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Abstract

Lower hybrid drift wave properties in space plasma

Cecilia Norgren

The whole universe is filled with plasma. There are 
different kinds of plasmas filling large volumes, 
separated by distinct boundaries. Many important 
energy conversion, particle acceleration and plasma 
transport processes occur at these boundaries, and 
therefore it is important to study the plasma 
processes there. It will for example help us to better 
understand the interaction and energy exchange 
between the Sun and the Earth. The lower hybrid 
drift waves (LHDW) are strong plasma waves that 
are often excited within boundaries, but their role 
in different plasma processes are still unclear. Many 
studies of the LHDW have been done, both in space 
and in laboratory. However, the LHDW are electron 
scale waves, and due to their small wavelength it 
has been difficult to study them in detail 
experimentally.

For the first time we are able to make very detailed 
studies of the LHDW using observations by the 
Cluster spacecraft in the plasma surrounding Earth. 
By making cross spacecraft correlations of the 
electric field and examining existence conditions, 
we were able to determine the velocity of 
propagation and wavelength of the waves and 
thereby identify them as LHDW. We also calculate 
the electrostatic potential and find that it 
corresponds to about a third of the electron 
temperature. This indicate that they might be able 
to affect the electrons and thus take part in the 
processes within the boundary layer. By deriving a 
linear relation between the electrostatic potential, 
and the wave magnetic field, we compare them both 
and find that they correspond very well. We can use 
this to estimate the electrostatic potential in cases 
when cross spacecraft correlation is not possible.
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ABSTRACT

The whole universe is filled with plasma. There are different kinds of plasmas
filling large volumes, separated by distinct boundaries. Many important energy
conversion, particle acceleration and plasma transport processes occur at these
boundaries, and therefore it is important to study the plasma processes there. It
will for example help us to better understand the interaction and energy exchange
between the Sun and the Earth. The lower hybrid drift waves (LHDW) are strong
plasma waves that are often excited within boundaries, but their role in different
plasma processes are still unclear. Many studies of the LHDW have been done,
both in space and in laboratory. However, the LHDW are electron scale waves,
and due to their small wavelength it has been difficult to study them in detail
experimentally.

For the first time we are able to make very detailed studies of the LHDW
using observations by the Cluster spacecraft in the plasma surrounding Earth. By
making cross spacecraft correlations of the electric field and examining existence
conditions, we were able to determine the velocity of propagation and wavelength
of the waves and thereby identify them as LHDW. We also calculate the electrostatic
potential and find that it corresponds to about a third of the electron temperature.
This indicate that they might be able to affect the electrons and thus take part in
the processes within the boundary layer. By deriving a linear relation between the
electrostatic potential, and the wave magnetic field, we compare them both and
find that they correspond very well. We can use this to estimate the electrostatic
potential in cases when cross spacecraft correlation is not possible.
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1
INTRODUCTION

The largest part of the universe is not made out of solids, nor liquids. Everything
made up of these states of matter, like the larger part of the Earth for example, is
in fact floating around in a vast ocean of something else. What is this other thing?
There is gas certainly, but also something else, and more abundant, namely plasma
[1]. A plasma is similar to a gas, but made up of negatively charged electrons and
positively charged ions, however in total a plasma is charge neutral. The fact that
a plasma consists of charged particles gives it unique properties, like the ability
to interact with a magnetic field. Even though a plasma is on the whole charge
neutral, local differences in charge distribution between the ions and electrons
give rise to electric fields. Sometimes these fields are of a more constant nature
and sometimes they oscillate, forming waves.

A system, here a plasma, can be in different energy states. When talking about
density, the lowest state of energy towards which a system always strives would
here be an entirely homogeneous plasma. A real plasma, however, can never be
entirely homogeneous. Sometimes the transition between different sorts of plasma
are smooth and sometimes there exist close regions which seem remarkably distinct
and separated. Between these distinct regions, we have so called boundary layers.
These boundary layers are in general very dynamical and active regions, often
containing different sorts of waves. Among them are the lower hybrid drift waves
(LHDW) which are supported by the free energy stored in density gradients.

The largest part of the universe’s plasma exist in the interstellar medium and
stars, but we also find it here on Earth, in lightning discharges, energy fusion
devices and plasma TV’s. The intrinsic physical scale, which in turn defines the
size of other objects in these environments, differ. For example, if the wavelength
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CHAPTER 1. INTRODUCTION

Figure 1.1: Image showing the various regions of the magnetosphere. Picture adapted
from reference [2].

of a plasma wave depends inversely on the density of the plasma, then a lower
density would give a larger wavelength, and vice versa. So in this case the physical
scale depends on the density. By using this dependence, we can generate the
equivalent wave in a laboratory, as in space for example (which have a very low
plasma density), by simply using a higher density plasma. When we want to
measure various quantities of these waves, however, we need to insert probes.
If the physical scale is smaller, the probes also has to be smaller. This can be
difficult to achieve, and in general in a laboratory, probes are relatively large and
may disturb the dynamical process taking place. This is the reason why it is
sometimes better to look to space when we want to make observational studies of
different plasma phenomena.
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CHAPTER 1. INTRODUCTION

The magnetosphere [3] is a region in near space, surrounding Earth, created
by the Earth’s magnetic field and containing plasma. It provides a protecting
barrier that shields the Earth from the plasma that travels from the Sun towards
the Earth with the solar wind. The magnetosphere consists of several regions with
different characteristics such as density, temperature and magnetic field strength
and direction. In Figure 1.1 we can for example see the cusps, the magnetopause,
the plasmasphere and the magnetotail with the plasma sheet and the tail lobes. The
dynamics within and between these regions decides how the solar wind particles
enters the magnetosphere and how part of them, can even enter our atmosphere.
One of the most interesting and important parts of the magnetosphere, are perhaps
the boundary layers, which separates the different regions. Many important energy
conversion, particle acceleration and plasma transport processes occur at these
boundaries. The LHDW are strong plasma waves that we find here, but their
role in the various processes remain unclear. They are thought, by some, to be
able to cause anomalous resistivity, and by doing this helping to initiate magnetic
reconnection (MR), the process by which the magnetic field lines change topology,
and by doing so transfers the energy stored in the magnetic field to particles,
heating and accelerating them.

Several observation of the LHDW has been made in the magnetosphere [4]
[5][6], as well as in laboratory plasmas [7][8]. Due to different reasons however,
such as only one measuring point, or too low temporal or spatial resolution, the
information gained has been limited to properties such as frequency, amplitude
and surrounding environment. Other properties such as propagation velocity,
wavelength and electrostatic potential will provide more knowledge and help to
more fully determine the role of the LHDW in various plasma processes.

I this study, we will make use of two Cluster spacecraft that under a short
period in 2007 satisfied the right conditions needed to be able to make cross
spacecraft correlations of the LHDW. These conditions allow us to make un-
precedented detailed studies of the LHDW, providing important knowledge that
can also be used to penetrate deeper into the plasma dynamics on the scale where
electron effects become evident.

In chapter two we will give a theoretical background for the LHDW. In chapter
three we will in detail analyze and go through the results for the identified events.
In chapter four we will review our method and compare our observations with
theory. In chapter five we will summarize the work and give an outlook on
possible future work.
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2
LOWER HYBRID DRIFT WAVES

The LHDW are well known in the literature, and is much studied since the 70’s [9]
[10] [11] [12]. The interest was especially rekindled when one started to consider
the role of the LHDW excited through the lower hybrid drift instability (LHDI) in
the frame of magnetic reconnection (MR), both in laboratory and space plasmas.
In this context, it is somewhat of a controversial subject. It is clear that opinions
differ in the question of whether the LHDI can be responsible for, or take part
in, the dynamics leading to the onset of magnetic reconnection. Some evidence
claims this is indeed the case [13], while other points to the reverse [7]. Results
suggest that the LHDI is a consequence rather than initiator of MR [8]. It remains
an open question.

Of the theory of the LHDI, it is primarily the linear theory regarding for
example growth rates that is well developed. Nonlinear theory dealing with in-
dividual particle response and saturation mechanisms is not as developed. It
is hard to simply look at the dispersion relation and determine the role of the
LHDW in such contexts as MR for example. Since we, to the day, have no good
observations of the LHDW in the vicinity of MR that can clearly tell us what is
going on, it has been primarily into numerical simulations one has had to look
when searching for understanding. The goal of this work is to further investigate
the LHDW properties in a real physical environment.

The LHDW are current aligned waves, propagating perpendicularly to the
ambient magnetic field. The free energy that drives these waves exist in density
gradients and magnetic field gradients. One property which nominates the LHDI
as a prime candidate for dealings with MR is the conditions under which it can be
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CHAPTER 2. LOWER HYBRID DRIFT WAVES

excited. A sufficient condition on the density gradient is [4]:

Ln/ρi < (mi/me)1/4 (2.1)

where ρs = vth,s/ωcs = (Tsms)1/2/eB is the gyroradius, vth,s = (Ts/ms)1/2 is the
thermal velocity, ωcs = eB/ms is the cyclotron frequency for species s (i.e. ions
and electrons respectively). Further we have that ms is the mass, Ts is the temp-
erature, e is the electrical charge, B is the magnetic field strength and Ln is the
gradient length scale defined as

Ln =

�
1
n
∂n
∂x

�−1

(2.2)

Here n = n(x) is the particle number density, and it is assumed that is is a function
of the distance in the current normal direction. The coordinate system is to
be defined shortly. Physically, this is the length over which the density varies
significantly and an empirical derivation is included in section 2.2.

2.1 The dispersion relation
Lower hybrid drift waves operate in the frequency range where both ion and
electron dynamics become important:

ωci� ω� ωce (2.3)

i.e. the waves oscillate at a frequency in between the ion and electron gyroradius,
which in turn is the frequency with which each species gyrate in the presence of
a magnetic field. The half width of the current sheet is on the order of an ion
gyroradius:

ρe� D < ρi (2.4)

i.e. the radius with which the ions gyrate in presence of a magnetic field. Within
these limits, the ions are essentially unmagnetized. This means that the length
scales and timescales involved are not big enough for the ions to complete one
gyration. During one wave period, the ions will then follow a seemingly straight
trajectory. This means that they will not follow the E×B-drift which otherwise
exists in all environments where we have a magnetic field and an electric field.
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CHAPTER 2. LOWER HYBRID DRIFT WAVES

Figure 2.1: The current sheet configuration. The ambient magnetic field is along z,
the density gradient and magnetic field gradient is along x. The ions will drift with the
diamagnetic velocity along y. Figure adapted from reference [12].

The electrons, on the contrary, are heavily influenced by the magnetic field. This
difference is important in understanding the physical situation at hand.

