intersect a simple closed curve. The strength of the 

flux tube is given by the flux crossing a cross-section of the tube, and is constant 

along it’s length. The twist in the magnetic field is the rotation of the field lines 

about the axis of the tube, and the writhe is the rotation of the axis of the tube 

in space. The helicity of a field B  within a volume V  is defined by (Moreau 1961; 

Moffatt 1969, 1978, 1981):

H = j  A .B d V ,  (1.20)

where Â  is the vector potential which satisfies,

B  = V x Â .  (1.21)

Eq. 1.20 is physically meaningful only when the magnetic field is fully contained 

inside V  (i.e. at any point of the surface S  surrounding V,  the normal component 

Bn =  B.n  vanishes); this is so because the vector potential is defined through a 

gauge transformation (A' =  A-h V $), and H  is gauge-invariant only when Bn = 0.

Berger & Field (1984) have shown that for cases where ^  0 one can define 

a relative magnetic helicity {Hr) by subtracting the helicity of a reference field Bq, 

having the same distribution of Bn on S. The relative magnetic helicity is given by,

Hr = A .BdV  -  Ao.BodV (1.22)

Berger & Field (1984) and Finn & Antonsen (1985) have shown that Hr is 

gauge-invariant, and that Hr does not depend on the common extension of B  and 

B q outside V.



CHAPTER 1. INTRODUCTION  27

Helicity is a conserved quantity under conditions of high magnetic Reynolds 

number in both ideal and resistive MHD conditions, on timescales short compared 

to the global diffusion timescale. Berger & Field (1984) give a diffusion time of 10  ̂

years.

1.3 Active Regions

1.3.1 Definition

Measurements of the photospheric magnetic field revealed the existence of regions 

of intense field strength (3-4000 Gauss), in a relatively field free background. These 

strong field regions were observed to be spatially coincident with sunspots are inter

preted as being the intersection of flux tubes, created at the base of the convection 

zone and buoyed up into the corona, with the photosphere. X-ray and Extreme 

Ultra-violet observations showed that the flux tubes manifest themselves in the so

lar atmosphere as a complex system of loops. Active regions (ARs) comprise the 

sunspots and the extension of the flux tubes into the atmosphere. It is useful to 

classify the degree of magnetic complexity in an active region, which changes as 

the region evolves and also leads to different levels of activity. They are classed by 

the complexity of the magnetic field as observed at the photosphere and Table 1.1 

details the NO A A classification scheme.

Table 1.1: Classification of active regions by their magnetic complexity, courtesy of NO A A.

Class Description

a  All magnetic measurements are of the same polarity

j3 A bipolar group

7  A group in which the polarities are intermingled

Ô A group containing spots of opposite polarity within 2°

of one another and in the same penumbra
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1.3.2 Topology of the M agnetic Field

Active regions are the result of magnetic flux which has traveled from the tachocline 

up through the photosphere to produce loops in the corona. As the flux tubes 

created at the base of the convection zone rise, their shape resembles that of the 

letter 0. The loops rise and expand, and rotate due to the action of the Coriolis 

force. The motions are clockwise in the northern hemisphere and anti-clockwise in 

the southern hemisphere. This is known as Joy’s Law and results in the leading spot 

of the bipolar sunspot pair being located closer to the equator. This action results 

in the creation of writhe in the tube and causes the tube to be inclined so that the 

leading spot is further from the magnetic neutral line than the following spot, ie. 

there is an eastward tilt.

Whilst the flux tubes are traveling through the convection zone they may be 

affected by turbulent motions which are thought to have a helical nature. There 

is a hemispheric dependence in these helical motions, again due to the action of 

the Coriolis force on expanding up-flowing, and contracting down-flowing turbulent 

motions. The helical turbulence imparts writhe of the same sense into the flux tubes 

which then develop twist of the opposite sense to conserve helicity. Longcope et al. 

(1998) discuss the effects of these helical turbulent motions on an initially horizontal 

flux tube rising through the convection zone and find that a significant amount of 

twist can be imparted into the flux tubes as compared to twist contained in AR 

fields inferred from observations.

The result of Joy’s Law acting on the flux tubes means that the footpoints 

of the tube at the photosphere will lie at different latitudes and so will rotate at 

different velocities, with the lower latitude footpoint rotating faster. Eq. 1.23 gives 

the classic formula for differential rotation where (p is solar latitude and u  is the 

rotation rate. Komm et al. (1993) used Kitt Peak magnetograms from 1975-1991 to 

obtain values for a = 14.38, b — 1.95 and c = —2.17 all in deg day~L
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Lü{(f)) = a T  bsin^ ( j ) c s i n  ÿ (1.23)

Over long timescales, differential rotation can inject helicity into the coronal 

flux tubes. Active regions in the northern (southern) hemisphere are injected with 

negative (positive) helicity (Devore 2000). Longlived active regions can have their 

helicity content increased or reduced by the action of differential rotation, depending 

on the initial helicity content and inclination to the equator. Démoulin et al. (2001a) 

showed that the helicity generated in a coronal flux tube by differential rotation is 

composed of two components; twist and writhe. The motion of the footpoints 

relative to each other imparts writhe into the tube, but differential rotation will 

rotate each footpoint and inject twist. The computations of Démoulin et al. (2001a) 

show that for shear regions close to the neutral line of a bipolar AR the effects of 

twist and writhe add up. For more extended shear regions the twist and writhe are 

of opposite sign and are in competition, and this situation is relevant to the shear 

profile of differential rotation on ARs.

Section 1 .2.1 discussed theoretical work that indicated emerging flux should al

ready contain twist and writhe. This has been supported by observations which have 

shown the presence of currents associated to the emerging flux, therefore indicating 

twist in the newly emerging field (Leka et al. 1996). The helicity content of emerged 

flux can then be added to or reduced by the effect of differential rotation at the 

footpoints of the coronal field. Therefore, it can be expected that newly emerging 

flux will contain helicity, carry currents and contain free magnetic energy.

1.3.3 Active Region Flares

Magnetic reconnection is the process by which the free energy stored in the AR 

fields can be released. One common product is a solar flare where more than 10^̂  

ergs of energy is released over a few minutes producing emission throughout the 

whole electromagnetic spectrum. Flares are more frequent in young ARs when the
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region is complex and current carrying flux is still emerging. The mechanism to 

describe flares needs to involve fast reconnection to reproduce the short observed 

timescales for energy release and such a mechanism was first described by Petschek 

(1964). In this model, two pairs of slow-mode magnetoacoustic switch-olf shocks 

extend from the diffusion region and magnetic flux is carried through them. The 

magnetic field vector rotates toward the normal producing a decrease in the strength 

of the magnetic field which converts the magnetic energy into heat and kinetic 

energy of accelerated particles. A schematic of a simple loop solar flare is shown in 

Figure 1.3 (Masuda 1994), illustrating the observational aspects. In this scenario a 

hard X-ray source is produced at the loop top as the outflow from the reconnection 

region impinges on the dense material in the loop. The flaring loop becomes bright 

in soft X-rays as the accelerated particles collide with the chromosphere and produce 

ablation of the chromospheric material.

Several models have been proposed to account for the observational aspects of 

solar flares which exhibit many different topologies, durations, size scales and spec

tral evolution. It has been proposed that generally flares fall into two categories, 

compact flares and long duration events (LDEs) (Pallavicini et al. 1977). Compact 

flares normally involve simple loops, small size scales and have an impulsive nature. 

One model for these flares is the emerging flux model proposed by Heyvaerts et al. 

(1977). Conversely, LDEs are thought to involve large magnetic structures and have 

a prolonged gradual phase. LDEs are sometimes called eruptive flares as they are 

thought to be associated to the closing down of magnetic field opened during an 

eruption. This idea arises from observations of flare ribbons which move apart with 

time and also the increasing height of the flare-loops as reconnection progresses 

higher in the atmosphere. These flares are often observed after prominence erup

tions as in the CSHKP model (Carmichael 1964; Sturrock 1966; Hirayama 1974; 

Kopp & Pneuman 1976). In this model a filament eruption, triggered by a global 

instability, is the means by which the underlying magnetic field is stretched open 

to form a current sheet. Reconnection then occurs in the current sheet below the
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Figure 1.3: Schematic model for a solar flare (courtesy of Masuda, 1994). The closed loops 
represent previously reconnected fleld lines which are fllled with hot plasma evaporated from the 
chromosphere via ablation.The reconnection point is located higher in the corona and the outflow 
of plasma from this point impinges on the loop top producing an impulsive hard X-ray source and 
accelerating electrons. Hard X-ray footpoint sources are formed as the electrons are decelerated 
by the ions resulting in Bremsstrahlung radiation. In this model magnetic energy is converted into 
heat and accelerated particles.
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erupted filament to produce the LDE as successively higher magnetic field lines 

reconnect. However, the idea that only long duration flares occur with CMEs is 

misleading. Harrison (1995) shows that even though long duration flares are com

monly CME associated, the flares occurring at CME time can be of any duration. 

In general, the flare process can be split into four phases as is shown in Table 1 .2 .

Table 1.2: Flare phases and their manifestations in the solar corona.

Phase Manifestation

Precursor Transient soft X-ray and microwave enhancements, and 

line broadening are occasionally observed up to 10 min

utes before the flare

Impulsive Phase Most evident in hard X-ray and radio, emission also in 

optical, UV, XUV, 7 -ray and microwave.

Gradual Phase Slow increase in soft X-ray emission, lasting several min

utes to lO’s of minutes

Decay Decay in soft X-ray emission

1.4 Coronal Mass Ejections

1.4.1 Definition

Coronal mass ejections are transients of material moving out through the corona (see 

Figure 1.4). They involve the expulsion of plasma from the solar atmosphere, over 

a large spatial extent, driven out against the gravitational pull of the Sun. The first 

observations of CMEs were made in the 1970s by space-borne coronagraphs; instru

ments which produce an artificial eclipse allowing coronal observations by blocking
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Figure 1.4: Composite LASCO C2 and C3 images of a coronal mass ejection on 6-Nov-1997. 
Courtesy of SOHO/LASCO consortium.

the overwhelming photospheric emission. Such instruments offer substantial advan

tages over ground based coronagraphs which suffer from scattered skylight, limit

ing observations to those close to the solar disc. Space-borne coronagraphs suffer 

only from stray light generated within the instrument itself, and LASCO therefore 

offers an increased field of view and a greater sensitivity than ground based instru

ments (eg. MacQueen et al. 1974; Hildner et al. 1975; Gosling et al. 1976). They 

exhibit a range of morphologies from the classical 3-part structure of an expanding 

loop followed by depleted region containing bright filament material, to amorphous 

blobs. SOHO/LASCO data from the period 1996 to 1998 have shown that CMEs
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had a median size of 50 degrees and a median velocity of 360 kms“  ̂ (St.Cyr et al. 

2000) but can be as fast as 2000 kms~b They can have a mass in the order of 10^  ̂

g and cause interplanetary effects due to their mass and the magnetic flux which 

threads them. They are observed by the Thomson scattering of photospheric light 

off the coronal electrons, the intensity of which is proportional to the electron den

sity. From the point of view of the observer, the greatest contribution comes from 

density structures in the plane of the sky, hence CMEs are more easily observed 

when they originate on the limb.

1.4.2 Coronal Mass Ejections and their Relationship to A c

tive Region Flares - Historical Review

Since the discovery of CMEs in the 1970s much effort has been made to understand 

the drivers and the on-disc counterparts for the ejection. An association to flaring 

was quickly made as energetic events on the sun were sought to understand the 

launch process of the CME (Dryer 1982). Previous work has been based on the 

assumption that the CME has an ’associated’ flare, ie. that in some way they are 

causally connected. However, this ’associated’ flare is one of many that may occur 

in the region which eventually produces a CME, and is the one which happens to oc

cur closest temporally to the launch of the CME. A common conclusion in previous 

work has been that the probability of a CME occurring with a flare increases with 

the intensity of the accompanying X-ray flare (Burkepile et al. 1994; Munro et al. 

1979, for example). The relationship between flare duration and CME occurrence 

has also been studied and has indicated that CMEs occur preferentially with long 

duration events (Sheeley et al. 1983). Webb & Hundhausen (1987) found a good 

correlation between long duration events and the occurrence of a CME, as did Har

rison (1995). The physical interpretation of the process connecting LDEs and CMEs 

has been described by the CSHKP model (see Figure 1.5). However, no model has 

been proposed to explain the connection between high intensity flares and CMEs,
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although it should be noted that the majority of high intensity flares tend to be long 

duration events which are then consistent with the CSHKP model. For impulsive 

high intensity flares, Kahler et al. (1989) found from a study of impulsive events 

during 1979-1982, that 22% were associated to CMEs. Two thirds of the X-ray 

events in this study, which were GOES class XI or greater, were accompanied by a 

CME.

Further research indicated that the flares which occur close in time to the CME 

onset have a rise phase which begins after the CME has begun to lift off. Harrison 

(1986) used data from SMM and observed a weak soft X-ray burst (the precursor) 

which preceded the flare by several 10s of minutes and during which the CME 

appeared to be launched. Nitta & Akiyama (1999) also found the CME to precede the 

flare, however observations of CME onset after the flare are not unknown (Hudson 

& Webb 1997). Harrison (1995) used a larger dataset (30 events) and found that 

the flare and CME may occur anytime within a few tens of minutes of each other. 

Clearly, any temporal relation between the flare and an associated CME is still open 

to debate. For this question to be resolved a CME launch time using lower coronal 

signatures needs to be determined. The current method of finding CME launch 

times uses the position of the CME front as observed in coronagraph data. The 

CME motion is then extrapolated back in time without the knowledge of the initial 

height of the pre-CME structure in the corona and this introduces large errors in 

the estimated onset time.

Even before CMEs were discovered in coronagraph data it was thought that flares 

could expel material by the production of a hydrodynamic blast (Parker 1961). How

ever, the idea that the flare is the cause of the CME is now outdated due to the 

observations of asymmetry in the size and location of flares and CMEs (Harrison 

1986), but the strongest evidence comes from the indications that the CME is ini

tiated before the flare. Zhang et al. (2001) showed that although the CME may be 

initiated before the flare, there is an impulsive acceleration of the CME at the time 

of the rise phase of the flare. Foley et al. (2001) also showed evidence of an impulsive
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F igure 1.5: Erupting filament and fiare model. LPS denotes post-flare loop prominence system, 
taken from Hirayama, 1974. In this model an instability produces a filament eruption and the flare 
occurs as the opened field lines close down.
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acceleration of an erupting filament during the rise phase of the fiare. This indicates 

that there may be some relation between the fiare and the CME even if they are not 

cause and effect. Earlier work by Kahler et al. (1988) studied the development of 

filament eruptions during the impulsive phase of the solar flares. The authors found 

that in only two of the four events studied, impulsive acceleration of the filament 

was observed.

Bruzek (1952) proposed that flares were the source of fast and slow mode waves, 

and that the slow mode waves may activate filaments and result in an eruption. 

However, Rust (1997) found that the source of the slow mode waves may be the 

activated filaments themselves and if the disturbance follows a fiare it is only because 

a filament activation preceded it. In addition, Khan & Hudson (2000) have discussed 

flares as the cause of CMEs, with observations of three CME events which occur after 

major flares. The observations suggest that shock waves from the flares destabilises 

large transequatorial loops resulting in a CME. The shock waves are launched from 

an active region which is situated at one end of the then destabilised structure. This 

work suggests that in some cases the fiare may be vital to the launch of an ejection. 

However, observations of a single fiare that could trigger a CME are uncommon and 

the emphasis remains in there being no cause and effect between the fiare and CME. 

Previous work seems to suggest that they are all part of the coronal response to a 

destabilisation of the field on a local and global scale, as was suggested by Harrison 

(1996).

1.4.3 CME Launch Mechanisms

Models describing the launch of CMEs must account for the large velocities that 

can be attained and the opening, or partial opening, of the magnetic field. CMEs 

involve the expulsion of around 10 ®̂ g of solar plasma with energies of around 10^̂  

ergs and it is generally accepted that the only source of energy large enough to 

power such an eruption is the free magnetic energy stored in non-potential magnetic
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fields (Forbes 2000). A restriction on CME models is that they must not violate the 

energy requirements set by the Aly-Sturrock conjecture (Aly 1984, 1991; Sturrock 

1991). This conjecture results from computations of force-free fields which have 

shown that the closed field configuration contains less energy than the open field 

situation. Therefore, the open field configuration is the highest energy state and so 

can never be reached by a process which requires the release of stored energy from 

the field. In this case, closed magnetic field cannot eruptively be fully opened to 

infinity.

Most CME models are based on the ideal MHD situation where the configuration 

is that of a twisted flux rope and/or a sheared arcade and the field in the corona is 

assumed to be force-free. Twisted flux ropes are found in active regions as well as 

in quiet Sun regions, and can support relatively cool and dense plasma in the dips of 

the magnetic field to form prominences. Quiescent filaments are large scale features 

which form as active regions grow old and decay, and represent the later stages of 

an ARs life. Helical structure has been observed in erupting filaments, and flux 

ropes that are sufficiently twisted may erupt after becoming unstable to the kink 

instability (Rust & Kumar 1996). The kink instability is an ideal MHD instability 

occurring when the twist of the field lines around the flux tube exceeds a critical 

value, resulting in an eruption. Priest & Hood (1979) gives the critical value under 

force-free conditions to be 0 =  2 .57T, where (j) is the angle made by the twisted field 

line in going from one end of the tube to the other.

In the ideal MHD situation, flares may occur as a by-product of the instability. 

When field lines are stretched open they are at a high energy state and reconnection 

will occur in the current sheet closing the field lines back down to a lower energy 

level. Lin et al. (1998) use a combination of ideal and non-ideal MHD to describe 

the CME launch. They found that the loss of ideal MHD in a curved flux rope can 

lead to the formation of a current sheet and if rapid reconnection occurs, the flux 

rope will be expelled from the Sun. The Aly-Sturrock constraint severely restricts 

ideal MHD models for CMEs, but by only opening part of the magnetic field the
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energy constraints are not violated.

Observations have indicated that emerging flux may act as a trigger for CMEs (Feyn

man & Martin 1995; Plunkett et al. 1997; Tang et al. 1999), especially in the case 

of CMEs associated with the eruption of quiescent filaments. The emergence of 

new flux can change the magnetic environment of the pre-existing coronal structure 

which can result in an instability and the onset of a CME. However, the orientation 

of the emerging flux is an important factor and should be orientated favourably for 

reconnection to occur with the pre-existing coronal fleld. In this case flares may oc

cur in the period leading up to the eruption and contribute to the instability which 

finally causes the flux rope to destabilise.

In the non-ideal situation, resistivity is important and the models rely on the 

formation of current sheets and reconnection. Antiochos et al. (1999) proposes a 

model where the eruption is driven solely by magnetic free energy stored in a closed, 

sheared arcade. The idea is that a low lying sheared arcade may erupt after the 

overlying field is removed by slow reconnection with a neighbouring flux system. 

This model does not violate the Aly-Sturrock conjecture as the overlying fleld is 

not opened but removed, and the energy which can build up in the constrained low 

lying sheared core can eventually exceed the energy needed to open eruptively, Wang 

& Sheeley (1999) propose a similar model to Antiochos et al. (1999) where the 

magnetic field over a filament is removed by reconnection with an emerging bipole 

which can be as far as 25 degrees from the erupting filament. Moore et al. (2001) 

support the tether cutting (Sturrock et al. 1984) model where reconnection is crucial 

to the eruption in bipolar regions. In this case the reconnection driving the eruption 

merges into the reconnection producing the flare as opened fleld lines close down.

1.4.4 CME Signatures in the Lower Corona

The CME is defined by the transient material observed in the white light corona

graph data. Some clear part of the structure of the CME, often the leading edge.
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can be followed in these data allowing the measurement of the height of the material 

above the solar limb with time. From this a height-time profile can be constructed, 

and the velocity and acceleration of the CME can be found. Extrapolating the mo

tion of the CME back to the solar limb allows a determination of the onset time 

of the eruption. However, the onset time is only an estimate as the assumption 

is made that the structure followed through the coronagraph, and from which the 

height-time profile is constructed, originates at the solar surface. This may not 

necessarily be the case as the CME material could originate at some height in the 

corona. Also, the back extrapolations assume a constant velocity profile when in 

fact this may not be that case lower in the corona.

Even though no direct observations have been made of the leading edge of the 

CME, instruments which image the solar disc have in recent years identified changes 

in the lower corona around the launch times of CMEs. These changes have been 

attributed to the CME. This has allowed both the determination of a more accurate 

launch time, and also the investigation of the changes in the magnetic field which 

may be crucial in understanding the mechanisms involved in the CME onset. A 

CME can manifest itself in the lower corona in a number of ways (Thompson et al. 

