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There is freedom waiting for you,
On the breezes of the sky,

And you ask "What if I fall?"
Oh but my darling,

What if you fly?
- Erin Hanson





i

Abstract

On average, the Earth’s magnetotail plasma sheet seems to be a calm region of
the magnetosphere where the plasma moves slowly towards Earth. However,
the plasma sheet actually hosts many phenomena, some of which can affect
Earth. For example, high-speed flows of plasma with speed larger than 400
km/s are observed in the plasma sheet and they can lead to aurorae. Such
dynamical phenomena and the impact they may have on Earth naturally makes
the plasma sheet an important region of study. Even though these high-speed
flows can affect Earth, they are observed less than 5% of the time, meaning
that most of the time, other disturbances take place in the plasma sheet. Our
aim is to investigate and better understand the plasma dynamics in the plasma
sheet.

The plasma above and below the cross-tail current sheet was previously
thought to convect in the same direction. However, we find that under clearly
non-zero Interplanetary Magnetic Field (IMF) By (dawn-dusk component), the
plasma has a tendency to convect in opposite dawn-dusk direction across the
current sheet near the midnight sector depending on the sign of IMF By.

The high-speed plasma flows are known to be associated with an increase of
the northward component of the magnetic field as they propagate toward Earth.
Using simulations, we notice that the magnetic field lines are bent by the high-
speed flows and dents can appear. The deformation of the magnetic field is
such that it may be directed towards the tail above the cross-tail current sheet
and towards the Earth below it. This is opposite to the expected orientation
of the magnetic field thus making this feature important in order to properly
identify the region in which a spacecraft is located.

At times, the plasma can be seen to move back and forth in an oscillatory
manner. We investigate statistically such oscillatory behaviour and compare
them to high-speed flows and to time periods when the plasma is calm. These
oscillatory flows are observed about 8% of the time in the plasma sheet. They
typically have a frequency of about 1.7 mHz (∼10 min period) and usually last
about 41 min.
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Some oscillations of the plasma velocity are observed along the magnetic
field. The particles measured by the satellite initially have a velocity parallel
to the magnetic field and towards Earth. Gradually with time, the measured
velocity of the particles turns around to first become more perpendicular to
the magnetic field and then be along the magnetic field but away from Earth.
These signatures are interpreted simply as being due to mirroring particles
injected tailward of the satellite and move toward Earth. The particles are
then reflected, and move away from Earth. We investigate the general features
of such oscillations along the magnetic field and find that the source of the
particles is typically located less than 25 RE (Earth’s radii) tailward of the
satellite.
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1. Introduction

On a daily basis, Humans are not affected by the plasma dynamics in the so-
lar system and they may be more interested in tomorrow’s weather than if
some plasma waves are excited some 100.000 km away from Earth. Sometimes
however, currents in Earth’s magnetosphere, the region dominated by the ge-
omagnetic field, can cause power outages on the ground and disrupt aerial
traffic and aurora may appear in the sky. These phenomena spark interest to
people and the study of space plasmas becomes important. At the root, such
phenomena are related to the interaction between the plasma emitted by the
sun (the solar wind), the Earth’s magnetosphere, and the ionised region in the
high-altitude atmosphere, the ionosphere.

The solar wind propagates through our solar system and interacts with
Earth’s magnetic field. On a large scale, the effect is to compress Earth’s mag-
netic field on the day-side and to stretch it on the night-side. The stretched
region on the nightside forms the magnetotail where the oppositely directed
magnetic field from the northern and southern hemispheres may reconfigure
via so-called magnetic reconnection. Reconnection releases a large amount of
energy by accelerating particles both away and towards Earth. Therefore, the
magnetotail is an interesting region to study as it is very active, it hosts many
phenomena and it plays a significant role in the energy conversion and trans-
port in the magnetosphere.

On average, earthward of reconnection in the magnetotail, the plasma moves
slowly earthward but, at times, fast flows can appear and reach speeds larger
than 1000 km/s. As they propagate, these high-speed plasma flows create
disturbances along their way which can result in auroras observable from the
ground. While on average, the plasma flows towards Earth earthward of the re-
connection site, it is not uncommon to observe plasma flowing in all directions.
In this thesis, our goal is to improve the understanding of the plasma flows in
the magnetotail. In particular, we are interested in studying phenomena for
which the plasma moves in a certain direction and then comes back towards
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where it came from. The plasma moves "there" and comes back again.
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2. Plasma Physics

Space physics deals with the study of plasma in our solar system. In principle,
a tremendous amount of particles should be taken into account to provide an
exact description of the plasma dynamics. Accounting for every single particle
is not possible and not necessary. A number of approximations are commonly
made depending on the studied phenomenon. In this chapter, three different
approaches to describe plasmas are introduced, each useful when describing the
Earth’s magnetosphere.

2.1 What is a plasma?
A plasma is an ionised gas in which the average kinetic energy of the elec-
trons and the ions is much larger than the average potential in which they are
immersed [1]. This large kinetic energy allows the particles to overcome the
Coulomb interaction which would otherwise recombine the ions and electrons
to form neutral atoms. A plasma can be fully or partially ionised. If it is
partially ionised and for it to behave like a plasma, the collision frequency with
neutral atoms should be small compared to a characteristic frequency of the
plasma1. Otherwise, the collisions with neutrals would dictate the dynamics
and it would behave like a normal gas rather than like a plasma. A property
of plasmas is their ability to shield local charge accumulation. This results in
plasmas being quasi-neutral at equilibrium when looking at large enough scales.

Consider a plasma initially at equilibrium in which a positive test charge
qt is placed. Because of the Coulomb interaction, the electrons would move
towards the test charge while the ions would move away from it. The electrons
thus form a cloud around the test charge, shielding it. Hence, at a scale larger
than the cloud, the plasma would look quasi-neutral i.e. the net charge would
be close to zero. This shielding reduces the Coulomb potential exponentially

1This is the plasma frequency. It is the frequency at which the electrons oscillate when
perturbed from their equilibrium position.
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[1] at a radial distance r from the test charge

φ =
qt

4πε0r
exp

(
− r

λD

)
(2.1)

with ε0 the vacuum permittivity and λD the total Debye length. The total
Debye length represents the typical scale of the cloud and has contributions
from both the electrons and the ions

λ−2
D = λ−2

e + λ−2
i (2.2)

where

λe,i =

(
ε0kBTe,i
nq2

e,i

) 1
2

. (2.3)

Here, kB is the Boltzmann constant, n is the plasma density at equilibrium
(before introducing the test charge), and Te,i and qe,i are the electron and ion
temperatures and electric charges, respectively. Because of this shielding effect
known as the Debye shielding, the short range Coulomb interaction between
single particles can be neglected when looking at scales larger than λD and the
particles will behave collectively due to their interaction with the many more
distant particles [2].

For the Debye shielding to be possible, there needs to be enough particles
in a sphere of radius λD [1, 2]

n
4
3πλ

3
D >> 1. (2.4)

This condition is equivalent to requiring that the average kinetic energy of the
particles is larger than their average potential energy [1] which is how a plasma
is defined. Therefore, in a plasma, there are always enough particles for the
Debye shielding to occur.

2.2 Single Particle Motion
The motion of charged particles in a plasma is dictated by the surrounding par-
ticles dynamics and the fields they generate. Such exact description is intricate
as the fields and the motion of the particles must be handled self-consistently.
Instead, a first approach is to consider a test particle within a given electro-
magnetic field where the effects of the test particle onto the fields are ignored.
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This is the test particle or the single particle motion approach.

For some simple magnetic field configurations, analytical solutions for the
particle motion exist. These provide useful insights for the understanding of
more complex systems.