In developing the theory, we will use a local model, assuming that

1� k⊥Ln,k⊥LB (2.5)

that is, the wavelengths of our waves are well within the density and magnetic
field gradient length scale (LB = (∂ ln B/∂x)−1). Based on this we can use a slab
geometry to construct a model of a current sheet. We take the ambient magnetic
field to be in the ẑ-direction, the particle drift velocity is in the ŷ-direction and the
density and magnetic field gradients are in the x̂-direction such that B = B(x)ẑ and
∇n = ∂n/∂x x̂. A such configuration is shown in Figure 2.1.

Now we want to derive the dispersion relation, ω = ω(k), describing the
relationship between the wave vector k and the frequency ω. Waves need to be
described by an oscillatory function, and for plane waves, which we assume for
linear LHDW, we have the exponential function, e. The waves are then such that
all their related quantities are proportional to

e−i(ωt−k·r) (2.6)
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CHAPTER 2. LOWER HYBRID DRIFT WAVES

Thus, according to the dispersion relation, for a given wavelength, λ = 2π/|k|,
the wave oscillates with a given frequency. Depending on ω, the oscillations can
also change in amplitude. This happens when the frequency has a real as well
as an imaginary part such that ω = ωr + iγ, where ωr is the real frequency and γ
is the imaginary frequency or the growth rate. This means that that (2.6) instead
becomes

eγte−i(ωrt−k·r) (2.7)

It is then easily seen that if γ < 0, the wave is damped. If on the contrary γ > 0,
the wave grows in amplitude as time advances, and we have an instability.

In order to derive the dispersion relation, we will use kinetic theory, solving
the Vlasov equation [14]:

d f
dt
+

q
m

(E+v×B) · ∂ f
∂v
= 0 (2.8)

where we have omitted the effect of collisions since this can often be considered
to be the case in space. f = f (�r,�v, t) is the distribution function describing the
velocity properties of the assemble of each particles species. It consists of an
equilibrium part and a perturbed part according to

f = f0+ f1 (2.9)

where f1 � f0, initially. Would an instability develop, however, f1 would grow
and eventually become of the order of f0, striving to obtain equilibrium once
again. In this stadium, linear theory breaks down, and in order to deal with these
saturation mechanisms, we have to resort to nonlinear physics.

In deriving the dispersion relation, we follow mainly the calculations done by
reference [7]. For the equilibrium configuration, we choose the ion distribution
function to be a drifting Maxwellian, i.e:

f 0
i =

n

π
3
2 v3

th,i

exp
�
−v2

x+ (vy− vD,i)2+ v2
z

vth,i

�
(2.10)

that is, the ions drift with the diamagnetic drift in the ŷ-direction. The diamagnetic
drift is a pressure gradient drift, coupled to the magnetic field and is given by

vD,i = Ti/eBLn (2.11)

It is through this drift the free energy stored in the density gradients can couple to
particles and subsequently waves. The electrons also drift with the diamagnetic
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CHAPTER 2. LOWER HYBRID DRIFT WAVES

drift, but in the opposite direction, and with their velocity related to the ion
diamagnetic drift velocity through the following relation:

vD,e = −
Ti

Te
vD,i (2.12)

That is, if either species is hotter, the pressure is greater (since p ∝ nT ) and the
related diamagnetic drift is larger. The electrons, however, being magnetized, are
also affected by the magnetic field. The equilibrium distribution function is then
a function of the constants of electron motion as it moves in the magnetic field.
The constants of motion are the energy, ∝ v2, and the canonical momentum, pz
and py, derived from the Hamiltionian and given by

v2 = v2
x+ v2

y + v2
z (2.13)

pz = mevz (2.14)
py = mevy− eAy(x) (2.15)

where Ay is the vector potential in the ŷ-direction. The other vector potential
components are absent since we have that ∇×A = B and B = B(x)ẑ. For a
sufficiently weak magnetic field gradient, as we have assumed in (2.5), the current
aligned canonical momentum (2.15) can be approximated by

py ≈ mevy− eBx (2.16)

Rearranging this, we can define

X ≡ x− mevy

eB
= x− vy

ωce
= − py

eB
(2.17)

and have that n = n(X). The electron distribution function is then chosen to be:

f 0
e =

n(X)
π

3
2 v3

th,e

exp

�

−v2
⊥+ v2

z

v2
th,e

�

(2.18)

Notice how we have excluded any diamagnetic drift in the exponent. Although
this drift, in the presence of a pressure gradient, is always operative, it is the
relative drift between the ions and electrons that are important, and so, for ease of
writing and calculating, we omit this fact, without loss of generality. We can then
expand the distribution function about a point x = x0 so that we obtain

f 0
e =

�
1− vy

Lnωce

�
n

π
3
2 v3

th,e

exp

�

−v2
⊥+ v2

z

v2
th,e

�

(2.19)
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CHAPTER 2. LOWER HYBRID DRIFT WAVES

Figure 2.2: The ion and electron distribution functions. Here the electron diamagnetic
drift is cancelled by the electric drift, and diminished in amplitude. The positive slope
due to the ion diamagnetic drift will cause inverse ion damping of the drift lower hybrid
waves.

where the part outside parenthesis is a normal Maxwellian distribution function.
The term vy/Lnωce can be rewritten as vyvD,e/v2

th,e. So, depending on the relative
magnitude of the electron velocity in the ŷ-direction, the diamagnetic drift velocity,
and the electron thermal velocity, the electron distribution function will change.
In Figure 2.2 we can see two very crude example distributions based on semi
artificial parameters (Ti/Te = 3, Mi/me = 1836, vD,i = 3, vD,e = −vD,iTe/Ti, vth,e =

8 and vth,i = (Time/Temi)1/2vth,i). Note how the width of the distributions is
related to the thermal energy of the particles of each species, and how the overlap
decreases as the diamagnetic drift increases (here we included vD,e in the exponent
in the electron distribution function, however it does not shift the distribution
remarkably). It is obvious from the figure that we have a case when inverse ion
Landau damping is possible. Waves with a phase velocity in the range where
∂ f /∂v > 0 can interact with particles and gain net energy. The interaction occurs
via resonance, and when ∂ f /∂v> 0, we have in the resonant range a larger amount
of particles with a higher velocity than with a lower velocity, leading to a net gain
of energy for the wave. Had the ions also been magnetized, the situation would
have been different. Magnetized ions are tied to the magnetic field lines, and are
thus prevented to move across the field. It is this very movement that is essential
for the ions to resonate with the drift waves, and thus exciting the instability.

Now we return to the Vlasov equation (2.8). First we insert the equilibrium
distribution function, f0, assuming a steady state situation, i.e. d f /dt = 0. Then
we do the same but for the whole distribution function (2.9). Recalling that f0�

9



CHAPTER 2. LOWER HYBRID DRIFT WAVES

f1, we obtain, in the electrostatic limit, i.e. B1 = 0 the following relation:

d f1
dt
=

q
m

E1 ·
∂ f0
∂v

(2.20)

which is valid for both ions and electrons. In order to find the dispersion relation,
we will first calculate the perturbed densities ne and ni given by

ns =

�
d3v f1 (2.21)

and then relate them through Poisson’s equation

∇2φ = −k2φ = 4πe(ni−ne) (2.22)

For the unmagnetized ions we obtain the following density

ni =
2qnφ
mivth,i

[1+ ζiZ(ζi)] (2.23)

where ζi = (ω− kyvD,i)/kvth,i and Z is the plasma dispersion function [15] given
by

Z(ζ) =
1
π1/2

� ∞

−∞

e−s2ds
s− ζ (2.24)

with the following derivative

Z�(ζ) =
1
π1/2

� ∞

−∞

e−s2ds
(s− ζ)2 (2.25)

We will omit the derivation of the perturbed electron density, referring to reference
[7] for further details, and simply state it:

ne = −
2qnφ

mev2
th,e
− 2qnφ

mev2
th,e

(ω− kyvD,e)
2

k�vth,e

�
xdxe−x2

J2
0(k⊥ρex)Z

�
ω− kyv∇Bx2

k�vth,e

�

(2.26)
The dispersion relation is then given by

0 = 1− Z�(ζi)
2k2λ2

d,i
+

1+Φ
k2λd,e

(2.27)

Φ =
2(ω− kyvD,e)

k�vth,e

�
xdxe−x2

J2
0(k⊥ρex)Z

�
ω− kyv∇Bx2

k�vth,e

�
(2.28)
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CHAPTER 2. LOWER HYBRID DRIFT WAVES

Figure 2.3: The real frequency and the growth rate as a function of the normalized
perpendicular wavenumber. Maximum growth is achieved for k⊥ρe ∼ 1 and ω ∼ ωLH .
Picture taken from reference [7].

This is obviously a rather complicated distribution function, and one has to solve
it numerically in order to find the real frequency and growth rate as a function of
the wavenumber. We will not do it here, but instead refer to the results obtained by
reference [7] and which are shown in Figure 2.3 for a specific set of parameters.
It shows that the maximum growth rate, i.e. the state that is most likely to be
observed (simply because it grows much faster than the other ones) is given by
ρek⊥ ∼ 1. The frequency is then in the range of the lower hybrid frequency, ω ∼
ωLH , which is given by

ω2
LH = ω

2
ce
ω2

ce+ω
2
pi

ω2
ci+ω

2
pe
= ωceωci (2.29)
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CHAPTER 2. LOWER HYBRID DRIFT WAVES

where ωpi and ωpe are the plasma frequencies for ions and electrons respectively,
and the last equaility is valid in the limits ωci � ωpi and ωce � ωpe. The growth
rate ranges from γ ∼ 0.1ωLH to γ ∼ 0.7ωLH for different ratios of the parallel
wavenumber to the perpendicular wavenumber. This indicates that when the
propagation direction gains a parallel component, the wave becomes less excited,
probably due to electron Landau damping along the magnetic field. The results
conveyed in Figure 2.3 are important results that will help us identify LHDW in
the spacecraft data in section 3.

Another parameter that affects the waves is the plasma β. The plasma β is
given by the ratio of the plasma particle pressure to the magnetic field pressure:

β =
8πn(Te+Ti)

B2 (2.30)

Studies have shown that the net effect of a finite β is to stabilize the LHDI [16].
This is referred to as finite beta stabilization and has been verified both in space
observations [6] and laboratory [7].

It can also be shown [4], that in the weak drift regime, vD,i < vi, the LHDI
is a kinetic instability, coupling resonant ions to a drift wave. In the strong drift
regime, vD,i > vi, it is instead a fluid instability, coupling a drift wave to lower
hybrid waves. The transition in between is of course gradual.

