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Abstract

The Cluster spacecraft have been used to investigate auroral electric �elds
and �eld-aligned currents (FACs) at geocentric distances between 4 and 7 RE .
The electric �elds have been measured by the EFW instrument, consisting of
two pairs of spherical probes, and the FACs have been calculated from mea-
surements of the magnetic �eld by the FGM �uxgate magnetometer. CIS ion
and PEACE electron measurements have also been used. Event studies as
well as statistical studies have been used to determine the characteristics of
the auroral electric �elds. In two events where regions of both spatial and
temporal electric �eld variations could be identi�ed, the quasi-static electric
�elds were, compared to the Alfvén waves, found to be more intense and
contribute more to the downward Poynting �ux. With the use of the four
Cluster spacecraft, the quasi-static electric �eld structures were found to be
relatively stable on the time scale of at least half a minute. Quasi-static
electric �elds were found throughout the altitude range covered by Cluster
in the auroral region. The electric �eld structures were found both in the
upward and downward current regions. Bipolar and monopolar electric �elds,
corresponding to U- and S-shaped potential structures, have been found at
di�erent plasma boundaries, consistent with the view that the plasma condi-
tions and the geometry of the current system are related to the shape of the
electric �eld. The type of the bipolar electric �eld structures (convergent or
divergent) was further found to be consistent with the FAC direction. The
typical scale sizes of the electric �eld structures have been determined to be
between 4 and 5 km, when mapped to ionospheric altitude. The most intense
FACs associated with intense electric �elds were found for small FAC widths.
The widths of upward and downward FACs were similar.
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Chapter 1

Introduction

This thesis discusses experimental investigations of auroral electric �elds and cur-
rents using the Cluster spacecraft. To put this subject into a space plasma physics
context, a short description of plasma physics and the solar-terrestrial environment
will be given (Chapter 2). The more speci�c questions of the aurora and the auro-
ral electric �elds are introduced in Chapter 3. Chapter 4 will describe the Cluster
spacecraft and the primary instrument used, the Electric Field and Waves (EFW)
instrument. Concise descriptions of the instruments for measuring the magnetic
�eld (FGM), electrons (PEACE) and ions (CIS) will also be given. The results
from the studies conducted are presented in �ve papers, which are summarized in
Chapter 5 and appended in full length.
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Chapter 2

Space plasma physics

Space plasma physics (or shorter, space physics) is the study of the plasma environ-
ment in our local part of the universe, that is, our solar system. This includes the
solar wind, emanating from the sun, and its interaction with magnetospheres and
ionospheres of planets and moons. One characteristic of the space physics discipline
is in situ measurements by spacecraft and sounding-rockets. Experimental studies
in space physics can also be conducted by using di�erent types of ground-based
measurements, i.e., by radars, cameras and magnetometers.

This chapter will �rst de�ne and introduce the concept of plasma, then give an
overview of the Earth's magnetosphere and ionosphere and how they are connected.

2.1 Basic plasma physics
A plasma consists of charged particles - an ionized gas with an overall electrical
neutrality. One starting point in describing a plasma is the motion of single par-
ticles. Other treatments, kinetic theory and �uid descriptions, use the collective
behavior of a plasma.

In a single particle description, the motions of ions and electrons, caused by
external electromagnetic �elds, are determined. Within this treatment, some fun-
damental parameters can be formulated. Due to the Lorentz force, charged particles
move in circles in a uniform magnetostatic �eld with no electric �eld. If the par-
ticles have some �nite constant velocity parallel to the magnetic �eld B, they will
move in a helicoidal trajectory. The angular frequency of this motion,

ωg = qB/m, (2.1)

is called the gyrofrequency, Larmor frequency or cyclotron frequency. q and m are
the charge and mass of the particle in consideration. The corresponding gyroradius,
Larmor radius or cyclotron radius is

ρs = mv⊥/qB, (2.2)

3



4 CHAPTER 2. SPACE PLASMA PHYSICS

where v⊥ is the velocity perpendicular to the magnetic �eld. A particle with a
motion only parallel to the magnetic �eld will not experience this gyration. Since
the behavior of the particle depends on the direction of motion relative to the
magnetic �eld, a magnetized plasma can be highly anisotropic.

A plasma is quasineutral on scales larger than the Debye length, λD. The
thermal motion of the particles is one mechanism which leads to deviation from
charge neutrality on shorter scales. The most simple plasma is made up by an
equal number of electrons and protons, for which the Debye length is

λD = (
ε0kBTe

ne2
)1/2, (2.3)

where ε0 is the vacuum dielectric constant, kB is the Boltzmann constant, Te is the
electron plasma temperature, e is the electron charge and n is the number density.
The Debye length must be much smaller than the size of the system for the ionized
gas to behave as an ideal plasma. It is also required that the number of particles
in a Debye sphere, ND = 4πnλ3

D/3, must be much greater than one. The collision
frequency with neutral particles must also be low, so that the motion of the ions
and electrons are determined by collective electromagnetic forces.

If the plasma is disturbed by an external force, the electrons will in response
move to restore quasi-neutrality. Electrons will collectively oscillate around the
heavier ions with the electron plasma frequency

ωpe = (
nee

2

meε0
)1/2, (2.4)

where me is the electron mass.
In kinetic theory, all particles are described by distribution functions, as a func-

tion of time, position and velocity. From the distribution function, various moments
can be calculated, e.g, the number of particles in a volume. A local Maxwellian
distribution is often assumed. The concept of "local" here means that the plasma
is Maxwellian in a region large enough to contain a su�ciently large number of par-
ticles for a statistical treatment but still small compared to the size of the system.

A plasma can also on a macroscopic scale be treated like a �uid. Magnetohy-
drodynamics (MHD) describes an electrically conducting �uid in the presence of
magnetic �elds. The equations describing the conservation of mass, momentum
and energy in the �uid together with Maxwell's equations are the building blocks
of MHD theory. If the plasma is collisionless, and has a high conductivity, charged
particles move in response to a perturbing electric �eld until an induced electric
�eld cancels the perturbation, given that the perturbation electric �eld is present
over time periods su�ciently large for the charged particles to respond fully. MHD
is therefore not valid for rapid time variations or small scale phenomena.

The generalized Ohm's law for a single-�uid MHD plasma can be written as [5]

E + v ×B = ηj +
1
ne

j×B− 1
ne
∇ · Pe +

me

ne2

∂j
∂t

, (2.5)
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where η is the plasma resistivity, Pe is the electron pressure tensor and j is the cur-
rent density. For a collisionless plasma (no resistivity) where the electron pressure
gradients are small and the currents are weak and their time variations slow, all
terms on the right hand side vanish, so

E + v ×B = 0. (2.6)

This relation reveals that in an in�nitely conducting plasma, there can be no electric
�eld parallel (E‖) to the magnetic �eld and that there is no electric �eld in the
frame moving with the plasma. Equation (2.6) is sometimes referred to as the
frozen-in �ux theorem since a geometrical interpretation is that magnetic �eld lines
move with the plasma, or that the magnetic �eld is frozen in to the plasma �uid.
Equivalent interpretations are that a plasma element connected to a magnetic �eld
line remains so at later times or that the total magnetic �ux through a surface is
conserved as the surface moves and changes its shape.

As will be discussed later, there are two main categories of theories attempting to
explain auroral particle acceleration. One considers quasi-static electric �elds, while
the other uses one of the three MHD waves. Two of those are compressional waves
(the fast and slow mode waves) and the third wave is the non-compressional shear
Alfvén wave. The latter one was predicted by Alfvén (1942) [1]. This transverse
wave propagates along the background magnetic �eld, B0. The Alfvén velocity is

vA =
B0√
µ0ρ

, (2.7)

where ρ is the mass density and µ0 is the free space magnetic permeability. Kinetic
e�ects become important for certain wavelengths [5] and the wave can then carry
an electric �eld parallel to the magnetic �eld. These kind of waves will be discussed
in Chapter 3.

Above, some basic plasma physic concepts have been introduced. The Sun and
other stars, the solar wind, and the space environment around planets are all exam-
ples of plasma regions, having very di�erent plasma characteristics, such as density
and temperature. An overview of the regions related to auroral physics will be
given in the next chapter.

2.2 The solar-terrestrial environment

The solar wind interacts with Earth's magnetosphere, and the magnetosphere in-
teracts with the ionosphere. One of the results of this large system of interactions
is the aurora. Here, an overview of the solar-terrestrial environment will be given,
while the next chapter discusses the auroral phenomenon in more detail, preparing
for the results presented in the �ve papers included in this thesis.
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The Sun and the Solar Wind
The expanding solar corona is an outward �owing plasma and the source of the
solar wind. Solar wind properties vary as a result of the processes going on at the
Sun. The activity of the Sun follows a long time trend, the solar cycle, but also
changes on much shorter time scales. These variations are important for the inter-
actions with the Earth's magnetosphere. The speed of the solar wind, the density
and, perhaps most importantly, the direction and magnitude of the interplanetary
magnetic �eld (IMF) at Earth orbit are dynamic parameters of the solar wind.
The IMF is carried by the solar wind, as a result of the frozen in condition. The
solar wind is highly non-collisional, with typical mean free paths of the order of the
distance between the Sun and Earth, 1 AU. The solar wind consist of protons (6.6
cm−3) and electrons (7.1 cm−3) with a small addition of helium ions (0.25 cm−3)
and even fewer heavier ions [39]. These densities are given at approximately 1 AU
from the Sun in the ecliptic plane.