1998, 1999). Using the Extreme-Ultraviolet Imaging Telescope (EIT) on SOHO 

(see §2 .2 .1) full disc images of the solar plasma can be made with a cadence of 

approximately 12 minutes in the 195 Â band. Signatures have been observed with 

broadband imagers such as EIT and also the Soft X-ray Telescope on Yohkoh (see 

§2 .1 .1), aswell as in spectroscopic data from the Coronal Diagnostic Spectrometer 

on SOHO (Harrison et al. 1995). Signatures include one or more of the following:

EIT 195 A energetic events. For CMEs associated with filament ejections, the 

filaments are sometimes seen to heat as they activate shortly before erupt

ing, and appear in emission in both EIT (Schmieder et al. 2000) and SXT. 

EIT 195 Â data also shows active region intensity enhancements possibly 

corresponding to an X-ray flare before, during or after CME onset.
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P ost-eru p tion  loops. Soft X-ray cusp shaped loops indicating reconnection after 

the opening of field lines and post-eruption loops in both soft X-ray and EUV, 

both showing the change in magnetic configuration of the active region due to 

the eruption (Sterling et al. 2000).

D im m ing. Dimming localised or widespread around the active region and thought 

to be due to loss of plasma during a CME (Sterling & Hudson (1997), Zarro 

et al. (1999), Hudson & Webb (1997) for a review). The mass lost may repre

sent only 10% of the mass thought to be contained in a CME but this signature 

best represents the global nature of the eruption and best refiects the extent 

of the CME as seen in coronagraph data (Thompson et al. 2000). A spectro

scopic study by Harrison & Lyons (2000) showed a dimming in plasma at 1 

MK only, but it is suggested that the dimming could possibly account for 70% 

of the CME mass in this case.

Wave disturbance. Wave disturbances have been observed propagating from fiar- 

ing active regions around CME onset as a front of enhanced EUV emission 

in the EIT (Thompson et al. 1999). Since the flare and the CME occur very 

close in time, the question arises of which phenomena drives the wave. The 

EIT waves could be the coronal manifestations of fiare related chromospheric 

Moreton wave (Moreton 1960) which are observed in Ha propagating from 

flare sites. However, the typical velocity of a Moreton wave is of the order 

1000 kms“  ̂ whereas the waves observed in EUV are an order of magnitude 

slower with velocities of around 200-300 kms“ .̂ Uchida (1968) proposed that 

Moreton waves could be explained as fast-mode MHD waves generated by 

flares. Wang (2000) simulated the EIT disturbances as fast-mode waves and 

found that they could account for some of the basic properties observed, such 

as their slow expansion rates and their refraction toward weak magnetic field 

regions. So, are both the Moreton wave and the EIT wave flare related? 

The EIT wave may indeed be created by the pressure pulse from a flare.
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however any perturbation in the corona may produce them, for example the 

CME. Biesecker et al. (2002) found that the EIT waves are more strongly 

correlated to the CME occurrence, than with flare occurrence, indicating that 

they may be used as a CME signature.

1.4.5 CMEs and Helicity

As discussed in section 1 .2.1 helicity is imparted into the magnetic flux tubes in 

several ways and is therefore present in the corona. Since helicity is well preserved 

it will accumulate in the corona with continued helicity injection and requires a 

removal method to prevent an endless buildup. CMEs remove magnetic flux from 

the corona and because of this they offer a method of removing the helicity (Rust 

1994; Low 1996). Observations are in agreement with this idea and have indicated 

that this is indeed the situation, van Driel-Gesztelyi et al. (1999) showed using ob

servations that CMEs carry away stress and non-potentiality from active region 

magnetic fields, from the long-term monitoring of an active region, which is con

sistent with Low (1996). Observationally CMEs have been linked with the ejection 

of helical structures from the corona in the form of filament eruptions, also indicat

ing the importance of the role of magnetic helicity in CMEs (Rust 1997; Martin & 

McAllister 1997). It has been proposed that the calculated magnetic helicity density 

due to magnetic helicity lost from the solar atmosphere via CMEs is comparable to 

that measured at 1 A.U. (Bieber & Rust 1995; Devore 2000).

Our understanding of CMEs has come a long way since their discovery three 

decades ago, but many pertinent questions remain. Many models used to describe 

the onset of CMEs have been proposed but still the instability which produces the 

ejection is not clear. The relationship between flares and CMEs has been debated 

for as long as we have known about CMEs, but the relationship if any between them 

remains unknown. One of the most important advances in the studies of CME in 

recent years has been the realisation of the importance of helicity. Work on helicity
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is still in the early stages because of the difficulty in calculating this quantity in 

the solar corona. The importance of helicity to CMEs is realised, but the exact 

relationship between them is not yet known. The work in this thesis addresses 

the role of flares and CMEs in the evolution of the coronal magnetic field, and the 

possible relationship between the two phenomena. It also looks at the role of helicity 

in the CME process and importantly where the source of helicity lies. CMEs are 

observed to occur on a global scale, and many show an association to ARs. The 

work in this thesis also addresses the relationship between the large scale ejection 

and the small scale ARs.



Chapter 2

Instrum entation

In order to gain a thorough understanding of the mechanisms involved in the various 

phenomena observed in the solar corona, studies must be made through a wide range 

of wavelengths. This is necessary because different structures in the atmosphere of 

the Sun exist at different temperatures and therefore emit at different wavelengths. 

Some understanding of the evolution of the magnetic field may be inferred from 

observations of the confined plasma, and observing a broad range of temperatures 

allows a more complete understanding of the magnetic field evolution. Therefore, 

to achieve this, a selection of instruments in concert must be used. Instruments 

vary in their capabilities and scientific objectives and this chapter discusses the 

instrumentation used in this thesis and the data reduction methods used.

2.1 The Yohkoh Spacecraft

The Yohkoh (Ogawara et al. 1991) spacecraft was launched in 1991 at a time of solar 

maximum to investigate high energy phenomena related to solar flares. Launched 

on the 30 August 1991 on the M-3SII-6 launcher by the Institute of Space and 

Astronautical Sciences (ISAS), Japan, it is a collaborative project between many 

institutes in Japan, the United States and the United Kingdom. The instruments 

carried onboard are shown in Figure 2.1 and comprise the Hard X-ray Telescope

44
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(HXT), the Soft X-ray Telescope (SXT), the Wide band Spectrometer (WBS) and 

the Bragg Crystal Spectrometer (BCS). The WBS consists of four detectors; the 

Hard X-ray Spectrometer (HXS), the Soft X-ray Spectrometer (SXS), the Gamma 

Ray Spectrometer (GRS) and the Radiation Belt Monitor (RBM). The capabilities 

of Yohkoh include spectral diagnostics and spatially resolved images of the X-ray 

corona. The dimensions of the craft are 100x100x200 cm. There are two external 

solar panels measuring 150x200 cm and in total Yohkoh weighs approximately 400 

kg.

Yohkoh was launched into a nearly circular orbit around the Earth with a perihe

lion distance of approximately 600 km, 31® inclination and period of 97 minutes. As 

a result of the low inclination, 40 minutes of each orbit are spent in the shadow of 

the Earth in a period known as spacecraft night. The spacecraft is normally below 

the Earth’s radiation belts, but over Brazil and part of the South Atlantic there 

is a dip in the magnetic field known as the South Atlantic Anomaly. On passage 

through this anomaly, the high voltage power supplies of the instruments are turned 

off to protect them from damage caused by the intense radiation. Data from the 

Yohkoh spacecraft are unique in that they offer a view of the Sun from outside the 

Earth’s atmosphere during a complete solar cycle.

2.1.1 Soft X -ray Telescope

The Soft X-ray Telescope (SXT, Tsuneta et al. 1991) onboard the Yb/iA:o/i spacecraft 

is a grazing incidence telescope which observes soft X-rays in the energy band 0.25- 

4.00 keV  which corresponds to a wavelength range 3-60 Â. SXT capabilities include 

temperature and density diagnostics of the hot plasma confined by the magnetic 

field. The primary scientific objective is to study the energy release and particle 

transport in flares, but its capabilities stretch beyond energetic phenomena to in

clude studies of the quiet Sun such as coronal holes and the large scale coronal 

structure. To meet the broad scientific requirements SXT has a brightness range of
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Figure 2.1: Schematic of the instruments on the Yohkoh spacecraft, taken from Ogawara et al. 
(1991). SXS is the Soft X-ray Spectrometer, HXS the Hard X-ray Spectrometer, GRS the Gamma 
Ray Spectrometer and RBM the Radiation Belt Monitor.

over < 10 ,̂ a time resolution of down to 2s, a spatial resolution of down to > 5", 

and it images the whole Sun. It has a some spectral diagnostic capability through 

the use of filters.

Figure 2.2 shows a schematic of the SXT and the instrument comprises a charge 

coupled device (CCD) detector, a shutter, two filter wheels, two co-aligned imaging 

elements, a mirror for X-ray observations and a lens for visible light observations. 

However, the visible light telescope failed in late 1992. The CCD pixel size is 

187/ m x l 8/im which corresponds to 2.455"x 2.455", this gives a spatial resolution of 

4.91” . To conserve telemetry the CCD pixels can be binned to provide half resolution 

(2 x 2 pixels) and quarter resolution (4x4 pixels) images. Also sub-frame images can 

be taken along with the full Sun held of view. Full frame images (FFI) of the whole 

Sun are taken with a cadence of 5-10 minutes, and partial frame images (PFI) of a 

small sub-region of the solar disc are taken with a cadence of a few seconds. This 

allows SXT to make global studies as well observing the more dynamic small scale 

activity. The CCD functions in a charge collection mode and the read out charge 

represents the energy of the photon hux integrated over the exposure time, and not
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Figure 2.2; Schematic of the Soft X-ray Telescope onboard Yohkoh. Taken from Tsuneta et al. 
(1991). The exploded view shows that SXT components include a detector, a shutter, dual filter 
wheels, a mirror to focus the X-rays.

Front Wheel Rear Wheel

Open Open

30 Â at 4310 Â Al 1265 Â

CCD flood lens Al/Mg/M n composite

Opal-glass filter Be 119 // m

140 Â at 458 Â Al 11.6 fjL m

8.05% mesh Mg 2.52 /i m

Table 2.1: List of filters mounted on the dual filter wheel of SXT, taken from Tsuneta et al. 
(1991) The rear filter wheel holds the X-ray analysis filters, and the front wheel holds the filters 
to block visible and ultra-violet light.
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F ig u re  2.3: (a) The total SXT signal as a function of temperature for the open filter position of 
the front filter, and each of the X-ray analysis filters. The curves assume an emission measure of 
10^4 cm~^. (b) The ratios of the SXT response functions. The effective observation time has been 
doubled for some filters where indicated.

number of photons. The charge is then converted to a data number (DN). 1 DN 

corresponds to detecting a single photon of wavelength 34 Â.

SXT has two entrance filters to exclude visible and ultra-violet light, and also 

to minimise stray light in the instrument due to pinholes in the metal films. There 

is a dual filter wheel located near the focal plane in front of the CCD detector. The 

filters mounted in this filter wheel are listed in Table 2 .1 . Five metallic filters on 

the rear filter wheel allow the different X-ray energies to be separated. There are 

three thin filters (Al 1265 Â, Al/Mg/Mn composite, and Mg 2.52 /im), and two 

thick filters (Al 11.6 fim  and Be 119 /rm). SXT is capable of imaging plasma in the 

temperature range <1x10® -  >50x10® K. Figure 2.3(a) shows the response of SXT
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for the different filters assuming an emission measure of cm“ .̂ Figure 2.3(b) 

shows the ratios of these functions for selected filter pairs as indicated in the plot. 

In the cases where the filter has a multiplication factor, the observation time has 

been increased by this factor in order to achieve the given ratio. Ratios of the filter 

pairs can be used to determine the temperature of the plasma, assuming that the 

plasma is isothermal, as detailed in Hara (1996).

Preparations must be made to the SXT data before any scientific analysis can 

be carried out. These include subtraction of the CCD dark current, and removal 

of spikes and cosmic rays from the images. The images can also be exposure time 

normalised to provide continuity in the data set.

2.1.2 The Hard X-ray Telescope

The Hard X-ray Telescope (HXT, Kosugi et al. 1991) is a Fourier-synthesis imager 

which images simultaneously in four energy bands. These energy bands are 14-24 

keV  (the LO channel), 24-35 keV  (the Ml channel), 35-57 keV  (the M2 channel) 

and 57-93 keV  (the HI channel). The previous hard X-ray monitors flown include 

were Hinotori, which was capable of observing hard X-rays only up to 30 keV, and 

the Hard X-ray Imaging Spectrometer (HXIS) on the Solar Maximum Mission which 

observed in the energy range 3.5-30 keV. HXT is the first imaging telescope which 

has been able to observe photons above this energy. The primary goals of HXT are 

to study the electron acceleration mechanism, location and propagation in flaring 

loops, and to investigate the location of energy deposition. The image synthesis 

aperture is 2" x 2" and combined with a field of view which covers the whole Sun, 

allows hard X-ray images to be reconstructed of any region on the disc. The angular 

resolution is approximately 5".

HXT consists of three major sections as shown in Figure 2.4. The collima

tor (HXT-C) is the X-ray optics part of the telescope and is a tube measuring 

417x376x1400 mm, with an X-ray grid plate at each end. The grid plates consist of
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F ig u re  2.4: Schematic of the Hard X-ray Telescope onboard Yohkoh. There are three sections; 
the collimator (H X T-C ), the detector assembly (H XT-S) and the electronics unit (H X T-E). The 
aspect system is installed along the central axis of H X T-C  and H XT-S. Taken from Kosugi et al. 
(1991).
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64 subcollimator grids made from 0.5 mm thick tungsten. The aspect system optics 

is located at the centre of the X-ray optics and includes the lenses and filters in order 

to provide white light images. HXT-S lies below HXT-C and consists of 64 detector 

modules as each sub-collimator in HXT-C has an individual detector in HXT-S. 

The non-position sensitive detectors consist of a Nal(Tl) scintillation crystal and 

a photomultiplier tube. Each subcollimator measures a particular spatial Fourier 

component of the X-ray brightness distribution. HXT-E measures 374x2464x220 

mm and processes the signals from HXT-S. It converts pulse-height analogue sig

nals into digital signals, and then measures the photon counts after discriminating 

the counts into four energy bands. The HXT-E sends the photon count data to 

Yohkoh’s data processor every 0.5 s.

In order to construct images from the HXT data, a Fourier synthesis principle is 

adopted. The measured hard X-ray counts can be expressed as spatial Fourier com

ponents of the hard X-ray signal, as detailed in Sakao (1994). From this, the hard 

X-ray image of the flare in the plane of the sky is restored from the inverse Fourier 

transform. Using this principle the telemetered data are synthesised into an image 

using image synthesis procedures such as the Maximum Entropy Method (MEM 

Gull & Daniell 1978; Willingdale 1981) or Fixons (Metcalf et al. 1996). To obtain 

good images, photons counts of a few hundred per subcollimator are required which 

means integration times in excess of 6 seconds are needed to ensure good counting 

statistics.

When the signals from each subcollimator are summed together the HXT can 

be used as a wide band spectrometer. This will give hard X-ray flux measurements 

centered at 18, 28, 43, 73 keV.

2.2 The Solar and Heliospheric Observatory

The Solar and Heliospheric Observatory (SoHO, Domingo et al. 1995) is a joint 

mission between the European Space Agency (ESA) and the National Aeronautics
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Figure 2.5: The SoHO spacecraft and its suite of 12 instruments, taken from Domingo et al. 
(1995). The instruments are; SWAN: Solar Wind Anisotropies, CELIAS: Charge, Element and Iso
tope Analysis System, CDS: Coronal Diagnostic Spectrometer, EIT: Extreme-ultraviolet Imaging 
Telescope, UVCS: Ultra-Violet Coronagraph Spectrometer, VIRGO: Variability of solar Irradiance 
and Gravity Oscillations, LASCO: Large Angle and Spectrometric Coronagraph, SUMER: Solar 
Ultraviolet Measurements of Emitted Radiation, ERNE: Energetic and Relativistic Nuclei and 
Electron experiment, COSTEP: Comprehensive Supra-thermal and Energetic Particle analyser, 
GOLF: Global Oscillations at Low Frequencies, MDI: Michelson Doppler Imager.
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and Space Administration (NASA). Its principle scientific aims are to study the solar 

interior (through helioseismology), coronal heating mechanisms and the acceleration 

processes of the solar wind. The spacecraft was launched on 2nd December 1995 

from the Kennedy Space Center in America on an Atlas II-AS rocket. A schematic 

of SoHO and the instruments carried are shown in Figure 2.5. In order to obtain 

uninterrupted views of the Sun, SoHO was placed in a halo orbit around the LI 

Lagrangian point where the gravitational forces of the Earth and the Sun effectively 

cancel (Figure 2.6). The orbit has semi-diameters of 200,000 km in the ecliptic in 

the Earth-Sun direction 650,000 km in the ecliptic perpendicular to the Sun-Earth 

direction and 200,000 km out of the plane of the ecliptic. This position also enables 

SoHO to take in-situ measurements of the solar wind as it is outside the Earth’s 

magnetosphere.

SoHO carries a payload of 12 instruments and in total has dimensions 430 x 270 x 

370 cm. The total mass is 1850 kg and 640 kg of this constitutes the payload. The 

spacecraft achieves attitude control using Sun sensors, star trackers and reaction 

wheels. A hydrazine propulsion system is used for momentum unloading and orbit 

adjustments. Initially gyros were used to provide information on changes in the 

pointing of the spacecraft, with adjustments to the pointing made by the reaction 

wheels when necessary. However, the failure of the last gyro occurred on 21-O ct- 

1998 and alternative software was written so that pointing information could be 

maintained in the absence of the gyros. The pointing stability is approximately 

1" over 15 minutes, and the pointing is accurate to 10". The instruments onboard 

SoHO have been developed by twelve international consortia involving 39 institutions 

from the 12 member states of ESA and also the United States of America, Russia 

and Japan. Nine consortia are led by European principal investigators and three 

by American principal investigators. The instruments on SoHO can be divided into 

three main areas of research; helioseismology, remote sensing of the solar atmosphere 

and in-situ solar wind measurements. Table 2.2 details the measurements taken by 

the instruments onboard SoHO. Three of these instruments are used in the work in
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F ig u re  2.6: Schematic of the halo orbit of the SoHO spacecraft at the LI Lagrangian point. 
Taken from Domingo et al. (1995). The orbit has semi-diameters of 200,000 km in the ecliptic in 
the Earth-Sun direction 650,000 km in the ecliptic perpendicular to the Sun-Earth direction and 
200,000 km out of the plane of the ecliptic. The orbital period is 180 days and SoHO benefits from 
continuous coverage of the Sun from this location.
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F ig u re  2.7: Schematic of the Extreme-ultraviolet Imaging Telescope, taken from Delaboudiniere 
et al. (1995). The telescope comprises a detector, a filter wheel to remove long wavelength so
lar radiation, and primary and secondary mirrors which are coated with multi-layer coatings on 
matched quadrants. The rotating mask allows illumination of one quadrant a a time.

this thesis and are described below in more detail.

2.2.1 The E xtrem e-ultraviolet Imaging Telescope

The Extreme-ultraviolet Imaging Telescope (EIT, Delaboudiniere et al. 1995) is 

a normal incidence telescope based on the Ritchey-Chretien design (Bottema & 

Woodruff 1971). The primary scientific objective is the study of the dynamics and 

evolution of the coronal structures. The telescope and the layout of the major 

subsystems, are shown in Figure 2.7. The main subsystems consist of primary 

and secondary mirrors deposited with multi-layers, a rotating mask, filter wheel, 

electronics box and charge coupled device (CCD) detector. EIT provides full Sun 

images of the chromospheric and coronal plasma with a field of view of 45’x45’. 