2.2.1 Uniform Magnetic Field
Consider a constant magnetic field B = B ẑ and any constant force F =
Fx x̂ + Fz ẑ. The equation of motion for a particle with charge q and mass
m

mv̇ = F + qv×B (2.5)

can be solved exactly analytically. In Eq. 2.5, v is the particle’s velocity and
v̇ = dv

dt , the total derivative of the velocity. By introducing the gyrofrequency
ωc = qB

m , the initial phase φ, the initial particle position (x0, y0, z0), the ini-
tial particle speed along v0‖ and perpendicular v0⊥ to the magnetic field, the
solution writes

x (t) = x0 +
v0⊥
ωc

sin (ωct+ φ) (2.6)

y (t) = y0 +
v0⊥
ωc

cos (ωct+ φ)−
Fx

qB
t (2.7)

z (t) = z0 + v0‖t+
Fz

m

t2

2 . (2.8)

Equations 2.6–2.8 indicate that the particle’s motion can be separated into
three distinct behaviours.

1. The particle gyrates at a distance rg =
v0⊥
ωc

(known as the gyrora-
dius/Larmor radius) from the gyrocenter with frequency ωc.

2. The gyrocenter drifts at constant speed Fx

qB
, perpendicular to B and F,

that is, with drift velocity 1
q

F×B
B2 .

3. The particle is constantly accelerated along the magnetic field with ac-
celeration constant Fz

m
.

The drift velocity of the gyrocenter vd =
1
q

F×B
B2 is given different names

depending on the force in action. One of the most common is due to the
presence of an electric field, vE =

E×B
B2 , and is known as the E-cross-B drift.
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2.2.2 Non-Uniform Magnetic Field
Additional drifts occur in the presence of a non-uniform magnetic field with
small spatial variations as compared to the studied spatial scale.

Curvature Drift

For a configuration with curved magnetic field lines, a test particle still moves
along the magnetic field line. However the proper frame of the particle’s gyro-
center is no longer inertial which results in the curvature drift

vR =
mv2
‖

qB2
Rc ×B
R2

c
, (2.9)

where Rc is the radius of curvature of the magnetic field line along which the
particle moves with speed v‖. In order to satisfy ∇ ·B = 0, a curved magnetic
field configuration must be accompanied by a gradient of the magnetic field
magnitude perpendicularly to the magnetic field. This gives rise to the grad-B
drift.

Grad-B Drift

For a general gradient of the magnetic field magnitude ∇B perpendicular to B,
a drift is expected because the size of the gyroradius depends on the magnetic
field magnitude. The grad-B drift takes the form

v∇B =
mv2
⊥

2
1
qB

B×∇B

B2 . (2.10)

The curvature and the grad-B drifts are usually combined into the gradi-
ent/curvature drift:

vB =
m

2qB

(
v2
⊥ + 2v2

‖

) B×∇B

B2 (2.11)

A gradient in the magnetic field magnitude can also exist along the magnetic
field. This does not result in a drift but in the magnetic mirror effect.

Magnetic Mirrors

A charged particle gyrating around its gyrocenter has a magnetic moment

µ = πr2
g
qωc

2π =
1
2
mv2
⊥

B
. (2.12)
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Using the conservation of the particle’s energy and assuming that the magnetic
field does not change significantly during a gyration and that the force applied
on the magnetic moment takes the form

F‖ = −µ∇‖B, (2.13)

it can be shown [2] that the magnetic moment is conserved as the particle
moves along the magnetic field line

dµ
dt = 0. (2.14)

A possible consequence is that a particle moving toward a stronger B field
will "mirror" and move away from the stronger magnetic field region. Shortly,

the particle’s energy E =
m

2

(
v2
⊥ + v2

‖

)
and magnetic moment µ ∝

v2
⊥
B

are
conserved. As the particle moves toward a stronger magnetic field, v⊥ must
increase to keep µ constant. Because the energy is conserved, the velocity of
the particle along the magnetic field v‖ must decrease. Therefore, if the mag-
netic field gets strong enough, a position where v‖ = 0 may be reached and the
particle will start moving back again from the stronger magnetic field region.
It is this reflection of the particle that is called "mirroring".

Given a particle velocity and magnetic field at a reference position (sub-
scripted 0), how strong is the magnetic field where the particle mirrors (sub-
scripted M)? This can be evaluated by using the conservation of energy and
magnetic moment.

B0
BM

=
v2

0⊥
v2

M⊥
=
v2

0⊥
v2

M

=
v2

0⊥
v2

0
(2.15)

= sin2 θ0 (2.16)

BM =
B0

sin2 θ0
(2.17)

where θ0 is defined as the angle between v0 and v0‖ and is known as the
particle’s pitch angle. Only particles with θ0 pitch angle where the magnetic
field is B0 will mirror where the magnetic field strength is BM . Particles with
smaller pitch angle (more aligned to the magnetic field) will mirror where the
field is stronger and particles with larger pitch angle (more perpendicular to
the magnetic field) will mirror where the magnetic field is weaker.



8 Chapter 2. Plasma Physics

2.2.3 Magnetic Dipole
Particularly interesting for the study of Earth is the magnetic dipole configu-
ration. This geometry only holds relatively close to Earth as the magnetic field
gets compressed on the dayside and stretched on the nightside (see Chapter
3). In this case, the gradient drift, the curvature drift, the magnetic mirror
effect and the gyration appear. The equation of motion can be solved numer-
ically for an exact dipole geometry [3]. The trajectories of a proton (H+) and
a heavy electron (100 times heavier than a real electron2) in a magnetic dipole
are shown in Figure 2.1. The trajectory in red is the H+and in blue is the
heavy electron. The trajectories consist of four distinct behaviours:

Figure 2.1: Trajectory of a H+ in red and of a heavy electron (100 times
heavier than an real electron) in blue in a magnetic dipole configuration. The
Earth is shown as a black sphere and a few magnetic field lines of the dipole

are shown in light grey.

1. The particles gyrate around their gyrocenter.

2. The particles move along the magnetic field.
2The heavier mass is used for illustration purposes and to decrease the computation time.
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3. The particles mirror when they reach a position where the magnetic field
is strong enough.

4. The electron and the proton drift azimuthally in opposite directions be-
cause of their opposite charge (see Eq. 2.11).

2.3 Kinetic Theory
The kinetic theory is a statistical approach to describing plasmas. Instead of
considering the exact position and velocity of each particle, the kinetic theory
studies the evolution of distribution functions which represent the number of
particles with nearly the same velocity and at nearly the same position. It
is best described by the Bolzmann equation when collisions matter or by the
Vlasov equation in collision-less plasmas.

2.3.1 Vlasov-Boltzmann Theory
An alternative approach to considering the exact position and velocity of ev-
ery single particle is to consider the number of particles at time t within an
infinitesimal volume element of the 6-dimensional phase-space (r, v). For each
species, s, one defines the distribution function fs (r, v, t) as the ratio between
the amount of particles in, and the volume of, the infinitesimal volume element.
This means that the total amount of particles of species s in the physical volume
V at time t is

Ns (t) =

∫
V

d3r

∫ +∞

−∞
fs (r, v, t) d3v. (2.18)

From which the number density can be defined as

ns (r, t) =
∫ +∞

−∞
fs (r, v, t) d3v. (2.19)

Consider a small element of phase space. In this element, all particles are
approximately at the same position and have the same velocity. A coordinate
system accompanying these particles along their motion would therefore not
see any change in the distribution function and thus

dfs (r (t) , v (t) , t)
dt = 0. (2.20)

Of course, this holds only if the interaction between the particles within the
phase-space volume element are ignored, that is, for collision-less plasma. If
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collisions must be taken into account, a collision term
(

∂fs
∂t

)
col

should be intro-
duced to the right-hand-side of Eq. 2.20. Using Lorentz’s force and Newton’s
law, Eq. 2.20 with the collision term is equivalent to

∂fs

∂t
+ v ·∇fs +

qs

ms
(E + v×B) ·∇vfs =

(
∂fs

∂t

)
col

. (2.21)

This equation is called the Boltzmann equation and it is known as the Vlasov
equation for collision-less plasmas, that is, setting

(
∂fs
∂t

)
col

= 0. The elec-
tric field E and magnetic field B in the Vlasov-Boltzmann equation satisfy
Maxwell’s equations:

∇ ·E =
ρ

ε0
(2.22)

∇ ·B = 0 (2.23)

∇×E +
∂B
∂t

= 0 (2.24)

∇×B− 1
c2
∂E
∂t

= µ0J (2.25)

where ρ is the charge density, J is the electric current density, µ0 is the vacuum
permeability and c is the speed of light. In space physics, it is often a good
approximation to set ρ = 0, the plasma is quasi-neutral, and 1

c2
∂E
∂t = 0, the

displacement current is negligible because the characteristic speed of the system
is typically much smaller than c.