The Magnetosphere
The Earth's magnetosphere is the region in space where the intrinsic quasi-dipolar
magnetic �eld of the Earth's core dominates over the IMF. The magnetosphere acts
as an obstacle for the solar wind, which in turn deforms the magnetosphere. The
size and shape of the magnetosphere therefore depends on the solar wind conditions
and the boundaries are very dynamic. The magnetosphere consists of highly con-
ductive plasmas, implying that the frozen in concept typically is a valid description.

Plasma characteristics and magnetic topology can be used to divide the mag-
netosphere into di�erent regions: magnetopause, cusp, plasma mantle, tail lobes,
plasma sheet, plasma sheet boundary layer, plasmasphere. The bow shock and the
magnetosheath are regions adjacent to the magnetosphere. These regions are il-
lustrated in Figure 2.1 and some plasma parameters from di�erent magnetospheric
regions are summarized in Table 1. One of these parameters is the plasma beta,
β = 2µ0p/B2, which is the ratio between the thermal pressure, p, and the magnetic
pressure, B2/2µ0. If β ¿ 1 then the plasma is called cold, while a warm plasma,
where the importance of the particle pressure is greater, has a β ≥ 1.

An important mechanism for the interaction between the magnetosphere and
the solar wind is magnetic reconnection. Through this process, which changes
the magnetic topology, earlier separated plasma regions become magnetically con-
nected. Particles originally located in one region can move into another region.
Reconnection between the interplanetary and terrestrial magnetic �eld lines occurs
at the frontside magnetopause for southward IMF. Some of the magnetic �eld lines
of Earth's intrinsic magnetic �eld stay closed (both footpoints connected to Earth)
while other are by reconnection recon�gured so that they are open with one connec-
tion to Earth while the other end of the �eld line extends out into the solar wind.
The solar wind drags the reconnected magnetic �eld lines in the anti-sunward direc-
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Table 2.1: Some plasma parameters from di�erent magnetospheric regions.
Adapted from Olsson (1997) [91].

Magnetosheath Tail Plasma sheet Plasma
lobe boundary layer sheet

number 5 10−2 10−1 5x10−1

density (cm−3)
ion 106 106 107 5x107

temperature (K)
electron 5x105 5x105 5x106 107

temperature (K)
magnetic 5 25 20 10
�eld (nT)
Debye 1.8x10−2 4.0x10−1 4.0x10−1 2.8x10−1

length (km)
electron 4.9x10−4 9.8x10−5 3.9x10−4 1.1x10−3

gyroradius (RE)
ion 3.0x10−2 5.9x10−3 2.3x10−2 1.0x10−1

gyroradius (RE)
plasma 3.5 2.8x10−4 4.4x10−2 1.75
beta, β
Alfvén 4.9x101 5.5x103 1.4x103 3.0x102

speed (km/s)

Figure 2.1: An illustration of magnetospheric regions for southward IMF conditions
with the Sun to the left. From Hill and Dessler (1991) [37].
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tion, creating the tail shape of the magnetosphere on the night side. Reconnection
occurs once again in the neutral sheet of the magnetotail.

Upstream of Earth, the solar wind is slowed down and compressed at a bow
shock, which is formed due to the super-sonic and super-Alfvénic solar wind close
to 1 AU. The magnetosheath is the region between the bow shock and the magne-
topause. Magnetosheath plasma �ows around Earth's magnetic �eld, compressing
the �eld on the dayside and stretching the �eld lines on the nightside. The mag-
netopause is the thin boundary between the magnetosphere and the solar wind. A
sheet current �ows along this boundary, which also marks the transition from a
high-beta plasma (β ∼ 1) on the solar wind side to a low-beta plasma (β << 1) on
the Earth side.

In a region close to noon MLT, called the cusp, magnetosheath plasma has direct
access to the ionosphere. The location of the cusp depends on wether reconnection
occurs at the magnetopause or not, the tilt of the dipole axis relative to the solar
wind �ow, the IMF and solar wind dynamic pressure [98].

The tail lobes are regions where the magnetic �eld lines map down to the polar
cap. The low-β plasma in the lobes contains particles of solar wind origin, respon-
sible for the polar rain precipitation. During northward IMF conditions, polar arc
structures can occur poleward of the main auroral oval (see further discussion in
Chapter 3).

The plasma sheet is a region of closed �eld lines where plasma of solar wind
and ionospheric origin are mixed. A current �ows from dawn to dusk close to the
equatorial plane associated with the magnetic �eld reversal. At the center of the
plasma sheet where the magnitude of the magnetic �eld is low. The plasma sheet
is sometimes called the central plasma sheet to clearly mark the di�erence from
the plasma sheet boundary layer (PSBL), which is the temporally variable transi-
tion region between the plasma sheet and the tail lobes [16]. Particle energies and
number densities intermediate to those found in the lobe plasma and the plasma
sheet are characteristic for the PSBL. Further, the PSBL is a region of closed �eld
lines with fast �eld-aligned �ows of ions and electrons [92], which together with the
plasma sheet map to the auroral oval. This is a key region for the studies conducted
in this thesis.

Finally, the plasmasphere is the inner part of the magnetosphere. It has a
toroidal shape, and is characterized by a cold, dense plasma co-rotating with the
Earth. On the low altitude side, the plasmasphere can be viewed as the upward
extension of the ionosphere.

The Ionosphere
The upper part of the atmosphere is ionized by radiation (UV light is the primary
source) and, at high latitudes, by precipitating energetic particles of magnetospheric
origin. Long recombination times from low densities allow a conductive layer, the
ionosphere, to be created. Another factor to consider is the attachment of electrons
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to neutral particles, creating negative ions. The degree of ionization is determined
by the intensity of the ionizing radiation (increases with altitude) and the number
density of the neutral particles (decreases with altitude) together with the recom-
bination time and the attachment e�ciency (varies with altitude) [5]. Combined,
they form a layered structure with a main peak at 200-300 km. The altitude pro�le
contains the di�erent D- (<90 km), E- (90-130 km), F1- (150-220 km) and F2-
(220-600 km) layers. The E-, F1- and F2-layers are marked in Figure 2.2, where
typical altitude pro�les of the electron concentration for minimum and maximum
of the sunspot (solar) cycle are plotted versus altitude. The layers are created
independent, from di�erent constituents which react di�erently to the radiation.
O+

2 and NO+ ions dominate the ion concentration in the E-layer. The F1- (a day-
side feature) and F2-layers both have O+ as the dominant ion species, where more
complicated processes than simple recombination and ionization are involved in the
F2-layer. Ionization in the D-layer is due to energetic radiation (mostly cosmic
rays). In the D-layer, negative ions are also present [68].

The characteristics of the ionosphere vary with solar cycle (as seen in Figure 2.2)
and with whether it is sunlit or not. The ionospheric plasma at lower altitudes is
collisional, in contrast to the magnetosphere. This is due to ion-neutral collisions.
The ionospheric conductivity is anisotropic due to the magnetic �eld. The con-
ductivities in the direction perpendicular to the magnetic �eld peak at di�erent
altitudes, the Hall conductivity (perpendicular to the electric �eld) at ∼ 100 km
and the Pedersen conductivity (in the direction of the electric �eld) at ∼ 130 km.
Close to 100 km, the ions are bound to the neutrals by collisions while the cy-
clotron frequency of the electrons is much greater than the collision frequency with
neutrals. A Hall current of E ×B-drifting electrons �ows at this altitude. The cy-
clotron frequency of the ions at ∼ 130 km is similar to the collision frequency with
neutrals. At this altitude the ions are no longer perfectly coupled to the neutrals
and they will move along the direction of the electric �eld, carrying a Pedersen
current. Electrons and ions are the primary current carriers for Hall and Pedersen
currents, respectively. Above the E-layer, both electrons and ions will move with
the E ×B-drift [5].

Magnetosphere - Ionosphere interactions and current systems
The ionosphere and the magnetosphere are coupled and an exchange of particles
and energy takes place between the two regions. One result of this is the aurora,
which will be discussed in more detail in the next chapter. Here, other examples of
magnetosphere-ionosphere interaction will be presented together with a description
of some large scale current systems.