2.1.1 Magnetic drift lower hybrid fluctuations

In order to investigate possible magnetic fluctuations, we derive a relation connect-
ing them to the electrostatic potential. We begin with Faraday’s law that is given
by

∇×E1 = −
∂B1

∂t
(2.31)

where E1 and B1 are the wave electric fields . Since the rotation of a gradient is
always zero, ∇×∇φ = 0, where φ is a scalar potential, and the magnetic field is
defined by its vector potential A as B =∇×A, we can express the electric field as

E = −∇φ− ∂A
∂t

(2.32)

What we do by using the electrostatic limit, is to say that there is no fluctuating
magnetic field associated with the fluctuating electric field, i.e. A and B are either

12



CHAPTER 2. LOWER HYBRID DRIFT WAVES

constant in time or very small in amplitude. In practice we can only say that the
fluctuations are small enough for their contributions to E to be neglected. Looking
at (2.32), this would mean that ∇φ� ∂A/∂t. In deriving the dispersion relation
in section 2.3 above we neglect electromagnetic fluctuations by assuming that
B1 = 0. To investigate whether this assumption is true or not, we need to estimate
the relative ratio of E1 to B1. We transform (2.31) to Fourier space and obtain

k×E1 = ωB1 (2.33)

In the electromagnetic limit, the wave electric field should be associated with a
wave magnetic field to satisfy (2.33), i.e.

|E1|
|B1|
≈ ω|k| (2.34)

In the electrostatic limit, on the other hand, there should be no significant wave
magnetic field associated with the wave electric field and we should instead have

|E1|
|B1|
� ω|k| (2.35)

If relation (2.34) holds, we have an electromagnetic wave, and B1 can not be
neglected. If instead relation (2.35) holds, we have an electrostatic wave, and B1
can reasonably be neglected.

If the ions are unmagnetized, as we have assumed above, the electrons will
carry a net current through the E×B-drift according to:

j1 = ne(vi−ve) = −neve = −ne
E1×B0

B2
0

(2.36)

Normally we would have another similar term on the right hand side, but with
B1 instead of B0. However, since B0 � B1 we neglect this. Note how this is a
perturbed current due to the wave electric field, and not the original current due
to density gradients. Through Ampere’s law, the rotation of a magnetic field is
related to a current by

∇×B1 = µ0j1 (2.37)

where we only have considered the perturbed quantities. Combining equations
(2.36) and (2.37) using (2.32) leads us to the following nonlinear relation:

∇×B1 =
µ0ne
B2

0

�
∇φ×B0+

∂A
∂t
×B0

�
(2.38)
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In the electrostatic limit, the first term within the parenthesis is much larger than
the second one. What is important to note is that even though we neglect this
second term, we are still left with B1 which is also regarded as a small quantity. By
doing this approximation, we can simplify (2.38) to the following linear relation
between the fluctuating magnetic field B1 along B0 and the electrostatic potential
φ:

B1 =
µ0ne
B0
φ (2.39)

We stress that this derivation which relates a fluctuating magnetic field to the
electrostatic potential is done within the electrostatic limit. We might consider
(2.39) as a first order magnetic correction to the dispersion relation. The small
magnetic field B1 should not significantly affect the overall dynamics of the waves,
however, if the assumptions leading to this expression is indeed valid, we should
still be able to observe the fluctuations in nature.

2.2 Existence conditions: The gradient length scale
One important parameter mentioned above is the gradient length scale, Ln, defined
by (2.2). It signifies the length over which the density has changed significantly.
It enters in the theory as the condition by which the LHDI is excited. For Ln/ρi <
(mi/me)1/4, the density gradient is sharp enough to excite the LHDI. To estimate
Ln one need to deduce the density gradient. We will explain two ways of doing
this.

The first way to estimate Ln is simply by taking the difference in length in
the normal direction of the current layer, and the difference in density at the same
points and multiply it with the average density value:

Ln = n
∆x
∆n

(2.40)

The tricky part in practice is to estimate ∆x using only one measurement point.
One way to do this is to first estimate the velocity of the boundary layer as it
passes by our measurement point and then integrate the velocity. This will be
done in section 3 dealing with practical observation.

Another way to estimate Ln is to make use of two measurement points, and
a total pressure balance. The total pressure is the sum of the particle pressure
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(pp = nkBT ) and the magnetic field pressure (pB = B2/2µ0). For a steady state,
the plasma must satisfy

∇p = j×B (2.41)

and
∇×B = µoj (2.42)

Equation 2.41 tells us there must be a balance between the pressure gradient force
and the Lorentz force while (2.42) tells us that the rotation of the magnetic field
is related to a current. Combining the two we can obtain

∇
�

nkBT +
B2

2µ0

�
=

1
µ0

(B ·∇)B (2.43)

If we assume that B does not vary along B, that the temperature is approximately
constant, and that n = n(x) and B = B(x)ẑ we realize that

kB(Ti+Te)
∂n
∂x
+

B
µ0

∂B
∂x
= 0 (2.44)

From (2.42) we can see that
∂B
∂x
= −µ0 jy (2.45)

The left hand term can be estimated knowing the difference in the magnetic field
and distance between the spacecraft. Substituting into (2.44) we obtain

Ln =
kB(Ti+Te)n

B jy
(2.46)

which gives us an estimate of the gradient length scale. In section 3 we will
compare Ln calculated from (2.46) to theory, to see it is indeed plausible to expect
the presence of the LHDI.

2.3 Numerical simulations
It is often hard to form a picture of a wave and its development by only looking at
the dispersion relation. That is partly why numerical simulations are an important
tool in understanding the real physical significance, and what parameters affects
the dynamics. Various studies have been conducted, and here we will present a
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Figure 2.4: The electric field in the propagation direction of the wave. The fastest
growing mode has already been saturated. Picture taken from reference [17].

limited part of the results from one single study. The goal is to make a smoother
transition from theory to observations.

Most of the simulations concerning the LHDI are conducted in a current sheet
where the magnetic field changes direction. In Figure 2.4 (from reference [17])
the current layer normal is along x̂, the background magnetic field is along ẑ and
the current is in the ŷ-direction. We see the electric field in the same direction as
the propagation of the wave. Clearly we have no broad propagating fronts, but
rather a clutter of smaller structures. These smaller structures seem to come in
pairs, with one part having a field in the negative direction and the other part the
field in the positive direction. We also observe the absence of turbulence in the
vicinity of the neutral sheet where the plasma β is finite.
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OBSERVATIONS

Cluster is four satellites sponsored by The European Space Agency (ESA). After
initial failure in 1996, the four satellites were successfully launched in 2000 and
has ever since orbited the Earth, continuously delivering data and shedding new
light on our near space environment. The four spacecraft (C1-C4) are flying
in formation, which vary over time. When the spacecraft fly in a tetrahedon
formation with good spacecraft separation, we can get a good 3D picture of the
environment. In contrast to this, they can also fly at multiscale separation, with
two spacecraft closer together giving a better picture of small scale dynamics, and
two spacecraft much farther from all the others, giving a better large scale picture.
What is special for Cluster, in any case, is that we are for the first time able to
differ between spatial and temporal variations.

In the magnetosphere there exists different regions separated by boundary
layers. Such layers are often rich in dynamics due to their inhomogeneous nature.
One such layer is the magnetopause in between the Earth’s magnetic field and
the interplanetary magnetic field coming from the Sun. Another boundary layer
region exists in the magnetotail and separates the tail lobes dominated by the
magnetic field from the plasma sheet dominated by particles. At the boundary
layers, the magnetic field drastically changes in strength, and sometimes it even
changes direction. These boundary layers can also include current layers. It is
within these current layers we look for the LHDW.

In general, the magnetic field strength far back in the magnetotail is much
weaker than the magnetic field at the magnetopause, which will lead to a larger
electron gyroradius since ρe ∼T 1/2

e B−1. Along with contributions from the temper-
ature, some typical values of the electron gyroradius might be ρe,magnetotail ∼ 10
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km and ρe,magnetopause ∼ 4 km [18]. We can thus see that the physical scale at the
magnetopause is much smaller, and consequently the distance between spacecraft
would in this region have to be much closer together. In the summer and fall of
2007, C3 and C4 were located mainly in the magnetotail and were flying ∼ 40 km
apart. Since the expected lower hybrid wavelength is λlh ∼ 2π/k⊥ ∼ 2πρe ∼ 63
km for typical magnetotail conditions, this gives a good opportunity to study
the LHDI. The separation distance perpendicular to the magnetic field was even
smaller.

In the magnetotail, a typical lower hybrid frequency is ωLH ∼ 10 Hz. At
normal operations, the electric field and wave (EFW) instrument onboard the
spacecraft sample at 25 Hz. While this is above the typical wave frequency,
two measurements per wave period is not nearly enough to clearly distinguish the
wave form. At some occasions, however, the spacecraft operates in BM, sampling
with 450 Hz, i.e. well within range to clearly observe the LHDI. It is these event
that we will examine, trying to find our waves.

Each spacecraft carries a wide range of instruments. When studying lower
hybrid drift waves (LHDW), we make use of a couple of these. In this study, the
EFW instrument [19] is the most important. We use the magnetic field obtained
by combining low frequency data from the Flux Gate Magnetometer (FGM) [20]
and high frequencies data from the Spatio Temporal Analysis Field Fluctuation
(STAFF) instrument [21]. Ion and electron data, such as density and temperature
are taken from (CIS) [22] and (PEACE) [23]. A brief introduction to the different
instruments can be found in appendix B.

To find likely events we first have to identify all BM intervals during the right
period, in the right region of the magnetosphere. By looking at the Cluster Master
Science Plan [24], planned BM can be separated into magnetotail events and
auroral events. After having done that, a list of 14 intervals remains, ranging from
July 12 2007 to October 17 2007. These BM intervals are listed in appendix A.
As discussed in section 2, some characteristics for LHDW are the high amplitude
electric field and the frequency. Together with the fact that the source of energy is
density gradients and magnetic field gradients, three events are further selected
as potential candidates for LHDW, occuring on August 31, September 2 and
September 26. We study each event separately, beginning with an overview of
main data, then we go down in scale to study the most interesting time intervals
with respect to configuration of the spacecraft, ion flows, density gradient and
magnetic field direction and gradient.

