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Abstract

This thesis is composed of three articles, which have the common denominator that
they are studies of heating of oxygen ions in the high altitude cusp and mantle in
the terrestrial magnetosphere. All data analysis are based on observational data from
the Cluster satellites. Oxygen ions originate in the ionosphere, from where they flow
up along open cusp field lines. This upflowing ionospheric plasma is generally gravi-
tationally bound and will return as ionospheric downflow. However, if the plasma is
sufficiently energized it may overcome gravity and reach the magnetosphere. Further
energization is able to put the plasma on trajectories leading downstream along the
magnetotail, which may cause the plasma to escape into the magnetosheath. This
thesis considers energization of oxygen ions through wave-particle interactions.

We show that the average electric spectral densities in the altitude range of 8-
15 Earth radii are able to explain the average perpendicular temperatures, using a
simple gyroresonance model and 50% of the observed spectral density at the O+

gyrofrequency. We also show that the phase velocities derived from the observed low
frequency electric and magnetic fields are consistent with Alfvén waves.

Strong heating is sporadic and spatially limited. For three case studies of strong
heating, we show that the regions of enhanced wave activity are at least one order
of magnitude larger than the gyroradius of the ions, which is a condition for the
gyroresonance model to be valid. An analysis indicates that enhanced perpendicu-
lar temperatures can be observed over several Earth radii after heating has ceased,
suggesting that high perpendicular-to-parallel temperature ratio is not necessarily a
sign of local heating. This also explains why we sometimes observe enhanced tem-
peratures and low spectral densities. Three events of very high temperatures and
simultaneously observed high spectral densities were studied, and we showed that the
temperatures could be explained with the simple gyrofrequency model.

We have also provided average diffusion coefficients at different altitudes, which
can be used for ion heating and outflow modeling.
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Sammanfattning

Denna avhandling består av tre artiklar, som alla har den gemensamma nämnaren
att de är studier av syrejonsupphettning i cuspen och manteln på höga höjder i
jordens magnetosfär. All dataanalys är baserad på observationsdata från Cluster-
satelliterna. Syrejoner kommer ursprungligen från jonosfären, från vilken de flödar
upp längs öppna fältlinjer. Det uppflödande jonosfäriska plasmat är generellt gravi-
tationellt bundet och kommer då att flöda tillbaka i ett så kallat jonosfäriskt nerflöde.
Men om tillräckligt med energi tillförs plasmat så kan gravitationen övervinnas och
plasmat nå magnetosfären. Ytterligare tillförsel av energi gör det möjligt för plas-
mat att hamna på banor som leder nedströms längs med den geomagnetiska svansen,
vilket kan leda till att plasmat flyr ut till magnetoskiktet. Denna avhandling behand-
lar syrejonsupphettning till följd av vågpartikelväxelverkan.

Vi visar att medelvärdena av den elektriska spektraltätheten i höjdintervallet 8-
15 jordradier kan förklara de perpendikulära medeltemperaturerna, genom att an-
vända en enkel gyroresonansmodell och 50% av den observerade spektraltätheten vid
gyrofrekvensen för syrejoner. Vi visar också att fashastigheterna härledda från de
lågfrekventa elektriska och magnetiska fälten är förenliga med Alfvénvågor.

Kraftig upphettning är sporadisk och även rumsligt begränsad. I tre fallstudier
av kraftig upphettning visas att regionerna med förhöjd vågaktivitet åtminstone är
en storleksordning större än gyroradien hos de lokala syrejonerna, vilket är ett vil-
lkor för att gyroresonansmodellen ska vara giltig. En analys indikerar att förhöjda
perpendikulära temperaturer kan observeras över flera jordradier efter det att upphet-
tningen har upphört, vilket tyder på att höga perpendikulära-över-parallella temper-
aturförållanden inte nödvändigtvis indikerar lokal upphettning. Detta förklarar också
varför vi ibland observerar förhöjda temperaturer och samtidigt låga spektraltätheter.
Tre fall av mycket höga temperaturer och samtidigt höga spektraltätheter har stud-
erats, och vi visade att temperaturerna kunde förklaras med den enkla gyroresonans-
modellen.

Vi har också tagit fram medelvärden av diffusionskoefficienter vid olika höjder,
vilka kan användas vid modellering av tillexempelvis syrejonsupphettning och jonut-
flöde.
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Chapter 1

Introduction

The sun is crucial for our very existence on Earth. The energy it emits in the form
of electromagnetic radiation, and the light and heat it brings, is necessary in order
for the flora and fauna on our planet to evolve and grow. However, the sun does not
only emit energy in this form. A continuous stream of charged particles is emitted as
well. This high-energy plasma is commonly referred to as the solar wind and consists
predominantly of protons and electrons, and a small amount of helium ions. The solar
wind is supersonic and flows with speeds typically around 400 km/s, but is highly
variable due to the high variability of the conditions of the Sun itself. The Earth
is however effectively shielded from direct bombardment by its intrinsic magnetic
field, forming a magnetosphere that deflects the solar wind around it. The separation
between the two plasma regions is however not perfect, and energy and mass transfer
take place between them. Hence magnetospheric structure and characteristics are
greatly affected by the varying solar wind conditions.