The pixel size is 2.6” x2.6” and the CCD is a 1024x1024 pixel array. The pixels can 

be binned together to produce half resolution images (2x2 pixels) which reduces
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Acronym Instrument Measurements

(1)
GOLF

VIRGO

MDI/SOI

(2)
SUMER

CDS

EIT

UVCS

LASCO

SWAN

(3)
CELIAS

COSTEP

ERNE

Global Oscillations at Low Global Sun velocity oscillations 
Frequencies
Variability of solar Irradiance and Low degree oscillations 
Gravity Oscillations 
Michelson Doppler Imager /  Solar 
Oscillations Investigation

High degree oscillations, line of 
sight velocities and line of sight 
magnetic field

Solar Ultraviolet Measurements 
of Emitted Radiation

Coronal Diagnostic Spectrometer

Extreme-ultraviolet Imaging 
Telescope

Ultra-Violet Coronagraph
Spectrometer
Large Angle and Spectrometric
Coronagraph
Solar Wind Anisotropies

Charge, Element and Isotope 
Analysis System
Comprehensive Supra-thermal 
and Energetic Particle analyser 
Energetic and Relativistic Nuclei 
and Electron experiment

Temperature, density and veloc
ity of plasma flow in the chromo
sphere to the corona 
Wavelength range 150-800 Â. 
Transition region and coronal 
plasma diagnostics 
Full Sun images to investigate the 
dynamics and evolution of coro
nal structures.
Plasma diagnostics and velocities 
in the corona out to 10 solar radii 
Coronagraph observations

Solar wind mass flux anisotropies

Energy distribution and composi
tion of ions
Energy distribution of ions and 
electrons
Energy distribution and composi
tion of ions and electrons

Table 2.2: The scientific instruments onboard SoHO. Section (1) detail the helioseismology instru
ments, (2) the atmospheric remote sensing instruments and (3) the in -situ  solar wind instruments.
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Wavelength Ion Peak Temperature (K)

304 Â He II 8.0x10^

171 Â Fe IX, Fe X 1.3x10®

195 Â Fe XII 1.6x10®

284 Â Fe XV 2.0x10®

Table 2.3: Peak temperatures of the EIT bandpasses. The table shows the centre of the bandpass 
for each filter (first column), the strongest ion emission at that wavelength (second column) and 
the peak formation temperature of the ion (third column).

the amount of data per image telemetered to the ground. A low telemetry rate is 

required as the computer and electronics which control the EIT are located in the 

LASCO (§2.2.2) electronics box, so that the two instruments share the telemetry 

rate.

Near the focal plane of EIT, between the primary mirror and the CCD, is lo

cated the filter wheel which removes long wavelength radiation. To achieve images 

in four bandpasses, four multi-layer narrow bandpass filters are located on matched 

quadrants on the primary and secondary mirrors. A rotating mask allows the illumi

nation of only one quadrant at a time. Using these filters EIT can image plasma in 

the temperature range 0.06 -  3x10^ K. Table 2.3 shows the centre of the bandpass 

for each filter, the strongest ion emission at that wavelength and the peak formation 

temperature of the ion. Each bandpass has an observational objective. These are,

304 A  The chromospheric network, footpoints of coronal structures and coronal 

holes.

171 A The transition region/ coronal boundary and structures inside coronal holes. 

195 A The quiet corona outside coronal holes.

284 A Active regions.
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Figure 2.8: Signal in the CCD (DN per second) for each of the quadrants on the EIT mirrors as 
a function of source temperature. An emission measure of 10'̂ '* cm"^ is assumed. The filter wheel 
positions include open the following filters; A1 1500 Â (position 0), A1 1500 A/cellulose 700 Â/A1 
1500 A (position 1). Taken from Delaboudiniere et al. (1995)
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Figure 2.8 shows the sensitivity of the four EIT bandpass filters as a function of 

plasma temperature using an emission measure of 10̂ "̂  cm~^. This emission measure 

is typical for active region plasma. The three curves shown in each plot of Figure 2.8 

represent the responses of each bandpass filter for the filter wheel with the positions 

open, position 0 (A1 1500 Â) and position 1(A1 1500 A/cellulose 700 Â/A1 1500 A). 
EIT has a different response to temperature depending on which filter is selected. It 

is also seen that there is contamination from other spectral lines in the bandpasses. 

This is particularly strong in EIT 304 A where there is a low temperature peak due 

to He II at 304 A and a high temperature peak at approximately 1x10^ K due to 

Fe IX at 171 A and Si XI at 303.3 A. The He II emission contributes 70-95% of 

the total emission in the 304 A bandpass, depending on the type of region being 

observed.

EIT is a very versatile instrument and at the time of writing this thesis the stan

dard observing programme was the CME watch mode. In this case EIT takes half 

resolution images (pixels binned 2x2) in the 195 A bandpass with a cadence of ap

proximately 12 minutes. Full frame images are taken with each filter approximately 

once every seven hours. The CME watch mode enables the detection of the source 

region of CMEs in the lower corona and plays a vital role in the work in this thesis.

Preparations made to the EIT data contain the standard procedures such as fiat- 

fielding (corrections for pixel to pixel variations in CCD response) and the removal 

of the dark current (thermal noise), using the routine eit-prep. The EIT data must 

also be de-gridded in order to remove an artifact from the filter which produces a 

grid pattern on the EIT images.

2.2.2 The Large Angle and Spectroscopic Coronagraph

The Large Angle Spectroscopic Coronagraph (LASCO, Brueckner et al. 1995) com

prises three coronagraphs which together image the corona from 1.1 to 30 solar 

radii. The internally occulted coronagraph was originally designed by Lyot (1930),
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Figure 2.9: Diagram to show the optical layout of the LA SC O /C l coronagraph onboard SoHO, 
taken from Brueckner et al. (1995). The image is not to scale. The instrument comprises an 
entrance aperture (AO), mirrors (M l, M2, M3 and M4), aperture A l, Fabry-perot interferometer 
(FP), telephoto lens system (LI), colour filter wheel (F) and a polariser (P) and a CCD detector.

and allows observations of the corona outside times of solar eclipse. Stray light in 

the coronagraph can be a major problem, but by using space-borne instruments the 

stray light is minimised and is due only to light scattered in the instrument from the 

entrance aperture. To allow observations further out into the corona, an externally 

occulted design is required and this is used in two of LASCO’s instruments. The 

limitation of the externally occulted coronagraphs is that they cannot image any 

closer to the solar limb than 1.5 solar radii from Sun center. LASCO overcomes 

these problems by using a set of three nested and overlapping coronagraphs; C l, C2 

and C3. C l is internally occulted following the design of Lyot (1930), C2 and C3 

are externally occulted instruments covering the outer corona where intensity of the 

scattered light is low. Each coronagraph uses a 1024x1024 pixel array CCD.

Figure 2.9 shows the C l coronagraph which images the corona from 1.1-3 solar 

radii. The instrument comprises an entrance aperture (AO), mirrors (Ml, M2, M3
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and M4), aperture A l, Fabry-perot interferometer (FP), telephoto lens system (LI), 

colour filter wheel (F) and a polariser (?) and a CCD detector. In order to image 

the corona so close to the limb C l must be internally occulted. Large length scales 

are required by an externally occulted instrument which could observe the inner 

corona at high spatial resolution. A tunable Fabry-Perot interferometer is located 

behind the Lyot stop at Al which enables high resolution imaging spectroscopy of 

the lower corona to be taken. The coronagraph uses a 1024x1024 pixel CCD where 

the pixel size is 5.6" x 5.6". Both coronal and photospheric light enters the telescope 

but the photospheric light is rejected with mirror (M4) whereas the coronal light 

remains and passes through the interferometer. In order to minimise stray light in 

C l which is determined only by the quality of the mirror (Ml) a high quality mirror 

is used. C l contains a polariser wheel (P) and a filter wheel (F). P holds three 

linear polarisers orientated 60° apart, a clear filter and a Ha filter. F holds the four 

blocking filters to be used in conjunction with the Fabry-perot interferometer (Na I, 

Fe XIV, Ca XV, Fe X) and an orange wide band filter. The C l coronagraph was in 

operation until 24-Jun-1998 when contact with SoHO was lost, resulting in the loss 

of pointing control and SOHO no longer being pointed at the Sun. The extreme cold 

temperatures experienced during this time resulted in the failure of the instrument, 

possibly due to the cracking of one of the piezo-electric crystals.

02 is externally occulted and shown in Figure 2.10. The stray light values in C2 

(and C3) were measured prior to launch at the Naval Research Laboratory and are 

expected to be less than the coronal signal by an order of magnitude. To minimise 

the stray light levels caused by diffraction at the entrance aperture, a serrated design 

is used. This means that diffracted light does not fall on the objective lens (01).

C3 is also an externally occulted coronagraph and images the corona from 4- 

30 solar radii. Figure 2.11. Since the intensity of the corona is very low at such 

distance from the limb, stray light must be at a minimum. In order to remove light 

diffracted by the occulting disc, two more discs are added in between the occulter 

and the objective lens to intercept the stray light. Overall, it is the diameter of the
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Figure 2.10: Schematic of the optical layout of the L A SC 0/C 2 coronagraph onboard SoHO. 
Taken from Brueckner et al. (1995). The instrument comprises entrance aperture (AO), an external 
occulter, A l aperture, objective lens (0 1 ), inner occulter (D2), lenses (0 2  and 0 3 ), two plane 
folding mirrors to reduce the length of the instrument, polarisers and a CCD detector.
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Figure 2.11: Schematic of the optical layout of the L A SC 0/C 3 coronagraph onboard LASCO, 
taken from Delaboudiniere et al. (1995). The instrument comprises a 110 mm opening (AO), 
external occulter, entrance aperture (A l), Lyot stop (A2) and a relay lens which projects a small 
coronal image onto the CCD detector situated in the focal plane.
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Occulter Field of Pixel Colour Filter Wheel Polariser

View size 

(")

Cl Internal 1.1-3.0 5.6 Na I, Fe XIV, Ca XV, Fe -60°, 0°, 

X, orange, clear. Ho;

+60°

C2 External 1.5-6.0 11.4 Blue, Orange, Light Red, -60°, 0°, 

Deep red, Ha

+60°

C3 External 3.7-30.0 56.0 Blue, Orange, Deep Red, -60°, 0°, 

Ha, Infra-red, clear

+60°

Table 2.4: Information on the three LASCO coronagraphs. LASCO C l is internally occulted to 
provide images close to the solar limb, and C2 and C3 are externally occulted. The field of view  
of the instruments is given in column three of the table, column four gives the pixel size and five 
the filters on the colour filter wheel. Each coronagraph carry polariser filters and these are listed 
in column six.

occulting disc which is important in minimising stray light in externally occulted 

coronagraphs.

The C2 and C3 LASCO coronagraphs do not have any spectroscopic abilities, 

however, they do carry broadband colour filters and polarisers in order to facilitate 

separation of the F (dust) and K (electron) corona, as the F corona is redder than 

the K corona. The polariser filters can also be used to this effect. A 2nm bandpass 

a  filter is also included.

A series of data products is offered by the LASCO consortium including level 0.5 

uncorrected data and level one calibrated files for quantitative scientific analyses. 

These images have been corrected for flat field, variations in the CCD sensitivity, 

geometric distortion and stray light. Flat fields are taken through quartz diffusers 

on the doors of the instrument. To detect CMEs in the LASCO data the raw images 

are commonly used. However, for the fainter CMEs a series of difference images can 

be made to differentiate the motions of the faint material from the background of
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Figure 2.12: Schematic of the Michelson Doppler Imager, courtesy of Stanford University.

coronal structures. The difference images can either be running difference in which 

each image has the previous image subtracted from it, or the images can have a base 

image prior to the event subtracted from each image.

2.2.3 The Solar Oscillations Investigation— Michelson Doppler 

Imager

The Solar Oscillations Investigation programme uses the Michelson Doppler Im

ager (SOI/MDI, Scherrer et al. 1995) as part of the helioseismology capability of 

SoHO, probing the solar interior by observing the surface oscillations. Line of sight
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magnetic data are also taken by MDI as the line profile produced by the surface os

cillations are modified by strong photospheric magnetic field. A schematic diagram 

of MDI is shown in Figure 2.12.

MDI uses a refracting telescope to feed the solar emission through a series of spec

tral filters and measures both the horizontal linear and circularly polarised lights.

The result is a beam with a bandpass of 94 mÂ centered around the Ni I 6768 Â mid- 

photospheric absorption line. Dopplergrams are made from the average of the left 

circularly polarised (LCP) and right circularly polarised (RCP) components. The 

difference in the Doppler velocity of LCP and RCP gives a measure of the Zeeman 

splitting of the absorption line, and is approximately proportional to the line of sight 

magnetic flux density at the photosphere, averaged over the resolution element. The 

CCD is a 1024x1024 pixel array

Calibrations of the MDI data are made before the data become generally avail

able, so that the images contain pixel values representing the magnetic flux density.

The error in each pixel is ±20 Gauss. MDI operates in two modes, full disk and 

high resolution. In full disc mode synoptic images are taken every 96 minutes. The 

CCD pixel size is 1.987" x 1.978" with a field of view 34'x34'. In the high resolution 

mode the beam is magnified just before the CCD by a factor of 3.2. The pixel size 

corresponds to 0.625" x 0.625" and the field of view is 10.5"x 10.5".

2.3 Geostationary Operational Environmental Satel

lites

Geostationary Operational Environmental Satellites (GOES) are operated by the 

National Oceanic and Atmospheric Administration (NOAA). Generally they are 

meteorology satellites, but they carry onboard a Space Environment Monitor (SEM) 

to measure solar X-rays, energetic particles and the E arth’s magnetic field at the 

position of the satellite. They are in a geosynchronous orbit as their name suggests
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at an altitude of 35,000 km and are three axes stabilised.

This thesis uses the X-ray flux data collected by SEM. The measurement of the 

X-ray flux from the Sun is made by using ion chamber detectors. X-rays in two 

wavelength bands are measured; 0.5-4 Â and 1-8 Â. The two wavelength bands 

allow the hardness of the spectrum to be determined.

2.4 Ground Based Instrum ents

Ground based telescopes taking images in the light of Ha (6563 Â) were used in this 

thesis to monitor filament evolution. Images from the Kanzelhdhe Solar Observatory 

telescope in Austria were used which takes full disc Ha images once per day. The 

CCD is a 2000x2000 pixel array. The Ha telescope at Hiraiso Solar Terrestrial 

Research Center was also used. This telescope operates two modes, full frame and 

partial frame. Full frame data were used in this thesis where the pixel size is 1.15" 

and spatial resolution is 2.3". Images are taken every three minutes.



Chapter 3

Flare Survey

3.1 Introduction

Previously, single flares which occur around the onset time of a coronal mass ejection 

(CME) have been studied in order to understand the connection, if any, between the 

flare and the CME (for example Munro et al. 1979; Dryer 1982; Sheeley et al. 1983). 

The flare and the CME involve similar magnitudes of energy (10^  ̂ ergs), but in the 

case of a solar flare the energy is in the form of thermal energy of the heated plasma 

and non-thermal energy interpreted as resulting from turbulent plasma motions. In 

the case of a CME the energy is mainly in the form of kinetic energy due to the bulk 

velocity of 10^  ̂ g of plasma ejected from an area covering a large latitudinal and 

longitudinal extent. It seems likely such a large scale destabilisation results from 

an evolution of the magnetic field so that studies over long time periods, possibly 

encompassing many flares, are required. The source region of the CME can now 

be confidently identified in many cases by the use of lower coronal signatures (see 

Section 1.4.4 and this has allowed the study of the regions on the Sun which produce 

CMEs. The discovery of lower coronal signatures has provided the opportunity to 

study other solar activity which is in some way linked to CMEs, and one obvious 

candidate is flaring.

68
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This chapter uses flaring as a means to probe certain aspects of the energetics of 

the active regions (ARs) which produce CMEs in the time before, during and after 

the ejection. Following the evolution of the flare activity in an active region may 

reveal information about the topology of the magnetic field and the free magnetic 

energy released. For example flares are observed to occur in the presence of complex 

magnetic topologies and also require free magnetic energy to be available as indicated 

by their occurrence in regions of sheared field along neutral lines (Hagyard et al. 

1984). §3.2 of this chapter discusses nine active regions which are used to study 

flaring around CMF onset in a small survey. The chapter begins with a discussion 

on the observational aspects of the survey and §3.2.4 discusses the results. §3.3 

discusses one particularly interesting AR (AR 8100) found in the flare survey. It 

shows a clear evolution in flare activity in the time leading up to the onset of two 

CMFs. The observations indicate an evolution in the active region magnetic field 

which is linked to magnetic helicity. The conclusions for both the flare survey and 

AR 8100 are presented in §3.4.

3.2 Active Region Survey

3.2.1 Active Region Selection

In order to make a confident association of the CMF to an AR, data were selected 

from a time of low activity on the solar disc. The survey consists of 12 CMFs which 

were associated with 9 NOAA active regions. The regions are: 7999, 8018, 8026, 

8027, 8038, 8100, 8108, 8113 and 8210. The data set were selected through 1996 

and 1997 (and one in 1998), providing an insight around solar minimum only. Using 

these ARs, the flaring activity before, during and after the time of the ejections can 

be studied.
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3.2.2 Identification of Coronal Mass Ejections

The 12 CMEs chosen for this survey were selected due to their good coverage in the 

LASCO C2 and C3 coronagraphs. Active regions lying under the span of the CME, 

as seen in the plane of the sky, were assigned a CME association if a signature in 

the lower corona could be identified (such signatures are discussed in §1.4.4). An 

example of one of the lower coronal signatures, post-eruption loops in NOAA 7999, 

is shown in Fig. 3.1. This Figure shows AR 7999 prior to, and after the onset of a 

CME which is observed to span the region. Before the ejection small, inclined loops 

are observed in the active region. After the onset of the CME, post-eruption loops 

are observed to form, and grow with increasing height into the corona. These loops 

are presumed to be formed as magnetic field opened by the eruption closes down 

and reconnection proceeds successively higher in the corona. The field opening is 

attributed to be a by-product of the CME.

In order to probe the fiaring activity before, during and after the CME, the 

launch time of the ejection needs to be found. The traditional method used to find 

the launch time of a CME is to construct a height-time diagram from the LASCO 

data. In this method the height of the leading edge of the CME from Sun centre 

is followed through LASCO coronagraphs and plotted against time. The results 

are fitted with either a first or second order polynomial, depending on whether the 

CME had a constant velocity profile in the plane of the sky or showed acceleration. 

These profiles can then be extrapolated back in time to the position of the active 

region on the solar disc as seen in the plane of the sky to obtain a time of ejection. 

Figure 3.2 shows a height-time diagram constructed for a CME observed on 30- 

Nov-1996. The crosses show the leading edge of the CME as seen in the LASCO 

coronagraphs. The CME was observed to accelerate in the plane of the sky and so 

has been fitted with a second order polynomial (solid line curve). The GOES X-ray 

flux in the bands 0.5-4 Â and 1-8 Â has been overplotted to show the temporal 

relation between the flare activity and the onset of the CME. However, the true
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F ig u re  3.1: An example of post-eruption loops observed to form around the estimated onset 
time of a CME associated to AR 7999 in the EIT 195 Â bandpass. The estimated CME onset time 
is 21:25 UT on 30-Nov-96. Images up to 1-Dec-1996 are half resolution images (2x2 pixels binned) 
and they show the change in the magnetic topology of the AR indicative of an association to a 
CME. New loops are observed to form in the AR and grow in height; these loops are especially 
obvious in the last image which is taken in full resolution.
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F ig u r e  3.2: Height-time profile of the leading edge of a coronal mass ejection. The crosses 
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origin and the motion of the leading edge cannot be seen below 2 solar radii from 

disc centre (below C2). This is due to a lack of identification in the lower corona 

below the field of view of LASCO, of the structures which form the leading edge in 

the coronagraph. Consequently the assumption has to be made that the height of 

the structure which forms the leading edge is at the location of the active region as 

seen in the plane of the sky, and also that the initial acceleration is consistent with 

that seen higher in the corona. Recent work has indicated that this is probably not 

the case. For example, work by Zhang et al. (2001) has shown that the CME may 

experience an impulsive acceleration phase during the rise phase of the fiare. This 

ceases near the peak in the fiare soft X-ray emission and after this time the CME 

undergoes a propagation phase where the velocity decreases. Zhang et al. (2001) 

have been able to draw these conclusions about the motion of the CME in the 

lower corona by using the LASCO/Cl coronagraph which observes only 0.1 solar 

radii above the limb. However, LASCO/Cl observations have not been used in this 

chapter for two reasons. First, C l is best suited to observe coronal features on the 

limb and the ARs in this study include a range of longitudes and have not been 

selected to meet such a criteria. If the leading edge of the CME is not formed at 

the limb it is unlikely that structure related to the CME will be observed in Cl. 

Also, it is hard to associate the features observed in Cl which are taken in certain 

spectral lines, to features observed in the white light images of LASC0/C2 and C3, 

However, this study covers a time period which should show any trends in fiaring, 

and not be too limited by the error in CME onset.

3.2.3 A ctive Region Flaring

Nine ARs which were observed to produce CMEs have been identified, and the 

fiaring from these regions has been studied. During the observing times of Yohkoh, 

the identification and duration of fiares from the chosen active regions could be 

made using the Soft X-ray Telescope (SXT) onboard the spacecraft. The fiare
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onset and end times were defined using the soft X-ray light curves of the AR when 

the signal reaches 3cr above the background level and also when the signal decayed 

back to this level. During times of Yohkoh night other data were utilised to find 

the location and duration of the flare. The flare location was identified using the 

observations of H a flares as detailed in the Solar-Geophysical Data Reports (SOD). 