The method to study the structures on electron scales is now outlined. (1)
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Since we expect all the dynamics to take place in a plane perpendicular to the
magnetic field (k� � k⊥) we construct a field aligned coordinate system with B
along the ẑ-axis. (2) As we know that the waves also propagate in a direction
perpendicular to the boundary layer normal, we try to find this normal direction
by performing a minimum variance analysis (MVA) [25] on a localized part of
the magnetic field. If this is not possible, we use a normal direction obtained from
a MVA of a larger scale of the magnetic field. (3) By then matching the time
series of respective spacecraft by doing a correlation analysis we obtain the time
difference by which the same field is observed by the two satellites, respectively.
(4) Knowing the propagation direction and the time it takes for the same field
to be observed by the two spacecraft, we can obtain the velocity with which the
wave propagates, that is the phase velocity of the wave. (5) By now projecting
the phase velocity on the electric field, we can integrate the electric field to obtain
the potential structure associated with these fields. (6) Finally we compare the
potential with the fluctuating magnetic field and the electron temperature.

We will begin with August 31, one of the days that shows the most easily
interpreted results. When we study the first time period, we will thoroughly go
through all the details regarding methods of analysis and interpretation of results.
Other time periods which show similar behavior will be covered briefly.

Before we start looking at the data however, it is in order that we introduce the
various coordinate systems that are used. The Geocentric Solar Ecliptic system
(GSE) uses the Earth’s spin axis and the Sun as references. The Geocentric Solar
Magnetospheric system (GSM) uses instead the Earth’s magnetic dipole axis and
the Sun as references. The DeSpin Inverted system (DSI) or Inverted Spacecraft
Reference system (ISR2) uses the spacecraft spin axis and the Sun as references.
For more detailed explanations, see appendix C.

3.1 August 31, 2007
During the BM on this day, Cluster were located mainly a distance of ∼ 14RE
from the Earth, back in the magnetotail, a distance of about 40 km apart. The
large scale configuration is shown in Figure 3.1, where we also see the Earth, the
bow shock [2] and the magnetopause [26]. A separation distance of 40 km is
very close together and on a large scale C3 and C4 will observe practically the
same thing. The BM of the spacecraft stretches from 09:45:00 UT to 12:15:00
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Spacecraft location
C1 C2 C3 C4

c_pl_sc_conf_xyz() 05 Sep 2011 15:48:15

Cluster configuration

 2007 08 31T10:19:05.000Z

IMF from OMNI 1h database:

 P=1.3[nPa],

 Bx=4.2,By= 1.6,Bz= 0.0[nT] GSM

Figure 3.1: The location of C3 and C4 (green circle and blue triangle overlaid) on
August 31, 2007 at 10:19:05 UT. We also see the Earth (at the origin) as well as the
bowshock (line furthest to the left) and the magnetopause (line in between the bowshock
and the Earth).

UT (UT=Universal Time). Figure 3.2 shows an overview of this time period as
seen by C3.

At first the x̂ component of the magnetic field is dominating, but drastically
drops at 10:20 UT to be about equal in amplitude to the ẑ component. At the same
time we observe high amplitude electric field oscillations on both spacecraft (C4
not shown), as well as a change in both the electron and ion population. The later
particle population has a higher energy. Before the magnetic field reconfiguration
and electric field oscillations, we observe a drop in the ion and electron energy.
In Figure 3.2d we have the negative spacecraft potential, which is related to the
electron density. At 10:20 UT we see a sharp gradient which indicates that the
electron density increases significantly. What we see in panel a-d shows that
we’re clearly passing a boundary layer. The magnetic field gradient, the high
amplitude electric field together with the density gradient at 10:20 UT tells us it
might be likely that we also may observe lower hybrid drift waves. A sketch of
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Figure 3.2: August 31 BM period as observed by C3. a) The magnetic field components
and amplitude. b) The electron particle flux. c) The ion energy flux. d) The negative
spacecraft potential, which is related to the density. c) The electric field. The ŷIS R2-
component is shifted by 50 mV/m for a better view.
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Figure 3.3: A sketch of the surrounding magnetic field configuration (black) and a
possible spacecraft trajectory (blue). The green line shows an approximative location
of a boundary layer region. Here it separates the region below with field lines
rejoining Earth with the the region above with field lines eventually connecting to the
interplanetary magnetic field (IMF). The upper region is one half of what is called the
lobes (together with a similar region in the south) and have a much lower particle density
while the lower region is called the plasma sheet.

possible magnetic field configuration can be see in Figure 3.3, with a possible
spacecraft trajectory inlaid, or maybe rather the position of the spacecraft as the
magnetotail moves across it. The green line is the approximate location of the
boundary layer and in this picture it separates the region with magnetic field lines
that turn back toward Earth and those who later connect with the IMF. These two
regions are also distinctly different regarding particle populations. The lobes are
scarcely populated rather homogeneous regions while the plasma sheet is densely
populated with often accelerated particles due to magnetic reconnection. As seen
in Figure 3.2a and what is illustrated in Figure 3.3, the magnetic field goes from
being oriented mainly in the x-direction to have all components with comparable
amplitudes. After spending some time in the plasma sheet, the spacecraft emerges
on the other side in the southern lobe at about 11:10 UT.

From Figure 3.2 we choose to look more closely at the time interval 10:18:30
to 10:19:20 UT. Within this interval we further identify two shorter intervals,
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which are closely located. These intervals are 10:18:42.50 to 10:43:00.00 UT
and 10:19:02.00 to 10:19:07.00 UT. We will in this work analyze the latter, which
in turn contains a number of pulses in the electric field. We will in depth go
through one of these here and simply state the results for the other.

Figure 3.4 shows a closer overview of the period 10:19:02.00 to 10:19:07.00
UT. We can see how changes in the magnetic field is associated with large scale
electric fluctuations. Note also how the electric field has a more constant comp-
onent as well as a wave component. The total electric field, in particular the
ŷIS R2-component, rarely passes the the y-axis. We also see a difference in the
magnetic field between C3 and C4. According to Ampere’s law, the rotation of
a magnetic field is related to a current, the data in panel c suggest therefore that
we have currents co-located with the electric field wave packets. The spacecraft
potential also shows that we have local density gradients in this region. Also co-
located with the electric field fluctuations we have large E×B-flows. CIS also
indicates large ion flows. We will in detail analyze the wave packet we see at
10:19:4.50 to 10:19:5.10.

3.1.1 Detailed example: 10:19:04.50-10:19:05.10 UT

This is one of the best examples, where we have a reasonably certain value of the
boundary layer normal, and thus the propagation direction.

Estimation of current layer normal

According to Maxwell’s equations applied to a one-dimensional current sheet,
the normal component of the magnetic field should be zero, i.e. B · n̂ = 0. The
minimum variance analysis (MVA) [25] is a method to determine this normal
direction by using magnetic field data from one time series. The MVA for this
time period gave a current layer normal value with a L2/L3 ratio of 12, which
can be deemed as acceptable. Since the boundary normal and the subsequent
propagation direction of the wave is essential in integrating the electric field, we
have for this period one of the best estimations of the electrostatic potential.

Magnetic field aligned coordinate system

The first step is to construct a new coordinate system, since we are mainly interested
in the dynamics taking place perpendicular to B. We take the average of B during
the relevant time interval and define this direction as ẑbn. The second direction
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Figure 3.4: Closer overview of a part of the event. a) The magnetic field with the
occasional small oscillations. b) The electric field with a number of wave packets. c)
The differential magnetic field as taken between C3 and C4, indicating the existence of
currents (see 2.42). d) The negative spacecraft potential which is an indication of density
variations. e) The ExB-velocity. f) The ion velocity as measured by CIS.
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is defined as x̂bn = (ẑbn × n)× ẑbn, where n is the boundary layer normal. This
direction is thus the closest possible to the boundary layer normal but at the same
time perpendicular to B. In this case, the boundary layer normal was given by
n = [0.1280 − 0.9860 0.1066] in GSE-coordinates, with an eigenvalue ratio of
L2/L3 = 12. The third direction is simply defined as ŷbn = ẑbn× x̂bn, and is also the
direction (parallel or antiparallel) of wave propagation. From here forth we will
make all appropriate coordinate transformation by the following simple matrix
multiplication:

s =




x̂bn

ŷbn

ẑbn



 · s0 ≡M · s0 (3.1)

where the arbitrary vector s0 is given in GSE-coordinates. The configuration of
the spacecraft, in the field aligned (the term ’aligned’ will always refer to the
magnetic field if nothing else is indicated) coordinate system, is shown in Figure
3.5. We can see that the separation distance perpendicular to the magnetic field is
only about 12 km, while in the direction parallel to the magnetic field it is 38 km.
At the same time, the fastest growing mode of the LHDW should have (according
to theory) a wavelength of ∼ 56 km. This gives an excellent opportunity to observe
a relatively unchanged wave structure on both spacecraft. We remind that the
growth rate of the maximum growing mode of the LHDI is in the range of γ ∼
0.5ωLH ≈ 6 Hz. For this case this means that the amplitude might grow with
a factor of e in the time 0.16 s which is about two wave periods. This rapid
growth, and subsequent change of the wave is the reason why we need such close
distance between observation points. In Figure 3.5 we can also see the ion velocity
direction and magnitude as measured by CIS as well as the E×B-drift from EFW
(which concerns only the electrons since the ions are unmagnetized), the ŷIS R2

and x̂IS R2-directions, and the current layer normal. Note how the propagation
direction seems to comply with the drift of ions, which is indeed what we expect
from theory since the LHDI is a current aligned instability.

The different parts of the electric field

We can see in Figure 3.6a-b that the electric field consists seemingly of two
different parts. One more static field that is about 10 mV/m in the x̂IS R2-component
and 30-40 mV/m in the ŷIS R2-component and one more high frequency part that
can be associated with the wave. Here the wave electric field is defined as the field
that is high pass filtered at half the lower hybrid frequency (ωLH = 12.6 Hz for this
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Figure 3.5: The spacecraft configuration perpendicular to the magnetic field (which
points out of the picture and is averaged under the time indicated). The wave
propagation direction is perpendicular to the boundary layer normal and the magnetic
field, i.e. in the +/− ŷ-direction.

case). The electric field filtering is done using a third order elliptical filter which
provides a relatively sharp cut at the desired frequency, but then shows some
ripple behavior in both the passband and the stopband. The background electric
field is then the difference between the total electric field and the wave electric
field. This field can often be associated with moving particles. For example, if
we look at Figure 3.5, we see that we have a particle flow approximately in the
x̂IS R2 direction. The Lorentz force, i.e. the force on a particle due to electric and
magnetic fields, is given by :

F = q(E+v×B) (3.2)

In a steady state solution with no acceleration, the force is F = 0, and we have
thus a balance between the force from the electric field and the force on a particle
moving in a magnetic field. In our case this would give a significant ’steady state’
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electric field roughly in the positive ŷIS R2-direction, and only a minor one in the
positive x̂IS R2-direction. Indeed, this is exactly what we can observe in Figure
3.6a-b. We could also use the steady state electric field in the current aligned
direction to estimate the convective motion of the particles, that is the current
layer, in the normal direction.

