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Abstract

This thesis examines a technique used to study solar wind transients with the
STEREO heliospheric imagers. We perform a manual extraction of profiles of transient
events from elongation-time plots and apply this technique to the profiles. The
technique assumes we are studying a point like object travelling at a constant speed and
extracts the speed of the object and the direction it is travelling relative to the observer.
We first examine the errors involved in performing the manual extraction of the profiles
and from this conclude that any errors introduced are small and can easily be taken into

account.

Having examined the errors we then apply the technique to the two types of
transient events, corotating interaction regions and coronal mass ejections. Corotating
interaction regions have a spiral form and as such this technique should not work in
determining their speed and position. However observations show that corotating
interaction regions are made up of smaller scale transients which can be tracked. We
were able to use this technique combined with in-situ measurements to track corotating

interaction regions throughout the inner solar system.

Coronal mass ejections are generally larger one-off events which can be more
easily analysed by this technique. We examine several coronal mass ejections with the
techniqgue and confirm the measurements of speed and direction with in-situ
measurements at Earth. We then discuss the assumptions involved in the technique and
how they might affect the STEREO observations. We conclude that this technique can
be used to track all types of solar wind transients and that future work should focus on

further assessment of the assumptions.
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1. Introduction

1.1. Motivation

The Sun has long fascinated humans, from when it was worshipped as a God by
ancient civilisations to its more recent worship by people looking to get a tan. The
ancient civilisations recognised the Sun as the giver of life, which led to its worship and
to sacrifices in the name of various gods for good harvests and other boons. As time and
human understanding progressed we came to realise how sunlight interacted with
various parts of our planet, from photosynthesis in plants to production of vitamin D in
humans and animals. In addition we started to realise that the Sun was a lot more than
just a yellow orb in the sky; the invention of the telescope in 1608 was swiftly followed
by the first recorded numbers of sunspots, and various eclipses allowed the first coronal

observations and the realisation that the Sun emitted more than just light.

Sunspots were recorded for a long time but it wasn’t until 1859 that the link
between solar activity and geomagnetic activity was made. Several flares were observed
by Carrington on the Sun and a few hours after the largest flare was observed the largest
geomagnetic storm on record was observed in ground-based magnetometers. This storm
started further study in understanding the aurora and the solar-terrestrial connection,

which has now evolved into solar-terrestrial physics and space weather studies.

In 1930 Lyot invented the coronagraph to allow observations of the solar corona at
times other than eclipse. This was a big step forward, though there are still problems
observing from Earth due to the scattering of light in the atmosphere. Various steps

over the years have made improvements to the original design in an effort to remove, as
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much as possible, the stray light produced by the atmosphere. Despite this, the biggest

improvement was to get out of the atmosphere and put a coronagraph on a spacecraft.

The first attempt at putting a coronagraph on a spacecraft was in 1965 on the Solar
Observatory 2 mission. This was one of a series of 8 Earth-orbiting spacecraft launched
by NASA, designed primarily to observe a complete solar cycle in ultraviolet and X-ray
light. The missions observed many phenomena such as coronal holes, solar flares in
several wavelengths, and sunspots. Since then many spacecraft have launched with
coronagraphs and other solar observing experiments. In that time we have learned much
about the solar corona but until recently have never been able to observe coronal
material heading directly towards Earth as spacecraft have previously stayed near to the

Sun-Earth line.

The launch of the Solar TErrestrial RElations Observatory (STEREO) in 2006, into
an orbit taking it away from the Sun-Earth line, allowed observation of coronal material
as it moves towards the Earth. The STEREO spacecraft carries two Heliospheric
Imagers (HI) which allow the imaging of coronal material throughout the inner
heliosphere. Using these imagers we can study the evolution of the consequences of
coronal events, such as the one seen by Carrington in 1859, as they travel from the Sun
towards the Earth and other planetary bodies. The main aim of this thesis is to utilise
the STEREO HI observations to gain a further understanding of solar wind transients
and their evolution as they travel through the inner heliosphere and test our predictive

capabilities.