For those flares which occurred during Yohkoh night, X-ray light curves from the 

Geostationary Operational Environmental Satellites (GOES) were used to obtain 

start and end times. For all the flares identified, including those occurring during 

Yohkoh night, the intensity of is defined as the maximum flux in the GOES data to 

provide continuity in the data set.

This survey seeks to monitor the energy released by flaring and the parameters 

of the flares around the times of CME onset. The lack of continuity in the SXT 

data prevents an integration of the soft X-ray flux for each flare, which would allow 

an accurate measure of the energy released in each event. GOES is a full Sun 

monitor and so is not appropriate for this purpose. Instead, in this chapter the 

simple product of the flare intensity and flare duration will be used as a proxy for 

the energy release.

3.2.4 Survey Results

This survey included nine active regions which showed CME signatures. From these 

ARs a total of 12 CMEs and 61 flares were studied. The details of the CMEs 

and flares are given in Table 3.1. The estimated CME onset time as deduced from 

extrapolating back the height-time profiles to the position of the AR in the plane of 

the sky is listed, along with the flare start time, GOES X-ray intensity and duration. 

All flares from the ARs during a time period of several hours around each CME time 

have been included to try and understand the changes in the AR on a longer time 

period than has been studied in previous work. The results show that flares from 

GOES classification A to X with varying durations occurred in the ARs. It is also



CHAPTER 3. FLARE SURVEY  75

Table 3.1: Table of the active region coronal mass ejections (CMEs) and flares used in the survey. 
The date and estimated CME onset time are given in columns one and two. Columns three to 
five detail the flare start time, maximum GOES X-ray intensity and the flare duration. The 
GOES classes correspond to A: 10“®-10“  ̂ Wm” ,̂ B: 10"^-10"® Wm“ ,̂ C: 10“®-10"^ Wm“  ̂ M: 
10-5-10"^ Wm-2 and X: Wm"^

Date CME time Flare time Flare intensity flare duration
(UT) (UT) GOES class (minutes)

29-Nov-96 20:21 M1.2 104
30-Nov-96 21:25 17:09 C l.l 42

19:05 B3.3 14
20:29 C8.2 735

l-Dec-96 16:27 B4.9 33
18:56 B4.3 36
20:45 C5.3 18

19-Feb-97 22:16 C4.0 35
20-Feb-97 00:24 07:50 A4.7 3

10:44 B1.2 6
27-Mar-97 14:03 B8.5 85

19:21 B5.5 51
28-Mar-97 05:02 00:20 BIT 13

01:05 C1.5 74
02:19 B3.8 25
05:36 A9.5 13

7-Apr-97 14:02 13:48 C6.8 300
9-Apr-97 04:14 B3.9 69
12-May-97 04:41 00:13 B1.2 192

04:35 C1.3 450
22:11 A3.1 16
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Table 3.1 continued

Date CME time Flare time Flare intensity flare duration
(UT) (UT) GOES class (minutes)

2-N0V-97 02:58 C2.3 10
3-Nov-97 0&39 01:48 Cl.O 18

04:33 C8.6 35
06:00 C2.0 49
08:06 C4.6 55
09:04 M1.4 20
10:17 M4.2 63
12:21 C1.6 12
12:45 C2.4 33
14:04 B8.7 29
17:02 C1.9 20
19:05 C3.9 7
20:13 Ml.O 10
20:26 C8.1 19
21:22 C3.9 21
22:19 C8.6 29
23:35 C3.2 20

4-Nov-97 05:42 01:29 M1.3 29
02:55 M3.2 12
05:53 X2.1 51
06:28 C8.8 10
06:36 C7.3 7
08:04 C2.3 8
09:48 C2.8 5

5-Nov-97 11:30 C6.8 25
6-Nov-97 11:49 11:49 X9.4 71
7-N0V-97 00:09 B8.7 18
14-Nov-97 09:32 01:25 C3.6 27

09:05 C2.4 36
09:05 C4.6 358
16:50 B8.0 60
17:28 B4.7 11

15-Nov-97 22:42 22:32 Ml.O 74
16-Nov-97 01:22 Cl.O 20
27-N0V-97 12:27 11:50 Cl.O 26

13:12 X2.6 14
16:11 C3.6 56
19:06 B8.8 40

27-Apr-98 09:04 08:55 X I.0 600
13:22 B2.9 7
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seen that, in some cases, it was several hours after the occurrence of a CME before 

flaring in the active region resumed. However, this may be influenced by changes in 

the soft X-ray background level which have not been looked at in this study.

The peak flare intensity and flare duration have been measured in this study 

to use as a proxy for the energy released from the AR magnetic flelds. However, 

the flare parameters vary greatly between different ARs, and in order to make a 

comparison between events the values have been normalised. To normalise the 

results, the intensity and duration of each flare are divided by that of the highest 

intensity flare in each CME event. The normalised values can then be used to 

compare the evolution in the flare activity from each AR rather than using absolute 

values of flare intensity and duration. The normalisation is necessary since although 

each AR shows an evolution in the flaring levels, the pre- and post-CME intensities 

from each region are not the same. Thus when absolute values for each region are 

plotted together, the change in flaring levels before and after the CME is not clearly 

seen.
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Figure 3.3: The normalised flare duration versus the time difference between CME launch and 
flaring. Time zero represents when the CME and flare are coincident, negative time is when the 
flare occurs before the CME and positive time when the flare occurs after.
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F ig u re  3.4: The normalised flare intensity versus the time difference between CME launch and 
flaring. Time zero represents when the CME and flare are coincident, negative time is when the 
flare occurs before the CME and positive time when the flare occurs after.
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Figures 3.3 and 3.4 show the normalised GOES intensity and normalised duration 

of the flares and their timing relative to the CME launch. The error in time between 

the CME and the relevant flare is ±  25 minutes which on the graph is smaller than 

the plotting symbols. This error is determined by the systematic errors involved 

in measuring the CME features in the LASCO data. Some compensation has also 

been made for the uncertainty in the CME launch time which is hard to determine 

without knowledge of the CME leading edge in the lower corona. The results show a 

grouping of high intensity and long duration flares around the CME time as expected 

from previous studies. The results also indicate that flares occurring in the ARs prior 

to the CME are more energetic than those occurring after. It is especially noticeable 

in Figure 3.4 that the flares have a higher intensity before the CME and that there 

is a drop in the normalised flare intensity after the CME. Figures 3.5 and 3.6 present 

histograms of the product of the normalised flare intensity and duration before and 

after the CME respectively, omitting the flares within the error of 25 minutes of the 

CME. This product is used as a proxy for the energy release and the results appear 

to show that flares occurring before the CME are more energetic, while those flares 

occurring after are releasing less energy.

3.2.5 Flare Survey Discussion

Harrison (1991) studied the relative timing of the CME onset and the flare occur

rence and found that out of 92 CMEs, 43 had an X-ray flare within a ±  2 hour 

window around the time of CME observation. The work showed that on average, 

the CME led the flare onset by 17 minutes. It has not been assumed in this current 

study that any single flare is associated to the CME, instead the evolution of the 

flare activity and investigation of the energy changes and evolution of the magnetic 

flelds in the time around the CME is investigated. This study examines flares from 

active regions that show CME signatures rather than studying single flares which 

occur closest in time to the CME launch. However, in all but one CME event in this
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Figure 3.5: Histogram of the product of the normalised flare intensity and duration for those 
flares occurring before the CME. The flares have been normalised with respect to the largest flare 
observed in the corresponding active region.

1 2  3 4
P ro d u c t o f n o rm a lise d  fla re  in te n s ity  and d u ra tio n

Figure 3.6; Histogram of the product of normalised flare intensity and duration for those flares 
occurring after the CME. The flares have been normalised with respect to the largest flare observed 
in the corresponding active region.
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survey one or more X-ray flares occurs within the 4 hour window used by Harrison 

(1995). In 75% of the CME events, the flare closest in time to the CME has the 

longest duration and highest intensity of those occurring in the active region over 

the time studied. Harrison (1991, 1995) has shown that a CME can be associated 

with a flare of any duration and any intensity, but there is a higher chance that 

longer duration flares will be CME associated. When more than one flare and a 

longer time period are considered, as in this study, it is seen that even though the 

flare closest in time to the CME may be of any duration or intensity, it is on average 

the largest produced in the active region.

The product of flare intensity and duration has been used in this study as an 

indicator for the energy released by the flares. The higher values prior to the CME 

indicate that more energy is being released before the CME launch than after. The 

lower intensity flares after the CME and the delay that is sometimes required for 

flaring to restart (eg. events on 30-Nov-96 and 7-Apr-97, Table 3.1) indicates that 

the free magnetic energy content of the field and the complexity are reduced after 

the ejection, and that time is needed for these parameters to build up after the 

CME. This suggests that either the CME launch or the flare closest in time to the 

CME, produce a reduction in the energy content of the active region magnetic field. 

The total energies of the flare and the CME are comparable but they are different 

phenomena and they affect the corona in different ways. The flare is a local release 

of free magnetic energy which preserves the helicity content. The CME on the 

other hand removes helicity from the corona affecting the energy content of the field 

possibly on a much larger scale.

However, it must be noted that this survey has been conducted on active regions 

and their associated CMEs near solar minimum. As the cycle evolves the coronal 

magnetic field also evolves and becomes magnetically much more complex, with 

interactions between sunspot groups often observed. Further studies are needed to 

investigate the evolution of flaring in CME productive active regions during the 

maximum phase in the cycle.
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Figure 3.7: Evolution of the line of sight magnetic flux in AR 8100; negative (diamond) and 
positive (asterisk). Each pixel in the MDI data has an associated error of ± 20  Gauss and the error 
bars indicate the sum of the error in the active region field.

3.3 NO A A Active Region 8100

To complement the survey of flares occurring in CME productive ARs, NO A A AR 

8100 is presented separately in this section. Results over two consecutive days are 

presented when the AR produced two CMEs and was highly flare productive so 

that the flare evolution was well monitored. AR 8100 was present on the disc from 

28-Oct-97 to 9-Nov-97 but the flare activity around two CMEs is presented as it 

exhibits an interesting evolution. Flaring was followed around the time of two CMEs 

on the 3-Nov-1997 and 4-Nov-1997.

NO A A active region 8100 is first seen in the southern hemisphere with a bipo

lar magnetic configuration and a negative leading polarity. Using data from the
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Michelson Doppler Imager, flux emergence was observed in the AR which produces 

an increased complexity and an evolution into a Ô conflguration by 4-Nov-97. The 

flux emergence is shown in Figure 3.7. This flux emergence causes the area to in

crease from 80 millionths of a solar hemisphere on 28-Oct-97 to 1000 millionths on 

5-Nov-97, with substantial growth seen on 3-Nov-97 and 4-Nov-97. Observations 

of the line of sight magnetic fleld reveal that the flux emergence around these 2 days 

is imbalanced, with approximately 40% more negative flux than positive flux .This 

imbalance is observed to occur close to the estimated time of CME onset from AR 

8100 on 3-Nov-1997 at 09:39 UT. The imbalance continues and so is unlikely to be 

due to an artifact in the line profile due to the M l.4 flare at 09:04 UT and the M4.2 

flare at 10:17 UT.

3.3.1 Flaring in Active Region 8100.

The incidence of flares occurring in AR 8100 over the time of two CMEs which 

occurred on 3-Nov-97 and 4-Nov-97 is shown in Figure 3.8. The flare start times 

and the X-ray intensities are plotted with the length of the bars indicating the 

duration of each flare. The results show that the flares become more intense in the 

time building up to each CME onset. There is a rather obvious decrease in the 

X-ray intensity of the flares which occur after the CME. Accompanying the drop in 

the flare intensity is a reduction in the duration of the flares. The active region is 

highly CME and flare productive during its disc passage, but this interesting flaring 

evolution is most clearly seen over the time of these two CMEs.

3.3.2 Discussion

The flaring in AR 8100 during the end of 3-Nov-1997 and the start of 4-Nov-1997 

has been presented separately as it clearly demonstrates the results of §3.2.4. A 

build up in the flare levels is observed before each CME launch (Fig. 3.8). This 

build up is observed over several hours before the CME launch, and then a drop in
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Figure 3.8: Distribution of the flares occurring in active region 8100. The maximum intensities 
of the flares are plotted with duration bars. The GOES maximum intensity is given and the units 
are Wm"^. The times of the two coronal mass ejections are indicated with vertical lines.
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intensity and duration of flares is observed after the CME (with the exception of the 

first flare after the first CME). The obvious change in the flare activity indicates a 

change in the magnetic fleld around the time of the ejection and from the reduced 

duration and intensity of the flares, it is inferred that less energy is released.

Previous work has proposed that the CME removes helicity from the corona (Rust 

1994; Low 1996) and from the study of AR 8100 the CME appears to produce the 

lowered flare levels observed after the time of the ejection, van Driel-Gesztelyi et al.

(1999) have studied the magnetic evolution of NO A A active region 7978 from July to 

December 1996 and they found the active region magnetic fleld to be non-potential. 

The free energy or non-potentiality in this region increases over the four solar rota

tions studied, at which time the flaring stops but the CME activity continues. They 

suggest that the CMEs carry away the non-potentiality and helicity from the active 

region. The results presented here showing the reduction in flaring levels after the 

CME are commensurate with the role of CMEs in removing helicity. The removal 

of helicity from the AR implies that the energy levels have been changed/ reduced 

producing an environment that may not be conducive to flare activity. This is seen 

in the delay sometimes observed between the CME and the next flare. So, if the 

CME carries away helicity from the AR, then the lowered flaring levels may be the 

result of the reduced energy conflguration that has been produced by the helicity 

removal. Flaring is thought to approximately conserve helicity (Low 1996) and so 

can only reduce the energy to a level consistent with the initial helicity.

The flare evolution is occurring whilst flux is emerging into the AR, producing 

a higher level of complexity and a J classification. The flare activity picks up again 

after each CME, probably as a result of the continued flux emergence. The emerging 

flux provides the complexity that is observed to be required for flares and may also 

provide free magnetic energy. The flux emergence during this time is likely to be 

very important to both the evolution observed in the flare activity and the onset 

of the CME. Current carrying flux is being introduced to the region and will likely 

reconnect with the pre-existing magnetic fleld. It has been suggested that helicity
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cascades towards larger structures (Pouquet et al. 1976) and the reconnection will 

transfer helicity from the emerging flux to the pre-existing AR magnetic field. This 

transfer of helicity to the larger structures may be crucial in the eventual onset of 

the CME. For example it is suggested that one CME onset mechanism may be due 

to the accumulation of twist which may lead to an eruption triggered by the kink 

instability (Rust & Kumar 1996).

From Figure 3.7 it is seen that there is an imbalance between the magnitude 

of positive and negative line of sight magnetic flux around CME onset on 3-Nov- 

1997. Flux imbalance has previously been observed in both small and large active 

regions (Livi et al. 1985; Sheeley et al. 1966). The origin of this imbalance is currently 

unknown, but it is thought that it may be attributed to either weak undetected flux 

or large scale connections which preserve the flux on a global scale but not on the 

scale of an AR (Gary & Rabin 1995). Interpretations explaining the flux imbalance 

as resulting from large scale connections are attractive to CME models which involve 

the eruption of large scale magnetic field configurations. Interest in ARs exhibiting 

imbalanced flux is growing and such an imbalance may be a signature of CME source 

regions. Such a signature could be crucial to our eventual understanding of how and 

when the CME modifies the lower corona.

From Fig. 3.8, which shows that the flaring reaches a maximum around the CME 

time, it becomes clear how the association between a single high intensity and long 

duration flare originally arose. However, if longer time periods are studied it is seen 

that such a flare may just be the result of a build up of free magnetic energy in the 

AR fields, and therefore an increase in energy available for release via flaring.

3.4 Conclusions

CMEs involve large scale magnetic structures and usually produce global conse

quences. Around the launch time of the eruption, and during the build up to the 

launch time, there is obvious activity in small regions on the Sun which is related to
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the process that ultimately causes the CME. One of the main questions regarding 

active region CMEs is how the large scale structure is associated with the small 

scale active regions. The energy required to expel the CME from the Sun may be 

taken from the magnetic fields of both the AR and surrounding area. For example, 

the dimming sometimes observed (in extreme ultraviolet and soft X-ray images) at 

CME onset suggests the removal of plasma and magnetic field over areas much larger 

than the AR itself. The results presented here are commensurate with the idea that 

energy is removed from the active region by the CME, which results in less energy 

available for flaring. From this work, it seems clear that there is a process occurring 

which is related to both the amount of energy released by flaring in the active re

gions and to the occurrence of a CME. This process appears to be the emergence of 

new flux which is expected to be twisted and distorted and so provides a source of 

helicity for the corona. The increased complexity, and therefore free energy, provide 

the conditions for flaring, which may then transfer the helicity to the larger scales 

via the reconnection. It is suggested that the relationship between ARs and CMEs 

is that the ejections provide a valve for the helicity contained in the magnetic flelds 

emerging into ARs which are of high fleld strength and likely to be charged with 

helicity.

AR 8100 shows a particularly good example of how the association of a CME to 

a single high intensity and long duration flare has been made in the past. It also 

shows the importance of looking over longer timescales to investigate the evolution of 

the magnetic fleld. It was suggested in Harrison (1996) that the flare and the CME 

are all part of the same magnetic destabilisation. This study is in agreement with 

the idea that neither phenomenon directly drives the other, but the results suggest 

that the flare and the CME play different roles in the corona. Current carrying 

flux emergence into an AR may create a more complex conflguration and since free 

magnetic energy may also be available the conditions for flaring may be satisfied. As 

the emerging flux reconnects with the existing coronal fleld there will be a transfer 

of helicity from the small scale (emerging fleld) to the large scale (existing coronal
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field). This cascade of helicity toward larger structures may be a crucial factor in 

CME onset in AR 8100. This indicates that flares depend more on locally available 

free magnetic energy, but that CMEs depend more on global quantities such as 

magnetic helicity.

The number of flares and CMEs in this survey near solar minimum is small, but 

important questions about the effect of a CME on the coronal magnetic fleld and 

active region fleld and flaring are raised. We need to look in new ways to understand 

the elusive CMEs, and flaring activity and magnetic fleld evolution on the long term 

should not be overlooked. This work also supports the idea that helicity is important 

in the process of CMEs. With this in mind Chapter 4 follows the helicity evolution 

in AR 8100 over five solar rotations.



Chapter 4 

H elicity Evolution in A ctive  

Region 8100

4.1 Introduction

The source of the energy in active regions which may be used to power flares and 

coronal mass ejections (CMEs) is thought to be contained in the structure of in 

the magnetic fields, produced by motions imposed in the convection zone. In order 

to quantify the structure in the fields, the parameter magnetic helicity is used as 

it best describes the twist and writhe of the field. Magnetic helicity has become 

increasingly important in coronal studies (Berger 2000). The twist in the field is the 

rotation of the magnetic field lines about the axis of the flux tube and writhe is the 

rotation of the flux tube axis in space, and these parameters can be inferred from 

observations of coronal flux tubes. Twist in the field can be found from observations 

of vertical currents in the corona. Under the assumption that the magnetic field is 

force-free, j  = a B  applies, where j  is the current density, B  the magnetic field and 

a  the force-free parameter which gives a measure of the twist in the field. Metcalf 

et al. (1995) used the ratio of ^  to find an average twist contained in active region 

magnetic fields. An alternative method is to use the longitudinal photospheric flux

89
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distribution to extrapolate the field into the corona, and adjust the value of a  until 

a best fit is obtained to the coronal loops as seen in the soft X-ray data.

The calculations of magnetic helicity are physically meaningful only when the vol

ume under consideration is bounded by a magnetic surface so that all the field lines 

close within. This means that calculations of magnetic helicity in the atmosphere 

of the Sun are arduous because the solar corona does not meet this requirement. 

Instead, it is bounded by the photosphere, below which we cannot have any knowl

edge of the magnetic field. In order to overcome this problem a quantity called the 

relative magnetic helicity can be used (Berger & Field 1984) which does not depend 

on the extension of the magnetic field outside the volume under consideration. In 

this Chapter, magnetic helicity will be referred to simply as helicity.

Helicity has been shown to decay at a very slow rate and in a plasma with high 

magnetic Reynolds number, under resistive and non-resistive conditions, the mag

netic helicity can be assumed to be conserved (Berger & Field 1984). Low (1996) 

discusses the dissipation of helicity under conditions in the solar corona where re

sistive effects such as reconnection occur in spatially very localised regions. In this 

situation reconnection will serve to redistribute the helicity within the coronal vol

ume, although there may be some loss within the local magnetic surface. Dissipative 

processes in the corona such as flares involve the release of free energy available in 

the magnetic fields. Helicity and energy are intimately linked and the amount of free 

magnetic energy available for dissipation depends on the helicity content of the field 

and energy can only be released at an amount consistent with that of the helicity 

content (Berger & Field 1984).