Existance conditions

We have seen in Figure 3.4 how there indeed seems to exist currents in the regions
with strong waves. The existence conditions for the LHDI places in fact a limit
on the density gradient (Ln/ρi < 7). How is this condition then met? In section
2.2 we proposed two ways of calculating the gradient length scale.

The first one uses one spacecraft and we need to estimate the width of the
current layer as well as the density difference between the both sides of the current
layer and the average density, see (2.40). To estimate the width of the current layer
we first estimate the velocity of the current layer as it moves by the spacecraft, and
then integrate the velocity. We use the E×B-drift obtained from the steady state
electric field in the current direction as a proxy for the velocity of the current
layer. We then integrate this normal velocity from the time we enter the current
layer to the time we exit the current layer (i.e. the time periods treated in this
section). Since the time resolution of PEACE is too low to have more than one
data point even close to this time interval, we use the density inferred from the
spacecraft potential [27] to estimate the density difference. For the average value
however, we use the closest data point of the PEACE data. The resulting ratio
between the gradient scale length and the ion gyroradius is shown in Figure 3.5
and is Ln/ρi ∼ 3 for this case.

The second method uses the total pressure balance to estimate the gradient
length scale. First the difference in the magnetic field between the two spacecraft
gives a current according to (2.45), and then the gradient length scale is given by
(2.46). This gives an estimation of the gradient length scale for each time during
the period and the result is plotted in Figure 3.7. We have one peak value that
goes up to 11, but other than that we can see that the value stays below one for the
greater part of the time, which is well within the range to excite the LHDI.

Matching of electric field time series

Since we have obtained the direction of the propagation of the wave, we now
need the time shifts between the observation of the wave to obtain the velocity.
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Figure 3.6: a)- b) The electric field of C3 and C4 along with the shifted electric field
from C4. c) The electrostatic potential scaled to the electron temperature along with
the potential calculated from the wave magnetic field according to 2.39 (both left scale)
and the wave magnetic field amplitude (right scale). On top of panel a) is the length
scale obtained from the velocity. The x̂IS R2-component of the electric field shows a large
coherence, which gives a reliable time shift.
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Figure 3.7: The gradient length scale as obtained from using 2.46. During the largest
part of the interval Ln/ρi stays below 1. The peak we have cut away goes up to 11, but
this is only for a short time.

The time shift is defined as the delay which gives the best coherence between the
time series from C3 and C4, respectively. The level of coherence is calculated
automatically by simply adding, for each time step, the differences in amplitude
of the electric field between C3 and C4. This is done for all possible time shifts
between C3 and C4. The highest level of coherence is then defined as the smallest
difference in added amplitude. If this is found to be within one time step (∼ 0.0022
s), we make a parabolic fit of the three closest points of coherence data, and find
the minimum of the parabola. As the difference in added amplitudes automatically
becomes smaller as the amplitudes for each spacecraft become smaller (that is, on
the edges of the pulses), the coherence has a tendency to become better as the
time shift increases. To avoid this we define a ’window’ of absolute maximum
time shift simply by looking at the two electric fields.

One question regarding the calculation of time shifts, is what electric field
we should correlate? We could choose to do it on the total electric field or the
wave electric field, either for the x̂IS R2 or ŷIS R2 component. To eliminate effects
of the background electric field, we choose to match the wave electric field. As
to which field should be time-matched, the answer is that we should match the
field that looks the most similar on C3 and C4. It is in general the field aligned to
the propagation direction (see discussion for more details). In the present case we
match the x̂IS R2-component.

The result from the time shift is shown in Figure 3.6, where in the top two
panels, we have the total electric field from C3 and C4, as well as the time
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shifted field from C4. The corresponding propagation velocity is v = −974 km/s,
where the minus sign is just a convention and means that the wave is propagating
upwards in Figure 3.5. We note how C3 and C4 observes very similar electric
fields, and that the time shifted electric field from C4 thus corresponds well with
the field from C3. This large coherence of the fields makes the time shift, and the
following velocity and wavelength more reliable.

On top of Figure 3.6 we can see the associated distance scale obtained from
the time matching. One wavelength is about 80 km which is comparable to λlh ∼
2π ·ρe ≈ 56 km, which is the wavelength we expect from theory.

One peculiar thing to notice is how the ŷIS R2-component of electric field on C3
and C4 seems to agree almost exactly around 10:19:05.70 initially, while shifted,
they become out of phase. One explanation might be that we here observe some
other superimposed structure. If we skip ahead a little and look at the bottom
panel of the same figure, we can see that the two curves seems to disagree the most
during this period, indicating that we might have something out of place here. We
shall not consider this further since it’s propably not related to the LHDW. One
other thing to note on the second panel is that, in the middle of the time period,
the wave electric fields are directed opposite to each other. This indicates that the
two spacecraft observe something that is separated in this direction. For example,
they may be observing two different sides of a structure drifting by. We shall
study this further a little bit later.

The electrostatic potential

To integrate the electric field, we use the following relation

φ = −
� 2

1
E ·dl = −

� 2

1
Edt ·v (3.3)

That is, we integrate the time series, and project it on the velocity vector. The
result of the integration can be seen in Figure 3.6c. We have chosen to integrate
the wave electric field, since this gives a much clearer picture of the potential
associated with the LHDW. The scale on the left hand side in panel c (yellow
curve) shows the electrostatic potential calculated from the electric field and the
potential obtained from the wave magnetic field (see next section), both scaled
to the electron temperature. Their relative ratio gives a hint as to whether the
potential is strong enough to be able to affect the electrons. In this case, the
deepest potential trough corresponds approximately to a third of the electron
temperature which is a substantial part.
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Fluctuating magnetic field

Also in Figure 3.6c we can see the fluctuating magnetic field, which is high pass
filtered at half the lower hybrid frequency. The scale on the right hand side shows
the actual magnetic field strength of the wave magnetic field along the background
magnetic field. The scale on the left hand side shows the electrostatic potential
(also scaled to the electron temperature) that is related to the wave magnetic field
according to section 2.39, namely:

φδB =
B0

µ0ne
δB (3.4)

We can see in Figure 3.6c that the potential which we calculated from the electric
field, and the potential related to the wave magnetic field are very well correlated.

Visualization of the electric field structure

Finally, we would like to illustrate what we observe a little bit more clearly.
In order to do this we assume that the electric field and the magnetic field are
perpendicular to each other, i.e. E ·B = 0. This will allow us to reconstruct
the electric field in three full dimensions, instead of the two dimensions that are
provided from raw data. We transform this to the field-aligned coordinate system,
and plot for each time step, the direction of the electric field in two dimensions.
We also include a drift sideways, calculated from the background electric field
using 3.2 with F = 0. This then represents the sideway movement of the current
layer relative to the satellites. We also include the direction of the wave magnetic
field, where red circles (crosses) is the field pointing out of (in to) the picture.
What we see is consistent with what is explained in section 2.1.1. We can also see
how the field alternatively diverges and converges, forming vortex structures.

Summary of this event

By estimating the boundary layer normal direction and therefore also the propa-
gation direction of the waves, we could use cross spacecraft correlation of the
electric field as observed by C3 and C4 to deduce the time shift between the
observation of the wave by C3 and C4. From this we could calculate the velocity
of propagation (∼ 1000km/s) and the wavelength of the waves ∼ 80 km. We
could also verify that the excitation condition for the LHDI was fulfilled (Ln/ρi ∼
0.5). By integrating the electric field we obtained the electrostatic potential. By
comparing the potential with the electron temperature we found that it could be
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Figure 3.8: The wave electric field (obtained by assuming E ·B = 0), from a part of
the period 10:19:04.50-10:19:05.10 UT, in the plane perpendicular to the background
magnetic field, B0 (which points out of the picture). We can see how the electric field
rotates and that it forms vortex structures. The red rings (crosses) are the wave magnetic
field, δB, pointing out of (in to) the picture.

on the order of ∼ 20%. This indicates that the waves could possibly affect the
electrons. We also related the wave magnetic field to the electrostatic potential,
and found a very good agreement. We visualized the electric field in the plane
perpendicular to the magnetic field and found that it rotated, forming vortex
structures.

3.1.2 Other cases

During the time period 10:19:02.60 to 10:19:03.00 we also observe high amplitude
electric fields. The spacecraft configuration is similar to that of the previous event
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and so we leave it out. The most relevant parameters are given by ρe = 7.3 km,
ωLH = 15.1 Hz and Ln/ρi ∼ 1. We also have a significant perpendicular ion flow
on the order of 1000 km/s. Proceeding in the manner described above, we match
the time series, integrate and obtain the electrostatic potential as seen in Figure
3.9. The associated wavelength is roughly 60 km, and the frequency is around
12 Hz, both of which is consistent with the expectations for the LHDW. We can
again see the clear potential structures in Figure 3.10, here with very strongly
converging and diverging electric fields.

During the time period 10:19:05.50 to 10:19:05.90 we have that ρe = 8.8 km,
ωLH = 12.9 Hz and Ln/ρi ∼ 1. The boundary layer normal we used was n̂ =
[0.0856 0.9293 −0.3594]. This was the value obtained for the larger current layer
region. The results are shown in Figure 3.11, only confirming the results obtained
above and verifying that n̂ indeed is a reasonable value.

During the time period 10:19:06.15 to 10:19:06.40 we have that ρe = 8.5 km,
ωLH = 13.1 Hz and Ln/ρi ∼ 2.2. The boundary normal we used was the large scale
value we also used in section 3.1.2. The results are shown in Figure 3.12, and are
in order with what we expect by this time.
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Figure 3.9: a)- b) The electric field of C3 and C4 along with the shifted electric field
from. c) The electrostatic potential scaled to the electron temperature along with the
potential calculated from the wave magnetic field according to 2.39 (both left scale) and
the wave magnetic field amplitude (right scale). On top of panel a) we can see the length
scale obtained from the velocity.
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Figure 3.10: Perpendicular electric field, obtained by assuming E ·B = 0. B0 points
out of the picture. The electric field rotates and forms vortex structures. The red rings
(crosses) are δB pointing out of (in to) the picture.
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Figure 3.11: a)- b) The electric field of C3 and C4 along with the shifted electric field
from C4. c) The electrostatic potential scaled to the electron temperature along with the
potential calculated from the wave magnetic field according to 2.39 (both left scale) and
the wave magnetic field amplitude (right scale). On top of panel a) we can see the length
scale obtained from the velocity.
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Figure 3.12: a)- b) The electric field of C3 and C4 along with the shifted electric field
from C4. c) The electrostatic potential scaled to the electron temperature along with the
potential calculated from the wave magnetic field according to 2.39 (both left scale) and
the wave magnetic field amplitude (right scale). On top of panel a) we can see the length
scale obtained from the velocity.
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3.2 September 2, 2007
The BM of Cluster stretches from 14:20:00 to 18:50:00 UT. At this time, the
spacecraft were located at a distance of ∼ 10RE from the earth, slightly to the
northern hemisphere and the dusk side of earth but mainly back in the magnetotail,
a distance of about 40 km apart. Figure 3.13 shows an overview of the time period,
with the magnetic field, electric field, spacecraft potential, and ion and electron
energy spectrum. From this data we see that we pass by/touch four boundary
layer regions. At 14:30 we have a drastic decrease of density accompanied by
a jump in the magnetic field, very high amplitude electric fields and energized
particles. From this BM, we will study 2 periods, 14:32:27.50 to 14:32:29:50 UT
and 15:47:29.30 to 15:47:30.80 UT.