2.4 Fluid Theory
A simpler approach than the kinetic theory to describing plasmas is the fluid
theory. The equations describe the evolution of macroscopic quantities of the
plasma such as the fluid density, the bulk velocity, the pressure,. . . As seen from
Eq. 2.19, such macroscopic quantities may be obtained from the distribution
function fs (r, v, t) for each species and the dynamical description of these
quantities can be obtained by integrating the Vlasov-Boltzmann equation.

2.4.1 Macroscopic Quantities
The macroscopic quantities of each species are defined by the moments of the
distribution function. The plasma density, the bulk velocity and the plasma
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pressure tensor are

ns (r, t) =

∫ +∞

−∞
fs d3v, (2.26)

us (r, t) =
1
ns

∫ +∞

−∞
vfs d3v, (2.27)

Ps (r, t) =

∫ +∞

−∞
ms (v− us) (v− us) fs d3v, (2.28)

respectively.

2.4.2 Multi-Fluid Theory
For each particle species, the Vlasov equation can be integrated over the whole
velocity space, resulting in the continuity equation

∂ns

∂t
+ ∇ · (nsus) = 0. (2.29)

The equation of continuity states that the density of particles in a volume
changes due to their motion in and out of the volume.
Similarly, multiplying Vlasov equation by the velocity v and integrating over
the velocity space provides the equation for the conservation of momentum

msns
∂us

∂t
+msns (us ·∇)us = −∇Ps + qsns (E + us ×B) (2.30)

where we have assumed that the distribution function fs is isotropic with a bulk
velocity us, resulting in the apparition of the −∇Ps and (us ·∇)us terms.
Combining the continuity equation (Eq. 2.29), the momentum equation (Eq.
2.30), equations of state for the pressures and Maxwell’s equations (Eqs 2.22–
2.25) result in the multi-fluid model.

2.4.3 Magnetohydrodynamics
It is possible to combine the multi-fluid theory into a single fluid model known
as MagnetoHydroDynamics (MHD) by defining new macroscopic quantities
of a single fluid made of electrons and ions. This approach is useful when
considering low frequency phenomena where the electrons have time to follow
the ion motion resulting in quasi-neutrality n = ne ≈

∑
i ni. In the case of
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electrons and one ion species, the new quantities are, the mass density

ρm =
∑

s

msns = mini +mene ≈ mini, (2.31)

the bulk velocity
V =

1
ρm

(miniui +meneue) ≈ ui, (2.32)

the charge density
ρc = qini + qene, (2.33)

the current density
J = qiniui + qeneue, (2.34)

and the pressure
P = PCM

e + PCM
i , (2.35)

where PCM
e and PCM

i are the electron and ion pressure calculated in the center-
of-mass frame rather than in their respective bulk-velocity frame as in Eq. 2.28.
Also, the approximation that the electron mass is negligible compared to the
ion mass is used in Eqs 2.31 and 2.32.

The dynamics of these quantities can be obtained by combining the multi-
fluid equations. The continuity equations (Eq. 2.29) provide the conservation
of mass and electric charge, that is the continuity equation for the single fluid,

∂ρm

∂t
+ ∇ · (ρmV) = 0 (2.36)

∂ρc

∂t
+ ∇ · J = 0. (2.37)

Assuming that the electron mass is negligible compared to the ion mass, that
both us and ∂ns

∂t are small and therefore ignoring their quadratic terms, the
multi-fluid momentum equations (Eq. 2.30) provide the single fluid momentum
equation

ρm

(
∂V
∂t

)
= −∇P + J×B (2.38)

as well as the generalized Ohm’s law

E = −V×B +
1
ne

J×B + ηJ (2.39)

− 1
ne

∇Pe +
me

ne2
∂J
∂t

where η is the Ohmic resistivity and e is the elementary charge. The term
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ηJ has been introduced to take into account collisions. Equations 2.31–2.39
together with Maxwell’s equations 2.22–2.25 and an equation of state relating
P to ρm form a closed system of partial differential equations that is the MHD
model.

2.4.4 Magnetic Pressure
The J×B force in the momentum equation (Eq. 2.38) can be rewritten by
using Maxwell’s equation 2.25. Ignoring the displacement current, the J×B
force becomes

J×B = −∇
(
B2

2µ0

)
+

1
µ0

B ·∇B. (2.40)

Because of the similarity between the first term in the right-hand-side and the
particle pressure term in Equation 2.38, the magnetic pressure is defined as

PB =
B2

2µ0
. (2.41)

The relative importance of the plasma pressure compared to the magnetic
pressure defines the plasma beta

β =
P

PB
. (2.42)

This parameter is often used to separate plasma regions with different prop-
erties. It is also a means for identifying whether the plasma pressure or the
magnetic field is responsible for variations of the plasma velocity.
The second term of Eq. 2.40 is the magnetic tension force. It is a restoring
force due to the curvature of the magnetic field line.

2.4.5 Ideal-MHD
Further simplifications to the MHD equations can often be done in many re-
gions of space. Considering the generalized Ohm’s law (Eq. 2.39) only at low
frequencies, the term ∂J

∂t is negligible. At low temperature, ∇P can be ignored.
If the current is small, then J×B can be ignored compared to V×B. The
generalized Ohm’s law then becomes

E = ηJ−V×B. (2.43)

When there are few collisions, the resistivity is low. It is therefore required
that

E = −V×B. (2.44)
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Given all these assumptions, combining Maxwell’s equations and using the
expression of the electric field from 2.44, the ideal-MHD equations are

∂ρm

∂t
+ ∇ · (ρmV) = 0 (2.45)

ρm
∂V
∂t

= −∇P + J×B (2.46)

∇× (V×B) =
∂B
∂t

(2.47)

∇×B = µ0J (2.48)

2.4.6 Frozen-in Magnetic Field
Maxwell’s equation 2.24 together with the electric field expression from equa-
tion 2.43 provide a convection-diffusion equation for the magnetic field

∂B
∂t

= ∇× (V×B)−∇×
(
η

µ0
∇×B

)
. (2.49)

The first term on the right-hand-side of equation 2.49 represent the convection
of the magnetic field while the second is the diffusion term. Whether the
convection or the diffusion term dominates is expressed using the magnetic
Reynolds number

Rm =
Convection
Diffusion

∼ µ0
η
aV (2.50)

where a is the spatial scale over which the velocity V and the magnetic field
vary. When the convection term dominates over the diffusion term, Rm >> 1,
the magnetic flux is then said to be frozen-in to the plasma flow and Eq. 2.44
holds for the electric field. "Frozen-in" means that the magnetic flux through a
small loop moving with the plasma bulk velocity is constant with time. Often,
this property is interpreted as "the magnetic field lines move together with the
plasma with the E-cross-B velocity". In many regions of space, the convective
term dominates over the diffusive term with Rm >> 1 and the plasma can be
assumed to be frozen-in.