Since helicity is a well preserved quantity it will accumulate in the corona if 

a continued helicity injection occurs. This is expected to be the situation due to 

the continual emergence of twisted and distorted flux into the corona, and due to 

shearing motions at the flux tube footpoints. To avoid an endless accumulation the 

helicity can be ejected from the corona by CMEs, which are huge re-arrangements of 

the magnetic field and involve the expulsion of about lO^^g of solar plasma threaded
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with magnetic flux. It has been suggested that the importance of coronal mass 

ejections is that they are one method by which the corona is able to expel the accu

mulated helicity (Rust 1994; Low 1996; Devore 2000). Observations have indicated 

that this is indeed the situation, van Driel-Gesztelyi et al. (1999) showed using ob

servations that CMEs carry away stress and non-potentiality from active region 

(AR) magnetic fields, from the long-term monitoring of an active region. CMEs 

have also been linked directly with the ejection of helical structures from the corona 

in the form of filament eruptions (eg. Ciaravella et al. 2000). A subset of CMEs 

observed in situ at 1 AU have been well modeled as flux ropes with helical magnetic 

fields known as magnetic clouds (MCs). Flux ropes are also thought to be observed 

in white light coronagraph data, corresponding to CMEs which show a concave-out 

feature (Hudson & Oliver 2001). The helicity sign of the magnetic cloud has been 

frequently observed to correspond to the helicity sign of the erupting structure in 

the lower corona (Rust 1994).

The mechanisms and magnitudes of helicity injected into the corona and the 

amount expelled by CMEs is a subject of debate. Rust (1997) suggests that the 

solar dynamo and the action of the Coriolis force on flux tubes rising through the 

convection zone may create an amount of helicity similar in magnitude to that ex

pected in interplanetary fields. A theoretical study by Devore (2000) indicated that 

differential rotation acting on already emerged flux tubes could be the method to 

account for the helicity ejected via CMEs. The most recent theoretical work has 

been made by Démoulin et al. (2001a) where the authors model the effect of differ

ential rotation on a theoretical bipolar AR. They show that the helicity injection by 

differential rotation is affected by the tilt of the bipolar region with respect to the 

equator. The helicity injection can be decomposed into two terms; twist helicity and 

writhe helicity. In the case of differential rotation the two terms are in competition 

and whether it is twist injection or writhe injection that dominates depends on the 

tilt of the region.

Démoulin et al. (2001b) used observations of a long-lived AR to monitor the
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helicity evolution in the solar corona. AR 7978 was studied during seven solar 

rotations. The AR was bipolar and isolated on the Sun, and orientated in the 

east-west direction in the southern hemisphere. The east-west orientation of the 

AR resulted in a helicity injection by differential rotation which was constant with 

time. The authors found that the magnitude of helicity injected into AR 7978 is too 

small by a factor of 2.5 to account for the calculated observed coronal helicity and a 

factor of 5 too small to account for helicity lost via CMEs. Démoulin et al. (2001a) 

confirm the amount of helicity injected via differential rotation as found by Devore

(2000), but the use of a more sensitive coronagraph in Démoulin et al. (2001b) gave 

a higher frequency of CMEs and therefore a larger amount of expelled helicity. So 

the source of helicity, whether it be the Coriolis force, differential rotation or some 

other method, has not yet been confirmed but is likely to include several methods.

The aim of the research in this chapter is to extend the work discussed above by 

studying AR 8100 which shows a very different behaviour. AR 8100 is located in 

the southern hemisphere and has a prolific coronal mass ejection output which has 

been monitored on the disc during 5 solar rotations. The region is chosen as it has 

a configuration and a rotation of the photospheric polarities, one about the other, 

over the 5 month period that the AR was observed. Initially the AR appears to be 

consistent with Hale’s polarity law (Hale & Nicholson 1925) for solar cycle 23 (ie. 

negative leading spot in the southern hemisphere). However, due to the rotation of 

the polarities about each other through almost 150°, we infer that the true leading 

polarity should in fact be the positive one. This indicates that the flux tube is 

distorted (Lopez Puentes et al. 2000), and the observed rotation of the polarities 

results from the different cross sections of the flux tube observed at the photosphere 

as it rises. It also indicates that the flux tube forming the AR is a remnant from 

the previous cycle, when the leading polarity was positive. A study of the helicity 

evolution in an AR which exhibits a rotation of the photospheric polarities has not 

been made before. Observations indicate that the AR is not isolated on the Sun 

during the first rotation and has at least one connection to an AR in the northern
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hemisphere. This study is crucial to our understanding of helicity evolution in the 

corona. The rotation of the photospheric polarities observed in AR 8100 is likely 

to affect the quantity and sign of helicity injected by differential rotation. Also, 

the inferred distortion of the flux tube indicates that the helicity content may be 

very different to that of an emerging Ll loop. The helicity evolution is investigated 

in this chapter by following the coronal helicity at each central meridian passage, 

and comparing it to the calculated helicity injection by differential rotation and the 

quantity lost via CMEs.

The chapter begins with the description of the data used in the study and the 

observations in §4.2.1. The long-term evolution of the photospheric magnetic fleld is 

summarised in §4.2.2, of the coronal loops in §4.2.3, and the CME activity in §4.2.4. 

In §4.3.1 the amount of helicity present in the corona and the amount injected into 

AR 8100 through shearing of the coronal loops by differential rotation is calculated 

following the methods of Démoulin et al. (2001a,b). §4.3.3 discusses the helicity lost 

from the coronal flelds on the assumption that CMEs are the process by which the 

solar corona removes magnetic helicity using a model for magnetic clouds. Com

parisons are made in §4.3.4 between the amount of helicity generated by differential 

rotation, the values computed in the corona and the amount lost via CMEs. The 

chapter concludes with a discussion on the possible sources of helicity in §4.4.
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4.2 Observations

4.2.1 The Data

The CMEs in this study have been identified using data from the Large Angle 

Spectroscopic Coronagraph (LASCO) onboard SoHO (Brueckner et al. 1995). Two 

coronagraphs have been used in this study: LASCO 02 (2 -  6 solar radii) and C3 

(4 -  30 solar radii). The pre-event corona must be subtracted from the LASCO 

images to enhance the changes in the coronal density distribution due to the CMEs. 

In this case the mass ejection is observed as an enhanced emission moving through 

the coronagraph field of view.

To identify the source regions of the CMEs that were seen to approximately span 

AR 8100 in the LASCO data (and so may possibly originate there), lower coronal 

signatures were utilised. These signatures include reduction in the coronal emis

sion, wave propagation and post-eruption arcade formation (see Section 1.4.4). The 

Extreme-Ultraviolet Imaging Telescope (EIT, Delaboudinière et al. 1995) onboard 

SoHO was used which images chromospheric and coronal material through four fil

ters. Two filters were used in particular; the 195 Â (peak emission due to Fe XII) 

bandpass which images plasma at 1.5x10® K and in which a CME watch is run 

with an image cadence of approximately 12 minutes providing a good coverage of 

events in the lower corona. Also, the 304 Â bandpass filter (peak emission due to 

Hell) was used which images solar plasma at a temperature of 8.0x10^ K and in 

which filament eruptions can be observed. The EIT data are prepared by degridding 

the image and making a fiat field and dark current adjustment (see §2.2.1). When 

looking for EIT signatures, such as dimming, the images need also to be exposure 

time normalised due to different exposure durations between images. To search for 

coronal signatures of CMEs at higher temperatures in the corona the Yohkoh Soft 

X-ray Telescope (SXT) was used. Full disc and partial frame data were obtained, 

using in particular the filters Dagwood (AlMg) and A112. In the later stages of 

the life of an AR large scale and long lived filaments become important. H a data
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from Hiraiso Observatory (Japan) and Kanzelhdhe observatory (Austria) were used 

to provide information on filament evolution in AR 8100. Disappearing filaments 

around the CME onset time were used to identify the source regions of some of the 

CMEs and are especially important when studying AR 8100 in its later stages of 

evolution.

The photospheric magnetic field evolution and the computations of the coronal 

magnetic field were made using data from the Michelson Doppler Imager (MDI) 

onboard SoHO. MDI measures the line of sight magnetic field at the photospheric 

level. Full disc 5-minute averaged magnetogram data were selected for use in this 

Chapter.

4.2.2 Evolution of the Photospheric M agnetic Field

Active region 8100 was born on the Sun on 28-Oct-1997 at S21E67 with a yd-type 

classification and a negative leading polarity as is expected from the Hale-Nicholson 

law for solar cycle 23. The AR emerged into a region of dominantly negative po

larity in the southern hemisphere. Figure 4.1 shows the line of sight photospheric 

fiux distribution of AR 8100 on 2-Nov-1997 at the time of first central meridian 

passage. Positive flux (toward observer) is represented in white and negative flux 

(away from observer) is represented in black. The passage of the AR can be followed 

across the disc until it disappears over the west limb on 9-Nov-1997. During this 

time the AR magnetic field evolves into a ô configuration and produces a high level 

of flare and CME activity. MDI data shows the emergence of new flux during the 

first rotation at an increased rate starting late on 2-Nov-1997. This flux emergence 

continued into 3-Nov-1997 where an imbalance between the positive and negative 

flux becomes obvious; negative flux continues to increase whereas the positive de

creases (see Chapter 3.3). This new flux emergence produces the formation of new 

sunspots and leads to a 5 classiflcation. The flux emergence during the first rotation 

coincides with the start of the CME activity in the AR which is then followed for 5
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Figure 4.1: Line of sight photospheric flux distribution of AR 8100 taken with the Michelson 
Doppler Imager onboard SoHO. The image shows AR 8100 at the time of first central meridian 
passage on 2-Nov-1997. Positive flux (toward observer) is represented in white and negative flux 
(away from observer) is represented in black.

rotations.

Table 4.1 and Figure 4.2 show the flux measurements at each central merid

ian passage (CMP) from the summation of flux within a boundary around the AR 

which has been defined by eye. Initially the active region boundary is fairly well 

defined due to the flux strength. However, as the AR evolves and the flux disperses, 

the determination of the AR area becomes more difficult as it becomes harder to 

distinguish the AR from the background. The errors associated with the flux deter

mination decrease as the flux in the AR decays. On 2-Nov-1997 the positive flux is 

the dominant polarity, but towards the end of this day there is new flux emergence 

and the negative polarity becomes dominant. By the next CMP the positive polarity 

is dominant again but the values become more even from this time on. The flux 

emergence observed during the first rotation is likely to continue behind the solar 

disc, and there is an increase in flux at each central meridian passage until the third 

rotation.
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F igure  4.2: Evolution of the flux in AR 8100 at each central meridian passage, an increase in flux 
is observed until the third rotation. The continuous line represents the total flux in the region, the 
dashed-dotted line represents the negative flux and the dashed line represents the evolution of the 
positive flux. Error bars are given which are most dependent on the accuracy of the determination 
of the AR boundary.
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Date Positive Flux (Mx) Negative Flux (Mx)

2-N 0V-I997 0.86x10^2 0.83x10“

29-N 0V-I997 1.29x10^2 1.14x10“

27-Dec-1997 2.10x10“ 1.97x10“

24—Jan~1998 1 .6 0 x 10“ 1.63x10“

20-Feb-1998 1.15x10“ 1.10x10“

Table 4.1: Flux measurements at successive central meridian passages in AR 8100 as found from 
the photospheric flux. Positive flux (toward observer) is represented in white and negative flux 
(away from observer) is represented in black. The photospheric polarities show a rotation about 
each other indicating the emergence of a distorted flux tube.

Figure 4.3 shows the MDI photospheric field distribution for AR 8100 on cen

tral meridian passage for rotations two to four. The data reveal a rotation of the 

polarities away from the initial configuration, where the preceding spot is closer to 

the equator as described by Joy’s Law, through almost 150 degrees. This motion 

indicates that the flux tube forming the AR is not an tube but has been deformed 

into a kinked conflguration as described by Lopez Fuentes et al. (2000). The evolu

tion of the photospheric flux is due mainly to this rotation as the kinked flux tube 

emerges but also other flux emergence, decay and differential rotation play a part. 

A new bipole emerges into the decaying AR around the time of central meridian 

passage during the third rotation which is highly inclined, almost perpendicular to 

the equator.

Over all the rotations the AR will be referred to as 8100, although in rotation 

two the AR is assigned number 8112, in rotation three there is new flux emergence 

and the region appears as AR 8124, rotation four as AR 8142 and no number is 

assigned in rotation five.



CHAPTER 4. HELICITY EVOLUTION IN ACTIVE REGION 8100 99

[VIDI 2 9 - N 0 V - 1 9 9 7  12:51 UT

- 1 0 0

-2 0 0

-3 0 0

-4 0 0

-6 0 0

-4 0 0  -2 0 0  0 200 400
X (orcsecs)

UDI 2 4 - J a n - 1 9 9 8  1 2 : 4 8  UT

- 1 0 0  

-2 0 0  

-3 0 0

-2 0 0  0 200 400 600
X (orcsecs)

K/DI 2 7 - D e c - 1 9 9 7  12:51 UT

- 1 0 0

- 2 0 0

-3 0 0

- 4 0 0

-5 0 0

- 6 0 0

-2 0 0  0 200 400
X (orcsecs)

UDI 2 0 - F e b - 1 9 9 8  1 2 : 4 8  UT

- 1 0 0  

- 2 0 0  

-3 0 0

a .
- 4 0 0 m
- 5 0 0

- 6 0 0

- 4 0 0  - 2 0 0  0 200
X (orcsecs)

400

Figure 4.3: MDI photospheric flux distribution in AR 8100 at central meridian passage for 
rotations two to four. New flux emergence is observed in the centre of the AR in rotation three, 
and through all rotations the motion of the AR polarities about each other is dominant. Positive 
flux (toward the observer) is represented in white and negative flux (away from observer) is shown 
in black.



CHAPTER 4. HELICITY EVOLUTION IN ACTIVE REGION 8100 100

4.2.3 Evolution of the Coronal Loops

The coronal loops in AR 8100 at each central meridian passage are shown in Fig

ure 4.4. The loops are observed to evolve as new flux emerges into the region, old 

flux decays and the overall orientation of the polarities changes. Initially the soft 

X-ray emission is high (in the first rotation) and covers a fairly compact region. 

During the third rotation there is the emergence of a new bipole into the central 

section of the AR which produces an enhanced soft X-ray emission at this time and 

into the fourth rotation. As the AR decays the soft X-ray emission becomes more 

diffuse and covers a larger area reflecting the dispersion of the flux as the active 

region decays.

During the first rotation there is an indication that AR 8100 has connections 

to at least one other AR in the northern hemisphere (Delannee & Aulanier 1999). 

The connection to this AR is highlighted by a dimming event observed in FIT data 

produced during a CME which removes the inter-connecting structure.

4.2.4 The CME activity in Active Region 8100

AR 8100 has been well studied during its first rotation as it had a high level of CME 

and flare activity (Green et al. 2001a). Several flare associated CMEs were observed 

including events on 3-Nov-1997 at 10:31 UT (Delannee & Aulanier 1999) and an 

X9.4 class flare on 6-Nov-1997 (Maia et al. 1999). Van et al. (2001) modeled the 3- 

D magnetic fleld in the active region around the time of the X2 flare on 4-Nov-1997 

and showed that the active region fleld was sheared. The flare activity and the CME 

activity were observed at their highest levels during the first rotation. Significant 

data gaps occurred in rotation two when LASCO and EIT were not observing which 

means that some CMEs may have been missed, but good coverage is given in the 

third, fourth and fifth rotations.

LASCO C2 and C3 coronagraphs have been used to identify white light CMEs
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Figure 4.4: Evolution of the magnetic flux and the coronal loops at each central meridian passage 
of AR 8100. Images on the left hand side show the photospheric flux distribution as observed by 
the Michelson Doppler Imager (white represents positive flux and black represents negative flux). 
The corresponding soft X-ray images taken with the AIMg filter on the Soft X-ray Telescope are 
shown on the right hand side.
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approximately spanning AR 8100. Lower coronal signatures were then used to con

firm that the source region of the ejection is AR 8100. Table 4.2 details the observed 

CMEs. The first column indicates the date and time that the CME was first ob

served in C2 (not the estimated launch time), the second column gives the maximum 

angular extension of the observed CME, the third column gives the corresponding 

rotation phase (see Figure 4.6) and the fourth column details the lower coronal 

signature observed at CME onset. They are given by, EW: EIT wave, ED: EIT 

dimming, EL: EIT post-eruption lops, SC: SXT cusp, ST: trans-equatorial loop 

disruption, SA: SXT arcade formation, F: filament loss. Associations of a CME to 

AR 8100 cannot be made when the active region transits the far side of the disc 

so it can be expected that the number of CMEs identified is approximately half of 

those occurring in AR 8100. Endeavoring to include all CMEs from AR 8100, erup

tions that have the correct span to encompass AR 8100 but for which no signature 

can be seen anywhere on the disc are also considered. In these instances either the 

CME occurred on the far side of the Sun from another region, or the lower coronal 

signatures were missed by the cadence or coverage of the data. The data coverage 

for the events with no identified signature was poor, so the latter is assumed to be 

the major contribution. Also many of the CMEs were small and faint and may not 

manifest themselves with an observable lower coronal signature. The identification 

of the source region of the CMEs is complicated during the five rotations studied 

due to the presence of many other features on the disc throughout the evolution of 

the active region which could provide a source of CMEs.

Since observations of CMEs can only be made when AR 8100 is visible on the 

disc, in order to obtain a complete number of CMEs from the region a correction 

must be made to the data which includes an estimated number of CMEs during the 

data gaps. The data gaps includes times when LASCO and EIT were not observing 

and also the times when the AR was on the far side of the Sun. In this case, two 

stages were used to find a corrected CME number. First, for each disc passage an 

average CME number per day was calculated from the data with no data gaps. This
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gave an average CME number per day to account for the times when LASCO and 

EIT were not observing. The corrected CME numbers per day are then summed 

in to CME numbers per disc passage, and for each AR passage behind the limb 

the average CME number from the preceding and following disc passages are found. 

Eigure 4.5 shows the observed CME number (dashed line) and the fully corrected 

CME number (solid line) per rotation phase. Rotation phase is defined to be 0.0 

when the AR is at CMP on 2-Nov-1997 and 0.25 when the AR is on the west 

limb, 0.75 when it re-appears on the east limb and so on (Figure 4.6). The rotation 

phase increases by one at each successive CMP. Table 4.3 shows the breakdown of 

the CME observations and corrections split into rotation phases. Note, the CME 

numbers were corrected by considering disc passages, ie, rotation phase n.75 to 

(n +  1).25 where n  is the rotation number.

The results show that in total 35 CMEs were observed over all the rotations. Dur

ing the first rotation 16 CMEs are observed, during the second rotation no CMEs 

are observed, during the third rotation six CMEs were observed, in the fourth rota

tion nine CMEs were and in the fifth four CMEs were observed. The AR maintains 

its CME productivity throughout the observed period, although the highest levels 

are seen to occur during the first rotation. Accounting for gaps in the data and 

the times when the AR is on the far side of the Sun, the total number of CMEs 

estimated to be 65.
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LASCO C2 CME span 

(degrees)

Rotation Phase Signature

2-NOV-1997 11:44 70 0.00

2-NOV-1997 No white light 0.00 EW

3-NOV-1997 05:28 90 0.04 EW, ED

3-NOV-1997 - hidden within 0.04 EW, ED

3-NOV-1997 11:11

previous CME 

195 0.04 EW, ED

4-NOV-1997 06:10 halo 0.07 EW

5-NOV-1996 00:18 98 0.11 SC

5-NOV-1997 07:29 within previous 

event

0.11 EW, ED

5-NOV-1997 12:10 Narrow W limb 

event

0.11 ED

5-NOV-1997 17:53 - 0.11 EW?