3.2.1 14:32:27.50 - 14:32:29:50 UT

An overview of this period is shown in Figure 3.14. In panel one we see the
magnetic field which is rather strong. The magnetic field is almost entirely directed
along x̂GS M. The ŷGS M- and ẑGS M-components are about 5 nT. During the whole
period we can see small scale magnetic fluctuations of about 0.1 nT. In the second
panel we have the magnetic field filtered at half the lower hybrid frequency,
which in this case is 40 Hz. We skip ahead to the bottom panel which shows
the electric field of C3 and C4. These fields show no coherence what so ever,
and this is no surprise given that the electron gyroradius is less than 2 km. We
can, however, still try to learn something from this event. Since the magnetic
field is mainly in the x̂GS M-direction means that it is almost parallel to x̂IS R2.
If we do the coordinate transformation, we see that the direction of B in ISR2
coordinates is approximately [0.98 0.03 0.19]. In the direction where we have
basically no magnetic field, we have the largest amplitude electric field. We
also seem to have a small electric field directed along B. In panel 3 we see
the differential magnetic field taken between the two spacecraft, the finite values
indicate currents. Since the spacecraft is far enough apart to not observe the
same structures, the significance of ∆B might be discussed. It is hard to say if
the current is located more at C3 or at C4 or if it is evenly distributed between
them. In the fourth panel we see our result from this time period, namely the
electrostatic potential scaled to the electron temperature. This ratio is about 0.2
which is similar to the results in section 3.1. To deduce the potential, we have
taken the opposite course of action from that in the previous events, that is to use
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Figure 3.13: Overview of the BM on September 2. We have a) the magnetic field, b)
the electron energy flux, c) the ion energy flux, d) the negative spacecraft potential,
indicating density gradients and e) the electric field with the ŷ-component shifted 50
mV/m in order to get a clearer view.
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Figure 3.14: a) The amplitude and x̂-component of the magnetic field. The ŷ and ẑ-
components are ∼ 5 nT. b) The wave magnetic field filtered at half the lower hybrid
frequency. c) The difference in magnetic field between C3 and C4. d) The electrostatic
potential calculated from the wave magnetic field according to (2.39) and scaled to the
electron temperature (δB from C4 and Te from C3). e) The ŷIS R2-component of the
electric field from C3 and C4. The fields show no coherence.

equation 2.39 and our filtered magnetic field along B, i.e. Bx. The values used
was ne = 0.16 cm−3 and Te = 893 eV. No temperature was available from C4, so
we used the C3 data as a proxy. One detail to notice, is how the wave magnetic
field in this event is much smaller in relation to the background magnetic field in
the other events on August 31. Depending on other parameters such as density
and electron temperature, this still produces a comparable result.
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Figure 3.15: Two different version of the spacecraft configuration. In a we use the
boundary layer normal as obtained from the MVA. This gave a potential corresponding
to about half the potential calculated from the wave magnetic field. In b we have used
a corrected value, in order to better adjust φ to φδB. This propagation direction is also
better aligned with the ion drift direction, as one expects from theory.

3.2.2 15:47:29.30-15:47:30.80 UT

During this period we observe one of the best coherences of the electric field
between C3 and C4. The current layer normal obtained from the MVA is given
by n̂ = [−0.5704 0.4338 0.6975]. The spacecraft configuration for this value
is shown in Figure 3.15a. This propagation direction gives an estimated velocity
of 314 km/s, and electrostatic potential that seems very small (see Figure 3.15c)
when compared to the potential obtained from the the wave magnetic field. If we
instead turn n̂ and the propagation direction a little (see Figure 3.15b), the velocity
is about doubled. The time shifted electric fields and calculated electrostatic
potential, from the velocity based on Figure 3.15a, are shown in Figure 3.16.
With the velocity twice as high, the two curves would correspond better.
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Figure 3.16: a)- b) The electric field of C3 and C4 along with the shifted electric field
from C4. c) The electrostatic potential scaled to the electron temperature along with the
potential calculated from the wave magnetic field according to 2.39 (both left scale) and
the wave magnetic field amplitude (right scale). On top of panel a) we can see the length
scale obtained from the velocity. This potential corresponds to Figure 3.15b.

42



CHAPTER 3. OBSERVATIONS

3.3 September 26, 2007
The Cluster BM stretches from 09:35:00 to 14:05:00 UT. At this time, the space-
craft were located at a distance of ∼ 11RE from the Earth, back in the magnetotail,
a distance of about 40 km apart. Figure 3.17 shows an overview of the time period,
with the magnetic field, the electric field, the ion and electron energy spectrum and
the negative spacecraft potential. We can clearly identify three active regions in
the majority of the panels. The magnetic field is steadily decreasing and makes
minor jumps at about 09:50 UT and 10:20 UT, while at 10:40 UT it changes more
drastically. We can see in the second panel that all these changes are accompanied
by large amplitude electric fields. In the third panel we can see that the two first
regions are associated with an electron population of higher energy. After the third
region we have electrons of constant high energy and we can be confident that we
are now located in the plasma sheet. As we can see, the ion data for this event
is rather poor, and from this large scale picture we can’t draw any conclusions.
In the bottom panel we have the negative spacecraft potential, which can be used
as a proxy for density gradients. This data tells us that we are coming from the
tail lobes with low density, then enters into a boundary layer, then makes a quick
jump out to the lobes to again re-enter in the boundary layer to finally make a final
flap and enters the plasma sheet.

We seem to have three interesting regions to study. However, at a closer
look, the first two can be excluded. Figure 3.18 shows a typical sequence of
the electric field and difference in magnetic field between the two spacecraft. As
can be seen in panel 2, the electric fields from C3 and C4 show little coherence.
From panel 1 we see that there are differences in the magnetic field between
the two spacecraft, indicating that there is a current flowing. In this region, the
lower hybrid frequency is ωLH ∼ 20 Hz and the electron gyroradius is ρe ∼ 2
km. Roughly taken from the graph, we have that the frequency of the observed
waves is also ∼ 20 Hz. It is thus likely that we are observing LHDW. Since the
gyroradius is so small however, the wave has changed during the propagation
from one spacecraft to the other.

In the third active region, at about 10:50 UT, the magnetic field amplitude
has decreased and is about 20 nT. At the same time we understand from panel
3 in Figure 3.17 that the electron temperature has increased. As stated before,
the electron gyroradius is given by ρe = (Teme)1/2/eB. Taking into account the
changes in B and Te, we understand that our most important physical scale, the
electron gyroradius, must have become bigger. We will look closer at this region.
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Figure 3.17: BM period as observed by C3. Panel 1 shows the magnetic field
components and amplitude. Panel 2 shows the the two measured components of the
electric field. The ŷ-component is shifted with 50 mV/m for a clearer view. Panel 4 and 5
shows the electron and ion energy spectrograms, respectively. The bottom panel shows
the negative spacecraft potential, indicating changes in the density.
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Figure 3.18: Panel 1 shows the difference in magnetic field between the two spacecraft,
indicating the existence of currents. Panel 2 shows one component of the electric field
for C3 and C4. Note the small level of coherence between the two signals.

3.3.1 10:50:25.20-10:50:25.90

During this time we observe similar electric fields on C3 and C4. Proceeding
in the same manner as in the previous sections, we construct a field aligned
coordinate system, match the time series and obtain a propagation velocity of
1244 km/s. The shifted time series and the electrostatic potential is shown in
Figure 3.20. Also presented in this figure is the wave magnetic field which, in line
with relation (2.39) and previous results, should show some level of agreement
with the potential. This is clearly not the case. Our explanation for this is that we
do not observe a perpendicular but a parallel electric field. With this hypothesis
E ·B �= 0 and our result in section 2.1.1 is no longer applicable. At this time, the
magnetic field is at a large angle to the spacecraft spin plane. It is thus impossible
to be certain whether or not we indeed have a parallel electric field. At the same
time, we have no ion data, and so we can’t see if we have accelerated particles
along the magnetic field. In Figure 3.21 we can see that the field is largely linearly
polarized. This is what we would expect from a parallel electric field since it
would always be directed either parallel or antiparallel to the magnetic field.

Going with this hypothesis, we can take the same time shift, but with the
propagation direction along B, and obtain another velocity. At this occasion the
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Figure 3.19: Reconstructed spacecraft configuration in field aligned coordinate system
(B0 directed out of the picture). We can see the location of the spacecraft, direction of
the current layer normal, electric drift from EFW, the x̂IS R2- and ŷIS R2-components. We
have also listed some of the most important parameters related to LHDW.

spacecraft are separated by 37 km along the magnetic field. With ∆t = 0.008 s and
∆z = 37 km we have a velocity of 4625 km/s. Since, in addition, the real electric
field is always larger than the projection on the spacecraft spin plane, this would
give a very large potential.

Although we set out to search for perpendicular electric fields, this is an
interesting case. At first look, we have something that looks like lower hybrid
drift waves. It is within the right frequency range, and with the velocity we
obtained from our analysis, it also has a reasonable wavelength. Our estimate
of the gradient length scale also suggests that the LHDI can be excited. But in
the end we have the wave magnetic field and the perpendicular wave electric field
that suggest otherwise. Exactly what we are observing, is unclear.
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Figure 3.20: The electrostatic potential, and the transformed magnetic field fluctuations
according to (2.39), both scaled to the electron temperature. We can see that there is no
agreement between the two data sets. On top of the plot is the associated length scale
which comes from a simple transformation using the propagation velocity. In the bottom
panel we see a clear disagreement between the two curves.
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Figure 3.21: The perpendicular electric field constructed by assuming that E ·B = 0.
Since this assumption may be wrong, the result is not accurate. However, what we can
see is that the electric field seems to be linearly polarized. This is what we would expect
from a parallel electric field.
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4
DISCUSSION

In this work we have investigated electric fields on the electron scale observed
by Cluster on three different days in the fall of 2007. Some good observations
of the lower hybrid drift instability has been made, although at some occasions,
the physical scale was too small for the two spacecraft to observe the same wave
field. We will here go through some of the different steps that was taken during
the observational study of the LHDW and other electron scale structures. We
will state the results, and then interpret and discuss them. We will pinpoint any
difficulties and indicate the relevance of the results.