The interaction mechanisms between the solar wind and the magnetosphere give
rise to a number of phenomena. Maybe the most profound example is polar lights,
a beautiful night-sky spectacle in the high-latitude regions. This phenomena arises
when highly energetic particles collide with the constituents of the high-altitude at-
mosphere. The atmospheric particles becomes excited and the excess energy is then
emitted in the form of light. Another example is geomagnetic storms that may seri-
ously disrupt and interfere with communication and navigation systems on Earth or
damage satellite hardware. A third example is atmospheric loss. Open magnetic field
lines connect the ionized upper atmosphere (the ionosphere) with the solar wind,
providing an escape path for ionospheric plasma to reach the magnetosphere and
possibly even interplanetary space if sufficiently energized. The ionosphere serves
together with the solar wind as the two main plasma sources for the magnetosphere.
Proton outflow is often difficult to study since the protons of ionospheric origin tend to
drown in the strong fluxes of protons of solar origin. Therefore, studies and observa-
tions of magnetospheric O+ may be beneficial, in order to get a better understanding
of atmospheric loss in general and ion heating and outflow mechanisms in particular.
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Figure 1.1: An artistic illustration of the solar wind and the geomagnetic field. Source:
http://www.nasa.gov

Heating of O+ through wave-particle interaction in the high altitude cusp and
mantle is the cornerstone of this thesis. In Chapter 2 some basic and fundamental
plasma physics is introduced: charged particle motion in magnetic and electric fields,
and plasma waves. Chapter 3 describes the configuration and structure of the magne-
tosphere of the Earth, introducing the different plasma regions within it. In Chapter
4 heating of ions through wave-particle interaction is described, looking at earlier ob-
servations and introducing some simple models, used later in the thesis. An overview
of the Cluster mission and some of the measurement instruments is the content of
Chapter 5.
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Chapter 2

Basic plasma physics

Plasma is often referred to as the fourth state of matter, and its nature is more
complex than those states that we all are familiar with in everyday life: gas, liquid
and solid. A plasma consists of ionized particles (negatively charged electrons and
positively charged ions) and as a consequence of this a plasma interacts with its
environment in a very different way than a gas does. For example, charged particles
are strongly affected both by electric and magnetic forces. The need of understanding
a particle’s motion in electric and magnetic fields is therefore fundamental in an
attempt to describe plasma physics.

2.1 Charged particle motion

A charged particle moving in an electric (E) and magnetic field (B) is subject to the
well-known Lorentz force given by

FL = q(E+ v ×B), (2.1)

where q and v are the particle’s charge and velocity respectively. This causes complex
charged particle motions

2.1. 1 Gyromotion

For simplicity we first assume a uniform magnetic field and E = 0 in order to directly
show some of the basic motions of a charged particle. Considering a charged particle
it will be affected by the force FL = qv×B, a force that acts perpendicular to both B
and v. Assume that the magnetic field points out of the paper and that the particle
moves in the paper plane. Then the particle will trace out a circle; in the clockwise
direction for an ion and anti-clockwise for an electron. This motion is illustrated in
Fig. 2.1, and is commonly referred to as the gyromotion of a charged particle in a
magnetic field. The particle may obviously have a velocity component parallel to the
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Figure 2.1: Gyrations of an electron and a positive ion in a magnetic field B. The particles
gyrate in opposite directions and with different radii. Source: Hargreaves (1992)

magnetic field (v||) as well, but since the Lorentz force only act perpendicularly to B
this velocity component is left unchanged. The particle is still gyrating however, and
as it travels along the field line it will trace out a spiral. The radius of the gyromotion
(the gyroradius) and the gyrofrequency can be analytically determined by considering
equality between the inwardly directed Lorentz magnetic force (|FL| = qv⊥B) and the
oppositely directed centrifugal force (|Fc| = mω2r). If ω = Ωg is the gyrofrequency
and r = Rg the gyroradius, the following relation must hold:

qv⊥B = mΩ2
gRg. (2.2)

From Eq. 2.2 and using v⊥ = ΩgRg both the gyroradius and the gyrofrequency can
easily be derived:

Rg =
mv⊥
qB

, (2.3)

Ωg =
qB

m
. (2.4)

The gyroperiod is then

T =
2π

Ωg

=
2πm

qB
. (2.5)
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2.1. 2 Particle drift

Now consider charged particles to be subject also to an electric field, E. In space
plasma physics it is often a good assumption to consider an electric field that is
perpendicular to the magnetic field, E ⊥ B, since a parallel component tends to be
canceled out by a charge-separation electric field, created by the parallel field itself.
The particles will drift in a direction perpendicular to both B and E (Fig. 2.2) and
the drift velocity is given by

uE =
E×B

B2
(2.6)

and is often referred to as the E × B drift. It arises due to the fact that the electric
field accelerates the charged particles during half of the gyroorbits and decelerates
them during the other half. The drift is not dependent on charge or mass and thus
all charged particles will drift together.

Figure 2.2: Illustration of the E×B drift in a plane perpendicular to B, for a positive ion
and an electron respectively. Source: Kivelson & Russell (1995)

The general expression for particle drift in a background magnetic field B under
the the influence of a force F can be shown to be

uF =
1

q

F×B

B2
. (2.7)

This means that drifts may depend on both charge and mass (unlike the E×B drift)
and affect different particle species differently. This is important in the understanding
of global and magnetospheric electric currents for example. One drift of this type
is commonly referred to as curvature drift and arises due to the curvature of the
magnetic field. As particles move along curved magnetic field lines they become
subject to centripetal forces Fc = mω × (ω × Rc), where ω and Rc is the angular
velocity and curvature radius respectively. Inserting this into Eq. (2.7) one can derive
the corresponding curvature drift velocity
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uc =
mv2‖
qR2

c

Rc ×B

B2
. (2.8)

The curvature drift velocity is charge dependent causing electrons and ions to drift
in opposite directions, generating electric currents. Another example of an important
particle drift is the gradient drift, which is due to changes in the magnetic field
strength. When a gyrating particle moves in a nonuniform magnetic field, the radius
of its orbit changes accordingly (Eq. (2.3)). Seen over several gyroperiods the particle
will drift with a velocity given by

ug =
mv2⊥
2qB

B×∇B

B2
. (2.9)

The curvature drift and the gradient drift are important mechanisms behind the ring
current, whereas the E ×B drift play a fundamental role in the transport of plasma
in the polar cap and auroral zone.