2.4.7 Reconnection
At boundaries where the length scale parameter a is small, the diffusion term
can become important and Rm < 1. This can occur at thin current sheets and
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it can result in magnetic reconnection.

The simplest reconnection model is in 2 dimensions for anti-parallel mag-
netic fields. This case is presented in Fig. 2.2. There are three main regions,
the inflow convective regions, the diffusion region and the outflow convective re-
gions (Fig. 2.2). In the inflow convective regions above and below the diffusion
region, the magnetic field is frozen-in (E = −V×B) and the plasma convects
towards the current sheet region with drift velocity E×B

B2 . Within the diffu-
sion region, the magnetic field is no longer frozen-in to the plasma (E = ηJ)
allowing the magnetic field lines to reconnect/rearrange to form "newly closed
field lines" in the outflow convective regions. In the outflow convective regions,
the magnetic field is again frozen-in to the plasma. Because of the geometric
appearance of reconnection (Fig. 2.2), the reconnection region is sometimes
referred to as an X-line. The "X" being in the plane of the page and the "line"
being out of the page when adding the third dimension.

Figure 2.2: Anti-parallel magnetic reconnection in two dimensions. Figure
adapted from [4].

For a steady state solution, Maxwell’s Eq. 2.24 expresses that Ey (out of
paper in Fig. 2.2) is constant. In addition, assuming that the fluid is incom-
pressible, the continuity equation states that the amount of plasma entering
the diffusion region should equal the amount exiting it, that is 2VinL = 2Vouta
with L and a the length and the width of the diffusion region, respectively.
Therefore,

Bout
Bin

=
Vin
Vout

(2.51)

=
a

L
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where the magnetic field and the bulk speed have been indexed "in" and "out"
for the inflow and outflow convective regions, respectively.

Reconnection models typically assume that a << L, therefore, Bout << Bin
and Vout >> Vin. The increase in plasma speed in the outflow region originates
from the conversion of the magnetic energy into plasma kinetic energy in the
diffusion region.
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3. The Sun and the Earth

The Sun emits a plasma known as the solar wind in which solar system objects
such as planets and comets are immersed. These objects, including Earth,
appear as obstacles to the solar wind. In this chapter, the interaction between
Earth’s magnetic field and the solar wind is briefly introduced. Key regions
are illustrated in Figure 3.1 and typical values of the plasma are given in Table
3.1.

3.1 The Solar Wind
The solar wind (to the left in Fig. 3.1) is the plasma emitted by the Sun. It is
constituted of electrons, protons (H+) at 95%, Helium (He2+) at 5% and some
heavier ions such as Oxygen [4]. The plasma is emitted radially outward and it
transports the Sun’s magnetic field, the Interplanetary Magnetic Field (IMF).
Because the magnetic field maps to the surface of the Sun and because the
Sun rotates, the magnetic field forms a spiral structure in the interplanetary
medium. At 1 AU (Astronomical Unit1), the IMF magnitude is about 7 nT,
the solar wind number density is about 6.6 cm−3 with a H+temperature of
about 3.8× 105 K and an electron temperature of 1.2× 105 K. The solar wind
plasma speed usually varies between 300 and 800 km/s [4–7].

The sound speed in the solar wind at 1 AU is around 60 km/s [4] meaning
that the solar wind is supersonic. Therefore, as it encounters an obstacle such
as Earth, a bow shock must appear (red surface in Fig. 3.1) to make the solar
wind sub-sonic and allow it to go around Earth. The plasma is made sub-sonic
by slowing it down, and increasing its temperature and density downstream of
the bow shock. This region of shocked and slowed down plasma is the magne-
tosheath.

1average distance of Earth from the Sun: 1.5× 108 km
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Figure 3.1: Illustration of the various regions in the magnetosphere taken
from a simulation (see Section 4.3.2). The Geocentric Solar Magnetospheric
(GSM) coordinate system is used. The Sun is toward positive X, Y is in the
dawn-dusk direction and Z is northward. The black and yellow sphere at
the origin is the Earth. The color in the Y = 0 plane represent the plasma
pressure and the arrows represent the plasma bulk velocity direction. A few
magnetic field lines are shown in grey and are numbered (1–6). Some surfaces
are shown to identify various regions. The red surface is the bow shock, the
orange is the magnetopause and the volume within the blue surfaces are the

magnetotail lobes.
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Table 3.1: Approximate plasma parameters in various regions of Earth’s
neighbourhood [4, 5, 8–13].

Solar Wind Magnetosheath Lobes Plasma Sheet
Convective Speed 450 200 4 1[km/s]

Density [cm−3] 6.6 8 0.01 0.3

Ion Temperature 32 150 300 4.2×103
[eV]

Electron Temp. 10 40 40 500[eV]
Magnetic Field 7 15 20 < 20[nT]

The shocked plasma is confined between the bow shock and the magne-
topause. The magnetopause (orange surface) is a boundary found at a typical
distance of 10 RE (Earth radii) on Earth’s dayside. At the magnetopause,
pressure balance between the shocked plasma in the magnetosheath and the
magnetic field on Earth side is achieved. Because of the difference in magnetic
field magnitude between both sides of the magnetopause, an electric current
flows in the magnetopause. The effect of the magnetopause current is to cancel
the dipole magnetic field on the magnetosheath side and increase the magnetic
field magnitude on Earth side. The magnetopause separates the solar wind
particles (and magnetic field) from the region dominated by the geomagnetic
field (6 in Fig. 3.1).

3.2 The Earth’s Magnetosphere
There are two main sources of magnetic field if the currents generated within
the plasma are ignored; the Earth and the Sun. This leads to three possible
configurations for the magnetic field lines. First, they may be pure solar wind
magnetic field lines and not be connected to Earth (1 in Fig. 3.1). Second,
the magnetic field lines with both ends (footprints) connected to Earth (5, 6 in
Fig. 3.1) are called closed field lines. Third, they may have one end connected
to Earth and the other end connected to the IMF on the other side (2, 3 and
4 in Fig. 3.1), these are known as open field lines. The magnetosphere can be
defined as the region around Earth where the geomagnetic field dominates.
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Assuming that the IMF is southward (Bz < 0, see coordinate system in Fig.
3.1), the oppositely directed magnetic field in the magnetosheath (southward)
and of the geomagnetic field (northward) can induce anti-parallel reconnection
at the dayside low-latitude magnetopause. Its effect is to change the topology
of the magnetic field lines to produce two open field lines (2 in Fig. 3.1), each
mapping to opposite Earth’s magnetic pole regions. Each of these magnetic
field lines are connected to the Earth on one end and to the solar wind on the
other end. As they are connected to the solar wind and the magnetic field is
frozen-in to the plasma, these field lines are thus transported towards Earth’s
nightside (3 in Fig. 3.1). The transport of these field lines towards the nightside
tend to stretch the dipolar magnetic field into a region of stretched magnetic
field (4 in Fig. 3.1), the magnetotail.

In the magnetotail, open magnetic field lines with footpoints in opposite
hemispheres are oppositely directed. The magnetic field points towards the
tail in the southern hemisphere and towards Earth in the northern hemisphere.
The oppositely directed magnetic field configuration is propitious to reconnec-
tion. As reconnection occurs, the field lines topology changes from two open
field lines to a closed field line on the Earth side of the reconnection site (5
in Fig. 3.1) and a magnetic field line only connected to the solar wind on the
tail side of the reconnection site. The newly closed field lines at the night-
side reconnection site convect towards and around Earth to reach the dayside
where dayside reconnection at the magnetopause may occur again. This cy-
cle of transport of the magnetic field involving reconnection is known as the
Dungey cycle [14].