6-NOV-1997 00:44 18 0.14 ED

6-NOV-1997 04:20 57 0.14

e-Nov-1997 12:10 135 0.14 EW, ED

7-NOV-1997 00:43 29 0.18

8-NOV-1997 08:59 74 0.21

28-NOV-1997 13:55 74 0.96 F

Table 4.2: The CMEs ejected by AR 8100. The first column indicates the date and time of the 
first appearance of the ejection in LASCO C2 and the second column gives the maximum angular 
extension of the CME (projected in the plane of sky). The third column indicates the position of 
the AR at the time of the CME; rotation phase 0.00 indicates that the AR is at CMP on the first 
rotation, 0.25 that it is at the West limb and so on. The rotation phase numbers increase as the 
AR goes back to the CMP again and again. The last column indicates the lower coronal signatures 
observed at CME onset. EW: EIT wave, ED: EIT dimming, EL: EIT post-eruption lops, SC: SXT 
cusp, ST: trans-equatorial loop disruption, SA: SXT arcade formation, F: filament loss.
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Table 4.2 continued

LASCO C2 CME span 

(degrees)

Rotation Phase Signature

27-Dec-1997 all day 33 2.00 EL, ST

30-Dec-1997 05:10 70 2.11

l-Jan-1998 15:19 16 2.18

17-Jan-1998 12:00 37 2.75 ED

19-Jan-1998 06:06 59 2.82

21-Jan-1998 17:27 168 2.89

26-Jan-1998 23:27 54 3.07 ED

28-Jan-1998 03:27 23 3.14

28-Jan-1998 14:56 62 3.14

30-Jan-1998 14:31 21 3.21

l-feb-1998 22:37 18 :T29

13-Feb-1998 all day 52 3.75 SC

15-Feb-1998 17:27 35 3.82

17-Feb-1998 05:08 59 3.89

18-feb-1998 02:27 28 3.93

21-Feb-1998 04:26 310 4.04 SA

26-Feb-1998 05:27 55 4.21

27-Feb-1997 09:55 53 4.25

17-Mar-1998 12:34 202 4.93 F
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Figure 4.5: Histogram indicating the number of CMEs observed during each rotation (dashed 
line) and the corrected CME count (solid line).
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Figure 4.6: Diagram to illustrate the rotation phase of AR 8100 as it transits the disc. The 
shaded area represents the far side of the disc. Rotation phase 0.00 occurs at the first central 
meridian passage of the AR, rotation 1.00 at the second and so on.
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Table 4.3: Table detailing CME numbers. CMEsots. is the total number of CMEs in that 
rotation phase, CMEs^ap are the CMEs estimated to occur during the EIT and LASCO data gaps, 
CMEs/arszde are the number of CMEs expected to be missed while the AR is on the far side of the 
Sun and CMEscorr. are the total CME numbers per rotation phase after accounting for all data 
gaps.

Rotation Date CMEsohs. CMEs gap ClMESyarszde CMEScorr.

1 2-Nov-

1997

16 none 8.1 24.1

2 29-Nov-

1997

0 0.3 2.2 2.5

3 27-Dec-

1997

6 0.0 5.7 11.7

4 24—Jan— 

1998

9 0.2 7.6 16.8

5 20-Feb-

1998

4 0.1 5.5 9.6

Total 35 64.7
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4.3 M agnetic Helicity Definition

The magnetic helicity contained within a volume V has been defined in §1.2.4 to be 

given hy H  = Jy A.BdV.  This equation requires that the magnetic field be closed 

within the volume of integration which means that it is not valid under conditions 

of the solar corona. In this case the relative magnetic helicity must be used,

H r =  f  A . B d V -  f  Â o .B o d V  (4.1)
Jv Jv

where B q is the reference field and A q is the vector potential of the reference field. 

The relative helicity is gauge invariant, as shown by Berger & Field (1984) and Finn 

& Antonsen (1985). The most useful reference field to use is the potential field 

as it is completely determined by the boundary conditions Bn- Using a potential 

field also means that the term Jy Ao-BodV in Eq. (4.1) vanishes so that the gauge

invariant relative helicity can be calculated in the same way as the non-invariant

helicity (Berger 1988).

As previously discussed, helicity is well preserved in the solar corona. The 

changes to the helicity content have been discussed by Berger & Field (1984) and 

their results show that the amount within the volume can only be changed by he

licity flux crossing the boundary surface. Berger & Field (1984) give that change of 

relative magnetic helicity to be,

=  —2J^[{Aq.v)B  — {AQ.B)v\ds (4.2)

where v is the velocity of the plasma. The first term on the right hand side of 

the equation represents the injection of helicity into the volume by plasma motions 

parallel to the surface and the second term represents an injection by helicity cross

ing the surface boundary, such as the emergence of already twisted and distorted 

flux tubes from the convection zone. In the case of the solar corona the surface is 

at the photosphere, below which we cannot have any information on the magnetic 

field meaning that the second term is hard to evaluate within the coronal volume.
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However, changes of relative helicity due to plasma motions at the surface (photo

sphere) can be found for the case of the corona, and the first term on the right hand 

side will be considered to find the helicity changes in AR 8100.

4.3.1 Helicity Injection by Differential Rotation

For completeness both methods of helicity generation in Eq. (4.2) should be used 

but due to the lack of information regarding the magnetic field below the photo

sphere, computations are limited to studying the injection by fluid motions at the 

photosphere only. One photospheric shear flow that is well studied is differential 

rotation. Devore (2000) using the results of Berger & Field (1984) simulated the 

helicity injected into a bipolar active region by footpoint motions due to differen

tial rotation. Démoulin et al. (2001a) extended the work of Berger & Field (1984) 

and Devore (2000) and showed that the effect of differential rotation on flux tubes 

is composed of two terms; helicity injected as twist and helicity injected as writhe, 

so that the helicity generation by photospheric motions has two components. Their 

computations show that in the case of differential rotation twist helicity and writhe 

helicity always have opposite signs and are in competition, see Eq. (10) in Démoulin 

et al. (2001a). In this case it is the tilt of the active region polarities with respect to 

the equator that determines whether it is the twist helicity or writhe helicity that 

dominates. If the AR is oriented in the east-west direction the injection of twist 

dominates and for ARs which are inclined more to the north-south direction writhe 

helicity will dominate.

The work of Berger & Field (1984) and Berger (1988) shows how the injection 

of helicity can be found by using the observable quantities R, Bn and v. The 

vector potential of the reference fleld (Aq) can be computed as a function of the 

photospheric distribution (Bn) as given by MDI. Berger & Field (1984) and Berger

(1988) derived an expression for the rate of change of relative helicity dHj./dt as 

given by.
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where R  = r — r' is the difference in spatial positions of the flux elements under 

consideration on the photospheric plane. This equation involves a double integra

tion (on r  and r') on the magnetogram. If 0 is deflned as the angle between R  

and a flxed direction (e.g. the East-West direction) with trigonometric convention 

(counterclockwise), then:

dHj.
dt " ^ . ( 1  (4.4)

This equation shows that the helicity injection rate can be understood as the 

summation of the rotation rate of all the pairs of elementary fluxes weighted with 

their magnetic flux (as first derived by Berger 1986). On the assumption that only 

differential rotation is acting to change the helicity content of the volume, Eq. (4.4) 

can be integrated to give Eq. (4.5) which gives a geometrical meaning to the helicity 

that is injected.

AHr{t) =  - ^ f  f  Ae{R,t)B„(r}B„{?)dS.dS' (4.5)
Z7T J S  J S

ft a Rxwhere A means the variation of Hr and 0- ^  on the photosphere.

These calculations can be applied to the case where photospheric motions are re

stricted to differential rotation using the following classical expression for differential 

rotation,

w(0) =  a -i- 6sin^ 0  -I- csin^ 0  (4.6)

where 0  is the solar latitude. Such angular velocity induces a shear flow which 

transforms the photospheric flux distribution, injecting helicity in the corona. Komm 

et al. (1993) give values a = 14.38deg/day, b = —1.95deg/day, c =  2.17deg/day, 

as given by the cross-correlation analysis of Kitt Peak magnetograms from 1975 to 

1991. Including the change in 0, as found from Eq. (4.6), in Eq. (4.4) allows the
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injection of relative helicity to be calculated using the photospheric distribution of 

magnetic field from MDI, and the shear flow on this distribution due to differential 

rotation. This is the method that was devised by Démoulin et al. (2001a) and shall 

also be followed for the work in this chapter.

Table 4.4: Helicity injection by differential rotation, in units of 10^  ̂ Mx^.

Rotation ^ H d i f  f.rot.

1 [1.4 , 5.1] 3.3

2 [5.1 , -4.6] 0.3

3 [-4.6 , -2.8] -3.7

4 [-2.8 , 1.6] -2.2

5 -1.6 -1.6

The magnetic helicity injected into AR 8100 per solar rotation due to differential 

rotation, is summarized in Table 4.4. Two values of the helicity injected by differen

tial rotation have been computed to give an upper and a lower bound on the helicity 

injection. The first value is calculated from applying a differential rotation shear 

profile over one Carrington rotation, to the photospheric flux distribution of the 

magnetogram at central meridian passage n to find helicity injected during that ro

tation. However, observations of the photospheric flux indicate that flux emergence 

continues in AR 8100 during the rotations one to three. This means that in the time 

between magnetogram n and the next, new flux has emerged into the AR and the 

result is observed at CMP in magnetogram n -|- 1. The correct amount of helicity 

generated by differential rotation will contain contributions from this new flux. In 

order to find an upper limit on the amount of helicity injected, the computation is 

also applied to magnetogram n -f 1 to find the injected helicity over one Carrington 

rotation with this flux distribution. The amount of helicity generated by differential 

rotation is expected to lie somewhere in between the two values. The average value 

is given in column three of the Table 4.4. In total the average net value of helicity
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injected is 3.9x10^^ Mx^ of negative sign.

The results show that the helicity injection by the action of differential rotation 

in AR 8100 changes sign as the AR rotates, even though the applied differential 

velocity profile remains the same. This change of sign, at some point during the 

second rotation, is due to the competition between two effects: the rotation of 

each polarity injecting positive twist helicity, and the relative rotation of positive 

and negative polarities injecting negative writhe helicity. With differential rotation, 

the twist and writhe injection always have an opposite sign, and in the southern 

hemisphere differential rotation injects positive twist helicity and negative writhe 

helicity (Démoulin et al. 2001a). The two components are in competition and it 

is the orientation of the bipolar magnetic field that mainly determines the amount 

of helicity injected. For a bipole more inclined in the east-west direction, twist 

dominates writhe, while it is the opposite for a bipole more inclined in the north- 

south. AR 8100 is initially observed to lie more in the east-west direction and so 

twist dominates and the AR is injected with positive helicity. AR 8100 is observed 

to have a (5 configuration, but the parasitic polarities are likely to contain less flux 

than the bipole into which they emerge so evolution of the bipolar field may still 

be used in this case. However, even though differential rotation is acting on the 

region, it is the large scale intrinsic rotation of the polarities which determines the 

sign of helicity injection by differential rotation as it causes the tilt of the AR to 

change dramatically. By rotation three the AR is more aligned in the north-south 

direction. From this time on the injection of writhe helicity dominates, and the sign 

of the helicity injection becomes negative.

4.3.2 Coronal M agnetic Helicity

In order to calculate the amount of helicity contained in the observed coronal fields 

the force-free parameter a  must be calculated. To calculate q, the magnetic field 

is extrapolated into the corona from the photospheric field distribution given by
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F igu re 4.7: Extrapolation of the coronal field on AR 8100 at the time of the first central meridian 
passage on 2-Nov-1997. The left hand image shows the soft X ray coronal taken with SXT, with 
the contours of photospheric flux from MDI. Pink (solid) lines represent the positive flux and the 
blue (dashed) lines represent negative flux. The image on the right shows the extrapolation of the 
magnetic field using a linear force-free field. Courtesy of M.Lopez Puentes.

the MDI magnetograms using a linear force-free assumption and a Fast Fourier 

method (Alissandrakis 1981). The process is repeated varying the parameter a 

until a best fit is obtained between the extrapolated coronal field and the observed 

soft X-ray loops. Figure 4.7 shows the extrapolated field lines at the time of the 

first central meridian passage on the 2-Nov-1997. The coronal helicity can then be 

computed using the relationship between the relative helicity and a  (Berger 1985) 

as given by,

N, AT,
Hr = 2 a Y ^ r i x , n y

n % n % m  + kl)
(4.7)

where x, y and z are the cartesian co-ordinates, Bn^^uy is the Fourier amplitude 

of the harmonic (n^^ny), = kl + k^ =  ky =  and L is the

horizontal extension of the computational box.
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The coronal magnetic helicity as calculated from the linear force-free field ex

trapolations of the MDI data at each central meridian passage are listed in column 

two of Table 4.6, the change in coronal helicity between the rotations (or between 

successive CMPs) is listed in column three. The computations show that at the start 

of the first rotation the coronal field had a negative helicity sign, when the helicity 

trend for the southern hemisphere is positive (Pevtsov et al. 1995). By rotation two 

the AR has changed its helicity sign to positive in accordance with the trend. The 

greatest change in the computed coronal helicity occurs between rotation one and 

two, when the CME activity is the highest.

Comparing the values of computed coronal helicity to the helicity injected by 

differential rotation shows that the injected helicity cannot account for the amount 

present in the coronal fields. The sign of the coronal field changes between the 

first and second rotation, and this change cannot be explained by the injection of 

positive helicity from differential rotation as even though it is of the correct sign it 

is an order of magnitude too small. The amount of positive helicity in the corona 

decreases from the second rotation on.

During the second rotation the sign of the injected helicity changes from positive 

to negative and the negative helicity injection will contribute to the decrease in 

positive coronal helicity. However, it is only by the fourth rotation that the injection 

of helicity has the same sign and a good magnitude to explain the coronal helicity 

evolution.

4.3.3 Helicity lost through CMEs

As previously discussed, CMEs represent a process by which the corona can expell 

the accumulated helicity. CMEs have been observed in the interplanetary medium 

and exhibit one or more of several signatures which include strong magnetic fields, 

anomalous field rotation, enhanced helium abundance and counterstreaming elec

trons and protons (Gosling 1990). A subset of CMEs observed by spacecraft in the
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interplanetary medium are known as magnetic clouds and these are characterized 

in particular by a rotation of the magnetic field as it passes over the spacecraft. 

Magnetic clouds have been well modeled as force-free cylindrical, twisted magnetic 

flux ropes as was first proposed by Goldstein (1983).

The exact structure of, and correspondence of the CME to a magnetic cloud in 

the interplanetary medium is still unknown. Observations have indicated a tendency 

for filament eruptions to form magnetic clouds, but whether or not it is the filament 

channel that becomes the magnetic cloud is unclear and is likely to depend on 

the location of the reconnection. Further indications that CMEs have a flux rope 

topology come from LASCO observations of CMEs exhibiting the classic 3 part 

structure of bright front followed by a dark cavity which contains a bright core. 

These structures are interpreted as being flux ropes, containing filament material, 

viewed edge on. In this scenario the bright leading edge is produced by coronal 

material that is swept up as the CME and preceding shock move outward, the 

depleted cavity is thought to be the centre of the flux rope where the field strength 

is high and then the trailing bright core of filament material is observed which 

was previously supported in the dip of the magnetic fields. However, interpreting 

the magnetic configuration of a CME from coronagraph data is restricted. The 

observed white light intensity maps out the density structure in the CME, and 

although the magnetic field may be inferred from this to a certain extent, it is not a 

direct observation. In an attempt to calculate the helicity content of CMEs a one to 

one relationship between CMEs and magnetic clouds will be assumed, as magnetic 

clouds are well modeled as flux ropes in which the helicity can be calculated. The 

exact nature of the association between CMEs and magnetic clouds is still unclear, 

but in this section a one to one correspondence between the CMEs from AR 8100 

and a cylindrical flux rope is assumed (as it was in Devore 2000; Démoulin et al. 

2001b). The accuracy of this assumption will be investigated in future work.

Following the method of Démoulin et al. (2001b) and using previous in situ 

observations of magnetic clouds, the helicity per unit length contained in a flux rope
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at 1 AU can be calculated. Démoulin et al. (2001b) find that the relative helicity 

per unit length in a twisted flux tube is given by,

^  (4.8)

where 0  =  lABoRj^, R  is the radius of the flux rope and B q the axial field 

strength. This expression is based on the results of Lepping et al. (1990) who 

calculated the average properties of magnetic clouds at lAU which include the 

radius= 2 x 10̂  ̂ cm and axial field strength^ 2 x 10'^ Gauss.

In order to calculate the helicity content of the magnetic cloud from Eq. 4.8 

the length of the flux rope is needed. However, in situ observations of magnetic 

clouds at 1 AU cannot give any information on the length of the flux rope so the 

work in this chapter assumes an upper and lower bound on the length. To estimate 

an upper limit on the length of the flux rope, observations of counterstreaming 

suprathermal electrons in magnetic clouds may be used to infer that the flux rope is 

still attached to the Sun (Gosling 1990). In this case the flux rope acts as a magnetic 

bottle, trapping the particles which bounce back and forth along the fleld lines. The 

upper limit on length using this scenario must be no less than 2 AU. However, these 

observations may not always indicate that the flux rope is still attached to the Sun as 

counterstreaming electrons may also be present in other configurations. For example, 

magnetic fleld lines connecting the Earth and the Sun may show counterstreaming 

suprathermal electrons as both the Sun and the magnetosphere provide a source of 

these particles. Gounterstreaming electrons have also been observed intermittently 

in some magnetic clouds indicating that they might be composite structures and not 

just one coherent flux rope (Shodhan et al. 2000). There is clearly still controversy in 

this area, and it is accepted that in future work more accurate ways of determining 

the length of the flux rope need to be achieved. However, in the mean time an upper 

limit on the length of the flux rope in this work is assumed to be 2 AU.

Devore (2000) uses a flux rope length of 0.5 AU, as estimated from CMEs ex

tending 30° in longitude. This length is based on an average span of CMEs without
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Rotation Observed CMEs Helicity (1=0.5 AU) Helicity (1=2.0 AU)

1 16 ? ?

2 0 0 0

3 6 12 24

4 9 18 36

5 4 8 16

Table 4.5: Helicity expelled by the observed coronal mass ejections from AR 8100. Values are 
given per rotation for flux ropes of length 0.5 A.U. and 1 A.U. Units of the table for helicity are 
10^2 Mx2.

knowing the true structure of the field contained and may be valid for a lower limit 

on the length of the flux rope. In this study two helicity values are calculated; one 

for a flux tube where the length is 0.5 AU and the other for a flux tube of length 

2 AU. With a length of 0.5 AU the helicity content of a magnetic cloud is 2x10^^ 

Mx^, with a length of 2 AU the helicity content becomes 8x10^^ Mx^. This gives an 

approximate upper and lower bound on the helicity ejected by the CMEs, for AR 

8100 the helicity ejected by CMEs assuming a one to one relationship with magnetic 

clouds is listed in Table 4.5.

During the first rotation the change in sign of the coronal helicity means that 

there is no way to calculate the amount of helicity expelled from the AR. During the 

second rotation no CMEs are observed from the AR, but for the last 3 rotations a 

total of 19 CMEs were observed. Considering the observed CMEs only, we find that 

a minimum of 38x10^^ Mx^ and a maximum of 152x10^^ Mx^ of helicity is expelled 

throughout the time period observed. Including the corrected number of CMEs from 

the data gaps increase the magnitude of expelled helicity by over a factor of two to 

give a lower limit of 82x10^^ Mx^ of helicity ejected and an upper limit of 325x10^^ 

Mx2.
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Even without including the CMEs from the first rotation it is clear that differ

ential rotation cannot supply enough helicity to account for the CME activity. The 

differential rotation is injecting negative helicity into the corona which depletes the 

net helicity present as the coronal field has a positive sign. Therefore, there must 

be another source of helicity, other than differential rotation, to provide a source for 

the CMEs.

4.3.4 Discussion

Rotation Hcor. ^ H c o r . {AHd i f f . r o t . .) Hmag.ciouds

obs.

^mag.clouds

corr.

A H  cor.~ 

{ A H d i f f . r o t . )

0 -11

33.5 3.3 h “] 30.2

1 22.5

-2.9 0.3 [0,0] [5,20] -3.2

2 19.6

-11.2 -3.7 [12,24] [24,94] -7.5

3 8.4

-3.3 -2.2 [18,36] [34,134] -1.1

4 5.1 -1.6 [8,16] [19,77] -

T able 4.6: Table summarising computations. Hcor. is the helicity of the coronal field from 
the linear force-free extrapolation. AHcor. is the change in coronal helicity between each rotation. 
(AHdiff.rot.) is the average helicity injected by differential rotation, Hmag.clouds obs. is the helicity 
ejected via magnetic clouds from the observed CME number, using a length of 0.5 AU and 2 AU 
and Hmag.ciouds corr. is the expelled helicity using the corrected CME numbers. Units of the table 
are Mx^.

Table 4.6 details all the results from the observations and calculations. During 

the first rotation the helicity sign of the AR changes and this means that it is hard 

to know which sign of helicity the CMEs carry away during this time. Due to this 

uncertainty, the helicity shed by CMEs in the first rotation has not been included
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in Table 4.6. The injection of helicity by differential rotation during this time has 

the correct sign to produce the observed increase in the coronal helicity, but is an 

order of magnitude too small to produce the change in sign.