There are several other charged particle drifts present in space physics, such as
gravitational drift (due to a gravitational force), diamagnetic drift, (due to pressure
gradients) and polarization drift (due to time-varying electric fields).

2.1. 3 The mirror force

An adiabatic invariant is defined as a quantity that remains constant if the changes
of the physical system are slow enough. In plasma physics there are in general three
adiabatic invariants to take into account. The first is the magnetic moment, μ, of
a particle moving in a magnetic field. Assume that the magnetic field is B, and let
m and v⊥ be the particle’s mass and velocity perpendicular to B respectively. The
magnetic moment is then given by

μ =
mv2⊥
2B

. (2.10)

This invariant is of significant importance when considering particles moving along
magnetic field lines in the magnetosphere, since this causes what is generally referred
to as the mirror force. In our study it is reasonable to consider the gyroperiod of an
oxygen ion as a typical time scale (around 10 seconds at most), during which changes
of typical magnetospheric characteristics are small. Thus, it is feasible to indeed
consider the magnetic moment as an invariant. Now, consider a particle moving
along a magnetic field line into a region of stronger magnetic field (downward in
the magnetosphere). As B increases so does v⊥ in order for μ to remain constant
(Eq. 2.10). The total velocity of the particle, v = (v2⊥ + v2||)

1/2, is constant due to
energy conservation, which lead to decreased parallel velocity, v||. Eventually the
particle reaches a point where v|| = 0 and then starts to move back (upwards in the
magnetosphere); the particle is mirrored and the point is naturally often referred to as
the mirror point. A concrete example of the effect of the mirror force is the radiation
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belts (van Allen belts) made up of particles trapped between two mirror points at
lower latitudes.

The magnetic moment is by far the most important adiabatic invariant regarding
our research. However, as already mentioned, there are two more in the area of
plasma physics, which will be described only very briefly. The second adiabatic
invariant is often referred to as the the longitudinal or the bounce invariant. This
invariant is associated with the particle motion between two mirror points (trapped
particle). This motion is often referred to as periodic bounce motion and the invariant
associated with it states that the integral of the parallel velocity over one complete
bounce

J =

∮
v||ds (2.11)

remains constant if the magnetic field changes are small during one bounce.
The third adiabatic invariant is the least probable to be valid in the Earth’s

magnetosphere. Charged particles are also subject to drifts in the azimuthal direction.
The magnetic flux φ enclosed by the shell traced out by a bouncing and drifting
particle will be constant if the changes in the magnetic field is small during one
drift period. However, since one drift period is usually very long, the invariance of
the magnetic flux is often not valid and hence usually not important in practical
magnetospheric applications.

2.2 Plasma waves

As already mentioned; the physics and mechanisms in a plasma are more complex
than in a neutral gas. This has been emphasized above just by introducing the
very basic and most fundamental properties of a plasma. Another part that is of
great difference is related to the many different wave modes that are possible in
a plasma. In a neutral gas only one type of waves is possible - ordinary sound
waves, generated by pressure perturbations. In a plasma however, the wave modes
are basically electric and magnetic field perturbations propagating through an ionized
medium, and thus may considerably affect charged particles, for example heating them
through wave-particle interactions. This section will only briefly mention the plasma
waves important for ion heating.

In practice, high frequency waves only affect electrons, since the field fluctuations
are so rapid that the much heavier ions are not able to respond to them. Therefore
the ions can be seen as stationary with respect to the waves and the motions of the
electrons. Thus, low frequency waves with frequencies around the ion gyrofrequency
are likely the most efficient in heating the ions in question. Three types of low
frequency waves that can be associated with ion heating are discussed by André et al.
(1998): broad-band extremely low-frequency waves (BBELF), lower hybrid waves
(LH), and electromagnetic ion cyclotron waves (EMIC).
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Waara et al. (2011) showed that the low frequency field fluctuations responsible
for ion heating in the high altitude cusp and mantle are consistent with Alfvén waves.
The Alfvén waves are low frequency electromagnetic waves propagating parallel to
the magnetic field, with a speed given by the Alfvén velocity

VA =
B√
μ0ρ

, (2.12)

where B is the background magnetic field, and ρ is the plasma mass density. Waara
et al. (2011) found that there was a close to one-to-one correlation, between the
observed phase velocity of the waves (E/B) and Eq. (2.12) (see thesis paper A).
Therefore we do not discuss any other waves in the papers which are part of this
thesis. Other types of waves may be important for ion heating in other regions of the
magnetosphere.
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Chapter 3

Earth’s magnetosphere

The magnetosphere is the region in near-Earth space where the particle motions are
dominated by the geomagnetic field. Despite its name, the magnetosphere is not
spherically shaped at all. Figure 3.1 shows a schematic illustration of the magneto-
sphere of the Earth. The terrestrial magnetic field is originated in a dynamo process,
generated by convective liquids in the electrically conducting core of the Earth. Close
to the Earth surface the geomagnetic field is to a good approximation a dipole field.
At higher altitudes the magnetic field is greatly influenced by the solar wind, which
distorts the dipole field to a bullet-shaped magnetosphere. This section describes the
configurations and structure of the magnetosphere.

Upstream of the magnetosphere a shock is formed, where the supersonic solar wind
is decelerated to subsonic speeds. This shock is often referred to as the bow shock. As
the solar wind plasma crosses it the plasma and the interplanetary magnetic field are
compressed, it slows down significantly and becomes hotter. This turbulent shocked
solar wind plasma is known as the magnetosheath and fills the region between the
magnetopause and the bow shock as it flows around the magnetosphere.