The magnetotail can be separated into several regions. The region of open
field lines in the northern and southern hemisphere with low plasma density are
the northern and southern lobes. In the lobes, the particle density is low and
the observed H+and Oxygen ions (O+) can originate from Earth’s ionosphere
(the ionised upper part of the atmosphere). These particles can be seen to flow
along the magnetic field towards the tail [15]. The magnetic field strength in
the lobes is about 22 nT at X ∼ 30 RE in the tail but it decreases to 9 nT at
X = −140 RE and stays constant downtail [9].

The stretched region of closed magnetic field lines separating the northern
and southern lobes is the magnetotail plasma sheet. It typically extends to-
wards the tail from X ∼ −8 RE and it has a typical thickness of 4–6 RE[16].
There is approximate pressure balance between the lobes and the plasma sheet.
This is achieved by having a warm and denser plasma in the plasma sheet than
in the lobes and by having a larger magnetic field strength in the lobes than
in the plasma sheet. During quiet magnetospheric activity, the plasma found
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in the plasma sheet is principally of solar wind origin but during more active
times, ionospheric H+and O+can be found in the plasma sheet [17, 18].

Because the dipole magnetic field is stretched in the nightside, the mag-
netic field lines are oppositely directed between the northern and southern
hemispheres of the magnetotail. This configuration implies the existence of a
cross-tail current sheet in the center of the plasma sheet, separating the oppo-
sitely directed magnetic field. Simple estimates of the current density can be
obtained from Maxwell’s Equation 2.25. Using 20 nT for the magnetic field
in the lobes and ignoring the displacement current gives a current density of
about 30 mA/m.
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4. Space Physics Research Tools

Historically, space physics is an observational science in the sense that the
scientists do not have control over the experiment. The laboratory is space,
the input parameters cannot be manually adjusted and an experiment cannot
be reproduced. Since the early days of the discipline, the approach has been
to try to interpret and understand collected data. Measurements can either
be made from the ground or in situ using spacecraft. Though ground and
in situ measurements can provide a large data base, a spacecraft probes only
a very small region of space and it is therefore difficult to understand the
global dynamics of the magnetosphere and how it results in the observations
made on the ground. This barrier is getting removed with the advancements
of computers. The simulation of plasma has become possible and it provides
support to the interpretation of ground and in situ data. In this chapter are
presented the main tools used in Papers I–V.

4.1 Ground-based observations
Several types of ground measurements are possible, they can be optical mea-
surements, measurements of the magnetic field,. . . In this thesis we have used
ground measurements of the magnetic field.

Perturbations of the magnetic field measured on the surface of Earth are
due to electrical currents. There are two main sources of current. At the equa-
tor, the variations are due to the ring current that is created by the azimuthally
drifting trapped particles located between 3 and 5 RE from Earth. At the auro-
ral latitudes the variations in the magnetic field result from currents flowing in
the ionosphere, the auroral electrojets. From the magnetic field measurements,
a number of indices have be introduced with the ambition to characterise the
level of activity in the ionosphere and the magnetosphere.
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4.1.1 Kp Index
The Kp index provides the global activity level in the magnetosphere by 3 hours
time interval [19]. The difference between the maximum and the minimum of
the horizontal component of the magnetic field measured at several ground
based magnetometer stations placed over the globe are combined to provide a
number between 1 and 9. A value of 1 indicates the lowest level of geomagnetic
activity while a value of 5 or higher indicates a geomagnetic storm.

Data Availability

The Kp index data are provided by the GFZ Helmholtz Centre, Potsdam
(https://www.gfz-potsdam.de/en/kp-index/).

4.1.2 AE Indices
At auroral latitudes, a decrease in the horizontal component of the magnetic
field indicates that the electrojet flows westward while an increase in the mag-
netic field indicates that it flows eastward. Each station at auroral latitudes
supplies the value of the magnetic field each minute. Each minute, the low-
est value between the stations is used to provide the AL index. Similarly, the
highest value is used to provide the AU index. The AL index is a measure of
the westward auroral current while the AU index is a measure of the eastward
current. The difference between the AL and AU indices gives the AE index
which is an indicator of the overall auroral electrojet activity [20].

Data Availability

The AE indices data are accessible at the World Data Center for Geomag-
netism, Kyoto (http://wdc.kugi.kyoto-u.ac.jp).

4.2 Satellites
There exists a number of satellite missions which each usually has dedicated
objectives. Because of their different objectives, the satellites have various
orbits. In order to study plasma dynamics, the satellites are equipped with
particles and fields instruments. As the time goes on, the technology improves
and newer missions have better instruments.

https://www.gfz-potsdam.de/en/kp-index/
http://wdc.kugi.kyoto-u.ac.jp
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4.2.1 The Cluster Mission
The Cluster mission1 consist of a constellation of four satellites that were
launched in the summer 2000 which aims at understanding the small 3D struc-
tures in Earth’s magnetosphere and the solar wind [21]. The four satellites
fly in a tetrahedron configuration with spacecraft inter-distance varying be-
tween 100 and 10000 km depending on the mission phase. The satellites have
an approximate polar elliptical orbit with the perigee and apogee at 4 and
19.6 RE, respectively. While the satellites were initially identical, some of the
instruments they carried ceased to work early.

Instrumentation

Each satellite carries two ion instruments which are part of the Cluster Ion
Spectrometry (CIS) experiment [22]. The Hot Ion Analyzer (HIA) instruments,
used in Papers I and V, have been operational only aboard Cluster 1 and
Cluster 3. An HIA instrument measures the 3D distribution function of ions
in about 4 s (spacecraft rotation period). As the instrument is not equipped
with a time-of-flight section, it cannot distinguish between ion species. The
energy range of the HIA instrument is between ∼ 5 eV/q and 32 keV/q. From
the measured 3D distribution function, the (partial) velocity moments are cal-
culated and provided to the users. The partial velocity moments consist of the
distribution function partially integrated over the velocity space and include
the Pitch Angle Distribution (PAD) data and the 1D omni-directional data.
The PAD data are provided as a function of time, energy and pitch angle while
the 1D omni-directional data are provided as a function of time and energy only.

Complementary to the HIA instruments, each satellite carries a Composi-
tion and Distribution Function (CODIF) analyzer (used in Papers II, III). A
CODIF instrument also measures the 3D distribution function in about 4 s but
it is equipped with a time-of-flight section allowing to distinguish between the
ion’s m/q (mass over charge ratio). Thus, H+and O+particles can be distin-
guished. The energy range of the measured particles is ∼ 25 eV/q–40 keV/q.
Similarly to HIA, some (partial) velocity moments are provided to the users.

The magnetic field data are measured by FluxGate Magnetometers (FGMs),
one per spacecraft [23]. The provided dataset usually offer a resolution of 22 or
67 Hz but it is common to use either 5 vectors per second or even just spacecraft
spin resolution data (4 s resolution), similar to the plasma instruments.

1This is actually the Cluster II mission as the original Cluster mission failed at launch in
1996.
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Data Availability

All the Cluster data are available for the public via the Cluster Science Archive.
The data are currently accessible at https://www.cosmos.esa.int/web/csa.

4.2.2 The THEMIS Mission
The Time History of Events and Macroscale Interactions during Substorms
(THEMIS) mission is a fleet of 5 identical satellites which were launched in
early 2007. Its role is to investigate the processes leading to the intensification
of aurorae. Contrarily to the Cluster mission, the THEMIS spacecraft are not
flying close to each other but rather, three satellites are orbiting close to Earth
(∼10 RE) while the other two are orbiting farther regions (20 and 30 RE). The
orbits of the satellites are close to equatorial and were initially such that they
aligned with ground observatories every 4 days. From 2009, THEMIS B and C
have been repurposed to orbit and study our moon.

Instrumentation

In Paper V, we use data from all 5 THEMIS spacecraft. In particular, we
utilise the magnetic field average to the spin period (3 s) from the FGM in-
strument [24]. The employed ion moments are calculated from the electrostatic
analyzer which measures ions from 6–7 eV/q to 25 keV/q [25] and have a 3 s
resolution.