Since differential rotation cannot explain the coronal helicity evolution during 

this time, the source must lie in either another shear velocity or in the emergence 

of helicity carrying flux as given by the last term in Eq. 4.2. A shear profile was 

observed in the AR only during the first rotation between the two main polarities 

and the emerging bipoles. Green et al. (2001b) estimate the quantity and sign of 

helicity injected by this extra shear profile and find that it is not a significant 

source of helicity and highly unlikely to provide a source for the CMEs. However, 

a high level of flux emergence during this rotation is observed and it is suggested 

that this provides the source of extra helicity. Therefore, the new flux is likely 

to play an important part in the change of sign of the coronal helicity during the 

first rotation. Extrapolations of the magnetic field cannot be made from the MDI 

data when the AR is toward the limb due to projection effects, so no computations 

for helicity values have been included in this chapter at times other than central 

meridian passage. Another way to find information on the magnitude and sign of 

twist in the magnetic fleld is by using the transverse (Ba, and B̂ ,) components of 

vector magnetic fleld data. However, the flux distribution given by MDI can also be 

used to infer twist in emerging flux tubes. Tongues in the MDI distribution reveal 

twist in the magnetic field due to the contribution of the azimuthal component of 

the fleld as the flux tube emerges (Lopez Fuentes et al. 2000). Tongues are observed 

in AR 8100 during the period of flux emergence only, as the apex of the flux tube 

crosses the photosphere. Figure 4.8 shows MDI data during the first rotation in the 

days around central meridian passage. Initially, on the 31-Oct-1997 the emerging 

flux tube exhibits a negative twist (twist of the fleld lines in the sense of a left hand 

screw) , but new flux emergence into the region produces a positive twist by 6-Nov- 

1997 (twist of the fleld lines in the sense of a right hand screw). Figure 4.9 shows 

a schematic of the twist in the AR where (a) shows the configuration for negative
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Figure 4.8: MDI data around the first central meridian passage showing the elongation of the 
polarities due to the twist in the emerging flux. This elongated feature is referred to as a tongue.

twist on 31-Oct-1997 and (6) positive twist on 6-Nov-1997. The change in coronal 

helicity during the first rotation is likely to be due to this new flux emergence.

The CME activity is greatest during the first rotation and even though a quantity 

of expelled helicity has not been included, it is obvious that the source of the helicity 

is not provided by the differential rotation. Again the source of helicity is thought 

to be provided by the flux emergence into the AR. However, there is an extra 

complication during this rotation as observations have shown that there may be a 

possible connection to another AR in the northern hemisphere. This means there 

may be an exchange of helicity between the two active regions and therefore another 

source of helicity that cannot be computed.

During the second rotation the coronal helicity has a positive sign and so the 

CMEs will carry away positive helicity. The injection of helicity by differential 

rotation is changing sign during this rotation and this is due to the change in tilt 

angle of the AR. By the third central meridian passage the AR is aligned more in
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(a)

Figure 4.9: Schematic of the twist in the emerging flux into AR 8100. Thick black lines represent 
the magnetic field, and thin solid (dashed) represents the MDI distribution of positive (negative) 
flux.

the north-south direction resulting in the dominant injection of writhe helicity over 

the positive injection from twist of the flux tubes.

For rotations three to five the injected helicity has negative sign and so will 

reduce the magnitude of the positive coronal helicity, as is shown by the calculations. 

The injected negative helicity also has the correct order of magnitude to explain 

the decrease in coronal helicity in the later rotations. However, CMEs will carry 

away positive helicity in this time which will also contribute to the coronal helicity 

decrease. Even in the final rotations studied, the helicity expelled by CMEs cannot 

be accounted for by the magnitude of injection by differential rotation. In rotation 

three there is the emergence of the new bipole which may provide the excess helicity 

needed for the CMEs at this time.

The calculations of coronal helicity, injected helicity and helicity lost via CMEs 

allows the efficiency of helicity generation by differential rotation to be discussed. 

Table 4.6 shows that differential rotation cannot account for the amount of helicity 

ejected in the form of magnetic clouds for this active region. No other shearing 

motions at the photosphere have been observed which means that the source of 

helicity must come from the second term in Eq. 4.2. This means that twisted and 

distorted flux crossing the photospheric boundary is bringing up helicity into the
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corona. Flux emergence into the AR is seen until the third rotation which indicates 

that this is indeed the situation. In this AR the emergence of such flux is likely to be 

the main source of helicity to the corona which is then ejected via CMEs. It is also 

proposed that the flux emergence during the first rotation brings up positive helicity 

which produces the change in sign of helicity in the coronal fleld from negative to 

positive.

4.4 Conclusions

The aim of the work in this chapter has been to observe the evolution of helicity 

in a rotating active region and monitor its CME output. The AR produces the 

highest frequency of CMEs during the first rotation, however, assigning a quantity 

of helicity ejected during this time is not feasible due the change in sign of the coronal 

helicity. Nineteen CMEs were observed during the rotations two to five, when the 

coronal helicity sign remained constant, which indicates that between 38-152x10^^ 

Mx^ of helicity were ejected using the lower and upper limits on the flux rope length. 

During this time the helicity injected by differential rotation supplied -7.3 x 10^  ̂Mx^. 

The results show that differential rotation cannot account for the helicity shed via 

CMEs as it injects an order of magnitude smaller than that shed and is of the wrong 

helicity sign. This conclusion has been made using a standard flux rope model for 

the ejections. This result does not agree with the work of Devore (2000) which 

suggests that differential rotation supplies a significant amount of helicity to the 

corona. In AR 8100 the injection of helicity by this method is not a steady function 

with time, even though the shear profile on the AR remains the same. The rotation 

of the photospheric polarities results in the helicity injection reaching a peak at some 

time during the first rotation, and then reaching a minimum and reversing its sign 

during the second rotation.

Démoulin et al. (2001b) studied a bipolar AR where the injection of helicity by 

differential rotation was observed to be a linear function with time; in contrast to
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the work presented in this chapter. However, both the results in Démoulin et al. 

(2001b) and the results found in the study of AR 8100, show that in completely 

contrasting situations differential rotation cannot provide the quantity of helicity 

observed to be shed via CMEs.

The results of this chapter indicate that there is a significant extra source of 

helicity supplied to AR 8100. Shear profiles other than that of differential rotation 

may contribute, however, significant shear motions were only observed during the 

first rotation. Green et al. (2001b) estimate that small scale shearing motions in the 

AR during 2-Nov-1997 to 5-Nov-1997 can supply only 6x10^^ Mx^ to the corona. 

This value has the same sign and is the same order of magnitude as the injection of 

helicity due to differential rotation during this time. However, (Green et al. 2001b) 

only estimate the contribution from the observed shear motions whereas a more 

detailed computation has been made by Ghae (2001) who show that such shear 

motions may be important to a GME in one study of a filament disruption.

In the absence of any significant shear velocity, the source of helicity must come 

from the convection zone. The flux emergence into the AR appears to be the main 

candidate for supplying helicity to the corona since emerging flux is expected to be 

twisted in order to survive the journey through the convection zone into the corona. 

This is commensurate with the observations during the first rotation which show 

the emergence of twisted flux into the region with a positive sign of helicity.

Other sources of helicity may also make contributions to the coronal helicity 

content, and these are expected to account for the required helicity during the final 

two rotations when no flux emergence is observed. If the flux tube retains some 

buoyancy during the final rotations, the continued emergence into the corona may 

supply an extra source of helicity. If the flux tube does not remain buoyant, an extra 

source of helicity may be due to the twist contained in the sub-photospheric portion 

of the tube. Longcope & Welsch (2000) propose that in the situation where the 

corona contains less twist than below the photosphere, there will be a propagation 

of twist into the corona. The method of transfer is provided by torsional Alfven
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waves as also proposed by Uchida et al. (2001). Assuming that the CME occurs 

when a threshold of helicity is reached in the corona, the helicity content will be 

subsequently reduced producing an imbalance that may be replenished by twist 

from the sub-photospheric section of the tube. Another supply of helicity may 

come from inter-active region connections which were observed for this AR during 

the disc passage at the start of the first rotation. More observations and helicity 

calculations should help clarify the exact nature of the supply of helicity and the 

roles that CMEs play in the removal.

The main error associated to this work arises in the current lack of knowledge 

regarding the length of flux ropes at 1 AU, as the helicity contained in the flux rope 

is proportional to the length. Also, this work has assumed a one to one relationship 

between CMES and magnetic clouds when it is not known exactly how many CMEs 

form magnetic clouds. However, assuming that CMEs are the method by which 

helicity is removed from the corona, it may be reasonable to assume that CMEs can 

be modeled by magnetic clouds in the solar wind.



Chapter 5 

Observations o f a Confined X I .2 

Flare

5.1 Introduction

The results in Chapter 3 indicated that on average (75% of events of a study of 

12 coronal mass ejections (CMEs)) the largest flare from an active region occurs 

with a CME. This association between high intensity flares and CMEs has been 

seen in previous work (Burkepile et al. 1994; Munro et al. 1979). The majority of 

high intensity flares tend to be long duration events and this then suggests that the 

situation is consistent with the CSHKP model (see Chapter 1), explaining the link 

between the flare and the CME. However, impulsive flares which are not explained 

by the CSHKP model have also been linked to CMEs. For example Kabler et al.

(1989) found from a study of impulsive flares during 1979-1982 that two thirds of the 

impulsive events of GOES classiflcation XI or greater were accompanied by a CME. 

So previous work indicates that both impulsive and long duration high intensity 

events are highly likely to be accompanied by an eruption.

As expected, few observations of X-class flares without an accompanying CME 

have been reported. Feynman &; Hundhausen (1994) studied six highly energetic

125
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flares and found that at least one was a major event (impulsive X4 flare) that 

occurred without a CME. It was accompanied by type III radio emission indicating 

the presence of open magnetic field lines, but produced no type II or type IV radio 

emission. Gaizauskas et al. (1998) studied a confined X-class flare occurring in a delta 

region where the flare occurred in a quadrupolar configuration containing large shear 

in the field and a null point low in the corona.

In order to understand why a flare may be triggered around the time of a CME 

and, which characteristics it may be expected to exhibit, the magnetic topologies 

involved must be investigated. This Chapter investigates the changes in the coro

nal magnetic field topology which produce an intense X-ray flare but which are 

not associated with opening of the field. The event is classified as X I.2 using the 

GOES system with a start time of 23:13 UT on 30-Sep-2000 in active region (AR) 

9169. §5.2 details the observations in the upper and lower corona, including topology 

changes. §5.3 discusses the results and the Chapter concludes in §5.4.

5.2 Observations and Analysis

5.2.1 Coronagraph Observations

To clarify whether or not a CME accompanied the X I.2 flare, white light coron

agraph data have been used. It is crucial that no ejection of material be missed, 

even small or faint events, so that the claim is confident. Two coronagraphs are 

used in this study; LASCO C2 which images the corona from 2 - 6  solar radii and 

C3 which views 4 - 3 0  solar radii from Sun center. On 30-Sep-2000 AR 9169 is at 

location N12W77 and so in projection would produce CMEs observed on the west 

limb. Figure 5.1 shows LASCO 02 data around the flare time and indicates that no 

CME with the correct span to encompass the position angle of AR 9169 occurred 

within approximately one hour of the X I.2 flare. The images presented here are 

running difference images and any movement of coronal material would be shown
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Figure 5.1: Running difference L A SC 0/C 2 data. Image times are A; 22:06 30-Sep-00, B;22;26, 
C: 23:26, D: 23:50, E: 00:06 1-Oct-OO, F: 00:26 UT. The west limb flare started at 23:13 UT and 
an associated CME may be expected by image D at the latest.

by a bright increased emission where the material has moved to and a dark depletion 

in the region the coronal material used to occupy. An accompanying CME may be 

expected in the 02 field of view by 23:50 UT at the latest using previous CME veloc

ity measurements and relative timing analysis between flares and CMEs (Harrison 

1995; Sheeley et al. 1999). However, the LASCO C2 data do not show the presence 

of any material moving out through the corona.

LASCO 03 data have been analysed separately to look for ejections that may 

have been missed by the 02 coronagraph. LASCO 03 data are seen in Figure 5.2, 

and although slightly obscured by an earlier east limb CME, also shows no indication 

of an ejection that may accompany the flare. There is also no deflection of the
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Figure 5.2: LASCO 0 3  data. Image times are A: 20:42 30-Sep-00, B: 21:18, C: 21:42, D: 22:18, 
E: 23:18, F: 23:42, G: 00:18 1-Oct-OO, H: 00:42, I: 01:42 UT
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streamers in the corona above the AR which has been observed in previous events 

as the ejection moves through the outer corona, and may serve to indicate the 

presence of a particularly faint ejection. CMEs are observed by Thomson scattering 

of photospheric light from the coronal electrons and this process is most efficient in 

the plane of the sky. The result of this is that CMEs are more likely to be observed 

if they occur at the limb, reducing the likelihood that a CME went undetected in 

this case.

Even though there is no indication of an ejection of material in the coronagraph 

data, there are changes in the corona in response to the flare which are seen above 

two solar radii. C2 data at 23:26 UT reveals a brightening of a streamer just south of 

the equator, and some dimming in a streamer apparently overlying AR 9169. There 

is some dimming to the north of the AR but this does not appear to be connected 

to the AR. No front is seen moving out spanning the location of AR 9169 suggesting 

that the brightening of the streamer is a coronal response to the flare and not a 

material ejection.

5.2.2 Extrem e—Ultraviolet Observations

In order to confirm that no eruption occurred, data from the lower corona were 

also analysed to look for observations suggesting that the magnetic fleld has been 

opened. Two filters from the Extreme-Ultraviolet Imaging Telescope (EIT) onboard 

SoHO were used in this study. EIT 304 Â reveals the configuration of plasma with a 

peak temperature of 8.0x10^ K. This wavelength band is contaminated by emission 

from Ee IX (171 Â) and Si XI (303.3 Â) so that plasma at approximately 1 MK 

is also observed (Delaboudiniere et al. 1995). The result is that the AR as seen in 

this band will contain contributions from the hotter plasma also, which will make 

significant contributions to the observations of an active region. On 30-Sep-2000 

at 13:19 UT, highly inclined loops are seen over the smaller AR loops. Eigure 5.3 

shows the smaller field of view at 19:19 UT and reveals a closed structure which
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Figure 5.3: EIT 304 Â bandpass data showing the topology of the plasma on 30-Sep-00 19:19 
UT before, and 1-Oct-OO 01:19 UT after the flare, revealing the presence of closed magnetic fleld. 
The solar limb is shown with a black solid line.

in projection appears to overly the flare region (hard X-ray footpoints are seen at 

[947.8,136.2] and [951.3,112.8] arcsec, §5.2.4). The image on the right hand side of 

Figure 5.3 shows the configuration after the flare and is taken on l-Oct-2000 at 

01:19 UT. In between the two images an M l.8 flare occurred low in the corona at 

20:08 UT followed by the X1.2 flare at 23:13 UT.

Dimming in the lower corona can be taken to indicate plasma loss during a 

CME, and has previously been identified using the EIT 195 À waveband filter. This 

event only shows dimming within the flaring loop itself, which is probably due to the 

temperature of the plasma evolving out of the region of sensitivity of the instrument. 

The cadence around the flare time is approximately 12 minutes. Figure 5.4 shows 

the evolution of the flare region in EIT 195 Â, and it can be seen that there is no 

opening of the magnetic field, indicating that the flare is a confined event.
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Figure 5.4; Time series of EIT 195 Â bandpass images revealing the confined plasma at a 
temperature of 1.5 x 10® K in the time period around the flare at 23:23 UT.

5.2.3 Soft X -ray Observations

Observations with the Soft X-ray Telescope (SXT) reveal that the most obvious 

change in the corona at the time of the flare is a loop expansion (Figure 5.5). The 

expansion is seen prominently in one loop in the Be, AlMg and A112 filters and 

the motion is towards the south west rather than radial to the solar surface. The 

expansion of the loop, as seen in the SXT AlMg filter, is first observed at 23:17:54 

UT and can be followed until 23:19:40 UT when either the loop cools or the density 

reduces sufficiently to prevent observation in that filter. The velocity of the loop 

decreases from 411 km s~  ̂ to 58 km s~  ̂ in two minutes. The expansion occurs
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Figure 5.5: Time series of Soft X-ray Telescope full resolution A112 filter data indicating the 
expanding loop and soft X-ray plasmoid-like feature. Previous observations of an expanding soft 
X-ray loop has been associated to eruptions but in this case the flare is confined to the lower 
corona.

during the flare impulsive phase, with no evidence that any loops open. Below 

the expanding loop there is a second saturated region from which a ’plasmoid-like’ 

feature is observed to originate. This feature can be followed for about 40 seconds 

as it rapidly becomes faint in the SXT data.

Figure 5.6 reveals the conflguration of the plasma in the lower corona when the 

CCD is no longer saturated as seen in Figure 5.5. The saturation occurs during the 

flare impulsive phase and from this region loop a is produced which is the main flare 

loop. Later on in the event loop b is also observed. Loop a and loop b have differing 

intensity profiles; the former exhibits an impulsive profile whereas the latter shows 

a gradual intensity increase (Figure 5.7) indicating that loop b is present from flare



CHAPTER 5. OBSERVATIONS OF A CONFINED X I .2 FLARE 133

SXT A112 3 0 -S e p -2 0 0 0  23:08:54.725 UT SXT All 2 3 0 -S ep -2 0 0 0  23:28:22.722 UT

920 940 960 980 1000
X (arc89cs)

920 940 960 9BO 1000
X (orcsecs)

Figure 5.6: A112 full resolution images prior to (left) and after (right) the start of the flare. After 
the flare 2 loops can be seen, loop a and loop b. The location of the solar limb is indicated by the 
solid black line.
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F igure 5.7: SXT A112 light curves of loop a (upper dotted and dashed line) and loop b (lower 
continuous line) with error bars. The SXT data number (DN) is per second.

onset.

Temperature and emission measure analyses using the Be and A ll2 filters were 

conducted in order to determine the evolution of temperature and emission mea

sure of the loops involved. Results show that loop a heats impulsively and cools 

rapidly, while the emission measure shows a rapid filling of the loop which remains 

high throughout the observations. The expanding loop may exhibit a more gradual 

heating, although the low counts in this region early on in the event result in large 

errors at this time. Figure 5.8 indicates that the heating in the region under the 

expanding loop begins to be heated before loop a. The plasmoid-like feature which 

is only observed for a short time appears dense but cool in relation to the surround

ing plasma. The highest temperature region in this flare has a peak temperature of 

26x10^ K and is found in the expanded region, outside the brightest area in SXT 

which is loop a (peak temperature 16x10® K), see Figure 5.9.
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Figure 5.8: Temperature evolution of the flare loop (asterisk) and the region over the flare loop 
(loop a) but under the expanding loop (diamond). Error bars shown at the 1er level.

5.2.4 Hard X-ray Observations

The morphology of the flare in the LG (15-24 keV) and Ml (24-35 keV) channels of 

the Hard X-ray Telescope (HXT) is that of a simple, compact loop with a footpoint 

separation of approximately 17x 10  ̂m. Figure 5.10 shows images from the SXT A112 

filter with HXT Ml channel contour from 23:17 UT overlayed. The loop observed 

in HXT spatially corresponds to loop a seen in SXT data and no other hard X-ray 

source is present. The HI channel reveals the presence of a double hard source at 

the footpoints of the loop. The location of the two sources are [947.8,136.2] and 

[951.3,112.8] arcsec from Sun centre.

Two hard X-ray bursts were observed during the flare impulsive phase, (Fig

ure 5.11) in the harder channels. The second hard X-ray burst produces no changes 

in the synthesised images and it is inferred that it was produced in the same, or 

spatially very similar loop to loop a.
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F igu re 5.9: Temperature (top images) and emission measure (bottom image) at selected times 
during the flare evolution. The values have been using the filters A112 and Be and show the heating 
of the region overlying the dense main flare loop.
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Figure 5.10: A112 full resolution images prior to and after flare start the flare with HXT Ml 
channel emission (23:17 UT) overlaid to show the main flare loop and it’s relation to the pre- and 
post-hare conhguration.

5.2.5 Evolution of the Photospheric field

The Michelson Doppler Irnager (MDI) measures the line of sight magnetic field 

and the occurrence of the flare on the solar limb which means that no photospheric 

magnetic data can be used. However, the situation in the days before can be studied 

to get an idea of the magnetic evolution in the active region. The AR is classified as a 

complex 6 configuration but has a main neutral line which runs roughly north-south. 

The leading polarity is positive as expected from Hale’s law for that hemisphere in 

the present cycle. When the magnetic fleld data are studied over several days before 

the flare, small scale flux emergence along the main neutral line is seen almost 

continuously. Movement and cancellation of the emerging flux along the neutral 

line is observed.