In other words, the magnetosphere acts as a shield, deflecting the energetic so-
lar wind and protects the atmosphere from direct bombardment of the high energy
solar wind particles. A thin boundary is formed separating the regimes of the solar
wind plasma and the magnetospheric plasma. This boundary is known as the mag-
netopause and its position is determined by the pressure balance between the two
plasma regimes. Assuming the solar wind to have mass density ρ and velocity u, and
that ψ is the angle between the flow direction and the magnetopause normal, this
relation can as a first approximation be written

(2ρu2cos2ψ)sw =

(
B2

2μ0

)
msph

, (3.1)

where the lefthand side corresponds to the dynamic pressure of the solar wind and
the righthand side to the magnetic pressure of the magnetosphere. Consequently the
magnetopause is not stationary, but strongly affected by the solar wind conditions.
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Figure 3.1: Cross-section of the magnetosphere in the (X-Z)GSE plane, showing the key
plasma regions. Source: Davies (1990)

High solar wind pressure tends to force the dayside magnetopause towards Earth, and
for low velocities the magnetopause extends deeper into space. The distance to the
dayside magnetopause is typically ∼ 10 Re, but may range between 6 and 15 Re, due
to different solar wind conditions. The lower boundary of the magnetosphere is not
as distinct as the upper. The ionosphere is a partly ionized and a highly conducting
region of the upper atmosphere. Its high density and large content of neutral particles
makes it however clearly distinguishable from the magnetosphere, since not only the
magnetic field determines the particle motions but also gravity and collisions for
example play a significant role of the particle behavior. The ionosphere is as an
important plasma source for the magnetosphere and serves as a highly conducting
magnetospheric lower boundary, important for the energetics in the magnetosphere.

At low altitudes (close to the surface) the geomagnetic field can be approximated
by a dipole field. At higher altitudes this is not true anymore, due to the the strong
influence of the solar wind. At the dayside the magnetosphere is compressed and at
nightside it is extended into the anti-sunward direction, resulting in what is usually
referred to as the magnetotail. Magnetic reconnection at the dayside magnetopause
couple geomagnetic field lines to interplanetary field lines. These open field lines
convect with the solar wind to the night side magnetosphere, forming a tail-like
structure. The extension of the magnetotail is not known, but it may be several
hundreds of Re, reaching well beyond the moon. The magnetotail is usually divided

10



Figure 3.2: Schematic illustration of how the open cusp field lines convect tailward, forming
the mantle when magnetosheath plasma and ionospheric plasma fill the mantle region as
they travel along the convecting field lines. Source: Crooker (1977)

into what is normally referred to as the tail lobes (the north lobe and the south lobe).
The north (south) lobe field lines can be mapped to high latitudes in the northern
(southern) hemisphere. Therefore the magnetic field lines of the lobes are directed in
opposite directions (sunward in the north lobe and anti-sunward in the south lobe)
and a thin current sheet is generated, separating the two magnetotail regions.

The high-latitude regions, onto which the open magnetic field lines of the lobes can
be mapped, are called the polar caps (one in each hemisphere), and the most recently
opened field lines are known as the cusps (see Figure 3.2) The cusps facilitate a path
between the magnetosheath and the magnetosphere/ionosphere, and therefore serve
as the regions where the most direct interaction between the two plasma regions takes
place. The mantle is a region filled with a mixture of plasma of magnetosheath as well
as ionospheric origin. The open cusp field lines convect tailward and magnetosheath
plasma mirrored in the low-altitude cusp and energized ionospheric plasma flow up
along these field lines into the mantle.

This summarizes the most important regions of the magnetosphere, from this
thesis point of view.
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Chapter 4

Ion heating

The open magnetic field lines in the cusps provide an open path between the solar
wind plasma and the magnetospheric and ionospheric plasmas. Thus the cusp is
the region that most directly facilitates interaction between these plasma regimes,
both in terms of particle flow as well as wave propagation. This allows for solar
wind precipitation down to the ionospheric projection of the magnetospheric cusps.
As a consequence there is strong electron heating (Nilsson et al. (1994), Nilsson
et al. (1996) and Ogawa et al. (2003)) yielding stronger polarization electric fields,
which in turn cause enhanced ion upflow (Moore et al. (1999)). Ionospheric upflow
is therefore much stronger in the cusp region as compared to the polar cap. In
general, this ion plasma upflow is gravitationally bound and will return as downflow.
However, if there is further energization the plasma may overcome gravity and reach
the magnetosphere (Seki et al. (2002)). Acceleration mechanisms that are commonly
considered are wave-particle interaction, centrifugal acceleration, ambipolar diffusion
and parallel potential drops. In this thesis only transverse heating due to wave-particle
interactions is considered, and it will briefly be described here.

4.1 Wave-particle interaction

Transverse heating is a source of parallel acceleration, due to the effect of the mir-
ror force (Section 2.1. 3). As a particle moves upwards its perpendicular energy is
continuously converted into parallel energy. Transverse heating is therefore a mecha-
nism of significant importance when it comes to the understanding of ion outflow and
eventual escape into interplanetary space. Left-hand polarized waves are considered
as possibly effective in energizing ions, since the electric field of the wave may move
together with the positively charged and gyrating ion. A wave in resonance with the
ion will continuously accelerate it in the perpendicular direction.