In this introduction we summarise magnetism and basic space plasma physics in

section 1.2, the Sun in section 1.3 and the solar wind in section 1.4.



1.2. Magnetism and Plasma Physics

The solar magnetic field is the driving force behind much of the solar activity we
observe, from sunspots to coronal holes, coronal mass ejections and more. To fully
understand the nature of solar magnetism and the associated plasma behaviour we
should first summarise basic plasma physics. A plasma comprises charged particles

which respond to electromagnetic forces and so we start with Maxwell’s equations.

divE = Pa 1.1.
€o
divB=0 1.2.
0B
curlE = —— L3
ot

. OE 1.4.
curl B = poj + po&o ET

Here E is the electric field, p, is the charge density, &, is the permittivity of free
space, B is the magnetic field, u, is permeability of free space and j is the current
density. In equation 1.4 we can ignore the second term on the right hand side for solar

applications as dE/dt = 0.

As plasmas consist of charged particles we should also include the equation
governing the motion of a single charged particle within an electric and magnetic field.
The motion will in effect be the sum of the effects from the electic force, gE, and the
magnetic force, q(v X B), and is called the Lorentz force, where q is the charge of a

particle.



dv
mE=q(E+va) 1.5.

1.2.1. Plasma bulk quantities

We will also need an understanding of plasma physics and will be using Maxwell’s
equations in some of the following descriptions of relevant plasma behaviour. First we

should have a useable definition of plasma, such as the following,

“A plasma is a quasineutral gas of charged and neutral particles which exhibits

collective behaviour.” (Chen, 1974)

Collective behaviour refers to the nature of plasma to respond to both localised
conditions and to influences from distant regions of the plasma. It is a direct result of
the strong electromagnetic forces governing the motion of the individual charged
particles which in turn generate their own electric and magnetic fields which change the

motion of other particles.

To fully understand quasineutrality we must first discuss Debye shielding.
Debye shielding is the process where a plasma confines an applied electric potential. If
we consider a positively charged ball inserted into a plasma then it would swiftly
become surrounded by nearby electrons such that the electric field would be negligible
at a certain distance from the ball. The distance over which this shielding occurs is the

Debye Length and is given in equation 1.6.(Chen, 1974)
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Here kg is the Boltzman constant, T, is the electron temperature and n is the
number density of the ions and electrons in the plasma. This tells us that as the density
increases in the plasma the Debye length decreases as there are more particles able to
shield the electric potential. It also tells us that as the temperature and hence energy of
the particles increases the Debye length also increases because the more energetic
particles are able to move away from the electric potential and therefore are less able to

shield it.

Using the Debye length we are now able to define quasineutrality. If the
dimensions of the plasma, L, are much larger than the Debye length then we have a
plasma which is quasineutral. This means that we can take the plasma density n = n; =
n, where n; and n, are the number densities of ions and electrons respectively. If we
now look at the number of particles, Np, shielding a region in the Debye sphere,
equation 1.7, then to obtain statistically valid shielding this number must be much
greater than 1. This shielding then prevents large electric forces from being generated
by either an external source or internal motions of individual particles thus retaining the

overall neutrality of the plasma.

4
ND = §nn/1?l’) 1.7.

There is one further condition for the plasmas we are studying which is not
referred to in our quoted definition. That is the condition that particles in the plasma
must not collide with neutral atoms so frequently that their motion is governed by

hydrodynamic forces but instead are governed by electromagnetic forces. This is not a
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general condition for plasmas but in the cases examined in this thesis neutral atoms are

sufficiently rare that we can consider this condition to be valid.

We can describe a plasma as a fluid if we use its bulk parameters of density,
bulk velocity and pressure. For simplicity we assume a two species plasma consisting of
positively charged ions and electrons. Consider a volume dz containing electrons and
one species of ion such that there are N; ions and N electrons, and the plasma is
quasineutral so that these are approximately equal, then the j™ particle of each species

have a velocity which we denote vjj and ve; respectively.

Using this we can state the mass density, p;, of the ions (and similarly electrons)

as in equation 1.8, where m; is the mass of an individual ion.

m;N; mgN
p; = C;Il and p, = ;Te 1.8.