One way to find the location of the flare in AR 9169 is to rotate the hard X-ray 

footpoints back to a time when the MDI data are meaningful. MDI data can be
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Figure 5.12: MDI data with back rotated HI channel HXT footpoints (crosses).

used when the region is within 60 degrees from the central meridian and at the start 

of 29-Sep-OO AR 9169 is at N12W58. Figure 5.12 shows the positions of the HI 

channel hard X-ray footpoints differentially rotated to the time of the image. The 

hard X-ray emission is thought to be generated in the chromosphere, higher up in 

the solar atmosphere than the location of the line of sight magnetic field which is 

measured at the photosphere. To account for this discrepancy in heights a further 

adjustment needs to be made to the footpoints. Matsushita et al. (1992) found that 

the LO channel emission occurs at (9.7 ±  2.0) x 10  ̂ km above the photosphere and 

that the HI channel emission occurs at (3.2 ±  0.7) x 10  ̂ km below the LO channel 

emission. Using these results the adjusted flare footpoint location (considering east- 

west component only) on the photosphere is then 7.8 arcsec east of the footpoints 

indicated in Figure 5.12. This shows that the flare occurred in loops extremely close
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to, or possibly crossing the neutral line where the flux emergence, cancellation and 

activity is observed. Even though no clear bipole is located at the footpoints it is 

not unreasonable to assume that the flare may have occurred in a region of flux 

that emerged after 29-Sep-OO when the MDI data cannot be used, or that the loops 

were rooted either side of the neutral line in which case the loops would be highly 

sheared.

5.3 Discussion

The LASCO observations show that no CME occurred during this event. Instead 

the response in the higher corona was seen as a brightening to the south of the 

active region. This change in the streamer brightness is not due to an expulsion 

of material, and it is suggested that it may be related to the flare. For example, 

the generation of MHD waves may lead to compression of the plasma if, in this 

case, they steepen to form shocks. The increased density may be the cause of the 

enhanced region of scattered light in the coronagraph data. However, the response 

in the corona is observed only 13 minutes after flare onset so any disturbance would 

have to propagate well in excess of 2000 km s~L

SXT and EIT data are in agreement with LASCO and show the flare to be 

conflned to the lower corona. EIT 195 Â and 304 Â images show the presence of 

plasma an order of magnitude cooler than that observed by SXT two hours after 

flare onset in the same position that the south-west edge of the expanding loop was 

last observed in SXT. This indicates that no signiflcant expansion occurred after the 

last SXT measurement at 23:19:40 UT. Data from the Hiraiso Radio Spectrograph 

and the WAVES instrument on WIND show that no type III radio emission occurred 

which was associated to this event. This suggests that there was no fleld line opening 

and it should also be noted that this event was not a LDE (where fleld line opening 

has most likely occurred). Observations of the X I.2 class flare indicate that it 

occurred close to the neutral line where emerging flux was observed by MDI. In order
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Figure 5.13: HXT M2 channel counts overlaid with loop expansion velocity (diamonds). Velocity 
error bars are shown.

for flux tubes to remain coherent during their rise through the convection zone, and 

not be torn apart by vortices, they must contain some amount of twist (Emonet & 

Moreno-Insertis 1998). In this case free energy is expected to be present in newly 

emerging flux and this has been shown observationally by Leka et al. (1996). This 

event is a confined flare and the topology is likely to be similar to that described 

by Melrose (1997), although it is hard to identify the pre-flare loops. Reconnection 

occurring between two current carrying loops can produce two nested loops. In this 

scenario flare loop a would be one of the loops produced. Previous work on two 

interacting loops (Karpen et al. 1998; Mok et al. 2001, for example) have shown 

that the initial geometry of the system determines the resulting configuration and 

amount of energy released. In this event the initial geometry is hard to determine.

An expansion and a plasmoid-like feature are observed which in previous work 

would have been labeled as eruptions but which do not appear to be in this event. 

Expanding loops (outside of the main flare loop) have been observed with SXT data 

during the impulsive phase of compact solar flares by Shibata et al. (1995), Ohyama 

& Shibata (1998) and Nitta & Akiyama (1999) where they have been attributed to
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ejections. Shibata et al. (1995) and Ohyama & Shibata (1998) propose that these 

impulsive flares with ejections occur through a process similar to that for long du

ration flares. That is, that reconnection occurs in a vertical current sheet above 

the flare loop to eject a plasmoid which is threaded by a twisted flux rope. The 

expanding loop seen in the 30-Sep-2000 event does not leave the Sun and also does 

not appear to thread a plasmoid, although a bright plasmoid-like feature is observed 

below. The velocities of expanding loops in these two papers range between 50-400 

and 250-500 km s“  ̂ respectively which corresponds well to the expansion velocity 

measured in this event which ranged between 58-411 km s~^. The observed loop ex

pansion is also called an ejection by Nitta & Akiyama (1999) and their results show 

that if an ejection is observed so too is a CME. In the 30-Sep-2000 event the loop 

expansion is not an eruption and the X-class flare clearly does not occur through an 

instability similar to that above. A different method used to explain the expansion 

of coronal loops in active regions has been proposed by Uchid a et al. (1992). A 

temporal association is observed between the expansion of coronal loops and active 

region transient brightenings which leads the authors to conclude that the brighten- 

ings cause a breakdown in magnetostatic equilibrium resulting in the expansion of 

coronal loops. It is proposed that the observed loop motion in this event could be 

the result of magnetic reconnection. The apparent motion of the magnetic flux tube 

results from the change in topology and connectivity of the fleld lines which creates 

a magnetic loop which is not fully extended to a quasi-semicircular shape. In this 

case the magnetic restoring force causes the loop to move to its equilibrium position 

manifested as an apparent expansion in the SXT data. Both the loop motion and 

plasmoid-like feature cease to be observed by the end of the hard X-ray emission 

(Figure 5.13) suggesting that they are associated with the first hard X-ray burst. 

The velocity measurements show a deceleration of the loop and it cannot be seen 

from the data exactly when the loop was set in motion.

The loop motion may be accelerated or be partially due to a fast injection and 

redistribution of twist into the quasi-static loop as it reconnects with a highly twisted
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loop. When new twist is injected into a quasi-static loop, which may already contain 

some twist, it expands to reach a new equilibrium. Slow shearing of the magnetic 

field by photospheric motions results in a slow expansion of the field which becomes 

rapid once a critical point has been reached Mikic & Linker (1997). In the case of 

reconnection between a current carrying loop and a quasi-static loop, the injection of 

twist is fast, producing a rapid (though decelerating) expansion to a new equilibrium 

position. Fast injection of magnetic twist from below the photosphere has been 

discussed by Uchida et al. (2001), where packets of twist propagate along the fiux 

tube via torsional Alfvén waves. In the 30-Sep-2000 flare the twist is proposed to 

be transferred between two loops.

SXT temperature and emission measure analyses using the Be and A ll2 filters 

were conducted to investigate further the idea of the loop expansion resulting from 

reconnection. The frames in which the plasmoid-like feature is observed show that 

it is dense but does not have a high temperature relative to the plasma surrounding 

it. It is likely that the density enhancement, which is spatially coincident with the 

apex of loop b (Figure 5.6), is associated to the reconnection. The emission measure 

of the region overlying the flare loop shows a gradual increase indicating that there 

is a gradual redistribution of plasma in the loops.

The main flare loop a was found to be cooler than the overlying region (ie. 

the expanded region) even though it is much brighter in SXT images. This result 

is consistent with work by Doschek (1999) who found that in flares with a hot 

component, the hot region appears fainter in SXT than the brightest flare pixel. In 

the 30-Sep-2000 flare the highest temperature region (peak temperature 26x10® K) 

is found in the expanded region, outside the brightest area in SXT which is loop a 

(peak temperature 16x10® K). The heating in the overlying region indicates that 

energy has been deposited into the loops most likely by slow-mode shock heating 

during reconnection.

Plasma is heated throughout the whole system in this event supporting the hy

pothesis that magnetic energy is dissipated through reconnection producing heating
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and chromospheric ablation. In flare loop ’a’ the ablation is the dominant effect 

producing the highest emission measures in the whole system and producing the 

greatest intensity in the SXT images. Ablation is only a minor effect in the over- 

lying region where the temperature peaks at 26x10® K. The temperature in flare 

loop a peaks slightly before the temperature in the plasma in the expanded region 

(Figure 5.8). The temperature in the expanded loop itself, once it has completed 

its expansion, follows the evolution in the expanded region below. However, SXT 

counts are low, and due to scattered light the temperature measurements have large 

associated errors.

Work on the possible relationship between flares and the ejection of material is 

ongoing. One model proposes that the same magnetic conflguration can be used 

to describe the situation when a flare occurs with an eruption as when the flare is 

conflned Moore et al. (2001). This work is observational and based on sigmoidal 

bipolar regions with initially closed magnetic flelds. There is currently no complete 

theory, but they propose that a MHD instability is the basis of the eruption and 

reconnection is the by-product. In the cases when no eruption occurs, it is thought 

to be due to the constraints of the overlying fleld (assuming that all the magnetic 

field around the neutral line opens during an eruption). This idea however, does not 

apply to the 30-Sep-2000 flare which has no interaction with the overlying fleld.

5.4 Conclusions

The X I.2 flare on 30-Sep-00 occurs in a 6 conflguration and produces a loop expan

sion and plasmoid-like feature similar to previous observations of eruptive events. 

However, the flare is actually a conflned flare so that there is no field line opening 

and consequently no CME. The breakdown of equilibrium is most likely due to the 

emergence of current carrying flux which reconnects low in the corona with a quasi

static loop to produce two new closed loops. It is proposed that the expanding loop 

results from the reconnection which creates a new loop that is not fully extended to
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the new equilibrium of a semi-circular configuration. This means that a magnetic 

restoring force is experienced causing the loop to expand outward. The expansion 

may also be accelerated or be partially due to the fast injection and redistribution 

of twist between the newly emerged twisted loop and the quasi-static loop.

Heating is observed within the expanded region to a temperature of 26x10^ K, 

most likely arising from energy conducted into the region via slow-mode shocks. If 

this is indeed the method of heating, it indicates that at some point the magnetic 

flux tubes in the expanded region must have been connected to the diffusion region 

reinforcing the idea that reconnection produces the apparent motion.

This work shows that the flare on 30-Sep-2000 was produced low in the corona 

and has no involvement with the overlying fleld. The event involves the reconnection 

of two closed loops to form two new closed loops with no opening of the magnetic 

fleld. This work highlights the importance of further study into the debate on the 

relationship between flares and CMEs. High intensity flares and CMEs do not occur 

on a one to one basis and more work needs to be done on the magnetic topologies 

involved to further our understanding on the processes involved.



Chapter 6

Conclusions and Future Research

The main aims of this thesis have been to address some of the pertinent questions re

garding the possible relationship between flares and coronal mass ejections (CMEs), 

and the role that the ejections play in the evolution of the corona. This has been 

achieved in part by studying the flaring in CME productive active regions (Chap

ter 3) and also by studying the helicity evolution in a particularly CME productive 

region (Chapter 4). The results in Chapter 3 are consistent with earlier work which 

suggests that high intensity flares occur with CMEs. Chapter 5 discusses the topo

logical changes in the magnetic fleld associated with a flare which is expected to 

produce a CME but which is in fact conflned to the lower corona.

6.1 Flares and Coronal Mass ejections

In Chapter 3, I have analysed the observed flare activity in nine active regions, 

selected around the time of solar minimum, which produce coronal mass ejections. 

The energy released by the flares is estimated, using as a proxy the product of the 

X-ray intensity and duration. In this survey the 75% of the most energetic flares 

occurring in an active region were observed at the time of the coronal mass ejection. 

Long duration flares are likely to result from the closing down of the open fleld lines 

(highest energy state) produced by the CME, to a closed fleld (lower energy state)

146
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and in this way it may be understood why a very intense (and also long duration) 

flare follows the onset of the CME.

However, the work of Chapter 3 is not concerned with a single flare at CME 

onset, it instead seeks to understand the evolution in the active region magnetic 

fleld produced by the CME. The results show a reduction in the energy released by 

flaring for those flare occurring after the CME. The conclusion is drawn that a less 

non-potential conflguration of the magnetic fleld exists after the CME, than before, 

which is less conducive to flaring. It is believed that this conflguration exists due 

to the removal of helicity from the active region resulting in a lower energy state of 

the magnetic field.

6.2 Active Region 8100; First Rotation.

Much of the research conducted in this thesis utilises observations of active region 

8100. Chapter 3 shows that during the ARs first rotation on the solar disc an 

obvious build up in flare activity is observed before two CMEs on 3-Nov-1997 and 

4-Nov-1997, with a reduction in flaring levels after. Flux emergence is observed 

in the AR during this time. These observations are interpreted as representing the 

build-up in non-potentiality and complexity in the magnetic fleld leading up to the 

CME as a result of the flux emergence. The active region is complex at this time 

and the emergence of current carrying flux will provide the conditions for a high 

level of flare activity. However, it is proposed that a build-up in flare levels is not 

a common occurrence prior to a CME as the flare activity is related to both free 

energy and complexity in the magnetic fleld.

The emergence of flux in to the AR at the time of the CME on 3-Nov-1997 

shows an abrupt divergence of the positive and negative fluxes. It is suggested that 

the change in the longitudinal field component may be due to the restructuring of 

the magnetic field resulting from the CME.

One of the main questions addressed in this thesis is the role of flares and CMEs
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in the evolution of the coronal magnetic field. From the observations of AR 8100, it 

is suggested that flares redistribute the helicity between new and pre-existing field 

and release free magnetic energy, whereas CMEs remove helicity from the corona.

6.3 Active Region 8100; Long-term

The work in Chapter 4 prompted questions regarding the role of helicity in the CME 

process. Calculations of the relative helicity are made from the line of sight magnetic 

field data, and therefore are most accurate when the magnetic maps are taken at 

central meridian. This restricts the ability to make day to day helicity computations 

to monitor the evolution between individual CMEs events, but suits a long-term 

study where computations can be made at successive central meridian passages. 

Such a study has been presented in Chapter 4 for AR 8100 during five Carrington 

rotations to investigate the coronal helicity content, helicity injected by differential 

rotation and the helicity ejected by CMEs assuming a magnetic cloud structure. 

The results have helped clarify the role of CMEs as a method of removing helicity, 

as was previously proposed (Rust 1994; Low 1996). It has also shown that for active 

region 8100 the source of helicity cannot be provided by the photospheric differential 

rotation, but instead is likely to come from the emergence of twisted and distorted 

flux tubes into the corona. This result was recently also found by (Démoulin et al. 

2001b). The contribution of helicity by emerging fiux cannot currently be evaluated 

due to the lack of observations of the magnetic field below the photosphere.

The results in Chapter 4 again suggest that the link between small scale active 

regions and global scale CMEs lies in the source of helicity that ARs provide. The 

emerging fields are likely to be twisted and distorted and the field strengths in these 

regions are high.
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6.4 Confined X-Class Flare

The study of a X I.2 class X-ray flare in Chapter 5 was prompted by research which 

indicated that the most intense flares are accompanied by CMEs (Munro et al. 1979; 

Burkepile et al. 1994; Green et al. 2001a). This event was especially interesting as 

during the flare impulsive phase a soft X-ray loop was observed in SXT to expand. 

Such an observation has previously been called an eruption (Shibata et al. 1995; 

Ohyama & Shibata 1998; Nitta & Akiyama 1999). However, a complete set of 

observations of this event reveals that it is indeed a confined flare and no opening of 

the field occurred. Instead it is proposed that the expansion occurred as a result of 

the reconnection. A newly reconnected loop which is at first not fully extended to 

its final semi-circular shape will exhibit an outward motion if observed on the limb. 

It is proposed that this motion is accelerated by an accompanying fast injection of 

twist into the loop.

The observations of this X I.2 flare on 30-Sep-2000 indicate that the occurrence 

of a CME and a high intensity flare is not on a one to one basis and that the 

conflguration of the magnetic fleld must be studied in order to predict the occurrence 

of an ejection of material. The flare studied in Chapter 5 was conflned to the lower 

corona and appeared to result from the interaction between a newly emerging current 

carrying loop and pre-existing fleld. The results have been presented in Green et al. 

(2002).

6.5 Future Work

The work in Chapter 3 uses the flare intensity and duration as a proxy for energy 

release and not a direct energy measurement. To make this work more accurate the 

integrated X-ray emission should be used. In this case continuous X-ray coverage 

of all flares located in the active region studied is required. Continuous coverage 

of the X-ray solar flux is offered by GOES satellites which cannot be used as the
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instruments are full Sun monitors. However, the GOES satellites now carry a Solar 

X-ray Imager (SXI) which images the corona in the waveband range 6-60 Â. SXI is 

positioned on the solar panels of the GOES satellites and the continuous data from 

these instruments can in future be used to monitor the X-ray emission during solar 

flares.

Chapter 3 also highlights the need for a more accurate determination of the 

CME launch time. Lower coronal signatures may provide the best method currently 

available for this, and of these signatures the coronal dimming may best represent 

the time of ejection. The CME onset time in this study has been determined from 

the extrapolation of height-time profiles constructed from the white light CME ob

servations, back to the source AR in the plane of the sky. Better use could probably 

be made of lower coronal signatures, especially dimming. However, currently the 

exact link between CME onset and each signature is not known. The signatures 

give us the time when the CME is modifying the lower corona, but perhaps not the 

time of the onset of the instability. A further limitation of coronal signatures is that 

diflPerent signatures are observed between events, so that no continuity is provided 

to enable an onset time to be determined in all cases. Further work to understand 

the lower coronal signatures needs to be completed before they can be used as a 

reliable method for finding the CME onset time.

The study of AR 8100 during its first rotation of the solar disc revealed many 

interesting features of the coronal field in relation to CMEs. One of the these was 

the abrupt change in the longitudinal component of the magnitude field very close in 

time to the estimated CME onset. Future work on the physical causes of this change 

in longitudinal magnetic field is prompted by these results. Photospheric signatures 

of CMEs have been sought since the launch of SOHO/MDI but so far have been 

elusive. The imbalance of flux in ARs has been known for some time (for example, 

Livi et al. 1985; Poletto et al. 1993) and may be due to observational reasons such 

as weak, undetected flux or physical reasons such as long range connections which 

only preserve flux on a more global scale and electric currents (Cary & Rabin 1995).
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However, this sudden onset of the imbalance around the time of the CME suggests 

that it is a result of the restructuring of the coronal fields. This topic will be taken 

up in future work and a selection of ARs to be included in this study have already 

been determined. Changes in the longitudinal magnetic field may give additional 

information on when and how the CME modifies the lower corona, and could be 

used in conjunction with the previously identified CME signatures.

An obvious choice of future work following Chapter 4 is to determine an accurate 

length and structure of the flux ropes observed at lAU. This will result in a more 

accurate calculation of helicity ejected by active region CMEs. The launch of the 

Solar Terrestrial Relations Observatory (STEREO) spacecraft in 2005 may help 

answer these questions. This mission will consist of two identical spacecraft in a 

heliocentric orbit at a distance of 1 AU from the Sun. One of the spacecraft lags 

behind the Earth’s orbit and one precedes the Earth in its orbit, together giving the 

first stereoscopic view of CMEs. Each STEREO craft will carry a coronagraph which 

will enable a three dimensional view of coronal mass ejections. These observations, 

together with computational models, will further our knowledge of the structure of 

CMEs and will hopefully help clarify the helicity content of CMEs at 1 AU. Such 

observations would be helped by in-situ observations of the magnetic field of CMEs 

out of the Sun-Earth line to determine whether the flux rope nature of CMEs persists 

throughout the structure, but no mission to achieve this is currently in operation. 

Solar Orbiter is an European Space Agency mission which will carry instruments 

to make in-situ measurements of the magnetic field and plasma parameters. The 

spacecraft will fly out of the plane of the ecliptic and may help clarify the structure 

of CMEs in the interplanetary medium.

During the first rotation of active region 8100 at least one connection is observed 

to a northern hemisphere active region. It would be interesting to know the effects 

of these connections to the computed quantity of ejected helicity via CMEs. Con

nections occur between active regions of the same helicity sign (Canfield et al. 1996) 

which suggests that the helicity content of the merged structures should be the sum
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of that of the separate structures. Future projects to investigate this could use field 

extrapolations along with the dimming signature at the time of the CME onset, in 

order to find the portion of the coronal field removed by the CME.

Many models currently exist to describe the various observational aspects of solar 

flares. In order to further understand the mechanisms which produce a flare with an 

expanding loop during the impulsive phase, more observations are required. It would 

also be interesting to show that such loop expansions are indeed a result of a fast 

injection of twist. Such work could help confirm the suggestion that flares produce 

a transfer of helicity between coronal structures which could then be important in 

the occurrence of a CME.

Other questions to be answered in the search to find the relation between helicity 

and CMEs involve the helicity evolution and sign of particularly CME productive 

ARS. For example, AR 8100 was a prolific CME source region and was found to 

have a helicity sign against the hemispheric trend which later reversed in accordance 

with the trend. Is such a sign change aided by the CME activity? Also, are the 

most CME productive regions those with a reversed helicity sign? This thesis has 

raised many questions regarding aspects of active region CMEs and flares, which 

are to be pursued in future work.
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