A model presented by Chang et al. (1986) considers left-hand polarized waves in
a broad-band frequency spectrum, in which it is assumed that an ion always is in

13



local resonance with some left-hand polarized wave. At low and mid altitudes (up to
∼ 5.5 Re) this model can reproduce the observed enhanced temperatures (Norqvist
et al. (1996), Bouhram et al. (2003)), assuming only a few percent of the observed
electric field spectral density to be effective in the ion heating process. An ion in a
broadband frequency spectrum will over many gyroperiods experience a net increase
in energy, since the energy gain for an ion in phase is larger than the energy loss in
antiphase. The net heating rate can be shown to be

dW

dt
=

q2

2m
SL (4.1)

where SL is the power spectral density at the gyrofrequency due to left-hand polarized
waves. The total perpendicular heating rate is then

dW⊥
dt

=
q2

2m
SL − 3W⊥

v‖
r
, (4.2)

where the last term corresponds to the adiabatic cooling rate due to the mirror force,
assuming a background dipole field. This equation is appropriate for simple test-
particle simulations and calculations.

The mean-particle theory is also presented by Chang et al. (1986). It considers an
ensemble of positively charged ions and provides (using the average resonant heating
rate) estimates for the perpendicular and the parallel temperatures. The observed
spectral density can most often be approximated by a power law S(f) ∝ f−α, with no
explicit altitude dependence and α as a fitting parameter. If a dipole field is assumed
the gyrofrequency will vary with altitude according to Ωg ∝ r−3. Thus the spectral
density at the gyrofrequency can be expressed as a function of altitude:

S(Ωg) ∝ r3α. (4.3)

This allows for mapping of the spectral density to any altitude using local observa-
tions. An asymptotic analysis shows that

W⊥
W‖

→ 6α + 2

9
, (4.4)

and in this limit the mean total energy equals

W =

(
3α +

11

2

)1/3

m

(
rD⊥(r)
3α + 1

)2/3

. (4.5)

where D⊥(r) = SL(r)q
2/2m is the so called diffusion rate coefficient and SL is the

spectral density at the gyrofrequency due to left-hand polarized waves (Retterer et al.
(1987)). From Eq. (4.4) and (4.5) the perpendicular and parallel components can
easily be derived (Barghouthi (1997)) and they can be used in a comparison with
observed temperatures (see thesis paper B).
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Chapter 5

The Cluster II mission

In situ measurements in space was a breakthrough in space science. Suddenly the
near-Earth space turned out to be far more complicated than anyone could have
imagined. Direct measurements of space plasmas, electric and magnetic fields and
currents provided the space community with data and information that are impossible
to receive with ground based instruments. It was suddenly possible to study the
plasma and the physical mechanisms in the space environment in far more detail
than before. Another breakthrough was the launch of the Cluster satellites - four
identical spacecraft traveling in formation.

5.1 Brief overview

The Cluster mission is a key project for European Space Agency (ESA). It is composed
of four spacecraft studying the magnetospheric structures and solar wind interactions
Escoubet et al. (2001). The Cluster I mission came to an end in 1996, 37 seconds
after launch, when the rocket Ariane-5 (carrying the four Cluster satellites) exploded.
In the year 2000 the launch was successful, and four spacecraft were put in elliptical
orbits around the Earth (Cluster II mission). Originally planned to last up until 2003,
the mission has been extended several times and the satellites are still in operation.
They are orbiting the Earth in a tetrahedral formation, with orbit perigee and apogee
around 3 Re and 19 Re respectively, with an orbit period of 57 hours and a spin period
of 4 seconds. The scientific objective for the mission is to study the interaction be-
tween the magnetosphere and the solar wind in key plasma regions as the magnetotail,
the magnetospheric cusps, the auroral zone, the bow shock, and the magnetopause for
example. The formation of four spacecraft allows for three-dimensional analysis of the
physical structures and the possibility to distinguish between spatial and temporal
phenomena.
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Figure 5.1: An artistic illustration of the four Cluster spacecraft, in a tetrahedral formation.
Source: http://sci.esa.int

5.2 Instruments

Each spacecraft carries an identical set of 11 instruments, which are constructed
for specific tasks, providing measurements of plasma properties and structures, and
electric and magnetic fields. Data from three of these instruments (CIS, EFW and
FGM) have been used in this thesis, and they are described below.

5.2. 1 CIS - Cluster ion spectrometer

The Cluster Ion Spectrometer (CIS) consists of two different spectrometers: The
Composition Distribution Function (CODIF) and the Hot Ion Analyzer (HIA), both
described in detail in Rème et al. (2001). CODIF has mass resolution and provides
3-D distributions of the major magnetospheric ion species (H+, He+, He++, and
O+). HIA has no mass resolution but compensates with better energy and angular
resolution. For this thesis only CODIF has been used.

The CODIF spectrometer combines an electrostatic analyzer with post-acceleration
and a time-of-flight analysis. The electrostatic analyzer provides energy-per-charge
(E/Q) measurements of incoming ions in the energy range 15-38000 eV/Q, with an
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energy and angular resolution of dE/E ≈ 0.16 and 22.5◦ respectively. After the
electrostatic analyzer the ions are accelerated by a voltage, Uacc, giving the ions a
minimum energy before entering the time-of-flight section, where the velocity of the
ions is measured. The ions enter through a thin carbon foil emitting secondary elec-
trons, that serve as a start signal. The ions travel d = 3 cm before reaching a stop
plate emitting new secondary electrons, that serve as a stop signal. From the time dif-
ference (τ) between the start and the stop signal the ion velocity can be determined,
v = d/τ . The ion mass per charge can now be deduced according to

M/Q = 2β
(E/Q+ eUacc)

v2
, (5.1)

where e is the elementary charge, and β is due to energy loss in the carbon foil and
depends on the incident energy and particle species.

