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Chapter 1

Introduction

The motivation for this thesis is to increase our understanding of the generation
mechanisms for field aligned currents (FACs) in the magnetosphere. We have focused
on two generation mechanisms in the magnetotail, these are reconnection and fast
flows. Both mechanisms are related to magnetospheric convection. The study is
based on measurements by the four Cluster satellites. They have a polar orbit with
perigee at 4 Rp and apogee at 19.6 Rp, as illustrated in Fig. 1.1.

Paper I presents an event study of a fast earthward flow known as a bursty
bulk flow. Detailed observations that show how a FAC is generated by the flow are
presented. It is shown that the observations agree with a theoretical model which
predicts that plasma can be transported earthward in the form of depleted flux
tubes. Paper II is a statistical paper where another kind of FAC is observed. This
FAC can best be understood in terms of the Hall current system which is produced
in the reconnection region. Particle measurements during reconnection are studied
in Paper III. It is shown that particle acceleration in the reconnection region alone,
would give little or no aurora in the ionosphere, despite the FACs produced there.
In Paper IV magnetospheric observations of the Hall current system are compared
with measurements from ground magnetometers. The results indicate that the Hall
current system closed through the ionosphere.

Convection in the magnetosphere in general and in the magnetotail in particular,
is introduced in Chapter 2. A general description of reconnection and depleted flux
tubes is also given there. Chapter 3 focuses on the generation mechanisms for
FACs related to reconnection and fast flows. Observations of fast flows, near-Earth
reconnection and FACs are described in Chapter 4. Next, a brief description of the
Cluster satellites is given in Chapter 5, followed by an account of the methods we
have used in our data analysis in Chapter 6. A list of abbreviations and an index
are included at the end. We begin with a historical outline of the development of
our understanding of FACs from the late nineteenth century until the satellite era.
The first part is about Kristian Birkeland and is mainly built on Egeland (1984),
while the second part is based on Dessler (1984).

1



magnetosheath

magnetopause

Magnetotail

Solar wind
—

—P

Fig. 1.1. Hlustration of the Cluster orbit when the apogee of their orbit is in the
plasma sheet on the nightside of the Earth. [(© European Space Agency]

1.1 Historical development of our understanding
of field aligned currents

The early measurements of geomagnetic activity were limited to what could be in-
ferred from the ground. This included measurements of the ground magnetic field
and observations of northern lights. The scientific understanding of these phenom-
ena was poor until the beginning of the twentieth century, when Kristian Birkeland’s
(1867-1917) experiments contributed to great progress in auroral science. Earlier,
in 1741, Hiorter and Celsius discovered that auroral activity and geomagnetic dis-
turbances were closely related. In 1881 Fritz found that the northern light has
maximum intensity close to 23° co-latitude from the magnetic poles.

Birkeland (1908, 1913) studied magnetic disturbances in ground magnetometers,
and argued that they could be caused by “equivalent” electric currents in the at-
mosphere. (The ionosphere was not discovered at that time.) He found that the
geomagnetic disturbances in the auroral zone were very different from the distur-
bances near the equator and called them polar elementary storms, in contrast to
the equatorial perturbations. Today, polar elementary storms are better known as
substorms. The “equivalent” currents formed patterns which were similar during
all substorms. These substorm currents were estimated to be of the order of 1 MA;
which is a reference value used even today. Birkeland proposed a model where elec-
trons originating from the Sun, spiralled up and down the magnetic field lines in the

2



Fig. 1.2. Top: Kristian Birkeland (left) with the terrella experiment. Bottom: Ar-
tificial aurora made in the terrella experiment. [The Norwegian Museum of Science
and Technology]
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Fig. 1.3. Number of publications using the term “field aligned current” in total
(blue), in Astronomy and Astrophysics (green), and in Meteorology and Atmospheric
Sciences (brown). Note that the same article could be counted in more than one
category. The values are averages over intervals of five years [IST Web of Knowledge]

form of field aligned currents, to feed the horizontal currents and cause the polar
aurora. Originally, he got this idea by directing beams of electrons inside a vacuum
chamber towards a sphere with a dipole field. By coating the globe with fluorescent
painting, he was able to see where the electrons impinged on it. The electrons hit
the surface of the sphere to create two rings of artificial aurora around the poles.
This was called the terrella experiment and is illustrated in Fig. 1.2.

The theories of Birkeland were neglected for many years. Partly because one of
the leading scientists at that time, Lord Kelvin (1824-1907), rejected his theories
and wrote: “The supposed connection between geomagnetic storms and sunspots
is unreal.” Another scientist, Sydney Chapman (1888-1970), derived an alterna-
tive theory where the magnetic disturbances at the ground could be explained by
horizontal currents in the ionosphere alone. This theory was very attractive for
many scientists because it was mathematically exact. After 1939 a younger scien-
tist, Hannes Olof Gosta Alfvén(1908-1995), attempted to revive Birkeland theories
(Dessler and Wilcox, 1970). However, his ideas were not accepted before the start
of the satellite era.

When measurements from satellites became available, transverse magnetic field
disturbances in the auroral zone were reported (Cummings and Dessler, 1967, and
references therein). The common explanation was that they were due to hydro-
magnetic waves. However, Cummings and Dessler (1967) pointed out that many
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observations could not be explained by hydromagnetic waves. As an alternative
they proposed that the field aligned currents of Birkeland were the cause of the
magnetic disturbances. This seems to be the breakthrough for the theory of field
aligned currents or Birkeland currents. After 1967 the number of publications on
the subject have increased every year, as shown in Fig. 1.3.

It is amazing that Birkeland got so many aspects of his auroral theories correct.
Especially when we consider that he did not know about the solar wind, the mag-
netosphere or the solar wind. Today, it is known that field aligned currents encircle
the auroral oval as a more or less permanent phenomenon. The FACs do not only
consist of electrons from the Sun, but also electrons from the ionosphere. However,
the energy that drives the FACs, ultimately comes from the Sun. This drives a
global convection of plasma in the magnetosphere. It is just a small part of this
convection and the FACs associated with it, that will be studied here. The next
chapter gives an overview of this convection.






Chapter 2

Theory for magnetospheric
convection

Some basic theory related to convection will be presented in the first section. Two
concepts which many of our interpretations are built on, are explained, namely the
frozen-in approximation and magnetic reconnection. Sect. 2.2 is about the transport
of plasma and magnetic field in the magnetosphere known as the Dungey cycle.
An overview of the magnetotail is given in Sect. 2.3. A major problem with the
convection in the magnetotail is the pressure crisis. This is explained in the Sect.
2.4, and two possible solutions for the problem are presented.

2.1 Basic theory

The magnetosphere as well as the interplanetary space is filled with very hot particles
with temperatures ranging from hundreds of thousands to tens of millions Kelvin.
Since space plasmas are collision-less, the important force on the particles is the
Lorentz force - the combined force from the electric and magnetic fields. But every
moving particle is also in itself a source of such fields. This makes it hard to evaluate
how the plasma will develop over time. Instead of considering every single particle,
one can study the distribution of the particles. This is given by the phase space
density: e

fp(I',V) = drdv’
where dV is the number of particles with positions between r and r+dr and velocities
between v and v + dv. An equation for how the phase space density develops with
time is given by the Vlasov equation (Baumjohann and Treumann, 1997):

(2.1)

0
§f+v.vf+%(E+va)-va:0, (2.2)

where E is the electric field, B is the magnetic field and ¢ and m are the charge and
mass of the particles, respectively. This equation expresses that f is constant when
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we follow the plasma in phase space. Without going too much into details one can
show that Vlasov equation can be reduced to

(E+vxB)-Vyf=0. (2.3)

This approximation holds reasonably well when the gyro radius and the gyro period
of the particles are much smaller than typical lengths and times which give large
changes in the distribution function. In addition, the electric field parallel with the
magnetic field must be assumed to be small.

Equation 2.3 implies that the electric field vanish in a reference frame moving
with u; = ExB/(B?). Another consequence is that the distribution function will be
gyrotropic in this reference frame (Clemmow and Dougherty, 1969), i.e. symmetric
around the field lines. Since the gyro radius is dependent on the energy of the
particles, the approximation holds better for cold than hot particles. When this
relation holds for the major part of the particle population, it is called the frozen-in
approximation. In that case u is the average velocity of the particles perpendicular
to the magnetic field. u, is often called the convection velocity or the E x B drift.
The frozen-in approximation allows a magnetic field line to be imagined as a rope
which is glued to the plasma. The plasma is free to move parallel with the rope, but
is restricted to follow the rope in the perpendicular directions. Another consequence
of the frozen-in approximation is that two different volumes of plasma cannot mix.
This is important when convection in the magnetotail will be discussed later in this
chapter.

When the frozen-in approximation holds for both ions and electrons, the one-fluid
momentum equation can be written as (Parks, 2004):

d .
pm&ul:—VLpL—(p||—pL)(b~V)b+.]><B (2.4)
d v,B
P = = Vo + (P = PL) (2.5)

where p,, is the mass density, p is the pressure, b is the magnetic field unit vector
and j is the current density. L and || denote perpendicular and parallel components,
respectively. Sometimes another form of the perpendicular momentum equation is
more illuminating. By using Ampéres law and assuming isotropic pressure, Eq. 2.4

can be written as 1 32 B4
n
—u, =-V,p+—)——= 2.6
The last term is the curvature force, where i is a unit vector pointing away from
the center of curvature along the curvature radius, R. This force tries to straighten

the magnetic field lines.