Constructing a field aligned coordinate system

One of the first difficulties we encounter is to make a proper estimation of the
boundary layer normal. On 31 August we could make a good estimation of
the large scale current layer normal. However, we can have smaller current
layers within the large current layer directed in slightly different directions [?].
It would thus be preferable to have a current layer normal obtained locally with
the observed electric field. The MVA, however, proved much more difficult when
going down to the scale of individual wave packets. A relative good estimation
was possible for the detailed example we went through in section 3.1. Since
the current layer normal direction is essential in later estimating the velocity and
integrating the electric field to obtain the electrostatic potential, we are relatively
sure of the results for this wave packet. For some of the other wave packets on the
same day, we used the large scale normal value. The result for these wave packets
are similar to our detailed wave packet and we might assume that the different
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normal values are equally usable. Some consequences of a faulty boundary layer
normal is an erroneous propagation velocity which we discuss a little bit further
down.

Existence conditions and ion drift magnitude

We have seen that in all cases, the excitation condition for the LHDI, has been well
fulfilled. The two methods for calculating the gradient length scale agreed. The
ratio Ln/ρi often stayed below 1 and rarely strayed above 3, the former indicating
that we were generally dealing with the fluid type of the LHDI. We made no study
of possible saturation mechanisms and their dependance on the instability type.

The ratio between the gradient length scale and the ion gyroradius can be
related to the ion diamagnetic drift and the ion thermal speed according to:

Ln/ρi = 0.5vth,i/vD,i (4.1)

In Figure 3.7 we can see that Ln/ρi � 0.5, indicating that the ion diamagnetic
drift speed should be on the order of the ion thermal speed, vth,i/vD,i � 1. If we
take some values from Figure 3.5; vth,i ≈ 800 km/s and v⊥ ≈ 1100 km/s (assuming
that the perpendicular ion velocity is mainly due to gradient drift) we see that
vth,i/vD,i ≈ 0.6 � 1, as we expected.

Filtering and time matching of electric field time series

The question regarding which electric field component we should match, becomes
clearer when looking at a particular case. We have seen in Figures 3.8 and
3.10 that we have vortex structures that propagates by the spacecraft. Consider
now Figure 4.1, where we have two vortices, aligned in different direction, but
which are both propagating in the up/down direction. The blue arrows show the
electric field and the lines are the electrostatic potential. A typical wavelength
is 60 km. Note that the proportions does not necessarily correspond to real
physical structures. In practice we have many of these clustered together, and
the distinction between alignment direction might not be clear. The markings C3
and C4 indicate possible locations and typical separation distances between the
spacecraft. The arrows indicate the movement direction of the spacecraft relative
to the structures. In the case shown on the left hand side we can see that the
horizontal field will provide an acceptable match with only a difference in strength
between the fields. The vertical field however will always be mismatched with
the degree of difference dependent on the horizontal separation distance. In the
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a b

Figure 4.1: Different electric field configurations and possible spacecraft locations and
typical separation distances. In a the vertical field can not be well matched while the
horizontal field can. In b the vertical field can be well matched while the horizontal field
can not.

case shown on the right hand side we have instead that the horizontal field will
be mismatched and the vertical will be well matched independent of separation
distance in the horizontal direction. So in general we should simply match the
field component that looks most similar. If the separation distance between the
spacecraft perpendicular to the propagation direction is small, it is normally the
electric field parallel to the propagation direction that will match better. If the
potential top and bottom is not as close together as in the figure, it becomes, in
general, more beneficial to match the vertical electric field component.

The propagation velocity and wavelength

The propagation velocity was generally on the order of 1000 km/s. If we look to
Figure 3.5, we can see that this is on the order of the perpendicular ion velocity,
v⊥ ≈ 1100 km/s. Since the LHDW are excited through interaction with drifting
ions, we expect the ion drift velocity and the wave velocity to be on the same
order since this is necessary for the two of them to interact and exchange energy.

The propagation velocity of the wave depended on the propagation direction
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and time shift. Since neither is a perfect estimation, we will have errors. A
thorough study of the possible size of these errors has not been conducted, although
one can indicate them. Consider for example Figure 3.15, with two possible
field aligned coordinate systems. In Figure 3.15a we have the boundary layer
normal as obtained from the MVA. We can see that the propagation direction
is not well aligned with the measured ion velocity. The spacecraft separation
distance in the propagation direction is ∼ 17 km. In Figure 3.15b we have simply
turned the boundary layer normal a little, with the result that the propagation
direction is better aligned with the ion velocities and the separation distance in the
propagation direction is only ∼ 8 km. With the same time shift ∆t, the velocity in
case a is about twice the velocity as in case b.

When using the velocity to transform the time points to a length scale, we
could see that the wavelengths corresponded to what we expected from theory,
k⊥ρe ∼ 1.

The wave magnetic field and the electrostatic approximation

We observed a wave magnetic field B1 along the background magnetic field B0
that correlated strongly to the electrostatic potential. A theory for this relation
was developed in section 2.1.1. We could also see in Figure 3.8 that the electric
field formed vortex structures that propagated by the spacecraft. With these three
observations in mind, and with the corresponding theory mentioned above, we
have constructed a schematic picture of what happens in Figure 4.2.

When deriving the dispersion relation in section 2.3 we assumed an electrostatic
wave and put B1 = 0. However, in section 3.1 we observed a magnetic component
of the LHDW that we could also relate to the electrostatic potential. Although this
may seem a little bit paradoxical, it is perfectly alright. The wave electric field is
related to the wave magnetic field through Faraday’s law, and in (2.34) we can see
that for completely electromagnetic fluctuations, their ratio is on the order of the
phase velocity of the wave. In order to see if this is consistent with the measured
field amplitudes we make use of the data in Figure 3.6 and get

E1

B1
=

60 mV/m
0.6 nT

= 105 km/s (4.2)

Since the measured phase velocity is on the order of 1000 km/s, the electromagnetic
contribution to the dispersion relation is negligible and the electrostatic approx-
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Figure 4.2: To the left a converging electric field E along with the background magnetic
field B0 creates a ring current which in turn generates a perturbed magnetic field B1. To
the right the electric field diverges and thus the perturbed magnetic field is oppositely
directed. A series of like structures propagate by the spacecraft and create the fluctuating
magnetic field that we see in Figure 3.6.

imation is valid. It would actually take magnetic fluctuations of around 60 nT or
higher in order for them to be comparable to the electric fluctuations.

The wave magnetic field and the electrostatic potential

Even though the wave magnetic field doesn’t contribute significantly to the wave
dynamics, it still exists, and we can observe it. The linear relation (2.39) between
the wave magnetic field and the electrostatic potential has actually given us a
means to calculate the electrostatic potential even in cases when the spacecraft
separation is too large to make cross spacecraft correlations. This was done for
a case on 2 September when the electric field, as observed by the two spacecraft,
showed no coherence. The results obtained were in line with previous event,
although the wave field ratio was even higher, E1/B1 ∼ 106 km/s. This gives an
electrostatic potential (normalized to the electron temperature) that seems relatively
weaker in comparison to the electric field than in the other events. The length scale
of the potential structure thus has to be smaller, which is exactly what we expect
from theory since ρe ∼ 1.5 km in this particular case.
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The most obvious condition to do be able to use (2.39) and the wave magnetic
field to estimate the electrostatic potential is of course the presence of a measurable
wave magnetic field. We have not made a study to statistically determine to what
degree a wave magnetic field is associated with the wave electric field. Nor have
we, due to the limited amount of available data to cross correlate, been able to
ascertain the relation of a wave magnetic field to the electrostatic potential. In all
the presented cases however, this relation has been true. The one time it didn’t
work, gave us the indication that we were actually observing a parallel electric
field, and no LHDW. We find it thus reasonable sure to use relation (2.39) to
estimate the electrostatic potential when we can observe a magnetic field that
oscillates in the same frequency range as the electric field.

Estimation of the wavelength and propagation direction of the wave from the wave
magnetic field

In cases when cross spacecraft correlation of the electric fields is not possible,
one should also be able to estimate the wavelength and propagation velocity of
the waves by analyzing the electrostatic potential. Since we integrate the electric
field component in the propagation direction, a faulty propagation direction would
mean that we do not integrate the correct field. Integration of the wrong electric
field component would thus lead to a poor match between the electrostatic potential
obtained from the wave electric field and wave magnetic field, respectively. Either
one obtains a good propagation direction directly from a MVA, or one can try
different propagation directions until the waveforms match. As the propagation
direction is related to the waveform of the potential, the velocity is related to the
amplitude. The correct velocity should give a good amplitude match between the
two potentials. Since, from the propagation direction we have the distance the
wave travels between the spacecraft, we can also obtain the time shift. In cases
when it is almost, but not quite, possible to cross correlate the electric field one
could try to apply the time shift on the electric fields in order to get a hint as to
how the field has changed during the course of propagation.
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5
SUMMARY

The measurement conditions provided by Cluster in the summer and fall of 2007
when it was located mainly in the magnetotail makes it possible for us to make
cross spacecraft correlations of the lower hybrid drift waves (LHDW). In order to
do this, we need a spacecraft separation distance on the order of an electron scale.
A typical value for the electron gyroradius is 10 km in the magnetotail while the
separation distance between C3 and C4 in the magnetotail was down to about 40
km during these couple of months, and as close as 10 km perpendicular to the
magnetic field. We also need an electric field sampling frequency of many times
the lower hybrid frequency, which for the magnetotail can be on the order of 10
Hz. This means that we are restricted to time periods when Cluster was operating
in burst mode. These periods numbered a total of 14 during the time C3 and C4
were close enough together. Since Cluster also needed to pass by a boundary layer
region, where LHDW are known to exist, the total number of events were limited
to the net number of three. We analyzed these in detail and found the following
principal results:

• By estimating the propagation direction of the waves, and matching the
electric field time series of the two spacecraft, we obtained the propagation
velocity. This velocity varied from wave packet to wave packet, but was
in general on the order of 1000 km/s which is comparable to the ion drift
velocity, in accordance to theory.

• Using the velocity we could calculate the wavelength, and see that it was
ranging from 50-100 km, which corresponded to what we expect from
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theory (λ ∼ 2πρe ≈ 60 km for a typical event).