5.2. 2 EFW - The electric field and wave experiment

The electric field and wave instrument (EFW) is designed to measure electric fields
on different scales with a sample frequency of 25 Hz in the normal mode, and is
composed of four spherical probes (8 cm in diameter) positioned on two thin wire
booms (2.2 mm in diameter) in the spin plane of the spacecraft (Gustafsson et al.
(2001)). The two wire booms are perpendicular to each other, forming a cross with
the satellite in the centre, and the distance between two opposite probes is d = 88
m. The potential difference (Δφ) between two opposing probes is measured, and an
electric field component is deduced from

E = −Δφ

d
. (5.2)

Since there are two pairs of probes on each spacecraft, two orthogonal electric field
components confined in the spin plane are recorded. Thus EFW only provides 2-D
field data, namely the electric field component in the spin plane. This is however
sufficient for the purpose of studying ion heating through wave-particle interactions,
since the electric fields are assumed to heat ions transverse to the background mag-
netic field and the spin axis is generally close to parallel to the background magnetic
field.

5.2. 3 FGM - The fluxgate magnetometer

The fluxgate magnetometer (FGM) provides us with 3-D measurements of the mag-
netic field vector, with a sample frequency of 22.4 Hz in the normal mode (Balogh
et al. (2001)). The instrument consists of two triaxial fluxgate magnetic field sensors,
which are mounted on a radial, rigid boom on the spacecraft. One sensor is positioned
at the end of the 5 meter boom, and the other 1.5 meters from the end. This is for
minimizing and correcting for magnetic interference from the spacecraft itself. The
FGM can measure the magnetic field in different ranges, from a few tens of nT to
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several thousands of nT (see Table 5.1). Originally only ranges 2-5 were used, but
since the Cluster orbits has evolved to lower altitudes, ranges for stronger magnetic
fields (6-7) are now used as well. The amplitude resolution is of the order 10−4 of the
background magnetic field.

Table 5.1: The operative ranges for the FGM instrument

Range Min. range [nT] Max. range [nT] Resolution [nT]
7 -65536 +65504 8
6 -16385 +16377 2
5 -4096 +4094 0.5
4 -1024 +1023.5 0.125
3 -256 +255.87 3.1×10−2

2 -64 +63.97 7.8×10−3
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Chapter 6

Paper summary

Paper A
Statistical evidence for O+ energization and outflow caused by
wave-particle interaction in the high altitude cusp and mantle

Low frequency (< 1 Hz) electric and magnetic spectral densities are statistically char-
acterized in the high altitude cusp and mantle, using Cluster spacecraft observations.
Both electric and magnetic spectral densities increase with increased altitude and they
are approximated power law distributions with a fitting parameter (independent of
altitude) of −1.5 and −2 respectively. From the electric spectral densities we calculate
and provide diffusion coefficients, suitable for modeling of O+ heating and outflow.
The average observed electric spectral densities at the O+ gyrofrequency have been
used in a simple gyroresonance test-particle model to show that the observed aver-
age wave activity can explain the observed average perpendicular temperatures in
the altitude range 8-15 Re. The relation between the electric and magnetic spectral
densities gives a large span of wave phase velocities, clearly consistent with Alfvén
waves.

Paper B
O+ heating associated with strong wave activity in the high al-
titude cusp and mantle

In this paper three events of energetic O+ heating and intense wave activity in the
high altitude cusp and mantle are presented. We show that the high perpendicu-
lar temperatures can be explained by a simple resonance model using 25-45% of the
observed spectral density at the gyrofrequency. This is in contrast to an earlier at-
tempt to explain very high perpendicular O+ temperatures, where the simultaneous
wave activity turned out to be much too low (Waara et al. (2010)). Events of high
perpendicular-to-parallel temperature ratios (Tr) and low wave activity lasting for a
long time (> 10 minutes) are not unusual, indicating that enhanced Tr not necessarily
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is a sign of local heating. We also show that the regions of enhanced wave activity
(which are limited in time and space) are at least one order larger than a typical local
O+ gyroradius, which allows the ions to continuously interact with different wave
fields.

Paper C
Oxygen ion energization by waves in the high altitude cusp and
mantle

A comparative study of perpendicular O+ temperatures and low frequency electric
field spectral densities in the high altitude cusp and mantle is reported, showing a
clear correlation between the temperature and the spectral density at the gyrofre-
quency. This correlation is fairly well consistent with test-particle calculations as
well as an asymptotic mean-particle model. However, many data points have higher
temperatures than predicted by the models, and for the highest spectral densities
the temperatures are in general lower than predicted. Both are expected effects of
sporadic heating. An analysis show that enhanced perpendicular temperatures are
observed over several Earth radii after heating has ceased, explaining observations of
higher temperatures than the models predict. The models assume continuous heat-
ing, but since the most intense wave activities are sporadic, the models overestimate
the predicted temperatures. This explains why the observed temperatures are lower
than predicted by the models, for the most intense wave activities.
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Abstract. We present a statistical study of the low (<1Hz)
frequency electric and magnetic field spectral densities ob-
served by Cluster spacecraft in the high altitude cusp and
mantle region. At the O+ gyrofrequency (0.02–0.5Hz) for
this region the electric field spectral density is on average
0.2–2.2 (mVm−1)2 Hz−1, implying that resonant heating at
the gyrofrequency can be intense enough to explain the ob-
served O+ energies of 20–1400 eV. The relation between the
electric and magnetic field spectral densities results in a large
span of phase velocities, from a few hundred km s−1 up to a
few thousand km s−1. In spite of the large span of phase ve-
locity, the ratio between the calculated local Alfvén velocity
and the estimated phase velocity is close to unity. We provide
average values of a coefficient describing diffusion in ion ve-
locity space at different altitudes, which can be used in stud-
ies of ion energization and outflow. The observed average
waves can explain the average O+ energies measured in the
high altitude (8–15RE) cusp/mantle region of the terrestrial
magnetosphere according to our test particle calculations.