Magnetic reconnection

As we will see below, the frozen-in approximation is very useful to understand the
transport of mass and flux in the magnetosphere. Still, some of the most interesting
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Fig. 2.1. The basic geometry of a the reconnection region.

phenomena takes place when the conditions for this approximation breaks. On of
these phenomena is magnetic reconnection. Figure 2.1 shows the basic geometry
of reconnection. The dashed lines are called the separatrices because they separate
magnetic field lines with different topology. The center of the figure, where the
dashed lines meet, is the X-line or neutral line. The upper and lower quadrants are
the inflow regions where plasma and magnetic field lines flow towards the X-line.
When magnetic field lines of different polarity are forced sufficiently close together,
the frozen-in approximation will not be valid any more. The magnetic field lines
can be “split” in two and connect to the other field line. This results in the strongly
curved magnetic field lines in the left and right parts of the figure. As seen from
Eq. 2.6, this implies a curvature force, which accelerates the plasma away from the
X-line.

2.2 The Dungey cycle

With the concepts of frozen-in field lines and reconnection, the circulation of plasma
in the magnetosphere can be explained. Figure 2.2 illustrates this. Interplanetary
magnetic field (IMF) lines arrive from the left with the solar wind. When the IMF
has a southward component, an oppositely directed geomagnetic field line at the
front side of the magnetosphere can connect to the IMF. It will then become what is
called an open field line, as opposed to closed field lines which are entirely inside the
magnetosphere. Since one end of the field line is immersed in the solar wind, the
field line is pulled tailward. The part of the field line above the ionosphere moves
across the polar cap from the dayside to the nightside as shown in the inset in Fig.
2.2. At the nightside the open field lines are “piled up” in the magnetospheric lobes.
As more flux is added, the field lines will slowly move towards the center where
reconnection again takes place. To close the cycle the magnetic field lines must be
transported back to the dayside inside the magnetosphere. How this transport of
closed field lines takes place in the magnetotail will be one of the major topic for
this thesis. This form of magnetospheric convection was first proposed by Dungey
(1961) and is often called the Dungey cycle.

The coordinate system in the lower left corner of Fig. 2.2 will be used throughout



Plasma Flow Lines

Midnight ﬁ_

Fig. 2.2. The Dungey cycle: Flow of plasma within the magnetosphere driven by
magnetic reconnection. The numbers show how a magnetic field line moves after it
connects with the solar wind (1), is dragged over the polar cap to the magnetotail
(2-5) where it reconnects to another geomagnetic field line (6) and then moves back
to the dayside inside the magnetosphere (7-9). The inset shows the ionospheric
footpoints of the field lines. Adopted from Hughes (1995).

the text, unless otherwise stated. The origin is in the center of the Earth, the X-
axis is pointing towards the Sun and the Z-axis is pointing northward. There are
some variations in how the “northward” direction is determined. In the Geocentric
Solar Magnetospheric (GSM) coordinate system, the Z-axis is determined from
the component of the dipole axis which is perpendicular to the Sun-Earth line. In
the Geocentric Solar Ecliptic (GSE) coordinate system, the Z-axis is normal to the
Earth’s orbital velocity and the Sun-Earth line. A slightly modified version of GSM
will sometimes be referred to in the text. This is called aberrated GSM (AGSM) and
adjusts for the orbital speed of the Earth Vg. This coordinate system is obtained by
rotating GSM with an angle « clockwise around the Z-azis. o = tan™!'(Vi/Vsw),
where Vgw is the solar wind speed. It is assumed that the solar wind flows radially
out from the Sun.
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Magneto pnause

Fig. 2.3. The magnetotail. Solid lines are the magnetic field and dashed lines are
trajectories of particles with different energy. The red line indicates a flux tube
which has just reconnected at the X-line. The blue line is a flux tube closer to the
Earth. Adapted from Hughes (1995)

2.3 The magnetotail

Figure 2.3 shows a more realistic model of the magnetotail. Observations indicate
that the X-line is placed about 100 Rg from the Earth (e.g. Slavin et al., 1985).
This X-line is often called the distant X-line of reasons we will come back to. The
closed field lines on the earthward side of the X-line and between the lobes constitute
the plasma sheet. The distant X-line acts like a velocity filter (Hughes, 1995) as
illustrated by the dashed lined in Fig. 2.3. The dashed lines illustrate the trajectories
of particles which stream tailward along the lobe field lines. All the particles will
have the same E x B drift towards the plasma sheet, but their parallel velocity will
vary. The fastest particles will pass the X-line before they have reached the plasma
sheet. Slower particles, which enter the plasma sheet on the earthward side of the
X-line, will be captured on closed field lines.

Figure 2.4 shows an illustration of the plasma sheet. The region in the center is
called the central plasma sheet (CPS). It is characterised by hot and relatively dense
plasma and weak magnetic field. The part of the CPS where the magnetic field is
weakest, is called the neutral sheet. Between the CPS and the lobes is the plasma
sheet boundary layer (PSBL). The values of the plasma density and temperature
in the PSBL lie between the corresponding CPS and lobe values. Lobe particles
which enter the plasma sheet on the earthward side of the distant X-line will follow
a Speiser-type orbit and be accelerated in the acceleration region (Hughes, 1995)
(Fig. 2.4). They will then be ejected along the field lines with a large field aligned
component to their velocity. When they reach the strong magnetic field near the
Earth, most of them will be reflected and stream back along the field again. These
earthward and tailward streaming particles are characteristic for the PSBL. If there

11
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/

Fig. 2.4. The plasma sheet boundary layer consists of particles which have drifted in
from the lobes and been accelerated in a portion of the plasma sheet earthward of the
distant X-line. The dashed and the dotted line show the trajectories of two particles
as they stream along the magnetic field lines and convect towards the central plasma
sheet. Adapted from Hughes (1995).

is an electric field across the tail, the particles will also convect slowly towards the
CPS. Later in this thesis we will refer to these field aligned moving particles as field
aligned beams (FABs).

2.4 The pressure crisis

The red line in Fig. 2.3 shows a flux tube which has just reconnected, and the blue
line is the same flux tube after it has convected towards the Earth. A flux tube is
a volume where the surface is everywhere parallel with the magnetic field lines, so
that every cross section of the flux tube contains the same magnetic flux. Erickson
and Wolf (1980) have pointed out that if the flux tube convects adiabatically, the
pressure in the flux tube would increase to unrealistically high values. The adiabatic
relation between the volumes and the pressures of the two flux tubes is

VS
ne () %

Observations showed that the pressure increases with a factor between two and four
from 60 Rg to 10 Rg. The corresponding decrease of the volume of the flux tube
would be between a factor 1.5 and 2.3 according to the adibatic relation. Erickson
and Wolf (1980) argued that it is not possible to construct a magnetotail where the
volumes of the fluxtubes have so little variation with the distance from the Earth.
This is called the pressure crisis.

The pressure-balance inconsistency suggests that slow, steady and uniform con-
vection in the Earth’s plasma sheet occurs only rarely, if ever (Chen and Wolf,
1999). In the following sections we will describe two processes for avoiding the
pressure crisis. The processes are

1. Depleted flux tubes. The flux tube starts out with lower pressure than the
surrounding plasma and can therefore propagate further earthward before the
pressure crisis occurs.

12



2. Near-Earth reconnection. If an X-line occurs closer to the Earth than the
distant X-line, the pressure crisis is less likely to happen.

In the next chapter mechanisms for the generation of field aligned current in the
magnetotail related to these processes will be presented. The depleted flux tube
model is relevant for Paper I, where observations which agrees with this theory are
presented.

2.4.1 Depleted flux tubes

0.3

0.2

-0.1

-0.2

Fig. 2.5. Plasma velocities at t=5 ( 125 s) and at t=20 ( 500 s) after the depleted
flux tube is formed. From Birn et al. (2004)

Pontius and Wolf (1990) have suggested that the convection in the magnetotail
may take the form of underpopulated flux tubes, also called bubbles. Such bubbles
start out with lower density and pressure than the surrounding medium. Pressure
equilibrium in the plasma sheet is quickly restored by a strengthened magnetic field
inside the depleted flux tubes, so that the sum of magnetic pressure and thermal
pressure is the same as in the neighbouring flux tubes. The increased magnetic field
inside the bubble, will increase the curvature force in Eq. 2.6. This force is usually
balanced by the pressure gradients in the magnetotail, but will now accelerate the
bubble earthward. In Chapter 4 observations of a type of fast flows in the plasma
sheet called bursty bulk flows, will be presented. Bursty bulk flows are believed to
be the major contributor to convection in the plasma sheet. Chen and Wolf (1993)
have argued that the bursty bulk flows are bubbles in the Earth’s plasma sheet.

Birn et al. (2004) performed a three dimensional MHD simulation of the prop-
agation and dynamics of a depleted flux tube. The earthward propagation of the

13



bubble is shown in Fig. 2.5. After the initial density depletion, pressure equilib-
rium is quickly re-established. Close to the neutral sheet this is mainly caused by
increased temperature and By, while By increases mostly in the outer parts of the
flux tube. Surrounding plasma will fill the volume left by the earthward moving flux
tube, as seen in the bottom panel in Fig. 2.5. At the leading edge of the flow, there
will be a strong dipolarization, which reduces in the tailward parts of the flux tube.

Reconnection causes low density lobe field lines to reconnect and become closed
plasma sheet field lines. Reconnection is therefore a likely source of the depleted
flux tubes. In their simulation Birn et al. (2004) showed that an earthward moving
flux tube that is not depleted will quickly stop. Therefore, reconnection without
depletion is not sufficient for the magnetotail convection.

2.4.2 Near-Earth reconnection

NENL

(d)

Fig. 2.6. Reconnection at the near earth neutral line (NENL) and the distant neutral
line (DNL). Adapted from Hones Jr (1984)

Another method to avoid the pressure crisis is if reconnection takes place closer to
the Earth than the distant X-line. In this section we will only present the large scale

14



characteristics of near-Earth reconnection. More detailed discussions of processes in
and around the X-line are left to Sect. 3.2 and Sect. 4.2.