The magnetic reconnection at the dayside magnetopause, followed by the so-
lar wind dragging magnetic �eld lines tailward, is responsible for an anti-sunward
plasma �ow across the polar cap. After reconnection in the neutral sheet, plasma
�ows sunward at the morning and evening �anks of the magnetosphere correspond-
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Figure 2.2: Typical altitude pro�les of the electron concentration (cm−3) in the
ionosphere for maximum and minimum of the sunspot cycle. The E-, F1- and
F2-layers layers are indicated. From Hastings and Garrett (1996) [36].

ing to the morning and evening sides of the auroral oval. This gives rise to a two-cell
convection pattern. The plasma �ows are, for an observer on Earth, directly related
to convection electric �elds, E = −v×B. Since there are typically no electric �elds
parallel to the magnetic �eld over the polar cap (although there are some recent
reports of this [71, 106]), the convection electric �eld maps down to the ionosphere.
The convection electric �eld points across the polar cap towards dusk, while in the
auroral zone its direction is towards (away from) the pole on the dusk (dawn) side.
Due to the change in the conductivity from the day side to the night side, and from
the polar cap to the auroral oval, polarization electric �elds will be generated. This
will cause both large-scale modi�cations, such as a clockwise rotation of the two-cell
pattern, and local modi�cations, especially on the night side in regions where the
conductivity gradients are large.

The Hall and Pedersen currents �owing in the ionosphere are connected to
�eld-aligned (Birkeland) currents, providing current continuity. The �eld-aligned
currents are named Region 1 (in the poleward part of the auroral oval) and Region
2 (in the equatorward part of the auroral oval) currents and they extend out to the
magnetosphere. Region 1 currents �ow downward on the dawnside and upward on
the duskside, with a reversed polarity for Region 2 currents [42]. During times of
northward IMF, another large-scale �eld-aligned current system occurs poleward of
the Region 1 currents, having a reversed polarity as compared to Region 1 [43, 44].
Recent results presented by Peria et al. (2000) [94] have con�rmed this classical
view of the statistical location and polarity pattern of large-scale currents. How-
ever, the presence of and importance of numerous, �ne-structured currents, with
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an indicated non-local closure, was stressed in that study.
Above some examples of the coupling between the magnetosphere and the ionosphere
have been given. The next chapter will focus on another aspect of the magnetosphere-
ionosphere interaction, the aurora.





Chapter 3

Aurora

The perhaps most striking result of the solar wind-magnetosphere-ionosphere inter-
action is the auroral display. An example of the aurora is shown in Figure 3.1. The
auroral current system consists of the upward current region, the downward current
region, ionospheric closing currents, and some generator, presumably in the magne-
tosphere. In the downward current region, upward �owing electrons of ionospheric
origin are the main current carriers. Electrons of magnetospheric origin are the
main current carriers in the upward current region. This chapter will describe the
auroral emissions and auroral forms, present some of the theories proposed to ex-
plain the auroral particle acceleration and, �nally, discuss in situ observations of
auroral electric �elds and related parameters.

3.1 Auroral characteristics

In the upper atmosphere, Earthward moving beams of magnetospheric electrons
collide with and excite neutral atoms and molecules; the electrons are said to pre-
cipitate. Most of the auroral displays are related to emission lines in N, N2, O and
O2 [92]. Two of the most common emissions are associated with the oxygen lines
at 557.7 nm (green) and 630.0 nm (red), where the latter is a so called forbidden
transition. The oxygen atom remains in the excited state, responsible for the 630.0
nm emission, for about 110 s [11]. This is a time period long enough, at altitudes
less than 200 km, for the excited atom to collide with neutral particles. In these
collisions, the oxygen atom is knocked out of the excited state, without emission.
The energy is transferred to the local atmospheric gases in the form of vibrational
excitations. This process is called quenching and makes the red oxygen emission
peak above 200 km, although the excitation of this state peaks below this alti-
tude. The excitation, relaxation and quenching processes typically give the aurora
a sharp lower boundary but a di�use upper boundary. The sharp lower boundary
is also related to the exponential growth of neutral density with decreasing alti-

13
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tude. Hydrogen emissions are produced when a precipitating proton �rst captures
an electron to become an excited hydrogen atom and then relaxes by an emission
at 656.3 nm (Hα) or 486.1 nm (Hβ). The hydrogen atom after the auroral emission
is still fast and can collide with neutral atoms, after which it again is ionized. The
same process can start once more; before losing enough energy to settle down in
the atmosphere, the particle can go through many cycles.

A particle's pitch angle is the angle between the background magnetic �eld B
and the particle velocity v, or expressed as

α = arctan(v⊥/v‖). (3.1)

An electron moving along the converging geomagnetic �eld lines toward Earth ex-
periences a mirror force. As the magnetic �eld strength increases and with the
magnetic moment,

µ =
mv2 sin2(α)

2B
, (3.2)

being an invariant, the pitch angle increases. Finally, the kinetic energy is com-
pletely in the perpendicular component and the electron is re�ected at the mirror
point, being pushed back by the parallel component of the mirror force. If the
mirror point is low in the atmosphere, the electron is lost to collision (precipita-
tion). To precipitate, the electron must be within the loss cone. Using the magnetic
moment, it can be shown [92] that the maximum angle of the loss cone is

αlc = arcsin([
Beq

Bion
]1/2), (3.3)

where Beq and Bion are the magnetic �eld strength in the equatorial plane and at
the ionosphere. The number of particles in the loss cone can be increased by an
upward pointing electric �eld parallel to the magnetic �eld. This electric �eld will
increase the parallel velocity component of the electrons and thereby decrease their
pitch angle.

The auroral display takes place, mostly, within the auroral ovals, in two regions
around the geomagnetic poles. Poleward of the auroral ovals, in the polar caps, the
magnetic �eld lines are open and connected to the solar wind, the magnetosheath
and the lobes. The mapping of auroral features to the magnetosphere is both di�-
cult and debatable. However, using a morphological mapping [92], the central part
of the auroral oval, where the aurora typically is structured and discrete arcs occur,
maps to the plasma sheet. Further, the equatorward part of the auroral oval maps
to a region where the transition between quasi-dipole and stretched magnetic �elds
occurs, while the poleward part maps to the plasma sheet boundary layer. The size
and location of the auroral oval depends on the geomagnetic activity [26, 102] but
also on the phase of the substorm [54]. The auroral oval is typically smaller during
quieter periods, and widens, both poleward and equatorward, with increasing ge-
omagnetic activity. However, the oval may, although small, be relatively wide for
northward IMF conditions. During the recovery phase of a substorm, the poleward
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boundary moves to higher latitudes [54] and the oval is still rather wide although
the activity decreases. On the nightside, where the equatorward boundary expands
more than the boundary on the dayside, the expansion of the equatorward bound-
ary is more rapid than the contraction [89].

The work in this thesis is focused on auroral electric �elds and currents in the
poleward part of the oval coupled to the plasma sheet boundary layer. However,
there are also auroral structures poleward of the main auroral oval. These high-
latitude arcs can be of di�erent types and scales; from Sun-aligned arcs with a
length of a few hundred kilometers to large-scale arcs with widths of several hun-
dred kilometers, some of them extending all the way across the polar cap. The latter
kind is called transpolar arcs and appear mostly during northward IMF, strong IMF
magnitude and high solar wind speed [65]. They are thought to have their origin
in the plasma sheet or the plasma sheet boundary layer since their particle charac-
teristics are similar to those in the main oval. However, the tail topology needed
to produce this auroral phenomena is not clear (see Kullen et al (2002) [65] and
references therein). Whether small-scale Sun-aligned arcs occur on open or closed
�eld-lines is an open question [31, 8].

Figure 3.1: A picture of an auroral display outside Tromsø, Norway. (Photo: Daniel
Whiter.)
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Discrete arcs
Structures described as discrete arcs in optical studies have been reported to have
widths of 100 m to 100 km. A more detailed discussion of scale sizes will be given
below. The typical discrete arc occurring in the nightside auroral oval is narrow,
extending several thousands of km in longitude, with a sharp lower boundary at
an altitude of approximately 100 km, due to the mechanisms described above. The
precipitating electrons, causing the aurora, constitute thin sheets of upward �eld-
aligned currents. Discrete arcs, occurring in the upward current region, are more
common in the poleward (equatorward) part of the oval in the evening (morning)
sector, indicating a connection to Region 1 and Region 2 currents, since these cur-
rents are directed upward on the duskside and dawnside, respectively. Theories on
auroral particle acceleration and auroral electric �elds are discussed in Chapter 3.2
and in situ observations and characteristics of auroral electric �elds are discussed
in Chapter 3.3.