Keywords. Magnetospheric physics (Magnetosphere-
ionosphere interactions)

1 Introduction

The ionospheric projection of the cusp is the region of most
direct interaction between the solar wind and the Earth’s
atmosphere/ionosphere. In response to particle precipita-
tion and imposed magnetospheric electric fields, ionospheric
plasma may flow up from the ionosphere, but at velocities
which are low enough that the ions are still gravitationally
bound (Nilsson et al., 1996). The high electron tempera-
tures caused by the soft (100 eV) cusp electron precipitation

Correspondence to: M. Waara
(martin.waara@irf.se)

are particularly effective in causing ion outflow (Strangeway
et al., 2005; Nilsson et al., 1996; Blelly et al., 1996). For
the ions to overcome gravity, further acceleration is needed.
The energization needed for the particles to escape from the
magnetosphere is even larger. Seki et al. (2002) discuss the
further acceleration that is needed for the ions to escape into
the magnetosheath rather than return to the Earth through
the tail. The most important source for ionospheric ions
likely to escape from the magnetosphere is the cusp region.
Many papers have studied the heating and acceleration in
the low and mid-altitude cusp, where Bouhram et al. (2004)
represents an unusually complete coverage in altitude, up to
6.5RE. It is believed that transverse heating of ions is impor-
tant for ion outflow and one of the probable explanations for
transverse heating is wave-particle interaction. Many studies
(see Chang et al., 1986; Barghouthi et al., 1998; Barghouthi,
2008; Bouhram et al., 2003b, 2004, and references therein)
have investigated the effect of wave-particle interaction on
the ion outflow. They considered the spectral density in the
electric field to be responsible for the transverse ion heating.
Wave-particle interaction is usually described by a quasi-
linear velocity diffusion rate in ion velocity space, caused by
waves around the ion gyrofrequency (Retterer et al., 1987;
Chang et al., 1986).
As the transversely accelerated ions subsequently move

outward, their transverse energy is gradually converted to
parallel energy by the mirror force. Such transversely heated
and subsequently outflowing ions are known as conics due
to their shape in velocity space (see André and Yau, 1997;
Yau and André, 1997; Moore et al., 1999). Earlier studies at
lower altitudes (up to 5RE; Norqvist et al., 1996; André et al.,
1998; Bouhram et al., 2003b) found that only a few percent of
the observed spectral density around the oxygen ion gyrofre-
quency is needed to be in resonance with the ions to obtain
the measured O+ energies. Bouhram et al. (2004) reported
a saturation of transverse heating processes which was sug-
gested to be caused by finite wavelength effects; when the
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gyroradius becomes larger than the wavelength of the ob-
served waves, the heating saturates. Nilsson et al. (2004,
2006) indicated that at some altitude above 5RE heating be-
comes more efficient again. In a recent case study, Waara
et al. (2010) searched the high altitude cusp/mantle for the
longest period with significantly enhanced perpendicular to
parallel temperature ratio, an expected sign of local trans-
verse heating. They used the data set of Nilsson et al. (2006),
and found a case lasting about 20min. It was found that
100% of the observed wave amplitude around the oxygen
ion gyrofrequency could not explain the observed perpendic-
ular ion temperatures using a simple ion cyclotron resonance
model (Chang et al., 1986). Even using the extreme assump-
tion that all the observed electric field wave amplitude is due
to a coherent electric field at the oxygen gyrofrequency, the
obtained heating was still not enough to explain the observa-
tions.
We follow up Waara et al. (2010) with a statistical study

of the electric and magnetic field spectral densities in the fre-
quency range below 1Hz, in the general vicinity of the high
altitude oxygen gyrofrequency. In this study we characterize
the wave environment to see what is the typical wave activ-
ity in the region, and relate it to lower altitude observations.
We put the previous study of Waara et al. (2010) and the case
studies in a companion paper by Slapak et al. (2011) into this
context to see how the spectral densities observed in the case
studies compare to the average values for this region.
We investigate how the electric and magnetic spectral den-

sities vary with altitude. Furthermore, we characterize the
wave type and investigate how sporadic the waves are. Fi-
nally we calculate velocity diffusion coefficients, according
to the theory by Retterer et al. (1987) based on the observed
electric field spectral densities. These are compared with pre-
viously used velocity diffusion coefficients based on lower
altitude measurements. The results from this study will pro-
vide useful input to any model of high altitude ion heating.

2 Instrumentation

We use data from the Cluster spacecraft. The four identical
spacecraft are placed in a polar orbit 4×19.6RE (Escoubet
et al., 2001). Data from three different instruments, EFW
(Electric Field and Wave experiment), FGM (Fluxgate Mag-
netometer), and CIS (Cluster Ion Spectrometry experiment)
are used in this study. The electric field and wave experiment
(EFW) is designed to measure the electric field. EFW records
two orthogonal electric field components in the satellite spin
plane. In our data set the sampling rate is 25 samples s−1
(Gustafsson et al., 2001). Engwall et al. (2009) showed that
for a sunlit spacecraft in a cold tenuous plasma, the size
of the enhanced wake arising behind the spacecraft due to
cold drifting ions can be larger than the length of the EFW
wire booms. The probes are then measuring the enhanced
wake electric field instead of the electric field in the ambi-

ent plasma. This is not the case for our measurements in the
cusp/mantle region where the temperature is high and there
are strong fluxes of magnetosheath particles.
We also use data from the Cluster fluxgate magnetome-

ter (FGM), which measure the magnetic field vector. In our
data set the sampling rate is 22.4 samples s−1 (Balogh et al.,
2001).
Furthermore, we use the data from Cluster Ion Spectrome-

try (CIS). The CIS instrument is described in detail in Rème
et al. (2001). The CIS package consists of two different
instruments, a time-of-flight ion Composition Distribution
Function (CODIF), which can resolve the major magneto-
spheric ions; and the Hot Ion Analyzer (HIA), which has
no mass resolution but higher angular and energy resolution.
By using a time-of-flight technique CODIF can resolve H+,
He++, He+, and O+. The angular resolution is 22.5◦ and the
energy coverage in the modes of interest to us is from 40 eV
per charge up to 38 keV per charge.