Data Availability

All THEMIS data are available for download at https://cdaweb.sci.gsfc.
nasa.gov/index.html/.

4.2.3 The Geotail Mission
The Geotail satellite was launched in 1992 and its mission is to study the
Earth’s magnetotail. To this day, Geotail still provides plasma measurements.
Its orbit is near equatorial and the satellite has probed regions up to about
210 RE. However, this orbit has been altered and Geotail now probes distances
up to 30 RE from Earth.

Instrumentation

In Paper V, we use spin averaged magnetic field data (3 s resolution) from
the magnetic field experiment [26]. In addition, we utilize the ion moments
from the low energy particle experiment with a resolution of 12 s [27]. The
instrument measures particles with energy from a few eV/q to 43 keV/q.

https://www.cosmos.esa.int/web/csa
https://cdaweb.sci.gsfc.nasa.gov/index.html/
https://cdaweb.sci.gsfc.nasa.gov/index.html/
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Data Availability

The Geotail data are available online for download at https://cdaweb.sci.
gsfc.nasa.gov/index.html/.

4.3 Simulations
Simulations provide support to the interpretation made from in situ satellite
data. While in principle, one could solve the Vlasov equation globally, this re-
quires too much computational power and smaller targeted simulations adapted
to the problem are often sufficient. Which simulation approach should be taken
depends on the physics that is to be resolved. In Paper II, a test particle sim-
ulation is used while a 3D MHD simulation is used in Paper IV.

4.3.1 Test Particle Simulation
The test particle simulation is the simplest approach to investigate particles’
dynamics in complex electromagnetic configurations. The understanding of
the single particle motion is important because the satellites measure single
particles from which are reconstructed the velocity distribution function and
the velocity moments. Therefore, the properties of the particles will be reflected
in the (too) often-used velocity moments. In Paper II, the trajectories of test
particles are obtained using semi-empirical models for the electric and magnetic
field in the magnetosphere.

Magnetic Field Model

The Tsyganenko 96 (T96) model [28] is used to obtain the magnetic field at
any position in the surrounding of Earth. It is a semi-empirical model as it
uses data from 11 satellites to fit free parameters associated with the various
current systems in the magnetosphere and it takes into account the solar wind
conditions. For modeling Earth’s dipole, the IGRF-12 model is used [29]. It
provides the associated Legendre functions’ coefficients of a magnetic scalar
potential from which the magnetic field can be obtained by computing the
negative of the gradient. The necessary inputs to obtain the magnetic field are
the solar wind parameters, the Dst index2, and the date as it is needed for the
dipole orientation.

2The Disturbance storm time index measures the strength of the ring current [30].

https://cdaweb.sci.gsfc.nasa.gov/index.html/
https://cdaweb.sci.gsfc.nasa.gov/index.html/
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Electric Field Model

To obtain the electric field in the magnetosphere, the Weimer 2001 model [31] of
the electric potential of the ionospheric convection pattern is used. The model
is based on coefficients of spherical harmonics which are fitted from satellite
measurements. The model provides the ionospheric potential depending on the
solar wind and the dipole tilt.

To obtain the electric field in the magnetosphere, the domain is separated
into cells of a certain size. For each cell, it is assumed that the magnetic field
line is an equipotential. The potential at each cell of the domain is obtained
from the value of the ionospheric potential from the Weimer 2001 model at the
footpoint of the magnetic field line of each cell. The electric field at each cell
can then be calculated by taking the negative of the gradient of the electric
potential. This electric field can then be linearly interpolated to get its value
at the exact position of the particle in the simulation.

Equation of Motion Solver

Once the electric and magnetic field can be obtained at any position in space,
particles can be put in the simulation domain. The trajectories of the particles
are obtained by solving the equation of motion using the Boris algorithm [32,
33] to update the velocities. To solve the equation, the intrinsic characteristics
of the particles must be provided together with the particles’ initial position
and velocity.

Model Availability

The T96 model is openly accessible from Tsyganenko’s website: http://geo.
phys.spbu.ru/~tsyganenko/modeling.html. The Weimer 2001 model is not
publicly available and the interested user should request permission from the
author (see: https://cedarweb.vsp.ucar.edu/wiki/index.php/Tools_and_
Models:Empirical_Models). The particle tracing code wrapping together
the T96, Weimer 2001 models and that computes the particles’ trajectories
is openly available for download [34].

4.3.2 MHD Simulation
The MHD equations (Section 2.4.3) can be solved self-consistently numerically.
In Paper IV, we use the Block-Adaptive-Tree-Solarwind-Roe-Upwind-Scheme
(BATS-R-US) implementation within the Space Weather Modeling Framework
[35–37]. The differential equations are discretized on a rectangular grid of
varying size in order to have increased resolution in the regions of interest.

http://geo.phys.spbu.ru/~tsyganenko/modeling.html
http://geo.phys.spbu.ru/~tsyganenko/modeling.html
https://cedarweb.vsp.ucar.edu/wiki/index.php/Tools_and_Models:Empirical_Models
https://cedarweb.vsp.ucar.edu/wiki/index.php/Tools_and_Models:Empirical_Models
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A simulation run requires solar wind inputs and the solar F10.7 index3 (used
for the ionospheric conductance model) and provides, as output, the magnetic
field, the plasma bulk velocity, the current density, the atomic mass density,
the pressure and the energy density in the simulated domain.

Availability

The simulation was run at the Community Coordinated Modeling Center (CCMC)
and the simulation results are publicly accessible using the reference number
Michael_Hesse_102416_4 at https://ccmc.gsfc.nasa.gov/. The BATS-R-
US code was developed at the University of Michigan’s Center for Space En-
vironment Modeling (CSEM) where the access to the code can be requested
(http://csem.engin.umich.edu/).

3It is a measure of the solar radio flux at 10.7 cm indicating the Sun’s activity.

https://ccmc.gsfc.nasa.gov/
http://csem.engin.umich.edu/
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5. The Dynamic Magnetotail

As presented in Chapter 3, the magnetotail is comprised of several key regions
such as the lobes and the plasma sheet which can be seen in Figure 3.1. In
this thesis, we are principally concerned with the study of the magnetotail
plasma sheet earthward of the X-line where the plasma density is higher and
the magnetic field magnitude lower than in the lobes. Because of the presence
of reconnection and the subsequent acceleration of particles, the magnetotail
plasma sheet is a very active region hosting a plethora of phenomena.

5.1 Effects of the Interplanetary Magnetic Field
As described in Chapter 3, for a pure IMF Bz < 0, dayside reconnection occurs
at the low-latitude magnetopause. The newly reconnected magnetic field lines
(2 on Fig. 3.1) are transported by the solar wind over the poles to the nightside
where magnetotail reconnection occurs. The resulting closed magnetic field
lines on the earthward side of the X-line convect toward Earth, around it, and
move back to the dayside [14]. The convection of the plasma in the equatorial
plane of the magnetosphere can clearly be seen from the average ion velocity
vectors represented by arrows in Figure 5.1a. To this convection pattern in the
magnetosphere are associated ionospheric signatures because the magnetic field
links the dynamics of the magnetosphere to the ionosphere. Two convection
cells appear in the ionosphere (Fig. 5.1b). The equipotential lines (within the
outer circle) shown in Figure 5.1b represent the "motion" of the magnetic field
lines’ footprints when they convect in the magnetosphere as described above.