Di�use aurora
Di�use aurora is caused by non-accelerated particles. With a fairly low and uniform
luminosity, this kind of aurora can cover a large part of the sky and is di�erent as
compared to the discrete arcs. On the evening side, proton precipitation is an im-
portant contributor to the di�use aurora. As mentioned above, protons go through
a large number of charge-discharge interactions and can move as neutral atoms
during part of this cycle, giving a spread in the ion precipitation and, hence, in
the auroral display. From an in situ observational point-of-view, di�use electron
precipitation appears when electrons experience weak angular scattering and end
up in the loss cone [92]. These electrons are isotropic in pitch-angle and the di�use
precipitation contributes to most of both the number and energy �uxes of the au-
roral particle precipitation.

Spirals and curls
The discrete arcs described above can be distorted. One observed form is large-
scale (100-1500 km) spirals, typically observed during auroral breakup [92]. Spirals
have been suggested to be the result of a current sheet instability related to strong
magnetic shears occurring for high ionospheric conductivity [70]. The Westward
Travelling Surge in the evening sector is a speci�c example of a large-scale spiral,
associated with intense electric �elds, �eld-aligned currents and emission but there
are also less active regions [79]. Curls are small-scale distortions of arcs which have
the same appearance as Kelvin-Helmholtz vortex streets with clockwise vorticity
(associated with negative space charge). The curls can move, with velocities of
approximately 20 km/s [34] and the distance between the vortex centers can be 6
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km [33].

Pulsating aurora
Pulsating aurora is a phenomena related to the substorm recovery phase with com-
plicated temporal and spatial characteristics. It can cover most of the sky and
consists of a large number of irregularly shaped patches, each pulsating with a
well-de�ned period. The classical view of the cause of pulsating aurora is the fol-
lowing [90]: The pulsating patches map to regions near the equatorial plane with
enhanced plasma density. A plasma instability caused by the pitch angle anisotropy
of a plasma population with loss cone distribution generates VLF whistler-mode
waves. The anisotropy is removed when the waves cyclotron resonate with coun-
terstreaming electrons. The cycle can repeat itself when the electrons are lost
to auroral precipitation. However, recent observations by the FAST satellite did
not detect VLF waves in relation to a pulsating aurora and the use of a pair of
conjugated ground-stations showed that the pulsating aurora had a non-conjugate
characteristic [99]. These observations indicate that the generator region is located
much more earthward than the equatorial plane.

Black aurora
A commonly used de�nition of black aurora states that it is the lack of auroral
emissions in a region within di�use aurora or intermediate between di�use and dis-
crete aurora [60]. Di�erent observed forms of black aurora are east-west aligned
arcs, curls (Kelvin-Helmholtz vortex streets with clockwise vorticity and positive
space charge) [59], patches and rings [60]. Black auroral patches and arc segments
have been found to drift eastward in the midnight sector [108], a region otherwise
characterized by westward drifting auroral structures. The vortices formed by black
auroral arcs indicate positive charge in the �ux tube [108] which have lead to the
suggestion that black aurora is related to observed diverging bipolar electric �elds,
dropouts of precipitating electrons and plasma depletions [76, 80]. The scale sizes
of black auroral arcs have been found to range between 200 m and 1 km [108],
similar to the widths of �ne-scaled auroral arcs [72], which will be discussed next.
Black aurora, diverging electric �elds and the possible relation between them will
be further discussed in Chapter 3.3.

Scale sizes
The aurora is both a local and a global phenomena. This is re�ected in the wide
range of auroral scale sizes, from the �ne-scaled arcs (order of 100 m) to the thick-
ness of the auroral oval (order of several 100 km). The mechanisms behind the
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�ne-scale auroral scales are not well understood. Various theories predict arc thick-
nesses of a few km at ionospheric altitude (e.g., strong double layers and anomalous
resistivity) but some give scale sizes one or two order of magnitudes larger than
that [9]. Two optical studies of auroral structures appear to reveal a gap in the
distribution of arc widths near 1 km. The mean thickness of the smaller auroral
structures have been reported to be some 100 m [72], while another study found
auroral arcs with a mean width of 18 km and a sharp cuto� at 8 km [64]. This might
mean that there are di�erent mechanisms for the �ne-scale arcs and the meso-scale
arcs. Alfvén activity and quasi-static acceleration mechanisms could be responsible
for the �ne-scale and meso-scale arcs, respectively. However, uncertainties in the
measurement resolution can not be ruled out as the cause of the gap in the arc
size distribution. The de�nition of an arc in optical observations is also a cause for
uncertainties since it is somewhat subjective.

Stenbaek-Nielsen et al. (1998) [103] found the same scale size (2 km) in FAST
electron energy �ux measurements and conjugate optical observations. The inter-
pretation of this result, given by the authors, is that the processes determining the
arc widths at this scale occur at or above the FAST altitude of ∼4000 km. Although
this interpretation is likely true, an ionospheric feedback mechanism of some sort is
also possible. It has been suggested that the quasi-static potential structure consists
of narrow structures extending to low altitudes, so called "�ngers" [82]. However,
these narrow structures (observed by FAST) were a few km wide, still an order of
magnitude larger than the �ne-scale auroral arcs. These scale sizes observed by
FAST are given in local values but mapping them down to the ionosphere would
not make a signi�cant di�erence, due to the low FAST altitude, when comparing
with the size of the �ne-scale auroral arcs. The scale size of intense auroral electric
�elds is the subject of Paper 5.

3.2 Theories on particle acceleration

Electrons of magnetospheric origin moving downwards, toward the ionosphere,
along the converging geomagnetic �eld lines experience a mirror force. Only elec-
trons within the loss cone can reach the upper atmosphere and be lost to collisions
(as discussed above in Chapter 3.1). The precipitating electrons causing discrete
auroral arcs have been accelerated to tens of keV kinetic energies by upward point-
ing magnetic �eld-aligned electric �elds. This parallel electric �eld is necessary in
order for the pitch angle to decrease, by increasing the parallel velocity of the elec-
trons, which will move more electrons into the loss cone and increase the number
of current carriers. The parallel electric �elds were �rst predicted by Alfvén (1958)
[2] and have since been con�rmed observationally �rst by McIlwain (1960) [83] in
a sounding rocket experiment and later in many studies, indirectly by energetic
particle characteristics and perpendicular electric �elds or by direct measurements
(e.g., by Mozer et al. (1970) [85]).
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The relation between the parallel current density, j‖, in the ionosphere and the
parallel potential drop, ∆Φ‖, in the upward current region along a particular �eld-
line is described by the Knight relation [62]. This relation is derived, assuming an
isotropic Maxwellian distribution, by integrating the distribution function, in which
the potential drop along the �eld-line is included, in velocity space over the region
which contributes to the parallel current. When the increase in kinetic energy of
an electron by the parallel potential drop is greater than the thermal energy of the
electrons, but smaller than the ratio of magnetic �eld strengths in the ionosphere
and at the top of the potential drop, the Knight relation is almost linear. In this
regime, the Knight relation can be simpli�ed to [92]

j‖ = K∆Φ‖, (3.4)

where the Knight conductance is

K =
e2n√

2πmekBTe

. (3.5)

The question of how the parallel electric �elds are set up in the auroral region has
attracted much interest. The good �eld-aligned conductivity in the magnetosphere
would at �rst glance indicate that no electric �eld could be supported. Several the-
ories have been proposed, some of which will be discussed here. There are two main
categories of explanations, quasi-static electric �elds and Alfvén waves. Quasi-static
refers to the electron transit time across the acceleration region being shorter than
a characteristic time of the temporal variations of the electric �eld. Auroral elec-
tric �eld structures are not restricted to the upward current region; parallel electric
�elds have also been discovered in the downward current region where electrons are
accelerated upward. Observations from the downward and upward current regions
are discussed in the Chapter 3.3.

Quasi-static electric �elds
The parallel electric �elds in quasi-static structures are accompanied by intense
monopolar or bipolar electric �elds perpendicular to the background magnetic �eld.
The bipolar electric �elds are converging in the upward current region (together
with an upward �eld-aligned component) and diverging in the downward current
region (together with a downward �eld-aligned component). The corresponding
potential structure is U-shaped, while an S-shaped potential structure is related to
monopolar perpendicular electric �elds [87, 84]. Combinations of U- and S-shaped
potential structures are possible [13], where the U-shaped signature is found at
high altitudes and the S-shaped signature at lower altitudes. These structures will
also be discussed in Chapter 3.3. O-shaped potential structures have also been
suggested [46] where a second region of parallel electric �elds is located above the
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usual acceleration region. Some wave-particle interaction would in this case be the
prime acceleration mechanism above the O-shaped potential structure.