As we have a similar equation for the electrons we can simply add the ion and
electron mass density to obtain the overall mass density equation 1.9.

_ miNi + meNe

p= I =pi + pe 1.9.

The average ion and electron velocities, V; and V., called the bulk velocities can

be simply calculated from the sum of all ions and electrons, as in equation 1.10.

N; e
1 1
v, = —Z vy and V, = — § Vej 1.10.
Ni — e &=
j=1 j=1

However in studies of the solar wind we are generally more concerned with the
bulk velocity of the plasma as a whole for which we need to use the centre of mass

given by the vector R. To calculate the centre of mass we also need the position vector
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of each individual particle, rij for ions and re; for electrons. The centre of mass is then

given by equation 1.11.

N N
Yl Ml + X5 Ml

1.11.
N; Ne
Zj=1 m; + 2j=1 me

R =

Clearly the denominator of equation 1.11 is the total mass of the plasma element
and as such can be replaced by pdzt from equation 1.9. If we then differentiate equation

1.11 with respect to time we can obtain the velocity of the centre of mass.

N; Ne
pdtV = mini]- + meZve]- 1.12.
j=1 j=1

If we substitute the average velocities of the particles from the equations in 1.10
into equation 1.12 and utilise the mass density of ions and electrons as in equation 1.8

we obtain our final bulk velocity.
pV =piVi+p.V, 1.13.

There are two further bulk plasma properties of interest to us, temperature and
kinetic pressure. For this we return to the velocity of individual particles, which can be
expressed as the average velocity as in the equations in 1.10 with the addition of a
random perturbation, u; and ue. By definition the average of these random
perturbations must be 0 but the average of the squared values will be non-zero. These
random perturbations about the mean represent the thermal energy of the ions and
electrons, which can be expressed as ion and electron temperatures. As with a gas the

average kinetic energy of the particles will be 2x;T and so we can obtain an expression

for the ion temperature, equation 1.15, and similarly for the electron temperature.

12
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2l =y, szluu and 5 kB ~N, szeue, 114

Associated with these temperatures we have the partial pressures for ions,
shown in equation 1.15, again similarly for electrons and the total pressure is the sum of

the two partial pressures as shown in equation 1.16.
p; = nikgT; and p, = nkgT, 1.15.

p=DpitPe 1.16.

1.2.2. The continuity equation and the equation of motion

Here we consider the equations that govern the bulk motions and properties of a
collisionless plasma. The continuity equation describes the conservation of mass of a
plasma and the derivation is shown here. We first consider a volume in space, V, with
surface S, with no source of plasma but which allows particles to move freely in or out
of it. If we consider only the ions (the electron derivation is identical) and use the
number density, n;, and bulk velocity, Vi, we have previously used then we can state the

total number of ions within the volume at any given time as:

aN; an;
N; =f n; A L 1.17.
v ac ), ot

If we consider the movement of the ions across the surface of the volume, an

element of which is denoted by ds, then we obtain the flux integral in equation 1.18.

13



F :f n; Vi.dS 1.18.
S

Equation 1.18 is positive if the ions are flowing out of the volume. As we have
already stated that no new ions are created within the volume then equation 1.18 must
equal the rate of decrease of the number of ions in the volume. Combining this with

equation 1.17 and using the divergence theorem gives equation 1.19

on;
j _ld'l' = —i n; Vi .ds = —f V. (Tli Vl) dt 1.19.
%4 S 4

As we are using an arbitrary volume we can remove the integral signs. If we

then multiply by the ion mass, m;, we obtain the ion mass continuity equation, 1.20.

A0
% +div (p; V;) =0 1.20.

A similar equation is true for electrons and if we add these two equations
together we obtain the total mass continuity equation, 1.21, with p as the total mass
density and V as the bulk velocity.

0
a—i +div(pV) =0 1.21.

Using Newton’s second law we can consider the equation of motion for a
plasma. If we use the electromagnetic, gravitational, pressure and collision forces then

we can write for ions:

dv;
mn; d_tl =en;(E+V;xB) —Vp, + mjn;g + P, 1.22.