In addition, in the presence of a non-zero IMF By component, the iono-
spheric patterns are no longer symmetric between the dawn and dusk sectors
(Fig. 5.1c) because dayside reconnection occurs asymmetrically (Fig. 5.1d) at
the magnetopause [41, 42]. Thus the newly reconnected field lines from dayside
reconnection are transported asymmetrically over the poles therefore resulting
in an asymmetric ionospheric convection pattern. This asymmetry due to IMF
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Figure 5.1: (a) Average plasma velocity in the equatorial plane of the mag-
netosphere represented by the vectors. The Sun is to the right. Adapted
from [38]. (b) Top view of the ionospheric convection pattern under IMF
Bz < 0 and By = 0. Dark solid lines within the outer circle are ionospheric
equipotential. The arrows on the equipotentials indicate the motion of the
magnetic field lines during magnetospheric convection. Adapted from [6]. (c)
Top view of ionospheric equipotentials and convection pattern in the north-
ern hemisphere under IMF By < 0. Adapted from [39]. (d) Magnetopause
reconnection under IMF By < 0 as viewed from the Sun. Adapted from [40].
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By 6= 0 also naturally appears in the magnetotail because of the apparition
of asymmetric lobe pressure resulting in e.g. the twist of the plasma sheet, an
induced By in the tail and the modification of the plasma flow propagation
direction [43–46]. For instance, asymmetries in the flows are observed across
the tail current sheet (Paper V). The plasma above (below) the current sheet
has a tendency to convect more towards dawn (dusk) for IMF By > 0. The
opposite convective behaviour is observed for IMF By < 0.

5.2 The Disturbed Plasma Sheet
Regardless of the orientation of the IMF, nightside reconnection may occur and
it will convert magnetic energy into kinetic energy. Several reconnection sites
may exist along the tail. Depending on the conditions, the closest can be found
between X = −20 RE, then known as the near-earth neutral line, and several
100 RE, then known as the distant neutral line [47–50]. Nightside reconnection
generates earthward and tailward moving particles at the earth and tail side of
the X-line, respectively. In this thesis, we are interested in the region earthward
of the closest reconnection site where the plasma has sometimes observed to
reach velocities greater than 1000 km/s.

5.2.1 Fast Plasma Flows
Two types of fast plasma flows thought to be caused by reconnection are ob-
served in the plasma sheet. The earthward H+beams aligned with the mag-
netic field are observed near the transition surface with the lobes, they have a
crescent shaped velocity distribution function, i.e. they have strong anisotropy
perpendicular to the magnetic field, and they show energy dispersed struc-
tures meaning that particles with different energies are observed at different
times. These earthward beams can be observed together with tailward stream-
ing beams which are interpreted as the earthward beams after they have mir-
rored [51–58].

Fast plasma flows can also be observed to move perpendicular to the mag-
netic field. These are observed near the center of the plasma sheet, i.e. deeper
inside the plasma sheet compared to the field aligned beams. They consists of
short bursts of plasma observed for ∼1 min that are superimposed onto each
other to form a structure that is typically ∼10 min long [59–61]. Such struc-
tures are often referred to as Bursty Bulk Flows (BBFs) or high-speed flows.
These high-speed flows move mostly along X (earthward), can reach speed
>1000 km/s and within such a structure, the plasma density is lower than
that of the surrounding plasma [60, 62]. The scale size of BBFs is estimated
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to vary between 1.5–2 RE in the north–south direction, 1–3 RE in the dawn–
dusk direction and between 4 and 40 RE in the earth–tail direction [63–65].
An important difference with field-aligned beams is that BBFs are convective
thus meaning that they contribute to the transport of magnetic flux, mass and
momentum in the plasma sheet. In fact, even though they are observed only
about 5% of the time or less, it was estimated that they contribute to about
60–100% of the total transport in the plasma sheet [59, 61]. They are therefore
important to study to understand the general transport and dynamic of the
magnetosphere.

As a high-speed flow propagates earthward, an increase of Bz (northward
component of the magnetic field) appears at its forefront [60, 66, 67]. Such a
magnetic field signature is known as a dipolarization front and it is understood
as the pile-up of the magnetic field in-front of the fast flow as it is being slowed
down by the stronger magnetic field and plasma density while moving toward
Earth [68, 69]. Naturally, Bz is not the only component of the magnetic field
to be affected and the magnitude of Bx is usually observed to decrease during
the observation of the dipolarization [67]. In Paper IV, we use a 3D MHD
simulation to investigate a high-speed flow in front of which an increase of
Bz is observed. Not only the magnitude but also the sign of Bx is altered
due to the apparition of a dent in the local magnetic field lines. The dent is
such that, instead of observing Bx > 0 (earthward) in the northern hemisphere
and Bx < 0 (tailward) in the southern hemisphere of the tail plasma sheet,
we observe Bx < 0 in the northern hemisphere and Bx > 0 in the southern
hemisphere. In the presence of the dent, cross-tail currents are observed in
three regions. A dawnward current is at the center of the plasma sheet instead
of a duskward current. Two regions of duskward currents are present above
and below the center of the plasma sheet. While this magnetic geometry may
not seem important at first, the sign of Bx is commonly used to identify the
region of space where a spacecraft is located. Thus simply considering the sign
of Bx is not sufficient to identify in which hemisphere a satellite is located.
Therefore, understanding when such magnetic dents occur and their properties
is important to properly identify the location of a spacecraft.

5.2.2 Tailward Flows
Earthward of the closest X-line, the average convection is earthward (Fig.
5.1a). However, this is just the plasma’s propagation direction on average
and, flankward and tailward moving flows can also be observed in the plasma
sheet. Several phenomena can give rise to tailward flows. For example, as BBFs
propagate earthward, they generate vortices on their flanks [70, 71], parts of
which result in tailward moving plasma and parts of which result in flankward
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moving plasma. Also, as the high-speed flows propagate earthward, they have
to slow down due to the increased magnetic and plasma pressure in the in-
ner magnetosphere [69]. They may pass the equilibrium position (resulting in
magnetic dents such as in Paper IV) and they would start to move tailward
due to the magnetic tension force which would ultimately result in a heavily
damped wave in the earth-tail direction [72, 73].

A number of waves can get excited in the plasma sheet and can lead to
observing plasma which oscillates in all sorts of direction. For instance, BBFs
were suggested to be the energy source of the observed current sheet waves
which propagate towards the flanks [74–77]. Such waves cause the tail to move
up and down which allows satellites to easily probe the various regions of the
plasma sheet. One question that arises is that of the amplitude of the velocity
oscillations and how they compare with BBFs’ speed and the velocity thresh-
old used to select BBFs. In Paper I, we find that the oscillation amplitude
of velocity oscillations are rarely larger than 200 km/s and a threshold value
lower than that should be avoided when selecting BBFs.

While some oscillations observed in the velocity are in the direction per-
pendicular to the magnetic field and which could simply be Alfvén waves [78],
oscillations along the magnetic field can also be observed. One class of oscilla-
tions along the magnetic field is investigated in Papers II and III. Those os-
cillations along the magnetic field are associated with characteristic signatures
in the PAD data. Repeated enhancements of the particle flux are observed
to gradually change pitch angle from 0◦ to 180◦ (or the opposite) with time.
These signatures have to be explained using single particle motion as a particle
detector measures single particles from which the velocity distribution and mo-
ments are obtained. Such signatures leading to bulk velocity oscillations along
the magnetic field are interpreted to simply result from particles travelling over
the spacecraft toward Earth, mirroring and travelling away from Earth over the
spacecraft again. The particles go there towards Earth and come back again
over the spacecraft.
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6. Outlook

The Earth’s magnetotail plasma sheet is a very dynamic region where a large
number of plasma disturbances and instabilities occur regularly because of the
input of energy into the plasma sheet via for example reconnection. The new
findings presented in Papers I–V have, to some extent, increased the under-
standing of the dynamics of the plasma sheet. However, there are still many
challenges to overcome and many problems to be solved before the plasma dy-
namics in the magnetosphere is really understood. Some of the problems are
related to topics covered in this thesis and others (most) to topics not even
mentioned in this thesis. In the following paragraphs, I present some open
questions that builds upon the investigations conducted in Papers I–V.