Electrostatic double layers (DLs), occurring in current-carrying plasmas, con-
sists of two layers of opposite charge but without a net charge over the double
layer. The thickness of a double layer is some Debye lengths, λD. The density
within a double layer is lower than in the surrounding plasma. An internal electric
�eld parallel to the magnetic �eld, and a net potential di�erence, ΦDL, can be
sustained across the double layer [96], which makes it a possible auroral accelera-
tor mechanism. The electric �eld forms beams of accelerated particles along the
smallest dimension of the double layer [7], which typically is parallel to the mag-
netic �eld. However, oblique double layers have been observed in the auroral region
[19]. Depending on how strong the double layer potential, ΦDL, is compared to the
equivalent thermal potential, Φth = kTi,e/e, one can distinguish between strong
and weak double layers. In the case of strong double layers, ΦDL >> Φth, most of
the electrons (positive ions) on the high-potential (low-potential) side are re�ected,
and [96]

je

ji
= (

mi

me
)1/2, (3.6)

where je,i and me,i are electron and ion current densities and masses. This is the
Langmuir condition and shows that the electron current dominates.

A double layer with a surplus of electrons or ions is charged and will be accel-
erated by external electric �elds. The Langmuir condition (3.6) will then be met
in the moving frame of reference [7]. Strong double layers have been studied in
laboratory experiments (e.g., Carpenter and Torvén (1987) [12]) and in simulations
(e.g., Singh (2000) [101]). Measurements of electric �elds and particles support the
existence of double layers in space. Recent observations by FAST have been inter-
preted as direct measurements of strong double layers travelling anti-earthward in
the auroral acceleration region [22, 19, 3], more on this in Chapter 3.3. How much
of the parallel drop that is due to strong double layers is, however, still an open
question.

If VDL ≈ Vth, then the double layer is weak and electrons (positive ions) from
the high-potential (low-potential) side can pass. Weak double layers are nearly
steady structures and they can have the character of solitons [96]. Due to the small
potential drop across such a structure, a large number of weak double layers along
the magnetic �eld is necessary to account for a signi�cant auroral potential drop.
Simulations and observations support this as a possible acceleration mechanism
[105, 38]. However, results by the Viking spacecraft indicate that the total poten-
tial drop obtained in this way typically does not exceed 1 keV [73].

Alfvén waves
Auroral electrons can be accelerated by speci�c forms of the Alfvén wave having
parallel electric �eld components. If the wavelength is small, comparable to the
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ion gyroradius, ρs, or the electron inertial length, λe, e�ects of the particle motion
must be considered. The ratio between the ion gyroradius and the electron inertial
length can be shown to be [92]

ρs

λe
= (β

mi

me
)1/2, (3.7)

where λe = c/ωpe and ωpe is the electron plasma frequency. For hot and weakly
magnetized plasmas (β > me/mi), the wave becomes a kinetic Alfvén wave. Iner-
tial Alfvén waves occur in cold and strongly magnetized plasmas (β < me/mi) [92].

A model for kinetic Alfvén wave auroral acceleration was developed by Goertz
and Boswell (1979) [29], assuming a voltage generator and perpendicular electric
�elds in the distant magnetosphere. It was shown that the wave front carried a
parallel electric �eld, which moved with the Alfvén velocity, vA = B0/

√
µ0ρ. The

kinetic Alfvén wave is re�ected in the ionosphere where it is also damped by �nite
Pedersen conductivities. In a similar model [61], it was found that kinetic Alfvén
waves could accelerate the bulk of the background plasma to modest energies (∼10
eV) in response to the parallel electric �eld. A part of the electron population
can be resonantly accelerated to greater energies. Electrons with an initial parallel
velocity component smaller than the Alfvén speed, so that they are overtaken by
the wave, but large enough so that they can be accelerated up to the wave velocity,
travel with the wave and continue to be accelerated until they move faster than
the wave. As the wave moves downward, its speed increases due to a more rapid
increase in the magnetic �eld than in the density. Further, kinetic Alfvén waves can
be associated with parallel wavelengths of several Earth radii, which would allow
large potential di�erences over those distances [107].

Knudsen (1996) [63] presented a model for auroral acceleration by stationary
inertial Alfvén waves (SIA waves). Plasma drifting across large-scale sheets of �eld-
aligned currents induces a parallel electric �eld which can accelerate electrons. A
parallel electric �eld is permitted by the inertia of these electrons. The waves are
spatially periodic, possibly related to multiple parallel arcs. The periods have a
spatial scale proportional to λe. Depending on the wave propagation direction rel-
ative to the electron drift, the arc widths, if caused by SIA waves, would be of the
order of λe (parallel propagation) or tens to hundreds of λe (antiparallel propaga-
tion). In the auroral region, the electron inertial length is often found to be in the
range 100 m to 1 km. Further, density perturbations and structured perpendicular
electric �elds are associated with the waves.

Alfvén waves are partly re�ected at boundaries between regions of di�erent
Alfvén velocity. Such a boundary can be the ionosphere or the peak in the Alfvén
speed above the ionosphere, which arises due to di�erent variations in the magnetic
�eld and density as functions of altitude. The ionospheric Alfvén resonator is a
resonant cavity along the �eld line [69] created by these two boundaries. Corre-
lations between auroral resonator �eld variations and electron precipitation have
been observed [45]. Another kind of resonance is �eld-line resonance (FLR) in which
a standing Alfvén wave with ultra-low-frequency (ULF) displaces the geomagnetic
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�eld line in the azimuthal direction. The electric �elds and currents associated with
a small-scale FLR may have parallel components and FLRs have been proposed as
possible auroral electron accelerators, e.g., by Greenwald and Walker (1980) [30].
Lotko et al. [67] compared observations and simulations and found that FLRs could
produce 10 km wide auroral arcs.

Downward current region
The downward current is mainly carried by ionospheric electrons. Due to a limita-
tion in the number of charge carriers within the �ux tube a parallel and downward
directed electric �eld is formed in order to maintain current continuity. As elec-
trons are evacuated from the ionosphere, it becomes more di�cult to draw the cur-
rent and in response the potential drop increases and/or the current sheet widens,
features which have been seen in simulations and observations [77, 52, 17]. The
current-voltage relation in the downward current region is, in contrast to the up-
ward current region, less well understood and highly non-linear [17]. Some theories
addressing the downward current region will be mentioned.

Temerin and Carlson (1998) [104] regarded the ion density as �xed and used
the requirement that the plasma along a downward current region �ux tube must
be charge neutral to construct a model for the current-voltage relation. The par-
allel electric �eld will accelerate ions downward which will alter the density and
the potential. Related wave turbulence will heat the ion distribution and produce
an upward �ow of ions. Temerin and Carlson (1998) [104] considered it possible
that the density therefore will be in quasi-static equilibrium, introducing ion heat-
ing as a parameter in the calculation of the downward current. Plasma turbulence
and waves causing current resistivity (anomalous resistivity) could in�uence the
current-voltage relation, and cause a decrease in the electron velocity.

Jasperse (1998) [49] described the generation of a self-consistent downward par-
allel electric �eld using a kinetic model treatment. The model assumes that broad-
band low frequency waves exist on the �ux tube that carries downward current.
Ions are heated by cyclotron resonance near the ion gyrofrequency. Up-going and
down-going ions and electrons are treated separately in the model. Using quasi-
charge neutrality and steady-state plasma kinetic equations, Jasperse (1998) [49]
derived an expression for the parallel electric �eld which accelerates electrons up-
ward.

Vedin and Rönnmark (2005) [110] presented an electrostatic, kinetic model of
the parallel electric �eld in the downward current region. They derived the self-
consistent potential for a quasi-neutral plasma from the stationary Vlasov equation
with adiabatic electron motion and a �xed ion density function. The latter is
justi�ed by restricting the model to time scales shorter than the time spent by
the electrons travelling between the boundaries during which there are only small
changes to the ion distribution. The boundaries in the model are a generator re-
gion close to the equatorial plane and a low altitude boundary in the ionospheric
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F-layer. The potential and the electrons adjust to the ion density function. At
longer timescales, the evolution of the ion density will be important to the parallel
electric �eld. Wave-particle interactions are not included, contrary to the model by
Jasperse (1998) [49].

3.3 Auroral electric �eld observations

Quasi-static electric �eld structures have been observed in the upward current re-
gion for a long time. The parallel component points upward along the magnetic
�eld and accelerates electrons toward Earth. The acceleration region is typically
located between 5000 and 8000 km in altitude. It can occasionally reach down
to 2000 km in small-scale regions ("�ngers") [82], as well as extend up to higher
altitudes than 8000 km. More recently, similar electric �elds have been observed in
the downward current region, where quasi-static electric �elds accelerate electrons
away from Earth. Intense electric �elds in the downward current region have been
observed down to altitudes of 800 km [80], i.e., this acceleration region is located at
much lower altitudes than the one in the upward current region. Alfvénic electric
�elds have been observed both in the upward and downward current regions but is
a more dominant feature in the downward current region.