14



Here Pje is the collision term for ions impacting with electrons and as we
consider a collisionless plasma for the solar corona can be ignored. We can write a

similar equation for electrons and add the two together to obtain equation 1.23:

d
no (mV; +m,V,)
t 1.23.

=en(E+ (V;—V,) XB)—Vp+n(m; + m,)g

Here we have used the approximation that n = n; = n,. Simplifying this further

using equation 1.8 and substituting in for the current density, j, we get equation 1.24.

|4
pE=pE+j><B—Vp+pg 1.24.

This equation shows us the forces acting on a plasma. The j x B term is the
force on the plasma from the movement of the ions and electrons in a magnetic field.
As we have already shown that electric fields are shielded out quickly in a plasma we
can clearly see that the pE term is much smaller than the j x B term and so for practical

purposes can be neglected, which we do from now on.

Using equation 1.24 we can find some measure of the equilibrium state of

plasma. If we first neglect the gravitational force and consider the steady state of

equation 1.24, that is a/at = 0 then we obtain:

Vp=jxB 1.25.

This tells us that there is a pressure balance between the kinetic temperature and
the Lorentz force and if we substitute equation 1.4 assuming ‘;—f = 0 into equation 1.25

then we get equation 1.26.

15



1 1 1
Vp=— _(curlB) X B = — [(B. V)B — —VBZ] 1.26.
Ho Ho 2

This gives us an expression for the magnetic field pressure and magnetic tension

2

2
forces. The V% term is the force due to the gradients in the pressure, 2%, on the
0 0

plasma from the magnetic field and is the dominant force in solar plasma physics. The

”i (B.V)B term is the stress associated with tension from the magnetic field lines. This
0

term is normally very small as it is linked to the curvature of the field lines which for
most coronal physics is very low. However in areas of the solar atmosphere it can be

very large.

1.2.3. Hydromagnetic equilibrium and plasma f

As we have already stated the magnetic tension term in equation 1.26 can be
neglected in most circumstances and so we can take the ratio of the particle pressure,
Vp, and the magnetic pressure. This enables us to quantify the relative contributions of
the plasma and magnetic field pressures. This ratio is called the plasma g and is shown

in equation 1.27.

p particle pressure

p= = T 1.27
B? magnetic field pressure el
/ZHO

Most solar plasmas have a high value of beta, that is to say their motion is
dominated by the particle pressure. Certainly in the corona, where temperatures are very

high we can say that the particle pressure is dominant. However nearer the solar surface
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the plasma is confined by the strong solar magnetic field and so the plasma beta here

must be less than 1.

1.2.4. Frozen in flux approximation

Of particular interest to studies of the solar wind and its transients is the concept of
frozen-in flux, or Alfvén’s theorem, which we shall derive here. For this we require

Ohm’s law in the form presented in equation 1.28 where o is the electric conductivity.
j=0(E+V XB) 1.28.

If we now return to Maxwell’s equations and substitute in expressions for jand

E into equation 1.28, then we can obtain the induction equation, 1.29, where n =
1/0.“0'

0B
Esz(VxB)—Vx(anB) 1.29.

In this equation the first term on the right hand side describes the effect of the
motion of the plasma on the magnetic field and the second term describes the decay of
the field due to a finite electrical resistance. If we now use | as the characteristic length
of the system and replace the curl operators with 1/1 and also replace the vectors with
their magnitudes we may compare the two terms on the right hand side of the equation

and obtain the magnetic Reynolds number, equation 1.30.
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R, =— 1.30.

In solar physics the value of Ry, is often much greater than one and so we
neglect the second term in equation 1.29. This simplified version of equation 1.29 is
important in the concept of lines of flux being frozen in to plasma, although we must
first add a little more to make this clear. If we consider a moving surface S and the flux

through it as in equation 1.31:
o(t) = f B(r,t).dA 1.31.
S@®)

From this we can see that ®(t) will change in time according to both the change
of B with time and the change of the surface S with time. Using our simplified version
of equation 1.29 and substituting into the integral for the change of B with time we

obtain equation 1.32, where L is the boundary of S.