When the open magnetic field lines with labels 2-4 in Fig. 2.2 are added to
the lobes, the magnetic flux in the lobes will increase. Since the open magnetic
field lines are more perpendicular to the Sun-Earth line than the pre-existing field
lines, the solar wind component normal to the magnetopause will increase (Fairfield,
1985). The lobes are pressed towards the equatorial plane resulting in current sheet
thinning (McPherron et al., 1973). This can lead to reconnection in the near earth
tail (Baker et al., 1996). Observations indicate that this normally takes place for
—20RE > Xgsm > —30REg (see Sect. 4.2).

As can be seen from Fig. 2.6, near-Earth reconnection has large consequences
for the tail geometry. It starts out at closed field lines (Fig. 2.6a). This creates a
magnetic structure tailward of the X-line called a plasmoid. It consists of closed
loops of magnetic field lines. As reconnection continues, the plasmoid grows (Fig.
2.6b). When open field lines start to reconnect (Fig. 2.6¢), the plasmoid is ejected
tailward. In the end, the near-Earth neutral line retreats tailward and becomes the
distant neutral line (Fig. 2.6d).

The scenario may not evolve exactly as described above. It has been argued
that multiple X-lines may form at different times and at different distances from the
Earth (Slavin et al., 2003, and references therein). In addition, if the tail magnetic
field has a By component, the magnetic field lines will create flux ropes instead
of plasmoids. The resulting geometries can become quite complicated (Hughes and
Sibeck, 1987). The X-line is also likely to have a finite width of 2—3 Rg (see Chapter
4), so that multiple X-lines may also be spread azimuthally as well as radially in the
tail (Sergeev et al., 2001).
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Chapter 3

Generation of field aligned
currents

Currents in space plasmas are essentially divergence free. This allows one to con-
struct loops where the current is constant everywhere. In areas where E-j < 0 flows
from the plasma to the magnetic field, and opposite when E - j > 0. The integral
of E - j around the closed loop, is equal to the rate of change of the magnetic flux
through the loop (Cowley, 2000). Thus, the integral becomes zero in a steady state.

When part of the current loop pass through the ionosphere, the ionospheric
Pedersen current will be a “load” where energy is transferred from the magnetic
field to the plasma. This means that the magnetospheric part of the current loop
must be a generator.

Both fast flows in the plasma sheet and reconnection are believed to result in
field aligned currents. The theory for this FAC generation will be outlined below.

3.1 Fast flows and FACs

There are at least four different processes discussed in the literature related to the

generation of field aligned currents by fast flows in the magnetotail. Common for

many of these processes is that the flow channel acts like an obstacle for the cross

tail current, so that it becomes diverted along the magnetic field lines. This is shown

schematically in Fig. 3.1. This current system is often called a current wedge.
From Eq. 2.4 the perpendicular current is

Ji. = pmﬁ X u + I x Vp, (3.1)

where the thermal pressure is assumed to be isotropic. The first term is called the
inertial current , and the second term is the diamagnetic current. In the plasma
sheet the pressure gradient is mainly in the Z-direction, but it will also have a
smaller component towards the Earth. The pressure gradient gives rise to the cross
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Fig. 3.1. An earthward flowchannel and its associated current wedge.

tail current. In the underpopulated flux tube discussed in Sect. 2.4.1, there is lower
thermal pressure leading to a smaller pressure gradient. Together with higher mag-
netic field, the diamagnetic current will be smaller inside the flux tube, compared
to the neighbouring flux tubes. Part of the cross tail current must therefore be
diverted. When the flux tube is accelerated towards the Earth, du/d¢ > 0 results
in inertial currents which partially cancel this effect (Pontius and Wolf, 1990).

Birn et al. (2004) reported that flow vortices were created at the flanks of the
depleted flux tube in their simulation. The electric field converged and diverged at
the dawn and dusk flanks, respectively, corresponding to space charges (Fig. 3.1).
However, the contribution of the space charges to the FACs was negligible in their
simulation, in accordance with that plasmas should be quasi-neutral. The dominant
contribution to the FACs was the twisting of the magnetic field due to the flow
vortices. It varied between 10* and a few times 10° A, depending on the width of
the bubble.

Shiokawa et al. (1997) have studied the braking of fast flows at the inner edge
of the plasma sheet, where the tail magnetic field becomes dipolar. Two different
processes contributed to the generation of FACs there. The first is the braking of
the flow, leading to inertial currents. This led to a total disrupted current of about
7-10%* A. The other process was due to the pile-up of magnetic flux where the flows
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are braked. This resulted in a total current of about 1.2 - 10° A.

It is important to point out that the diversion of the tail current does not nec-
essarily lead to FACs. It can also close locally in the tail by perpendicular currents.
In addition, as discussed in the beginning of this chapter, the magnetosphere must
be a generator if the FACs close in the ionosphere. This requires that

d
j-E:—j~(u><B):u-(ij):u~(VLp+pmaul)<O, (3.2)

where the frozen-in approximation has been utilised. It can be seen that deceleration
of the flow makes it a generator. Furthermore, Birn and Hesse (2005) have shown
that the vortices at the flanks of the flux tube can be generators. This happens
above and below the neutral sheet. There the vortex flows will get a component
along the Z-axis towards the lobes leading to u -V p < 0. Observations of such
a vortex flow associated with a field aligned current is observed in Paper I at the
flank of a depleted flux tube in the outer CPS.

3.2 Reconnection and Hall currents

So far the frozen-in approximation has been assumed to be valid. This is not ad-
equate when the current sheet becomes so thin that it is comparable with the ion
gyro radius. When this happens, the frozen-in approximation will be invalid for the
ions. It can still be valid for the electrons, because of their smaller gyro radius. The
gyro radius R, is proportional to the square root of the product of the mass and
temperature for a thermal particle.

¢2k‘BTm

With a mass ratio of 1800 and a temperature ratio of 7 in the plasma sheet (Baumjo-
hann et al., 1989), the ions have about hundred times larger gyro radius than the
electrons.

Figure 1 in paper III shows an illustration of the reconnection region. The ion
diffusion region and the electron diffusion region are marked (not in actual scales).
Sonnerup (1979) showed that the deviation of the ion velocity from the E x B drift
in the ion diffusion region, gives rise to Hall currents. These currents are shown
with dashed lines in the figure. The scale of the diffusion region perpendicular to
the current sheet is given by the inertial length

m
A=,/ a2 (3.4)

The currents are equivalent with a quadrupolar signature in By, which we have used
to identify the reconnection region used to identify the reconnection region in Paper
I11.
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Fig. 3.2. A meridional current system.

Treumann et al. (2006) have shown that the divergence of the Hall currents in
the ion diffusion region creates field aligned currents in and out of the reconnection
region. In a Hall-MHD simulation of reconnection, Yamade et al. (2000) estimated
the FACs to be of the order of 10° A. The Hall current system consists of FACs
towards the X-line in the outflow regions and FACs away from the X-line in the
inflow regions. In the inflow region there was a north-south electric field pointing
towards the neutral sheet. Since this electric field is opposite of the Hall current,
this form a generator. The field aligned currents closing with the Hall currents are
the topic for Paper I a and Paper IV.

Nakamura et al. (1998) used a 2D hybrid simulation code in which ions were
treated as particles, while electrons were treated as a massless fluid. In their simula-
tion electrons had higher outflow speed than the ions. This led to a current towards
the X-line. In addition, they found that an opposite current was created at the
leading front of the jet, where it interacted with the pre-existing plasma. This was
due to the fact that electrons are slowed down faster than ions, because of their
lower inertia.

There seems to be some controversy related to the scale of the ion diffusion
region in the X-direction. Nakamura et al. (1998) found it to be about 10 ion
inertial lengths (10 - 1000 km for a lobe density of 0.05 cm™3). In a particle-in cell
simulation Shay et al. (2007) showed that the outflowing electrons can form a jet
where the electrons are decoupled from the magnetic field. The jet extended several
tens of ion inertial lengths downstream from the X-line. However, Nagai et al. (2003)
perfomed a 2-D full particle simulation of magnetic reconnection and found that the
By perturbation only existed near the boundary between the inflow and outflow
regions called the separatrix layers.

Since the only prerequisite for the generation of Hall currents is that the ions
become demagnetised, one can imagine that similar currents can exist without re-
connection. For instance, during earthward convection of magnetic field lines, only
electrons will follow the field lines if the current sheet becomes sufficiently thin. In
fact, Lui and Kamide (2003) have proposed such a current generation mechanism
during dipolarization in the near-Earth tail. They called it a meridional current
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system. Figure 3.2 shows an illustration of this. The differential motion between
ions and electrons creates both an earthward directed electric field and a tailward

directed current. They estimated the total current strength to be of the order of
107 A.
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Chapter 4

Observations

In the previous chapters we have shown that reconnection and fast flows are key
elements for the earthward convection in the magnetotail. We will now continue to
describe these phenomena from an observational point of view. However, a theoret-
ical framework is required to interpret these observations. We will try to show how
different models have led to radically different explanations of the same observation.
The selection criteria in experimental studies are crucial for the results. The various
criteria will therefore be carefully addressed.

Observations of fast flows are examined first. Then we present observations from
the reconnection region. In Sect. 4.3 are statistical observations from the ionosphere
and the magnetosphere shown, and a discussion of how these observations may relate
to the FACs we have studied is given.

4.1 Fast flows

Two different models for the plasma sheet convection will be discussed first, and it is
shown how the scientific results in the recent years have led to the dominating view
today that bursty bulk flows are the major contributor to convection in the near-
Earth plasma sheet. This is followed with a section where the earthward transport
of magnetic flux is described in more depth. Section 4.1.3 describes the observations
during fast flow events. Different interpretations of what the observations tell about
the structure of the BBF's are presented. These interpretations are relevant for the
flow can move earthward and how field aligned currents are produced, and serves as
the basis for understanding the results reported in Paper I.