The electric �eld component parallel to the magnetic �eld, responsible for the
particle acceleration, can be measured directly or determined indirectly. Direct
measurements of the parallel �eld are rare and di�cult to make. Various technical
di�culties limit the resolution. The parallel component is typically small compared
to the perpendicular components. If the parallel electric �eld is large, e.g., due to
strong double layers, it should be possible to detect if the spacecraft crossed the
double layer region. However, since the double layers spatial extent are small com-
pared to the altitude range where they occur, such an observation is highly unlikely.
Four such events of large parallel electric �elds were found by Mozer and Kletzing
(1998) [88] among 1500 auroral passes in a survey of Polar electric �eld data. These
upward pointing parallel electric �elds were found at the boundary between intense
and weak perpendicular electric �elds.

Another direct observation of a parallel electric �eld in the upward current
region was made by Ergun et al. (2001) [22]. The monotonic potential ramp, as-
sociated with the electric �eld, was approximately 100 m, or ∼ 10 λD, along the
magnetic �eld line. An anti-earthward motion of the structure with a speed of 10
(±5) km/s was also observed, similar to the ion acoustic speed . More events were
presented in a later study, where they were interpreted to be signatures of strong
double layers, due to their large amplitude (> 100 mV/m with error levels ranging
between ±20 mV/m and ±50 mV/m) and short duration [19]. Direct measurements
of parallel electric �elds in the return current region were presented by Andersson
et al. (2002) [3]. These structures had a thickness of ∼ 10λD along the magnetic
�eld line similar to those observed in the upward current region. Beams of acceler-
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ated electrons were observed on what was interpreted as the high-potential side of
a strong double layer. Parallel electric �elds associated with inertial Alfvén waves
and upward accelerated electron �uxes have also been reported recently [20].

The particles accelerated by the parallel electric �elds achieve kinetic energies
corresponding to the potential drop. These particles can be measured and their
characteristic energy reveals information about the potential drop. The �rst exper-
imental indication of parallel electric �elds was inferred from observing monoener-
getic peaks in the electron spectra detected by a sounding rocket [83]. A spacecraft
or sounding rocket below the acceleration region in the upward current region can
observe accelerated electrons of a few keV, while accelerated ions can be observed
above the acceleration region. In the downward current region the accelerated par-
ticles are observed in the reversed direction.

Weimer et al. (1985) [111] used conjugate observations (Dynamic Explorer 1
and 2) of the perpendicular electric �eld in the upward current region to show that
the high-altitude auroral electric �eld was more intense than the low-altitude �eld.
That is, the electric �eld did not map down to the ionosphere, which implies that
there must be a parallel electric �eld. The mapping can also be partial. However,
for structures with a scale size larger than a critical value, Weimer et al. (1985)
[111] argued that no potential drop should occur. The critical value was given as

λ0 = 2π(
ΣP

K
)1/2, (3.8)

where ΣP is the height-integrated Pedersen conductivity and K is the Knight con-
ductance given in Equation (3.5). For typical values the critical scale size is ap-
proximately 100 km. When the high-altitude electric �eld partially map down to
lower altitudes, there is no match between the characteristic energy of accelerated
particles and the potential calculated from the electric �eld perpendicular to the
magnetic �eld line.

An early observation of intense perpendicular electric �elds was made by the S3-
3 satellite [86]. The observed electric �elds had bipolar signatures, corresponding
to U-shaped potential structures. The bipolar electric �elds are either converging,
with an upward pointing parallel component (upward current region), or diverging,
with an downward pointing parallel component (downward current region). The
potential structure for a quasi-static monopolar electric �eld is S-shaped. S-shaped
potential structures occur in both the upward and the downward current regions.
Chiu et al. (1981) pointed out that combinations of U- and S-shaped potential
structures are possible. The U-shaped potential structure at high altitude could at
lower altitudes be S-shaped. This was con�rmed by Mizera et al. (1982) [84] and
also shown by Marklund (1984) [75]. Both monopolar and bipolar electric �elds
have been observed at high altitude by Cluster. The S-shaped potential structures
have been shown to be associated with the sharp plasma density gradient at the
poleward boundary of the plasma sheet, while U-shaped potential structures occur
inside the plasma sheet at less distinct gradients, as illustrated in Figure 9 of Pa-
per 3. The di�erent locations of U- and S-shaped potential structures have been
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suggested to be related to how the FACs are closed in the ionosphere [81].
O-shaped potential structures have been suggested as an explanation for a lack

of intense converging electric �elds found in studies on Polar data [48, 47]. Wave ac-
tivity at the high-altitude end of the structure was proposed to transport electrons
across the potential barrier and in the low altitude end (below 3 RE geocentric
distance) the electrons would be accelerated in the same way as in a U-shaped
potential structure [46]. To explain the observed high altitude (above 4 RE geocen-
tric distance) electric �elds during times of high geomagnetic activity, an U-shaped
potential was superimposed above the O-shaped potential structure [47]. However,
Cluster has observed both converging and diverging bipolar electric �elds in the
range 4-7 RE geocentric distance (e.g., Paper 2).

As mentioned above, Weimer et al. (1985) [111] showed in the upward current
region that the mapping, or non-mapping, of the high altitude electric �elds depend
on the scale size of the structure. This dependence is likely to also apply to the
downward current region. It has also been shown by Hwang et al. (2006) [41] that
the shape of the auroral structure is important. Sheet-like structures were found to
extend partly down to the ionosphere, i.e., the electric �elds are partly mapping and
there is a mismatch between the potential drop along the �eld line, inferred from
the electron characteristic energy, and the potential calculated from integrating the
perpendicular electric �eld. The U-shaped potential structures (non-mapping elec-
tric �elds) were associated with curved structures.

The importance of particle accelerating electric �eld structures in the down-
ward current region was noticed �rst with the observations of Freja and FAST.
The quasi-static electric �eld structures with a downward magnetic �eld-aligned
component can be related to both U- and S-shaped potential structures. Intense
(∼ 1 V/m) and narrow (∼ 1 km) diverging electric �elds were reported by Mark-
lund et al. (1994) [81]. The characteristics of the events also included dropouts of
precipitating electrons and they appeared to be related to black aurora adjacent to
discrete aurora. Since the structures often were separated by approximately 5 km,
they were consistent with observations of vortex street structures of black curls.
In a statistical study, intense low-altitude electric �elds were found mostly in the
midnight and early morning local time sectors where also black auroral bands are
located [51]. The intensities of the electric �elds were further found to peak dur-
ing conditions of low plasma density and ionospheric conductivity, such as close
to winter solstice and local midnight [80]. Intense up-going electron beams in the
downward current region were observed by FAST together with diverging perpen-
dicular electric �elds [10]. The characteristic energy of the electrons was consistent
with the inferred potential drop parallel to the magnetic �eld [10, 21].

However, in a study using optical and radar measurements, Blixt and Kosch
(2004) [6] did not �nd electron density depletions for two events of black aurora,
which would be expected for a downward FAC driven by an intense diverging electric
�eld. Peticolas et al. (2002) [95] found only small electric �elds (< 10 mV/m) asso-
ciated with black aurora in a study of FAST particle data and conjugate aircraft-
based optical measurements. The surrounding aurora in the two studies was mostly
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di�use. Rather intense electric �elds (80− 300 mV/m) were found for black aurora
occurring together with discrete arcs (intense upward current) [59]. It is possible
that the intense diverging electric �elds only occur for the latter con�guration, while
there is no need for intense electric �elds for black aurora residing within di�use
aurora.

At high altitude, the Cluster spacecraft have made observations of quasi-static
bipolar and monopolar electric �elds from both the upward current region and the
downward current region. The results in Papers 1-5 and other studies show that the
U- and S-shaped potential structures reach up to Cluster altitudes in the auroral
region (4-7 RE).

Vaivads et al. (2003) [109] investigated a Cluster and DMSP conjunction in the
upward current region. The potential calculated from the perpendicular electric
�eld and from the characteristic energies of up-going ions (Cluster) were in good
agreement with the characteristic energy of down-going electrons (DMSP), giving
strength to the view that the equipotential lines of U-shaped potential structures
reach up to high altitudes. The Cluster spacecraft have also detected converging
electric �elds when passing over auroral activity, observed by a ground-based im-
ager [27]. The most intense electric �eld variations in that study were strongly
coupled to the density gradient at the poleward boundary of the plasma sheet.

The �rst observations of diverging electric �elds at Cluster altitude were re-
ported by Marklund et al. (2001) [77]. Taking advantage of the four Cluster space-
craft, the temporal evolution of the structures could be followed. The potential
calculated from the perpendicular electric �eld varied in a consistent way with the
potential drop along the magnetic �eld line, inferred from the characteristic energies
of the upward accelerated electrons. The growth and decay of the positive potential
structure were suggested to be related to the formation of an ionospheric plasma
density cavity, due to the up-going electrons. The spatial and temporal characteris-
tics of electric �eld structures in the downward current region were further studied
for two other events. It was shown that although both quasi-static and temporal
variations of Alfvénic nature were present, they dominated in di�erent regions (Pa-
per 1 and Karlsson et al. (2004) [53]). The quasi-static monopolar electric �elds
were the more intense ones and associated with upward accelerated electrons.