0B
f —.dAzf Vx(va).dAzf v X B.dl 1.32.
S ot S L

If we now consider the movement of the surface with velocity v at a time of t+dt
then there is a possibility for a change in area which is given as vdt x dl and the flux

through this area divided by dt is then given in equation 1.33.

—f (dlxv).Bz—J dl.(v x B) 1.33.
L L

This is clearly the negative of the result of equation 1.32. Therefore it is clear
that the flux through any moving surface is constant providing we can neglect
resistivity. From this we can go a step further and show that individual lines of force are

dragged by the matter, that is to say individual lines of force can have their direction
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changed and become twisted. First we consider a line of force, L, at a time t which is
enclosed in a thin flux tube, at this instant the flux through any part of the surface of the
flux tube is zero. Now we follow the plasma in this tube to a later time t+dt and make
the assumption that the magnetic field is no longer parallel to the tube of plasma, then
in this instant the flux through the surface is non zero at some point along the tube. As
we have just shown that the flux through the surface is conserved this cannot happen

and so the field must be parallel to the plasma.

These results are important for the solar wind and the transient features studied in
this thesis as they describe the nature of the magnetic field within the solar wind. The
direction of the magnetic field of transient features and the solar wind has implications

for the interaction of the solar wind with planetary magnetospheres.

1.3. The Sun

Over the years and using a variety of tools and methods we have been able to
discern the internal structure of the Sun. We are primarily interested in coronal activity
but as the Sun is the source of the corona we should have some understanding of the

solar internal structure as well.
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1.3.1. Internal Structure

At the centre of the Sun sits the core, where elements undergo nuclear fusion. The
majority of the fusion processes occurring are hydrogen into helium although other
heavier elements also undergo some fusion as they are produced. The fusion reaction
from proton to proton collisions releases the majority of the energy at the core of the
Sun. The proton-proton (p-p) chain produces approximately 98.8% of the Sun’s energy
while the majority of the remaining 1.2% is produced by the fusion of carbon, nitrogen
and oxygen in the CNO cycle. In both the p-p chain and the CNO cycle the end product
is helium nuclei and for each particle of helium produced approximately 26 MeV of

energy is released (Stix, 1989).

From the core the energy is radiated out as gamma rays. However it does not take
long before it is absorbed by surrounding material and re-radiated as x-rays or is
scattered by an electron. The radiation after absorption can go in any direction and so
some will be directed back towards the core, while some will progress further from the
core towards the surface. Due to the density of the Sun, this process of absorption and
scattering happens continuously with any given photon only travelling a few
millimetres before encountering an obstacle. Despite the random nature of this process
there is a net energy outflow through many small steps by photons. As the radiation
progresses further outward, the solar material becomes cooler and so the wavelength of
the photons gets longer, from gamma rays at the core to visible light nearer the surface.
This inner region is known as the radiative zone and is the primary method of heat

transport for the inner 70% of the Sun.
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Outside of the radiative zone the primary method of heat transport becomes
convection. This is due to a drop off in the density and temperature of the outer solar
material which occurs because the pressure balance of thermal energy and gravity
cannot support heavier particles. This creates a much larger temperature gradient than
in the radiative zone and so as a hot parcel of material rises in the convective zone and
begins to cool, it is still hotter than the surrounding material and so continues to rise.
This does not occur in the radiative zone because once a hot parcel begins to rise, it
cools quickly and soon reaches the same temperature as the surrounding material. In
this outer region, known as the convective zone, heat transport occurs much more
quickly, and eventually releases the energy at the outer edge of the Sun to the

photosphere.