4.1.1 Transport of plasma and magnetic flux in the near-
Earth plasma sheet

Baumgohann et al. (1990) studied the occurrence rate of fast flows in the plasma
sheet for —9 > Xaggm > —19 Rp and |Ygsm| < 10 Rp. Plasma sheet samples
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were distinguished from lobe samples by the requirement that the count rate in
either the keV ion or the keV electron channels had to be above the background.
Space craft charging effects were used to separate the PSBL from the CPS. At last,
Bxy <15 nT or Bz/Bxy > 0.5 (in GSM) were used to identify the inner CPS. The
remaining samples were from the outer CPS.

An important finding of Baumjohann et al. (1990) was that the occurrence rates
of flows in excess of 400 km/s were 2.4%, 0.7%, and 4.0% for the inner CPS, outer
CPS and PSBL, respectively. This indicated that the inner CPS was an important
region for the earthward convection. A reason for the low occurrence rate in the
outer CPS, might be that counter-streaming beams often are present there, so the
bulk velocity is cancelled out. The high speed flows were very bursty in all the
regions, with a majority lasting less than 10 s.

Based on these results, Angelopoulos et al. (1992, 1994) introduced the concept of
a bursty bulk flow (BBF). They defined a flow burst as a sample with V' > 400 km/s
in the inner plasma sheet. A BBF was defined as a continuous series of samples
with V' > 100 km/s in the plasma sheet (inner and outer plasma sheet). 0.01 nPa

was defined to be the boundary between the plasma sheet and the lobes. This

value was chosen conservatively to avoid lobe samples in their study. Inner and
outer plasma sheet were determined from plasma 3 > 0.5 and plasma 3 < 0.5,
respectively(see Sect. 6.1 for a discussion of the use of plasma [ as an identifier of
plasma sheet regions). In addition, flow bursts separated by less than 10 min were
defined to belong to the same BBF. This was done to avoid that short departures
of the satellite from the flow channels should define the end of the BBF interval.
Although this is a purely experimental definition, the acronym BBF has become
common in use as a concept of fast convective flows in the CPS.

Angelopoulos et al. (1994) found that BBFs typically lasted for 100 to 2000 s,
with an average duration of 550 s for —10 > X > —22 Rp. BBFs accounted for
60-100 % of the measured transport of mass, energy and northward flux in the
region of maximum occurrence rate, which was tailward of X =~ 15Rg and around
midnight. They noted that the duration could be underestimated, because of spatial
variations in the flow causing the spacecraft to leave the flow before it has ended.
In fact, using observations from three Cluster satellites Cao et al. (2006) found that
the mean duration of a BBF was 1105 s. This also indicates that such flows are
localised phenomena in the plasma sheet.

Paterson et al. (1998) disputed the results of Angelopoulos et al. (1994). Based
on Geotail data they found that transverse earthward flows, V| x, which exceeded
300 km/s, occurred in less than 0.1 % of the samples in the plasma sheet, where
they defined the plasma sheet as the region where plasma 3 > 0.1. This showed that
fast earthward transport perpendicular to the magnetic field was insignificant in the
plasma sheet. They concluded that the concept of BBFs were a misinterpretation
of the data, and that the data contained mostly field aligned beams. Field aligned
beams are a part of the boundary layer model for magnetospheric convection. As
described in Sect. 2.3 and shown in Fig. 2.4, particles are accelerated in the accel-
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eration region in the distant tail, and then ejected earthward as field aligned beams
(FABs). If there is a cross tail electric field, the FABs will convect slowly towards
the neutral sheet as they move along the magnetic field. When they approach the
strong magnetic field near the Earth, they will be reflected. An observer in the
near-Earth tail will experience fast earthward FABs in the outermost layer of the
PSBL. Deeper inside, there will be two counter-streaming beams. The tailward
beam will be the one that already has been reflected. In the central plasma sheet
(CPS), the beams merge to become a stagnant hot population. This model is well
documented by observations (e.g. Nakamura et al., 1992).

The criticism of BBFs was addressed by Raj et al. (2002). They investigated
the distribution of 85 fast flow events, detected by the Wind satellite during 17
Wind passes through the plasma sheet, within 25 Rg from Earth. A single event
was defined as a continuous period with flow speed above 250 km/s. The only
restriction they set, was that the spacecraft should not be in the lobe immediately
before it detected the flow. This may have excluded some cases.
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Fig. 4.1. a: A bulk flow distribution. b: A field-aligned beam distribution. The
black line indicates the sunward direction. From Raj et al. (2002).

They found that all distributions could be one of two types: Bulk flows or field-
aligned beams (FABs). Typical distributions of both types are shown in Fig. 4.1.
Bulk flow distributions were characterised by symmetric populations displaced from
zero. The FAB distributions had a low energy cut-off and were highly field aligned.
In addition, another colder population could be present in the FAB distribution. It
had the same E x B drift as the dominant distribution, but its parallel velocity was
usually much smaller. In Fig. 4.1b the cold population is the dense red spot near
the origin.

60 % of the fast flows were bulk flows. Bulk flows and FABs were primarily ob-
served in the CPS and PSBL, respectively, but there was also a considerable region
of overlap. In terms of the magnetic field, bulk flows were found for |Bx| < 25 nT,

25



while FABs were found for |[Bx| > 5 nT. This criterion was used to exclude field
aligned beams for the statistical study in Paper II. Bulk flows could have large par-
allel velocities and Paterson et al. (1998) could therefore have mistaken FABs with
BBFs. The ratio between the parallel and perpendicular components was mainly
dependent on the magnetic field elevation angle, defined as tan~'(Byz/Bxy). The
selection criteria of Angelopoulos et al. (1994) for flow bursts, would have included
approximately 20 % FABs. No selection criteria based on moments of the distri-
bution function could include all bulk flows and exclude all FABs. The optimal
selection criteria were found to be V, > 250 km/s and plasma fxy > 2. Those
excluded 95 % of the beams and included 60 % of the bulk flows.

4.1.2 Earthward boundary of fast flows

Both Baumgohann et al. (1990) and Angelopoulos et al. (1994) observed that the
occurrence rate of earthward fast flows is decreasing rapidly earthward. Shiokawa
et al. (1997) used the same data set and definition of the plasma sheet as Baumjohann
et al. (1988, 1989) to study this phenomenon. They noticed that although the
occurrence rate was decreasing, the magnitude of the flows did not decrease. This
led them to suggest that the fast flows are halted abruptly at a clear boundary
between the regions of the dipolar field and the tail-like field in the plasma sheet.

Schédel et al. (2001) chose another approach to study flux transport in the CPS.
The CPS was defined as plasma # > 0.5. They defined a rapid flux transfer (RFT)
vent as a plasma flow which takes place in the CPS, with vy, > vy and Ky = Vg Bz >
2 mV/m, where Vi = /VZ + V2. They used Geotail data from —50 < Xagsm <
—10 Rg. An electric field of 2 mV/m corresponds to a velocity of 400 km/s in a
northward magnetic field of 5 nT. Furthermore, the potential drop across a 3 Rg
wide flow channel would be ~ 40 kV, which is comparable to the potential drop
across the polar cap in active periods (Haaland et al., 2007). Sergeev et al. (2001)
have also suggested that multiple flow channels can occur at different local times,
giving rise to more rapid flux transport.

The right panel in Fig. 4.2 shows that the occurrence rate of earthward flows
increases with the distance from the Earth. On the other hand, the left panel
shows that the occurrence rate of rapid flux transport is almost constant for —45 >
X > —17.5 Rg. It shows only a slight decrease of ~ 30% from X = —17.5 Rg
to X = —12.5 Rg. This indicates that fast flows are braked gradually as they are
moving earthward into regions of stronger magnetic field.

Schédel et al. (2001) also defined a rapid convection event (RCE) as an analog
to a BBF. It was defined similarly to a BBF, except that the flow limits of 100
and 400 km/s were replaced with flux transport limits (Ey) of 0.5 mV/m and
2 mV/m, respectively. Their estimates of total transport of mass and flux were in
accordance with the results found earlier for BBFs by Angelopoulos et al. (1994),
but were slightly lower. However, this was probably due to stricter selection criteria,
as suggested by Cao et al. (2006). They found that the average duration of RCEs
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Fig. 4.2. The occurrence rates of RFT samples and fast flows in the CPS for

|Yagsm| < 10 Rg. Ey = VyByz where Vi = /VZ+ V2 From Schadel et al.
(2001).

was 445 s, which is much lower than for BBFs (1105 s). On the other hand, the
number of RCEs was ~ 50% higher than the number of BBFs in their data set.
Despite these discrepancies, there is reason to believe that RCEs and BBFs are the
same phenomenon.

4.1.3 Structure of fast flows

The central plasma sheet is a very dynamic region, especially during fast flows. It
is often difficult to separate between temporal and spatial variations. Superposed
epoch analysis (SEA) is a statistical method to find an underlying pattern in time
series. The method is carried out by using the average of all measurements observed
at a particular time relative to a reference time. This is repeated for all relative times
until an average time series (composite) is found. Given sufficient data, a common
underlying pattern should theoretically emerge in the composite, while other noise
in the data should disappear.

Figure 4.3 shows a SEA by Ohtani et al. (2004). They and many other researchers
had noticed that the leading edge of BBF's often was characterised by increased By.
The reference time for the SEA was therefore chosen to be when By increased most
in a 4 minutes time interval centered at the start of the flow. The start of the flow
was set to be when V| x exceeded 300 km/s and 5 > 0.5. They used Geotail data
from —31 < Xgsma < —5 Rp and |Ygsma| < 15 Rp for the analysis.

We will now describe different characteristics of observations during BBFs. Most
of these features are shown in Fig. 4.3. The observations and their interpretations
are summarised in Table 4.1. Some observations have more than one interpretation.
The different interpretations will be described below.