It has been shown that Alfvén waves are capable of accelerating electrons and
powering the aurora. These results have mostly been obtained in the plasma sheet
boundary layer and during increased geomagnetic activity. For example, Keiling
et al. (2003) [57] argued that the Alfvénic Poynting �ux is a major contributor to
the powering of the aurora, since at least one-third of the total energy required to
produce the global ionospheric auroral luminosity can be accounted for by Alfvén
waves. In an event study with simultaneous Polar and FAST measurements during
the main phase of a major geomagnetic storm, Dombeck et al. (2005) [14] found
that downward acceleration of electrons was associated with Alfvén waves. Ener-
getic Alfvén waves have been found during substorms in the upward current region
[58, 55] but Schriver et al. (2003) [100] found no Alfvén waves during periods of
low activity. A relation between large Alfvenic Poynting �uxes and the expansion



3.3. AURORAL ELECTRIC FIELD OBSERVATIONS 27

phase of both strong and weak substorms has been found [58, 56]. However, the
observations in one of the studies [58] were consistent with both the quasi-static
model and dynamic Alfvén wave processes.

Acceleration by quasi-static electric �elds and by Alfvén waves both contribute
to the auroral acceleration and the two processes occur throughout the auroral
region, sometimes separated from each other, sometimes in the same region. Ob-
servations have shown that the relative importance of Alfvén wave driven aurora
is greater closer to the polar cap boundary [92]. The focus in this thesis is on
quasi-static electric �elds.





Chapter 4

The Cluster spacecraft

The Cluster mission [24] consists of four identical spacecraft in a 57 hour period
polar orbit with a perigee of 4 RE and an apogee of 19.6 RE . After the failed launch
in 1996, the identical replacement spacecraft were launched as two pairs in 16 July
and 9 August 2000 from Baikonour by Soyuz rockets. The operational phase begun
in February 2001. Cluster had a planned operational period of two years but the
mission has been extended and is currently planned to end in 2009.

During a year, Cluster will probe various interesting plasma regions. As the
Earth rotates around the Sun, the apogee of the Cluster orbit will move from the
solar wind at local noon, to the �ank of the magnetosphere at dawn, to the plasma
sheet around local midnight, and to the �ank of the magnetosphere at dusk. The
spacecraft are spin-stabilized with a spin period of 4 s and the spin axis is almost
perpendicular to the ecliptic plane. The four spacecraft �y in formation which
varies along the orbit with a tetrahedral or a pearls-on-a-string con�guration. The
advantage of four-point measurements is the possibility to separate temporal and
spatial variations. With varying separation distances between the spacecraft, from
100 km to 10 000 km, this can be done at di�erent scales. The auroral zone is
crossed at geocentric distances of 4-7 RE with the spacecraft in a pearls-on-a-string
con�guration where the time separation between the leading and trailing spacecraft
is in the range from a few minutes to 40 minutes.

As an example, Figure 4.1 displays one orbit of Cluster spacecraft 3 for an
event discussed in Paper 1 from 27 April 2002. Overlaid is a con�guration plot of
all Cluster spacecraft in a plane perpendicular to the background magnetic �eld at
the time of the event.

Each Cluster spacecraft carries eleven instruments for measuring �elds and par-
ticles. This thesis is focused on analyzing electric �elds measured by the EFW
instrument and FACs calculated from measurements by the �uxgate magnetometer
(FGM). Other instrument used are the ion spectrometer (CIS) and the electron
experiment (PEACE). These four instruments are brie�y described below.
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Figure 4.1: Plot of the orbit of Cluster spacecraft 3 (produced by OVT, http :
//ovt.irfu.se) and the con�guration of all four spacecraft, for one of the events in
Paper 1.

4.1 EFW

The Electric Field and Wave (EFW) instrument, discussed in detail by Gustafsson
et al. (1997) [32], utilizes the double probe technique [25] to measure electric �elds.
Each of the four Cluster spacecraft carries two pairs of spherical probes of 8 cm
radius mounted on wire booms to measure the electric �eld in the spin plane. The
electric �eld is determined by measuring the potential di�erence between the probes
and dividing by the probe-to-probe separation of 88 m. The third component can
be calculated when the magnetic �eld vector is known and not in the spin plane
and if the assumption E ·B = 0 is valid, i.e., the parallel component is zero. Cluster
passes the auroral region at geocentric distances of 4-7 RE , typically well above the
acceleration regions (in both the downward and upward FAC region [78]) and the
assumption can thus be used to calculate the third component of the electric �eld in
this region. The range of DC electric �eld measurements is 0.3-700 mV/m and the
time resolution in normal mode is 25 samples/s and 450 samples/s in burst mode.
The EFW instrument measures the electric �eld in the moving reference frame of
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the spacecraft. Therefore, the electric �eld induced by the motion, v×B, must be
removed.

The double probe technique is sensitive to perturbations of the local medium
caused by the spacecraft. The EFW instrument can give erroneous results in some
regions with a cold plasma population and drifting plasma, e.g., in the polar cap
where an enhanced electrostatic e�ect causes problems [23]. However, wake infor-
mation can be useful in deriving the polar wind �ow speed [18]. To avoid inter-
ference, long and thin wire booms are used. A condition for good measurements
is a low impedance between the probes and the plasma. This is achieved by ap-
plying a suitable bias current to the probes. The balance of the bias current, the
plasma electron current and the photoemission current determines the probe po-
tential. Small variations in the probe potential with changing current are desired
for optimized measurements.

Due to failure of probe 1 on Cluster 1 and 3 in December 2001 and July 2002,
respectively, the normal procedure of calculating one of the electric �eld compo-
nents from probes 1 and 2 was no longer available. Two orthogonal electric �eld
vectors in the spin plane can still be achieved by using probes 2 and 3 together with
probes 3 and 4 [66]. Recently, in May 2007, also probe 1 on Cluster 2 failed.

Plasma density estimates can be made from the potential di�erence between a
probe and the spacecraft [93]. Due to the high time resolution of the EFW instru-
ment, this method can be used to observe fast density variations.

4.2 FGM

Each Cluster spacecraft carries two, tri-axial �uxgate magnetometers. The FGM
instrument [4] measures the magnetic �eld vector with a sampling rate of up to 67
vectors/s (22 vectors/s in normal mode). The local measurement by single space-
craft can be used to estimate FACs. In the auroral region, a good assumption is
often the in�nite current sheet approximation and it has been used to calculate
FACs in Papers 1-5. Encountered current sheets are often aligned close to the geo-
magnetic east-west direction. However, applying minimum variance techniques to
the measured magnetic �eld will reveal the actual orientation of the current sheet
relative to this. The deviation can be as large as 30-40 ◦ (Paper 1). Combining the
vector magnetic �elds measured at four di�erent points in space can give the aver-
age current density vector, J = ∇×B/µ0. This is the curlometer technique and it
has been shown to give reasonable currents at, e.g., the magnetopause [15] but has
also been used when looking for auroral generator regions [35]. The resolution will
be limited to the order of the Cluster separation distance, since �eld gradients and
variations on smaller scales are not measured [4]. Cluster's �uxgate magnetometers
have also been used as a wave telescope [28].
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4.3 CIS
The Cluster Ion Spectrometry (CIS) [97] is an instrument package which at spin res-
olution (4 s) and with a full 4π angular coverage investigates the ionic component of
the plasma. CIS has two parts; the Hot Ion Analyzer (HIA) and the COmposition
and DIstribution Function (CODIF). CODIF is a time-of-�ight analyzer covering
the energy range between the spacecraft potential and 40 keV/e. Its mass resolution
capability makes it possible to separate the most common ions; H+, He+, He++ and
O+. HIA, an electrostatic analyzer, lacks mass resolution but has a higher angular
resolution than CODIF. The maximum resolution of HIA is 5.6×5.6 ◦ (limited to
the Sun direction) but the normal resolution in the magnetosphere is 11.2×11.2 ◦.
The lower sampling resolution of CODIF is 11.2×22.5 ◦ but the data is averaged to
22.5 ◦ resolution in both directions when sent down to ground. Both instruments
are capable of measuring the full 3D ion distribution function. The CIS instrument
on Cluster 2 is not operational.