• By estimating the gradient length scale across the current layer, which in
general was on the order of one ion gyroradius, we could verify that the
theoretical excitation condition for the lower hybrid drift instability (LHDI)
was indeed met.

• From the velocity we could infer the real spatial scale and integrate the
electric field to obtain the electrostatic potential. In order to estimate the
influence of the potential on the electrons, we scaled the potential to the
electron temperature and found the general ratio to be on the order of about
one third. This indicates that the potential is large enough to possibly affect
the electrons in different processes.

• We compared the calculated potential to the magnetic field in the same
frequency range as the wave. By assuming that the ions are unmagnetized
and therefore that the electrons carried a current through the electric drift
due to the wave electric field and background magnetic field, we could
relate the wave magnetic field to the potential, see relation 2.39. We found
that the two potentials, which were independently calculated, were in very
good agreement. By using this relation, we were able to estimate the
potential in a case when the electric field showed no coherence between the
spacecraft. This method can thus be used in cases when cross spacecraft
correlation is not possible.

• By visualizing the electric field in the plane perpendicular to the magnetic
field we could see that the waves was in the form of vortex structures
propagating by the spacecraft. The presence of nonlinear structures such
as vortices might help understand why the LHDW was not excited even
further even though we still observed strong density gradients.

Other than the results connected directly to LHDW, we found some evidence
of parallel electric fields. The electric field ressembled LHDW, but we observed
no corresponding wave magnetic field. At a closer look it showed some character-
istics of a parallel electric field, such as linear polarization.

As the first study of its kind, providing unprecedented detailed measurements
of LHDW, this new knowledge might shed light on what role the LHDW play
in various contexts, for example during the onset of magnetic reconnection. In
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a wider context, these measurements are among the first made of electron scale
structures in general and is therefore important for the upcoming Magnetospheric
Multiscale (MMS) mission [28].
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A
IDENTIFICATION OF BURST MODE

INTERVALS

During the summer and autumn in 2007, Cluster spacecraft C3 and C4 were
located as close together as ever before or after until the present day, with a
separation distance of about 35 km in the magnetotail. During this period we had
14 burst mode (BM) intervals that took place in the vicinity of the magnetotail,
where we often find boundary layers. These can be found in the Cluster Master
Science Plan (MSP) [24]. In order to be able to plan operations optimally, a
Cluster team make predictions of where in space (i.e. where during the orbit)
the likelihood to observe certain events is the largest. Since boundary layers are
known to be active regions with a lot of waves, it is a good idea to plan high
frequency sampling modes where these are expected. The thicker black lines (not
to be confused with the thickest black lines inside the green areas) in Figure A.2
show where the planned BM took place. We can see that they are planned during
times we expect to pass by the bow shock (red dots), the magnetopause (black
dots), the neutral sheet (green dots) and x-lines (blue dots). We should also note
that the close distance between C3 and C4 was no coincidence but also part of a
carefully designed plan.

Both the high sampling rate provided by BM and the close separation distance
in combination with the large enough physical scales that are associated with
the magnetotail, are necessary conditions to be able to observe and LHDW. This
leaves us with a very limited data set to analyze. The relevant burst mode intervals
are spread out from July to November and are listed in the table below.
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Start date Start time Stop date Stop time Duration (h)
---------------------------------------------------------
2007-07-12 17:10:00 2007-07-12 20:10:00 3.0
2007-07-15 07:30:00 2007-07-15 10:30:00 3.0
2007-07-24 11:00:00 2007-07-24 15:30:00 4.5
2007-07-31 13:00:00 2007-07-31 16:00:00 3.0
2007-08-03 03:18:00 2007-08-03 06:18:00 3.0
2007-08-09 20:00:00 2007-08-10 00:30:00 4.5
2007-08-14 15:40:00 2007-08-14 18:10:00 2.5
2007-08-21 16:45:00 2007-08-21 21:15:00 4.5
2007-08-31 09:45:00 2007-08-31 12:15:00 2.5
2007-09-02 14:20:00 2007-09-02 18:50:00 4.5
2007-09-09 18:25:00 2007-09-09 20:55:00 2.5
2007-09-26 09:35:00 2007-09-26 14:05:00 4.5
2007-10-08 07:20:00 2007-10-08 11:50:00 4.5
2007-10-17 22:00:00 2007-10-18 01:30:00 3.5

Figure A.1: List of burst mode intervals during a period of small separation distance
between C3 and C4 in the vicinity of the magnetotail.

Of the existing BM, it is in turn only a handful which proves to indeed having
hit a boundary layer. The interesting BM are those of August 31, September 2
and 26.
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Figure A.2: Overview of the Cluster Master Science Plan (MSP) from May to August
2007. The thick black lines are planned burst modes. The red dots are predicted bow
shock (BS) events, the black dots are predicted magnetopause (MP) events, the green
dots are predicted neutral sheet events and the blue dots are predicted x-line (XL) events.
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THE EXPERIMENTS ABOARD CLUSTER

Mounted on each Cluster spacecraft are 11 different instruments. The principal
ones to investigate LHDW are the electric field and wave instrument (EFW), the
fluxgate magnetometer (FGM), the Spatio Temporal Analysis Field Fluctuation
(STAFF), the ion spectrometer (CIS) and electron spectrometer (PEACE). Each
one of these is in turn briefly introduced below.

B.1 EFW: Electric Field and Wave experiment
The EFW instrument measures the electric field in the spin plane of the spacecraft
as well as the spacecraft potential. If the angle of the magnetic field with respect
to the spin plane is large, however, one can reconstruct the complete electric field
by assuming that E ·B = 0.

In ground mode the instrument samples at 25 Hz, while in BM it samples at
450 Hz. It also has an internal burst (IB) mode, triggered by strong electric fields,
where individual spacecraft sample with a frequency up to 9 kHz.

The electric field and wave experiment (EFW) consists of four Langmuir
probes which are each one mounted on a 44 m long cable. The Langmuir probes
are constantly hit with electrons and ions, which constitutes currents flowing out
of and in to the probe. Even though there exists quasineutrality in space, since the
electrons move much faster in space, they will give rise to a much larger current.
A current is also created by photoelectrons emitted due to UV-light from the sun.
If the probe is electrically neutral, all photoelectrons will vanish into space. As
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Figure B.1: Currents in a Langmuir probe as generated by UV-light and plasma
particles.

they do this, however, the probe will be positively charged, and will re-attract the
electrons. At equilibrium, all electrons will return to the probe, and thus no net
current is created. These three currents and the total current they give rise to are
shown in Figure B.1. The electron and ion currents will obviously depend largely
on the density of the plasma. This is why one also can use the spacecraft potential
as a proxy for the electron density [29]. This is useful since the EFW can have a
much higher temporal resolution than for example PEACE.

B.2 FGM: Fluxgate Magnetometer
The FGM [20] instrument aboard Cluster measures the complete magnetic field. It
consists of two triaxial fluxgate magnetometers mounted on a radial boom at 5.2 m
(outboard sensor, OB) and 1.2 m (inboard sensor, IB) distance, respectively, from
the spacecraft. They have several possible operating ranges together covering
magnetic field magnitudes between 3 nT and 1000 nT. In ground mode the FGM
operates at 22.5 Hz, while in BM it samples at 67.5 Hz. These ranges are comp-
lemented by STAFF.
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B.3 STAFF: Spatio Temporal Analysis Field Fluctuation
The STAFF [21] instrument uses a search coil magnetometer to measure high
frequency magnetic fields. In ground mode it can sample with 25 Hz while in
BM it can sample with 450 Hz. It is sensitive to field amplitudes down to a small
fraction of a nT. The measured sensitivity is for example 3 ·10−3 nT Hz−1/2 at 1
Hz and 3 ·10−5 nT Hz−1/2 at 100 Hz. Because of the different sensitivity ranges
and sampling frequencies, STAFF and FGM complement each other.

B.4 CIS: Cluster Ion Spectrometry experiment
The CIS [22] instrument consists of two detectors on each spacecraft which, when
combined, can measure quantities such as for example velocity, mass, temperature
and density. The Hot Ion Analyzer (HIA) employs an electrostatic analyzer (ESA)
to measure ions of all species with high angular and energy resolution. The
COmposition and DIstribution Function (CODIF) detector is a mass spectrometer
consisting of an ESA and a time of flight analyzer allowing to distinguish and
determine the mass of ions with the same energy. In combination, these can be
used to separate particles into species (mass/charge). Since the extra magnetic
field used to divert ions can add noise to the signal, the energy measurements
from HIA are in general more accurate. However, the two instruments partly
covers different energy ranges and are complimentary. The angular distribution
of CIS is not fully three-dimensional. Instead the intrument has to be rotated 360◦

to obtain a fully three-dimensional distribution of ion data. This limits the time
resolution to one sample per satellite turn (4s).

B.5 PEACE: Plasma Electron and Current Experiment
The PEACE [23] instrument can measure the three dimensional velocity distribu-
tion of electrons in a space plasma, for an energy range from 1eV to 25 keV. Like
the CIS instrument it only has a 4s resolution.
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C
COORDINATE SYSTEMS

In the Geocentric Solar Ecliptic system (GSE), x̂GS E is oriented towards the sun.
ẑGS E is located in the plane containing x̂GS E and the Earth’s rotational axis and
is perpendicular to x̂GS E . The third component completes the orthogonal system
and is given by ŷGS E = ẑGS E × x̂GS E .

In the Geocentric Solar Magnetospheric system (GSM), x̂GS M is oriented
towards the sun, while ẑGS M is in the plane containing x̂GS M and the Earth’s
magnetic dipole axis, and is perpendicular to x̂GS M. The third component is given
by ŷGS M = ẑGS M × x̂GS M.

In the DeSpin Inverted system (DSI) or Inverted Spacecraft Reference system
(ISR2), ẑIS R2 is antiparallel to the spacecraft rotational axis while x̂IS R2 is in the
spacecraft spin plane and directed as much towards the sun as possible (the spin
plane normally has a slight inclination of about 2-8◦ in order not to shield the
Langmuir probes from the sun). The third component is given by ŷIS R2 = ẑIS R2×
x̂IS R2.

64



D
LIST OF MATHEMATICAL FORMULAE

The indices s indicates ions and electrons, respectively.

Thermal velocity vth,s = (2Ts/ms)1/2

Cyclotron frequency ωcs = eB/ms
Gyroradius ρs = vth,s/ωcs = (2Tsms)1/2/eB
Gradient length scale Ln =

� 1
n
∂n
∂x

�−1

Ion diamagnetic drift vD,i = Ti/eBLn
Electron diamagnetic drift vD,e = − Ti

Te
vD,i

E×B drift velocity vE×B = ne E×B
B2

0

Plasma frequency ωp,s =
�

4πnse2/me
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