Around ATy = 0, By first decreases by ~ 1.5 nT for about 1.5 min, then
increases with more than 5 nT' in less than one minute and at last decreases gradually
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Fig. 4.3. Various magnetic field and plasma parameters superposed for 818 fast
earthward flow events. The reference time Ty is defined as the start of the 36 s
interval where B shows largest increase. From Ohtani et al. (2004).
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| Observation (ATp/min) Interpretation |

Gradual decrease of Bz (-0.5)  Flux rope, NFTE, Interaction of BBF with
surrounding plasma

Increased density (0.0) Interaction of BBF with surrounding plasma

Rapid increase of By (0.3) Flux rope, NFTE, BBF boundary

Perturbation in |By| (0.3) Flux rope, Interaction of BBF with
surrounding plasma

Flow shear in V3 and/or Vy Interaction of BBF with surrounding plasma

(0.3)

Gradual decrease of Bz (1.0) Flux rope, NFTE, Rear part of bubble
Increased Bz and temperature, Depleted flux tube, dipolarization
Decreased By and density (2.0)

Table 4.1. Typical observations during BBFs. The numbers in parentheses refer to
the approximate time (ATp in Fig. 4.3) for the different features. See the text for
details about the interpretations.

to about the level it had before the perturbation. This has been interpreted as a flux
rope at the leading edge of the flow (Slavin et al., 2003, and references therein). This
scenario is illustrated in Fig. 4.4. Multiple X-lines are shown at different distances
from the Earth. In the beginning all of them will reconnect closed field lines which
will form flux ropes in the plasma sheet. The X-line which first starts to reconnect
lobe field lines, will “push” all earlier produced flux ropes earthward or tailward.
This can explain the bipolar signature in By observed at the leading edge of the
flow. A line current along the axis of the flux rope causes the the rapid increase in
Bz when the spacecraft crosses the center of the flux rope. The perturbation of By
is caused by an azimuthal component of the flux rope current.

Another explanation is that the bipolar signature is due to a night side flux
transfer event (NFTE) (Sergeev et al., 1992, see also Sharma et al. (2008) Sect. 2.5).
An illustration of this is shown in Fig 4.5. An X-line is situated to the right of

BBF PLASMOID
FLUX ROPE FLUX ROPES

EARTHWARDv‘l\
FLor >7L©/

S e

._I CLOSED OPEN CLOSED DISTANT
X FLR FLR FLR X-LINE

Fig. 4.4. Schematic description of the formation of earthward and tailward moving
flux ropes as a result of simultaneous field line reconnection (FLR) at multiple
neutral lines in the X — Z plane. From Slavin et al. (2003).
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Fig. 4.5. Configuration of a NFTE in the X Z-plane. The plasma is flowing to the
left. The up and down arrows illustrate how the magnetic field is perturbed above
and below the leading edge of the flow. From Sergeev et al. (1992).

this figure and the plasma is flowing to the left. The dipolar field lines between the
arrows, represent the leading part of the flow where B, has increased. This creates
a bulge in the magnetic field north and south of the flow. This model explains better
the asymmetry in the bipolar signature in Fig. 4.3b. Since Bz never decreases below
zero, it is inconsistent with the closed magnetic loops in a flux rope.

By using multi-spacecraft measurements from Cluster, Nakamura et al. (2004b)
found the spatial dimensions of BBFs. They had a dawn-dusk width of 2-3 Rg and
a scale of 1.5-2 Rg in the north-south direction. If the earthward moving flux tube
in Fig. 2.3 has to push all flux tubes ahead earthward, it would quickly be braked
because of the pressure build-up. However, the narrow width of the flux tube allows
it to penetrate into the pre-existing plasma, by pushing it aside. This scenario is
depicted in Fig. 4.6 from Sergeev et al. (1996). It illustrates the cross section of the
front part of a bubble as it moves earthward. The curved arrows emanating from
the bubble represent plasma that is pushed aside. Sergeev et al. (1996) studied the
orientation of the fast flows by estimating the normal when the satellite crossed the
boundary of the flux tubes. The normals often had large Y and/or Z components
indicating narrow flow channels in the plasma sheet. The effects are flow shear and
magnetic twisting (Nakamura et al., 2005). This is manifested as perturbations in
By and Vi near the neutral sheet as shown in Fig. 4.6. In the outer CPS By and
V, can be perturbed as well, as shown in paper [. This gives a similar signature as
a flux rope or a NFTE. There is also an increase in the density just ahead of the
flux tube, indicating compression of the plasma.

Many of the features predicted from the theory of depleted flux tubes described
in Sect. 2.4.1, are reproduced in Fig. 4.3. By comparing Bz and the temperature
before and after the initial perturbation of the magnetic field, it appears that their
values have increased, while the density and By have decreased (Sergeev et al., 1996;
Nakamura et al., 2005). The larger By inside the flux tube adds to the twisting of
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Fig. 4.6. Schematic view (from the north) of the front of an earthward moving
bubble. The curved arrows radially out of the bubble illustrates how plasma is
“pushed” aside. This bends the magnetic field lines ahead of the bubble. From
Sergeev et al. (1996).

the magnetic field at the BBF boundary, which gives rise to field aligned currents.

The decrease of By is interpreted as being due to expansion of the current sheet.
But fast flows are also known to occur during current sheet thinning. Nakamura
et al. (2002) observed that the current sheet thickness decreased from 5000 to 400 km
when a fast flow started. They interpreted the thinning as an effect of the spacecraft
being close to the X-line when the flow started. The current sheet also became
bifurcated which also has been observed in the outflow region (Asano et al., 2004).
This will be described in the next section.

4.2 Near-Earth reconnection

The near-Earth reconnection region and the surrounding area have been studied in
detail by Asano et al. (2004). They used measurements from Geotail in the period
1 May 1995 - 10 June 1997. To identify reconnection candidates they first looked
for reversals from (1) tailward flow with negative Bz to (2) earthward flow with
positive Bz, where the time between (1) and (2) were less than 1 h. Both the
tailward and the earthward flows had to exceed 300 km/s. In addition, to identify
the reconnection region they used the following criteria: (I) n; < 0.1 cm™3 and (II)
|Vex — Vix| >500 km/s. (I) and (II) had to occur within 15 min before the end of
the tailward (after the start of the earthward) flow. Criterion II was to make sure
that Geotail was in the ion diffusion region. They found 23 events mainly between
20 and 30 Rg. This agrees well with earlier studies of the flow reversal region (Nagai
and Machida, 1998; Nagai et al., 1998, and references therein).

Figure 4.7 shows a sketch that summarises many of their observations in the
reconnection region. As described in detail in Sect. 3.2, Hall currents are set up in
the ion diffusion region due to the different velocity of the ion and electron. These
currents are difficult to observe, but many studies have observed the field aligned
currents which close with them. Nagai et al. (1998) observed high energy (> 10 keV)
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Fig. 4.7. Overview of the reconnection region. From Asano et al. (2004).
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field aligned electrons away from the X-line and medium energy (~ 3 keV) field
aligned electrons into the X-line close to the separatrix. This was interpreted as
acceleration of electrons in the reconnection region. Nagai et al. (2001) found that
the medium energy electrons can carry a current out of the reconnection region.
Nagai et al. (2003) reinvestigated these events based on better calibrated data. They
calculated the current densities only in the outer plasma sheet, when the magnetic
field was stable and when counterstreaming electrons were observed. They found a
thin double sheet current structure with current into the X-line for higher electron
temperatures than for currents out from the X-line. This was consistent with their
simulation (Sect. 3.2).

Another way to identify the Hall current system is by the quadrupolar pattern
it should produce in By (see also Fig. 1 in paper II). A comprehensive statistical
study has been done by Ueno et al. (2003) based on Geotail data between 1993-
2001 in the region 0 > Xgsm > —50 Rp. They searched for the following change
between one minute average samples: By and Vx change from negative (positive) to
positive (negative) together with an increase (decrease) and decrease (increase) of
the density of earthward and tailward flowing ions, respectively. The last criterion
was to make sure that both earthward and tailward flowing ions had the same source.
They found 4022 flow reversal events. The mean By variation was identified as a
quadrupolar structure with a magnitude of about 1% of the lobe magnetic field,
By. For |Bz| > 0.1By, the magnitude increased to 5% of Br. Bz can be used as a
measure of the distance from the X-line, since the field is more dipolar away from
the X-line. Their interpretation of the dependence between By and By was that
the Hall current system was fully developed only outside the reconnection region.

It the previous section it was noted that BBFs can be observed both in thick
and thin current sheets, and that this could be an indication of the distance from
the X-line. Asano et al. (2004) found that the current sheet width increased from
about 3000 km a few minutes after the flow reversal to about 10000 km 30 min after
the flow reversal. The lower left panel in Fig. 4.7 shows how the cross tail current
(red line) is distributed in the current sheet. The current density is strongest above
and below the neutral sheet (Z = 0). This is called a bifurcated current sheet. In
the lower right panel of Fig. 4.7 the X-component of the current density near the
reconnection region is shown (red line). Positive values corresponds to a current
into the X-line, while negative values mean that the current is directed out of the
X-line. These currents are most likely part of the Hall current system, as illustrated
with the green arrows in and out of the X-line in Fig. 4.7.

By comparing the left and right panels in Fig. 4.7, it can be seen that the inward
current peaks where the current sheet is most bifurcated, indicating a connection
between these phenomena. This can be explained in the following way. In the
ion diffusion region, the demagnetised ions do not follow the magnetic field lines
towards the X-line. This creates a southward (northward) electric field between
the CPS and the northern (southern) PSBL. Asano et al. (2004) observed that
electrons were moving dawnward just where the current sheet was most bifuracted.
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By estimating the electric field from the frozen-in approximation, which should hold
very well for electrons, they obtained a north-south electric field F,s of about 5-7
mV/m. This exceeded Ey by a factor 2-3. This electric field is easiest to explain
by considering that the electric field in the ion diffusion region maps out of the
reconnection region along the magnetic field lines. The current of the dawnward
drifting electrons totally dominated over the ion currents in the outer plasma sheet.