4.4 PEACE
The last of the Cluster instruments that has been used is the Plasma Electron And
Current Experiment (PEACE) [50], which measures the electron velocity distribu-
tion. Two sensors, Low and High Energy Electron Analyzer (LEEA and HEEA),
are mounted on opposite sides of the spacecraft and sample the full 4π steradians
per spacecraft spin. They have the same energy range coverage, 0.7-30 keV, al-
though they typically operate in di�erent but overlapping energy ranges. In this
way, full coverage of the energy range can be achieved every half spin. HEEA has
a higher angular resolution in the azimuthal direction, 5.3 ◦ compared to 2.8 ◦ for
LEEA. Both sensors have an angular resolution of 15 ◦ in a polar direction.
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Summary

The intense quasi-static auroral electric �eld observed by Cluster occur almost ex-
clusively at plasma boundaries associated with plasma density gradients. Monopo-
lar electric �elds occur at boundaries that are sharper than those where bipolar
electric �elds occur. The di�erence is shown to depend on the plasma conditions
and the current system associated with the boundary. The electric �eld scale sizes
are typically 4-5 km (mapped to ionospheric altitude) which is similar to the typical
scale sizes of the associated plasma density gradients and FACs but roughly a factor
of two smaller than the typical scale size of auroral arcs [63]. Since the majority of
the electric �eld structures are related to boundaries (such as arc boundaries), this
is, however, to be expected.

Paper 1: Intense high-altitude auroral electric �elds - temporal and spatial
characteristics

Paper 1 discusses two events of intense electric �elds observed by Cluster in the
plasma sheet boundary layer. Electric �eld, magnetic �eld, and energetic electron
data were analyzed. Both events occurred in the downward current region. Spatial
and temporal regions have been separated using the method described by Karlsson
et al. (2004) [53]. The most intense electric �elds (peaking at 450 and 1600 mV/m,
respectively and mapped to ionospheric altitude) were found to be quasi-static,
monopolar, relatively stable on the time scale of at least half a minute, and asso-
ciated with moving downward FAC sheets, downward Poynting �ux, and upward
electron beams with characteristic energies consistent with the potentials calculated
from the perpendicular electric �eld. From the temporal evolution of the structures,
a lower limit on the lifetime of the total potential drop of 25 s could be determined.
The observed variations in the temporal regions were interpreted as Alfvén waves
and they were found to be associated with less intense electric �elds. For these
two events, quasi-static electric �eld structures were found to dominate the upward
acceleration of electrons, although Alfvén waves clearly also contributed to these
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processes.

Paper 2: A statistical study of intense electric �elds at 4-7 RE geocentric
distance using Cluster
Paper 2 presents a statistical study of intense electric �elds (>150 mV/m mapped
to ionospheric altitude) observed by Cluster at 4-7 RE geocentric distance. The
occurrence and distribution of the events have been used to characterize the in-
tense electric �elds and to investigate their dependence on parameters such as
MLT, CGLat, altitude, and Kp. Peaks in the local time distribution are found
in the evening to morning sectors but also in the noon sector, corresponding to
cusp events. The scales sizes are in the range up to 10 km (mapped to ionospheric
altitude) with a maximum around 4-5 km and the magnitudes of the electric �elds
are inversely proportional to the scale sizes. Both converging and diverging bipolar
electric �elds were found at these high altitudes, showing that the U-shaped poten-
tial structures extend up to 4-7 RE geocentric distance. The type of electric �eld
structure (convergent or divergent) is furthermore found to be consistent with the
FAC polarity.

Paper 3: On the pro�le of intense high-altitude auroral electric �elds at
magnetospheric boundaries
The pro�le of auroral electric �elds in relation to plasma boundaries is the subject
of Paper 3. A total of 41 events with mapped electric �eld magnitudes in the range
between 0.5-1 V/m were examined, 27 of which were co-located with a plasma
boundary. The boundaries were characterized by the variations in β and proton
density. All bipolar electric �eld structures (U-shaped potential) were found at
plasma boundaries within the plasma sheet boundary layer, while all, except one,
of the monopolar electric �eld structures (S-shaped potential) were found at the
sharper polar cap boundary. These results support the prediction by Marklund et
al. (2004) [81], that the electric �eld pro�le depends on whether plasma populations,
able to support intense �eld-aligned currents and closure by Pedersen currents, ex-
ist on both sides, or one side only, of the boundary.

Paper 4: Cluster observations of an auroral potential and associated
�eld-aligned current recon�guration during thinning of the plasma sheet
boundary layer
The auroral electric �eld pro�le is also the topic in Paper 4. In this study, Cluster
observations from the poleward boundary of the plasma sheet within the Southern
Hemisphere pre-midnight auroral oval, illustrate the recon�guration of an auroral
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potential structure. The recon�guration from a symmetric U shape to an asym-
metric S shape takes place between two consecutive crossings by Cluster spacecraft
1 and 2, moving along roughly the same orbit and separated in time by 16 min.
During this time the plasma conditions poleward of the boundary changed dra-
matically. The �uxes of energetic electrons decreased, as did the intensities of the
associated small-scale FACs and the ambient plasma density which was particularly
low immediately outside the boundary for the spacecraft 2 crossing. This is consis-
tent with the view that the pro�le of the electric �eld is determined by the plasma
conditions around the boundary and the geometry of associated current system.

Paper 5: Scale sizes of intense auroral electric �elds observed by Cluster
Paper 5 is a statistical study of the scale size of intense auroral electric �elds (>
0.15 V/m, mapped to the ionosphere). The typical values, mapped to ionospheric
altitude, were found to be 4-5 km, in agreement with the results presented in Pa-
per 2. This lies between the widths of �ne-scale and meso-scale auroral arcs but
agrees reasonably well with earlier in situ measurements and theoretical predic-
tions. The electric �eld scale sizes during summer months and high geomagnetic
activity (Kp>3) are typically 2-3 km, smaller than the typical 4-5 km scale sizes
during winter months and low geomagnetic activity (Kp≤3), indicating a depen-
dence on ionospheric conductivity. The pro�les of the electric �elds were determined
and a majority of the events was found to be monopolar. The electric �eld scale
sizes were further compared to the scale sizes and widths of the associated �eld-
aligned currents (FACs). The in�uence of, or relation between, other parameters
(proton gyroradius, plasma density gradients, and geomagnetic activity), and the
electric �eld scale sizes were considered. The median scale sizes of these auroral
electric �eld structures were found to be similar to the median scale sizes of the
associated FACs and the density gradients (all in the range 4.2-4.9 km) but not
to the median proton gyroradius or the proton inertial scale length at these times
and locations (22-30 km). (The scales were mapped to the ionospheric altitude
for reference.) The most intense �eld-aligned currents were found for small FAC
widths. The widths of upward and downward FACs were similar and larger than
the electric �eld scale sizes.

Future work
The results in Papers 1-5 raise a number of new questions and suggestions for future
work, some of which are discussed below.

It would be interesting to further investigate the connection between electric
�elds and plasma boundaries associated with plasma density gradients. The results
show that the two parameters are typically co-located (Papers 1, 3 and 4) and have
the same scale size (Paper 5). Are the density gradients necessary for the formation
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of the electric �elds [74] or are the gradients a result of the action of the electric
�eld?

The results in Papers 3 and 4 show that monopolar electric �elds occur at
sharp boundaries, such as the polar cap boundary, and bipolar �elds at less sharp
plasma boundaries within the plasma sheet. It would be interesting to study the
electrodynamics of a system characterized by a monopolar electric �eld structure
at the polar cap boundary with an adjacent bipolar structure equatorward of this,
the two structures being connected by ionospheric currents.

It might be interesting to apply another search criteria when looking for events.
This could remove the possible biasing of only focussing on events where the electric
�eld is intense and allow tests of the obtained results. E.g., for a given current
signature and plasma environment, is the electric �eld signature as expected? The
up- and downward FACs also appear very similar in intensity and width (e.g.,
Figure 8 in Paper 5). This is something that could be investigated further and in
more detail. Another aspect of the FACs is the total current they carry, which can
be calculated by integrating the current intensity over the FAC width. Are also the
total up- and downward currents similar? Is the total current in these small-scale
FACs independent of the width? How are they related to the electric �eld intensity?

On-going work considers the question of electric �eld mapping. With Cluster
well above the acceleration regions, comparisons between the characteristic energy
of upward ion or electron beams (estimation of the parallel potential drop) and
the potential variation perpendicular to the magnetic �eld could be made. Such a
comparison would reveal to which extent the potential extends to the ionosphere,
which can depend on the scale size [111], shape of the electric �eld structure [40, 41],
plasma conditions along the �ux tube and the particular form of the current-voltage
relation.

The large database used in Papers 2 and 5 was created by searching through data
gathered during the �rst two and a half years of the Cluster mission. By including
later measurements, the database would not only be larger but also include other
time separations between the spacecraft. This could be used to statistically study
the time evolution or stability of the electric �eld structures. The database can
of course be used for event selection and subsets can be created by using di�erent
conditions to constrain the number of events to allow manual inspection of the
events.

Finally, Alfvén waves are also important contributors to the auroral acceleration.
What are the scale sizes of temporally varying electric �elds and how do these
compare with those obtained for quasi-static electric �elds? Can it be shown that
�ne-scale arcs [72] are typically of Alfvénic nature while meso-scale arcs [64] are of
quasi-static nature?
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