In Paper I, we statistically investigated the properties of oscillatory flows.
However, no distinction between the different types of oscillatory flows was car-
ried out. A classification into sub-categories which better describe the physics
of the flows would help understand their occurrence and their presence in the
plasma sheet. Are the oscillatory flows simply due to waves? If so, which kind
of waves and which mechanism(s) excite(s) them? Also, some of the found
oscillations have large oscillation amplitude. It is of interest to understand the
origin of such oscillations. Are they simple waves with large oscillation ampli-
tude? Or could the large oscillation amplitude be related to high-speed flows?
Certainly, some of the events selected in Paper I are worth a thorough analysis.

Building upon Paper I, we investigated peculiar velocity oscillations along
the magnetic field in Papers II and III. We suggested that a source located
tailward of the satellite injected particles. Unfortunately, it was not possible
to conclude which mechanism was injecting the particles. To tackle this prob-
lem, two possible approaches exist. First, this could be answered by using
simultaneous measurements by satellites located at different positions along
the same magnetic field line. One satellite could observe the velocity oscilla-
tion signatures as in Papers II and III while another one could be located at
the injection region. However, such conjunctions are very unlikely considering
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the size of space and the few amount of satellites probing those regions. An
alternative approach would be to use simulations. This could be successful
if the simulation resolves the right physics. A priori, this is not known. A
possible approach could be to investigate the motion of many particles in the
magnetosphere either by tracing them in an MHD simulation or by utilizing
a hybrid simulation. One could then search for signatures similar to those in
Papers II and III and follow the particles backward in time to identify where
they originate from.

In Paper V, the dawn-dusk component of the velocity perpendicular to the
magnetic field was investigated under clearly non-zero IMF By. Asymmetries
in the flows across the cross-tail current were found. Further studies of these
flows could include the following. One can investigate the magnitude of the
dawn-dusk velocity flow depending on the magnitude of the IMF By as well as
the dependence on the relative importance of IMF Bz and IMF By (the clock
angle). The dependence of the interhemispheric asymmetry on the geomag-
netic activity could also be studied.

In Paper IV, we studied dents forming in the magnetic field at the front of
a high-speed flow. A number of important questions regarding these dents are
to be investigated. The first and foremost question is whether such structures
are really present in space. To our knowledge, no direct measurements of such
structure has been reported in the literature. From a spacecraft standpoint, it
is thus important to be able to distinguish between the crossing of the current
sheet and the observation of a magnetic dent. This requires to establish the
differences and similarities between the crossing of a dent and the crossing of
a normal cross-tail current sheet. This is partly investigated in Paper IV.
Assuming that magnetic dents exist, another aspect that needs to be inves-
tigated is whether they appear only when high-speed flows rebound near the
inner-magnetosphere or if they can already appear as they propagate earthward
from the reconnection site (see for example [79]). Also, the simulation used in
Paper IV is one implementation of the MHD equations and it would be worth
to investigate whether similar features also arise in, for example, the Lyon-
Fedder-Mobarry [80] implementation. Do the dents have the same properties,
regardless of the approach used to solve the equations?
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7. Summary of Papers

Paper I

Low-frequency oscillatory flow signatures and high-speed flows in
the Earth’s magnetotail
A. De Spiegeleer, M. Hamrin, T. Pitkänen, M. Volwerk, I. Mann, H. Nilsson,
P. Norqvist, L. Andersson, and J. Vaverka

In this paper, we investigate oscillatory signatures in the flows and compare
them with high-speed flows and quiet flows in the plasma sheet. Their occur-
rence depending on the geographic location, the magnetospheric activity and
the solar activity is established. We also investigate the distribution of high-
speed flows for commonly used velocity threshold and compare them to the
amplitude of the oscillatory flows. A threshold lower than ∼ 200 km/s should
not be used when selecting high-speed flows.

Contribution:
I did the data selection and analysis. I also wrote the article and contributed
to the discussions leading to this article.

Paper II

Oscillatory Flows in the Magnetotail Plasma Sheet: Cluster Obser-
vations of the Distribution Function
A. De Spiegeleer, M. Hamrin, H. Gunell, M. Volwerk, L. Andersson,
T. Karlsson, T. Pitkänen, C.G. Mouikis, H. Nilsson, and L.M. Kistler

This article builds upon the previous study on oscillatory flows (Paper I).
In this paper, we study two oscillatory flow events observed in the plasma sheet
which are periodic oscillations of the ion flow velocity along the magnetic field.
This study is carried out by investigating the ion PAD data (Sec. 4.2.1) from
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which two main interpretations are drawn. First, from the pitch angle varia-
tions, we suggest that the observations are due to particles accelerated tailward
of the spacecraft which simply move along the magnetic field and mirror. This
interpretation is supported using test particle simulations. Second, from the
energy dependence, we estimate the distance to the source accelerating the
particles. A few acceleration mechanisms are discussed.

Contribution:
I carried out the data analysis, wrote the article and I was involved in the
discussions related to the article. My contribution to the simulation was to
parallelize the code, run it, and analyse the output.

Paper III

Oxygen Ion Flow Reversals in Earth’s Magnetotail: A Cluster Sta-
tistical Study
A. De Spiegeleer, M. Hamrin, M. Volwerk, T. Karlsson, H. Gunell,
G.S. Chong, T. Pitkänen, and H. Nilsson

This paper present a statistical study of signatures similar to those presented
in Paper II. We statistically investigate signatures in the PAD data that are
such that enhanced particle flux is observed to monotonically increase or de-
crease pitch angle between 0◦ and 180◦ with time. We report that it depends
on the hemisphere of observation, the pitch angle of the enhanced particle flux
increases from 0◦ to 180◦ in the Northern Hemisphere and decreases from 180◦
to 0◦ in the Southern Hemisphere. These observations are consistent with the
interpretation made in Paper II. The typical plasma properties during these
signatures are investigated and we estimate that the particles typically origi-
nate from less than 25 RE from the observation site.

Contribution:
I analysed the data and participated to the discussions. I also wrote the article.



Chapter 7. Summary of Papers 41

Paper IV

In which magnetotail hemisphere is a satellite? Problems using in
situ magnetic field data
A. De Spiegeleer, M. Hamrin, H. Gunell, and T. Pitkänen

In this article, we utilise an MHD simulation to present a magnetic dent asso-
ciated with a dipolarization front at the forefront of a high-speed flow. Several
artificial spacecraft crossings are presented to provide a better insight of the
possible signatures in real spacecraft data. We observe that the regions of
duskward currents associated with the magnetic dent are similar in many as-
pect with the duskward current sheet in the normal cross-tail current sheet
configuration (without dent in the magnetic field). Before submission of the
article, we aim to find a time interval during which the satellite likely observe
a magnetic dent. Either the Magnetospheric MultiScale mission or the Cluster
mission will be used. Such data would be compared with the simulation.

Contribution:
I analysed the simulation, participated in the discussions and wrote the article.
I will also analyse the real spacecraft data and will write the text related to it
in the article.

Paper V

IMF By Influence on Magnetospheric Convection in Earth’s Mag-
netotail Plasma Sheet
T. Pitkänen, A. Kullen, K.M. Laundal, P. Tenfjord, Q.Q. Shi, J.-S. Park,
M. Hamrin, A. De Spiegeleer, G.S. Chong, and A.M. Tian

The slow convective flows are investigated for various IMF By orientations. It
is found that the flows across the neutral sheet have a tendency to convect
in opposite dawn-dusk direction near the midnight sector. For IMF By > 0,
the flows are more dawnward in the northern hemisphere and duskward in the
southern hemisphere. The opposite holds under IMF By < 0.

Contribution:
I contributed to this article in the discussion on how to present the data found
in Figure 2 and 3 and discussed the writing of the article.
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