These results showed that the demagnetisation of the ions both results in field
aligned currents and a north-south electric field which can be detected outside the
the reconnection region. Asano et al. (2004) also found that the inward and outward
currents were detected closer to the lobes for higher values of B;. This support
that the inward and outward currents are field aligned, since the field lines have a
component perpendicular to the current sheet.
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Fig. 4.8. An illustration of how observations in the PSBL may relate to the recon-
nection region. From Nakamura et al. (2004a).

Also observations remote from the reconnection have been reported, which can
be explained in terms of the Hall current system. Interpretations of measurements
from Cluster and Geotail by Nakamura et al. (2004a) are shown in Fig. 4.8. They
observed dawnward velocity at the boundary between the PSBL and the northern
lobe and duskward velocity further into the plasma sheet. They proposed that the
dawnward velocity could be caused by a southward electric field from a reconnection
cite. As mentioned in Sect. 3.2, the simulation by Nakamura et al. (1998) showed
that electrons are slowed down faster near the leading edge of the reconnection
jet. This may cause a tailward electric field as shown with the green arrow in Fig.
4.8. Mapped out to the outer CPS in the northern hemisphere this electric field
will be northward. This can explain the observed duskward velocity. Furthermore,
they observed field aligned currents close to the boundary between the lobe and the
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plasma sheet with earthward current at the lobe side and tailward current just inside
the boundary. The downward current away from the X-line was observed to be less
than 1000 km thick, while the current in the opposite direction was much thicker.
They confirmed that the downward current region is comparable to or smaller than
the ion inertia length as expected if the current comes from the ion diffusion region.

The idea that the Hall currents can give rise to field aligned currents, motivated
the statistical study in Paper II. By using fast flows in the neutral sheet to identify
reconnection, we investigated By perturbations to check if the Hall current system
is reproduced away from the reconnection region. In Paper IV observations from
the plasma sheet and from the ionosphere were compared to examine whether the
Hall current system can close in the ionosphere.

4.3 Field aligned currents in the ionosphere and
the magnetotail compared

Two types of field aligned current (FAC) systems are often associated with bursty
bulk flows (BBFs) and reconnection in the magnetotail. The first is the localised
current wedge created by the sheared magnetic field at the flanks of a BBF. The
second is the Hall current system from an X-line. We will now discuss how these
currents may be related to field aligned currents observed in the ionosphere.

lijima and Potemra (1976) used the magnetometer on-board Triad to investigate
FACs in the auroral zone. Figure 4.9 shows the resulting distribution as a function
of invariant latitude and magnetic local time for disturbed geomagnetic conditions
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Fig. 4.9. Left: Spatial distribution of large scale field aligned currents during dis-
turbed geomagnetic conditions (2— < Kp < 4+). Region 1 and region 2 currents are
marked with corresponding labels. Right: A close-up on the region around midnight
closest to the polar cap. From lijima and Potemra (1976).
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(2— < Kp < 4+4). The Kp index is a measure of the disturbance of the ground
magnetic field at mid latitudes. 90 degrees latitude corresponds to the magnetic
dipole pole. [ijima and Potemra (1976) divided the FACs into two groups according
to the latitude they were observed. The northernmost FACs observed at the pole-
ward side of the auroral oval, were called region 1 currents, while the southernmost
FACs were called region 2 currents and were observed at the equatorward side of
the auroral oval.

The region 1 current on the evening, morning and dayside is related to the
interaction between the magnetosphere and the solar wind at the magnetopause,
and is an almost permanent phenomenon. The region 2 current in the same local
times is related to the partial ring current in the inner magnetosphere. We will not
elaborate on these processes and refer to (Brekke, 1997) for further details. The
area we will concentrate on is the region around midnight, closest to the polar cap
shown in the close-up in Fig. 4.9.

Ohtani et al. (1988) have done a statistical study of field-aligned currents in the
PSBL. They presented data earthward of 20 Rg. Based on the average position
of the near-Earth X-line between X = 20 Rg and X = 30 Rg, one can infer that
most of the results are earthward of the reconnection region. The distribution as a
function of local time is shown in Fig. 4.10.

Interestingly, one sees a similar dawn dusk asymmetry in Fig. 4.9 with more
tailward current at the morning side and mainly earthward current at the evening
side. How can this be explained in terms of the FAC current mechanisms described
in this chapter? A BBF in the magnetotail is associated with a current wedge as
illustrated in Fig. 3.1 with earthward current at the dawn flank and tailward current

Jil earthward
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Fig. 4.10. Fractional occurrence of field aligned currents as a function of local time.
The negative bars correspond to tailward currents. From Ohtani et al. (1988).
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at the dusk flank. This may explain the dawn dusk asymmetry. Reconnection is the
mechanism which is likely to produce the BBF. But reconnection is also associated
with the Hall current system with earthward current close to the lobe and tailward
current closer to the neutral sheet. In a statistical distribution like Fig. 4.9 these two
current systems will be superposed in the average pattern. This may explain the
diagonal demarcation line between upward and downward currents in the ionosphere
in the close-up in Fig. 4.9.
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Chapter 5

Cluster

The main data sets that are analysed in this thesis are obtained by the Cluster
spacecraft. We have also used data from other instruments and networks. They
include the International Monitor for Geomagnetic Effects (IMAGE) magnetome-
ter network, the Imager for Magnetopause-to-Auroral Global Exploration (IMAGE)
satellite, the Defense Meteorological Satellite Program (DMSP) satellite and the
Polar satellite.

On June 4 1996, Cluster was launched, but unfortunately the rocket exploded
30 s after lift-off (Daly, 2002). It was soon decided to rebuild the four spacecraft as
the Cluster-1I mission. Although the new mission was somewhat different from the
original, one normally refers to it as Cluster. Cluster II was launched in two stages,
on July 16 and August 9 2000 (Escoubet et al., 2001). The scientific objective was
to study three dimensional structures in the magnetopause, the polar cusps, the
magnetotail and the auroral zones. With a polar orbit of 4 x 19.6 Earth radii,
they are ideally positioned to study the area just earthward of where near-Earth
reconnection normally takes place; an important area to study in order to understand
the transport of plasma and magnetic flux through the tail.

Cluster is a unique mission in the sense that it consists of four identically designed
spacecraft. Their actual names are Rumba, Salsa, Samba and Tango, but are usually
called C1, C2, C3 and C4. Each spacecraft can only measure physical quantities in-
situ, but by using the difference in the measurements between the satellites, spatial
derivatives can be estimated. Figure 5.2 shows how the separation between the
spacecraft has varied. The ideal separation between the spacecraft depends on the
spatial scale of the structure one wants to analyse. Data from primarily 2001 and
2002 have been used in this thesis. During these years the separation was ~ 2000 km
and ~ 4000 km, respectively. This is larger than the gyro-radii of charged particles
in the plasma sheet, and thus, it is large enough to use as fluid approach.
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Fig. 5.1. Cluster consists of four spacecraft. [(©) Furopean Space Agency|
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Fig. 5.2. Distance between the Cluster spacecraft while they have been in orbit.
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5.1 Data products

The data for the studies are from the fluxgate magnetometer (FGM) experiment
(Balogh et al., 2001) and the Cluster Ion Spectrometry (CIS) (Réme et al., 2001).
Magnetic field data with 4 or 0.2 seconds resolution from all four spacecraft have
have been used. The CIS instrument on C2 is not operational.

CIS is a package which consist of two different instruments. One is the Hot Ton
Analyser (HIA), and the other is the time-of-flight ion Composition Distribution
Function (CODIF). HIA only measures the energy per charge of particles, while
CODIF also can determine the mass per charge. Since all the typical ions Cluster
measures have different mass per charge, also the mass can be determined. In
my master thesis (Snekvik, 2005) I found that HIA do not cover the lowest particle
energies, so that the particle densities have a tendency to be underestimated. CODIF
has therefore been used when possible, However, on C3 HIA has been used because
CODIF is not working properly [B. Klecker, private communication, 2004].

Instruments such as HIA and CODIF measures the particle flux as a function of
energy and solid angle relative to the spin axis of the satellite. The differential flux

is defined as

. dN

where dN is the number of particles with energy between K and K + dK, coming
from a direction between (0,v) and (6 4+ df,v + di)), crossing an area dA, in the
time interval from t to ¢ + d¢. The solid angle interval is defined as d2 = sinfdydé.
The relation between the differential flux and the phase space density is:

j==—f (5.2)

From the phase space density, fluid parameters such as velocity and pressure can be
obtained from moments of f.

In practice, the particle count rates measured by the instrument are not equal to
the real number of particles, it depends on the efficiency of the detectors. To estimate
the real fluxes the data must be calibrated. Data which have been calibrated on-
board the satellites, have a resolution of four seconds, but are usually of lower quality
than ground calibrated data. For our studies only ground calibrated data have been
used. They have a resolution of eight seconds for CODIF and 12 seconds for HIA.
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Chapter 6

Single and multi spacecraft
analysis methods

In the case of in-situ measurements it is necessary to know where the satellites
are and how they are oriented relative to the structures they observe. This is often
equivalent to reconstructing the topology of the structures. The simplest approach is
to use the satellite position as a first approximation of where the satellites are. This
is often done in statistical papers to set an initial limitation on the region of interest.
However, since magnetospheric structures are very dynamic, this is not sufficient.
More detailed information can be obtained by analysing the satellite measurements.
The methods we have used will be described below and are summarised in Table
6.1.

Many observations in the magnetotail are interpreted as being due to magnetic
reconnection. As explained in more detail in Sect. 4.2, tailward and earthward flows,
northward and southward Bz and dawnward and duskward perturbations in By can
be used to determine where the spacecraft are located relative to the X-line.

When observations from the ionosphere and the magnetotial have been com-
pared, it has been necessary to identify where the field lines at the Cluster location
end up in the ionosphere. The Tsyganenko models have been used for this in paper

I1I and IV.