1.3.2. The photosphere

The photosphere is the visible surface of the Sun and where the energy generated
deep in the core of the Sun is released into space and is where the surface is optically
opaque. After the journey from the core to the surface the energy finally emerges with
an average blackbody temperature of 5800 °K. As this layer sits on top of the
convective zone the convective cells themselves become visible as granules on the
photosphere. This granulation gives the photosphere the appearance of perpetually
boiling. Looking more closely at granules, as in Figure 1.1, we can see that the centre of
a granule is much brighter indicating warmer material and the edges are darker

indicating cooler material falling back into the Sun.
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Another phenomenon, also illustrated in Figure 1.1, is that of sunspots. The sunspot
appears as a dark spot surrounded by striated marks. The dark spot in the middle is
known as the umbra and is approximately 2000 °K cooler than the rest of the
photosphere; the striations around it are the penumbra. Sunspots also possess a strong
magnetic field which could explain why it is cooler than the surrounding photosphere. It
Is postulated that the stronger magnetic field suppresses convection below the sunspot
and so there is less heat transported to the surface, thus reducing the temperature of the
sunspot. Sunspots are a key indicator of solar magnetic activity as will be discussed

below.

Figure 1.1: The photosphere as seen by the Swedish 1 m solar telescope operated by the

Royal Swedish Academy of Sciences taken by G6ran Scharmer and Kai Langhans of the
Institute of Solar Physics. This image is from the 4™ August 2003 and shows a sunspot

along with the granulation of the photosphere.
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1.3.3. The Chromosphere

The chromosphere could be considered as the start of the solar atmosphere and is a
very narrow region extending to just a few thousand kilometres above the photosphere.
The name comes from the colourful flashes which were observed during eclipses and
the deep red colour in visible light. In this region, unlike below the surface, the
temperature of the solar material begins to rise with increasing altitude ranging from
4500 °K to approximately 20,000 °K. This region is also home to a variety of visible

phenomenon. The largest are known as prominences and the smallest as spicules.

Prominences are large arcs of solar material which can extend over large distances
on the Sun and reach quite far, typically hundreds of thousands of kilometres above the
solar surface. Here the material is held in place by the solar magnetic field allowing for
a structure to remain stable for many hours or days at a time. While the overall structure
may remain stable the prominence will appear to rain material down on to the surface of
the Sun. An example of a prominence with the Earth superimposed for scale is shown in

Figure 1.2.

Spicules are another phenomenon associated with the chromosphere and are small
jet like bursts with a short lifetime of typically a few minutes. Spicules typically reach a
height of about 5000 km above the surface of the Sun with a width of approximately
500 km. These spicules have a temperature of approximately 10* K and have been
measured as moving upwards with a typical velocity of 25 km s™. The reason for this

upward transport of material in spicules is currently unclear and the return flow of
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material from spicules is also poorly understood. An example of a spicule is shown in

Figure 1.3.

Approx. size of Earth = @

Figure 1.2: An erupting prominence above the surface of the Sun with the approximate

size of the Earth shown for reference. (Credit: NASA SDO)
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Figure 1.3: Spicules above the solar surface. (Credit: NASA SDO)

1.3.4. The Corona

The outermost layer of the solar atmosphere is the corona, which is separated from
the chromosphere by a very narrow transition region. In the transition region the
temperature increases by a factor of 100, although the height above the solar surface at
which this happens is not constant and varies depending on local conditions. As the
temperature begins to level out at approximately 10° K we move from the transition
region to the solar corona. The exact reason for this increase in temperature of the

corona is not yet clear.

The solar corona, as seen in white light observations, consists of two parts; the K
corona and the F corona. The K corona is seen closer to the Sun and takes its name
from the German “Kontinuum”. It is so called because it has a continuous spectrum
similar to that of the photosphere but without Fraunhofer lines. This lack of clear
absorption lines is due to the thermal broadening of the lines due to the very high
temperatures in the corona, instead producing a broad dip in the spectrum in place of
the expected dark lines. One further feature of the K corona is the highly polarised
nature of the light observed. This polarisation indicates that the light is due to Thomson
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scattering by free electrons. Thomson scattering plays an important role in STEREO/HI

observations, as such it will be discussed in more detail later.

Further from the Sun, after two or three solar radii, the F corona dominates the
white light observations of the corona. The F corona is so named after the Fraunhofer
lines seen in its spectrum. Despite the very hot nature of the corona these lines are
visible and are not affected by thermal broadening as the light is seen due to the
scattering of sunlight from 