As all our studies have been from the plasma sheet, it has been necessary to
identify where the spacecraft are located relative to the current sheet. By assuming
that the current sheet consists of a unidirectional current, Bx will increase mono-
tonically when crossing through the current sheet from the southern lobe to the
northern lobe. A measure of location in the current sheet is therefore By itself, or
Bx normalised with the lobe magnetic field B,, = Bx/By. The first four methods
below are all related to the current sheet.
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Method Purpose Papers

Spacecraft position Rough determination of the II, 111
magnetospheric regions

Flow direction and magnetic Determine position relative to an X-line I1, IIT,

field orientation v

Tsyganenko models Mapping from magnetosphere to I, 1vV
ionosphere

Plasma beta Determine regions within the plasma I, 11
sheet

Normalise magnetic field Determine position in the current sheet v

in current sheet with lobe

magnetic field

Harris current sheet fit of Determine position in the current sheet II

magnetic field

Linear gradient estimation Reconstruction of current sheet structures IV

from four spacecraft data

Maximum variance analysis =~ Determine main magnetic field direction I, III,
in a unidirectional current sheet IAY

Rank-2 least square approxi- Find normal of a TD discontinuity I

mation of magnetic field

Dehoffman-Teller Anaslysis  Find the velocity of structures I

Cluster surface crossing Determine local geometry of a surface I

Table 6.1.

relative to magnetotail structures.

6.1 Plasma (3

Methods used to determine the position and orientation of Cluster

In the statistical studies by Baumjohann et al. (1988, 1989), it was found that plasma
[ is the quantity which shows largest variation across the plasma sheet. Plasma (3
is the ratio between the thermal pressure and the magnetic pressure. Typical values
for plasma beta were 0.02, 0.05, 0.3, 3 and 30 in the outer and inner PSBL, the
outer and inner CPS and the neutral sheet (NS), respectively.

There are different ways to calculate plasma (. If temporal variations and the
inertial and curvature terms in the MHD momentum equation are small, there will
be pressure balance between the lobes and the CPS:

B? B? B?
4+ — =L S p341==L, 6.1
bL 200 20 g B? (6:1)

Accordingly, if the pressure is anisotropic one should use the perpendicular pressure.
Furthermore, if one assumes that typical scale lengths in the plasma sheet plane are
much larger than along its normal (e.g. Birn, 1987), it can be shown that plasma
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Fig. 6.1. A Harris current sheet with L = 4000 km, B; = 3nT and By, = 25nT. The
neutral sheet (NS), central plasma sheet (CPS), plasma sheet boundary layer (PSBL)
and the lobes are shown, based on typical values of plasma f from (Baumjohann
et al., 1988, 1989).

0 has largest variation perpendicular to the current sheet. In many cases it is not
reasonable to assume that all of the components of the magnetic field are dependent
on the distance from the neutral sheet. E. g. the Bz component. It may be more
sensible to use only the X and Y components of the magnetic field.

In spite of the assumption mentioned above, plasma 3 appears to be a quite
robust parameter also during fast flows. Raj et al. (2002) found that plasma [xy
was the best parameter to distinguish between different types of flows. See also Sect.
4.1.1.

6.2 Harris current sheet

One can also fit the magnetic field to a Harris sheet model (Harris, 1962), where
By is given by

Bx(Z = z) = By tanh (z _LZ“) : (6.2)

where zq is the center of the current sheet and L is its half thickness. An example
of a Harris current sheet is shown in Fig. 6.1 using 3 > 30 for the NS, 0.3 > 3 > 30
for the CPS and 0.02 > 3 > 0.3 for the PSBL. The relation between plasma beta
and 7 is

1

b= (tanh(Z/L))2

1, (6.3)
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when only By is used for the magnetic pressure. The advantage of using a current
sheet model is that one can estimate the thickness of structures in real length units.
How accurate these estimates are, will depend on how well the current sheet is
approximated by this model. It is known that the current sheet often deviates from
this model during reconnection and fast flows (e.g. Asano et al., 2004).

6.3 Reconstruction of the current sheet

Another method we have used is based on the current sheet reconstruction model
described by Runov et al. (2005). It utilises the spatial gradient estimation technique
for four or more spacecraft (Harvey, 1998) and can be used in time intervals when
Cluster crosses the current sheet. For each set of samples from the four spacecraft,
a spatial derivative of Bx with respect to Z is estimated. This value is assigned to
By in the spacecraft barycenter (the average position of the spacecraft). When this
is repeated for all samples in the time interval, an empirical relation Z(By) can be

derived from
Bx 4By
Z(Bx) = / . 6.4
P = ], B2 o4

This method is based on the assumption that the current sheet structures do not
change much during the time interval. Apart from that, it is better than using
a current sheet model, since no assumptions about the current sheet structure is
required. However, the need for a current sheet crossing greatly reduces its usability.

6.4 Current sheet orientation

Many methods to obtain the current sheet orientation have been discussed in the
literature (e.g. Sergeev et al., 2006). Here, the discussion will be restricted to the
one method we have utilised.

In paper II and IV we estimated field aligned currents from perturbations of By,
and in paper III we used By to identify the reconnection region. For these purposes
it was very important that the main magnetic field component was well determined.
Otherwise, the cross tail current would influence the estimations of the FACs. To
determine this direction, we performed variance analyses of the magnetic field during
current sheet crossings. That involves finding the unique coordinate system where
the magnetic field components are uncorrelated, i.e., the principal components of
the magnetic field. In a current sheet carrying a unidirectional current, one can find
the maximum variance direction under the assumption that the variance of the first
principal component is much larger than the variance of the other two, which are
due to noise (Khrabrov and Sonnerup, 1998b).

46



6.5 Boundary normal

When the spacecraft cross a tangential discontinuity, the normal can be found by
a rank-2 least square approximation of the magnetic field. That means to find the
orientation of the plane which gives the best two dimensional approximation of the
magnetic field. This method was first used by Siscoe et al. (1968) and has been
more thoroughly explained in Sect. 3.2 paper I.

6.6 deHoffmann-Teller analysis

When a three dimensional structure like a flux tube or a flux rope passes the space-
craft, large variation in the velocity and magnetic field will be measured. It can be
difficult to determine the frame of reference of the structure. In a frame co-moving
with the structure the time derivative of the magnetic field should be small (ideally
zero). Based on Faraday’s law, such a frame can be found by minimising the electric
field by a deHoffman-Teller Analysis (Khrabrov and Sonnerup, 1998a). If —v x B
is used as a proxy for the electric field, the deHoffmann-Teller velocity, V, can be
found by minimising

DV) =+ DI = V) x B, (6.5)

with respect to V, where the sum is over all the measurements.

6.7 Curved boundaries

By using the boundary normals and the deHoffmann-Teller velocity, it is possible to
reconstruct the curved surface of a structure passing the spacecraft. This method
is based on a paper by Mottez and Chanteur (1994). A normal section of a surface
at a regular point S is the intersection of the surface with a plane containing the
normal vector. The two normal sections containing the two principal curvatures kp;
and kpy are orthogonal with angles ap and ag + 7/2 in the plane tangential to the
surface. The curvature k£ of a normal section is related to the principal curvatures
by the Euler formula

_ kpr — kps
2

kpy + kpo
—

k cos(2(a — ag)) + (6.6)
The curvature is equal to the curvature radius inverse. An example of a surface is
shown in Fig. 6.2. Let ¢;; be the relative time when satellite ¢ crosses the surface. The
point where the satellite crosses the surface will then be given asr; = r;(t = 0)— Vi,

in a frame co-moving with the structure. By repeating this for all four spacecraft, we
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Fig. 6.2. A surface with the the two principal curvatures denoted by kp; and kp,.
Also shown is another curvature k£ with an angle o with kp;.

end up with four points at the surface. The curvature between two crossing points
is approximately given by

- (mj—my) - (r; — 1))
= (rj —r;)-(r; —rj) (6.7)

where n; is the boundary normal at r;. This relation should be reasonably correct
when the curvature radius is larger than the distance between the two crossing
points. By estimating the curvature for three or more pairs of spacecraft, kp;, kps
and aq can be be found from Eq. 6.6.
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Chapter 7

Summary of papers

7.1 Paper I: Cluster observations of a field aligned
current at the dawn flank of a bursty bulk flow

This paper is an event study of a BBF which has the predicted properties of a
depleted flux tube. The most characteristic feature of this event was a strong bipolar
perturbation in the Bz component together with enhancement in By at the leading
edge of the flow. Without more detailed examination, this could easily be identified
as a flux rope according to the description in Sect. 4.1.3. However, more detailed
examination revealed that the observations could be a result of the interaction of an
earthward moving flux tube with the ambient plasma.

A comprehensive analysis of the BBF boundary was done. It was found that
Cluster encountered the BBF from the dawn side in the outer CPS (see Fig. 5 in
Paper I). It was a strong earthward FAC at the boundary. Thus, it was consistent
with the BBF current wedge discussed in Sect. 3.1. The observations near the
boundary generally agreed with those of Sergeev et al. (1996) (Sect. 4.1), but there
were also some important differences. In Fig. 4.6 the plasma in front of the bubble is
pushed sidewards primarily in the Y direction. In our observations the plasma flow
in front of the boundary was earthward, southward and dawnward. The flow was
also strictly perpendicular to the magnetic field. The magnetic field was southward,
dawnward and tailward. Careful considerations of the topology of the BBF boundary
revealed that these observations were consistent with magnetic field lines which
were draped around the flux tube as it moved earthward. It was also found that
this draping, corresponded to the twisting of the magnetic field reported by Birn
et al. (2004). (Sect. 3.1). It therefore supports their result, which showed that flow
vortices are the main generation mechanism for field aligned currents during fast
flows.

After the satellites had crossed the BBF boundary, the observations showed that
the BBF had the predicted properties of a depleted flux tube. This included strong
dipolarization, reduced density and increased temperature. The dipolarization was
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strongest in the leading part of the flow and then gradually decreased.

These results are important because they support the model where bubbles can
move earthward by displacing the flux tubes ahead rather than just compressing all
the plasma in front of the bubble. It also demonstrate, as emphasised in Chapter
4, how important good selection criteria are for statistical studies in the magneto-
tail. Since the objects studied are inherently three dimensional structures which are
evolving in time, it is essential to know exactly where the spacecraft are located when
the observations are done. Finally, the results showed that BBFs can be important
generators of FACs

This paper was written in close cooperation with a number of people. Of major
importance was the contribution from H. Hasegawa. He did the Grad-Shafranov
reconstruction and suggested text for the parts of the paper related to the recon-
struction.

7.2 Paper 1I: The Hall current system revealed
as a statistical significant pattern during fast
flows

In this paper we wanted to examine whether the Hall current system in the reconnec-
tion region, couples to regions far away, or if it is closed in the immediate vicinity of
the X-line. The Harris current sheet model (Sect. 6.1) was used to determine where
the satellites were located in the current sheet. In that way, a coordinate Z relative
to the current sheet center could be found for every magnetic field sample.

A4 B
z = tanh_l (B—j) (71)

from Eq. 6.2. To identify the outflow region of an X-line, only events where |Vx|
exceeded 200 km/s for |Z|/L < 0.2 were selected. This criterion was based on the
result from Raj et al. (2002) that all FABs were excluded for Bx < 5 nT (Sect.
4.1.1). This corresponds to |Z|/L < 0.2 for a lobe magnetic field of 25 nT. By as
a function of Z was estimated for each event. The derivative of By with respect
to Z was used to estimate the earthward and tailward currents. In the end, the
average currents were calculated separately for earthward and tailward flows. A
more detailed description of the method and the selection criteria is given in the
paper.

The main result was that the earthward and tailward currents were in accordance
with the Hall current system. There were currents towards the X-line in the center
of the current sheet and currents away from the X-line closer to the lobes. The
division between currents into and away from the X-line, was found at By ~ 0.75,
on average. This is slightly lower than Asano et al. (2004) who found the division
at Bx /B between 0.8 and 0.85. A reason for this may be their criterion that the

50



ion density had to be lower than 0.1 cm~2 in the reconnection region. This may
have biased their study to reconnection of open field lines, which would result in
a separatrix close to the lobes. What is more interesting, is that we found the
current towards the X-line to peak in the neutral sheet. This is in sharp contrast to
the conclusions of Nagai et al. (2001, 2003) that the currents only existed near the
separatrix. This indicate that the ions remain decoupled far away from the X-line
in the outflow region. However, no attempt was done to estimate the distance from
the X-line in our study. Thus, both currents close to the X-line and far away from
it is mixed in the average pattern.

7.3 Paper I1I: Can magnetotail reconnection pro-
duce the observed ionospheric observations?

This is a statistical study based on 13 reconnection events. The reconnection events
were identified by the quadrupolar pattern in By produced by the Hall current
system. The particle fluxes in the reconnection regions were measured by PEACE
and RAPID on Cluster. Based on 1 min average spectra, the predicted UV and
X-ray emissions in the ionosphere were estimated. It was found that the predicted
auroral intensities were low. For 6 of the events global imaging data were available
and predicted and observed emissions at Cluster footpoint could be compared. The
observed emissions were generally found to be more intense than predicted.

Since at least three of four Hall currents loops were observed in each event, it was
very likely that Cluster passed through the reconnection regions. Given that the
particle fluxes in the reconnection region only predicted low auroral intensities in
the ionosphere, we concluded that there must be some other acceleration mechanism
between the reconnection region and the conjugate ionosphere.

In Paper II it was shown statistically that the Hall current system can extend
far away from the reconnection region. In Paper IV it was shown that this current
system also can close in the ionosphere. It is therefore quite likely that the Hall
current loops used to identify the reconnection regions, closed in the ionosphere.
Also the fast flows from the reconnection region can generate field aligned currents
as shown in Paper I. Field aligned currents can lead to potential drops near the
Earth where the density is low and the mirror force is high (Schriver et al., 2003, and
references therein). If it is these potential drops that are the acceleration mechanism,
it supports that the field aligned currents close in the ionosphere. In order to check
this, the correlation coefficient between field aligned currents in and around the
reconnection region and the AE index was estimated. This was also done for the
magnitude of the fast flows and AE. There was no significant correlation between
the field aligned currents in the reconnection region and AE. This may be because
the effects of the Hall current system closing in the ionosphere is too weak or too
localised to be measurable in a global index such as AE. However, there was weak
correlation between AE and the magnitude of the fast flows.
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This paper was written by N. @stgaard and my role in the paper has mainly
been analysis and interpretation of the magnetospheric measurements.

7.4 Paper IV: Reconnection Hall current system
observed in the magnetotail and in the iono-
sphere

This paper is an event study where Cluster observations in the magnetotail have
been compared with measurements from the IMAGE magnetometer network near
the ionospheric footprint of Cluster. The event was found by comparing a list of
time intervals where Cluster and IMAGE were conjugate, with another list of events
found by the same selection criteria as in Paper II.

In the magnetotail it was found a tailward current close to the neutral sheet
and an earthward current closer to the lobes, in agreement with the result from
Paper II. In the conjugate ionosphere, the magnetometer measurements were used
to derive the equivalent currents. The equivalent current pattern was found to be
consistent with that obtained if the currents observed in the magnetosphere closed
in the ionosphere. These observations are the first direct measurements which show
that the Hall current system can close in the ionosphere.

Interesting in this event is that the division between tailward and earthward
currents is at Bx /By between 0.4 and 0.5, as seen from the peaks of By in Fig.
2b-2e in Paper IV. According to the study by Asano et al. (2004), this indicates
that Cluster is close to the reconnection region. Another result from their study
was that the current sheet is bifurcated in the outflow region. Figure 7.1 shows a
reconstruction of the cross tail current sheet by using the technique described in Sect.
6.3. This figure was not included in the paper. It can be seen that the current density
peaks outside the neutral sheet (Z = 0), in accordance with a bifurcated current
sheet. This supports the interpretation that Cluster are close to the reconnection
region.

This paper would not have been possible without the contributions from L. Juu-
sola and O. Amm who analysed the data from IMAGE and wrote the corresponding
text.
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Appendix A

Abbreviations and Acronyms

AGSM
BBF
CIS
CODIF
CPS
CTC
DNL
DMSP
FAB
FAC
FGM
GSE
GSM
HIA
IMAGE
IMAGE
IMF
MHD
NENL
NFTE
NS
PSBL
RFT

SEA
SMC

Aberrated GSM

Bursty Bulk Flow

Cluster Ion Spectrometry

COmposition and DIstribution Function analyser
Central Plasma Sheet

Cross Tail Current

Distant Neutral Line

Defense Meterological Satellite Program

Field Aligned Beam

Field Aligned Current

Fluxgate Magnetometer

Geocentric Solar Ecliptic coordinate system
Geocentric Solar Magnetospheric coordinate system
Hot Ton Analyser

Imager for Magnetopause- to-Auroral Global Exploration
International Monitor for Geomagnetic Effects
Interplanetary Magnetic Field

Magneto Hydro Dynamics

Near-Earth Neutral Line

Night-side Flux Transfer Event

Neutral Sheet

Plasma Sheet Boundary Layer

Rapid Flux Transport

Radius of the Earth

Superposed Epoch Analysis

Steady Magnetospheric Convection
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Index

Kp index, 36 field aligned beam, 12, 24
field aligned current, 4, 17, 20, 30, 35

acceleration region, 11, 25 flux pile-up, 18

adiabatic relation, 12 flux rope, 14, 29
AGSM, 10 Aux t ¢ .
ux transport, see convection
aurora, 2, 36 flux tube, 12
Birkeland, Kristian, 2 fluxgate magnetotmeter, 41
boundary layer model, 24 frozen-in approximation, 8, 19
braking of flow, 18, 26
bubble, see depleted flux tube generator, 17, 19
bulk flows, 25 GSE, 10
bursty bulk flow, 13, 24, 35 GSM, 10
gyro period, 8

closed field line, 9 gyro radius, 8, 19
Cluster, 1, 39 gyrotropic distribution, 8
Cluster Ion Spectrometry, 41
CODIF, 41 Hall current, 19, 31, 35
convection, 8, 9, 26 HIA, 41
current sheet, 19, 43

bifurcated, 30, 33 inertial current, 17

Harris, 45 inertial length, 19

orientation, 46 inflow region, 8

reconstruction, 45

current wedge, 17 }Oid, ;711 y

curvature force, 8, 13 obe, J, 14,
deHoffmann-Teller analysis, 47 magnetotail, 11

depleted flux tube, 13, 18, 30 merdional current system, 21
diamagnetic current, 17 momentum equation, 8

diffusion region
electron, 19
ion, 19, 31

dipolarization, 14

neutral line, 9
distant, 14
near-Earth, 14
neutral sheet, 11, 44
elevation angle, 26 night side flux transfer event, 29
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open field line, 9
outflow region, 8

particle flux, 41
phase space density, 7, 41
plasma [, 44
plasma sheet, 11
boundary layer, 11, 25, 44
central, 11, 25
inner, 24
inner central, 24, 44
outer, 24
outer central, 24, 44
plasmoid, 14
polar cap, 9
pressure balance, 44
pressure crisis, 12
principal curvature, 47

quadrupolar pattern, 19, 33

rapid convection event, 26

reconnection, 8, 14, 19, 29, 43
near-Earth, 14, 30

region 1 and 2, 36

separatrix, 9, 33

space charge, 18

substorm, 2

superposed epoch analysis, 27

terrella experiment, 4

variance analysis, 46
Vlasov equation, 7
vortex, 18

X-line, 9, see reconnection
distant, 11
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