2.1 Data sets

The data set consists of EFW and FGM wave data when
outflowing O+ is seen in the energy spectrograms of the
CIS/CODIF data. The data set covers a 3-year period (Jan-
uary to May in 2001 to 2003). This corresponds to orbits
with apogee on the sunward side of the terminator plane.
Only events with outflowing O+ lasting more than 1 h were
selected, and such events were seen in about two-thirds of
the orbits. The particle data set is described by Nilsson et al.
(2006). The time series data of the electric and magnetic
fields have been Fourier transformed to obtain frequency
spectra. The record length in the Fourier transform is 1024
points. The spectral densities used in this study is an aver-
age of three partially overlapping records, shifted 512 with
respect to each other. The DC-level (0Hz) in the data is re-
moved by subtracting the mean of each time window for both
the EFW and the FGM data. Due to the large uncertainties
in the spectral densities, for the lowest frequencies we tested
to omit the two lowest frequencies (0.025 and 0.05Hz) from
the statistics but this did not significantly affect the results.
Hence, we chose to include even these frequencies as the O+
gyrofrequencies at the highest altitudes in our data set fall in
this range. The measured values at 0.25, 0.5, 0.75, and 1Hz
are affected by the satellite spin (4 s) and the values we use
are interpolated values from the adjacent points.
The locations where the data were taken are shown in

Fig. 1. A cylindrical coordinate system is used, with loca-
tions in X and R=

√
Y 2+Z2 (GSE) coordinates. A model

magnetopause (the model of Shue et al. (1998), Bz=−5 nT,
n= 5 cm−3 and Vsw = 350 km s−1) is shown with a dotted
gray line. Earth is indicated by the blue ball. In the high al-
titude cusp/mantle essentially all heavy ions are flowing out-
ward. There are no trapped populations (Nilsson et al., 2006;
Waara et al., 2010; Slapak et al., 2011).
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Fig. 1. The blue dots indicate where the data were taken in X and
R=

√
Y 2+Z2 coordinates [RE]. Earth is indicated by the blue ball.

3 Observations

The E and B spectral densities are connected through
the characteristics of the waves giving rise to the electro-
magnetic wave activity. The ratio of the electric to magnetic
wave intensity corresponds to the phase velocity of the elec-
tromagnetic wave, which can be used to identify the wave
type.
The power spectral density for the electric field at the dif-

ferent altitudes in our data set is presented in the upper panel
in Fig. 2. The different lines correspond to different alti-
tudes. The frequency span is from 0.025 up to 1Hz. The
lower panel shows the average spectral density at the local
oxygen gyrofrequency at each altitude. The average electric
field spectral density increases with altitude. The highest av-
erage spectral density is about a factor of 3 to 4 higher than
the lowest value. The spectral density versus frequency for
the different altitudes is a power law and the slope of the dif-
ferent curves is approximately −1.5.
Figure 3 shows the power spectral density of the mag-

netic field. There is about 3 orders of magnitude difference
between the lowest and the highest values for the average
magnetic field spectral density of the different altitude inter-
vals. Just as for the electric field spectral density, the spec-
tral density of the magnetic field versus frequency generally
shows an approximate power law distribution. The slope of
the spectral density versus frequency curves is similar at all
altitudes, approximately −2. The curves from the lowest al-
titudes are affected by the gradient of the geomagnetic field,
and the values at the lowest frequencies are therefore overes-

Fig. 2. Upper panel: The power spectral density for the electric
field versus frequency observed at different geocentric distances (5–
15RE). The slope of the curves is approximately −1.5. Lower
panel: The average spectral density at each altitude.

timated. The ambient magnetic field at the lowest altitudes
is high enough that the wave magnetic field spectral density
at the oxygen gyrofrequency is not affected by this overesti-
mation. The average magnetic field spectral density at the lo-
cal oxygen gyrofrequency shows a clear altitude dependence.
The highest magnetic field spectral densities are observed at
the highest altitudes, as can be seen in Fig. 3, lower panel.
The actual effect of the electric field wave intensity on ion

distributions as function of altitude can be estimated by cal-
culating a velocity diffusion rate to which the electric field of
the waves gives rise. Figure 4 shows the electric field spec-
tral density and the quasi-linear velocity diffusion rate per-
pendicular to the geomagnetic field given by Retterer et al.
(1987):

D⊥ = ηq2

4m2
|Ex(ω=�) |2 (1)

where q is the charge, � is the ion gyrofrequency, ω is the
wave frequency, |E2x | is the electric field spectral density,
and η is the proportion of the measured spectral density that
corresponds to a left-hand polarized wave. The average elec-
tric field density for the different altitudes is in the span be-
tween 0.2–2.2 (mVm−1)2 Hz−1 at the local oxygen gyrofre-
quency, (see Fig. 4). The local oxygen gyrofrequency is be-
tween 0.1–0.025Hz at altitudes from 8–15RE. We use a
value of η= 0.5 in the calculations we show. The average
diffusion coefficient shows an altitude dependence but a large
span of values are observed at all altitudes. The standard de-
viation at each altitude is of the same order as the increase
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Fig. 3. Upper panel: the power spectral density for the magnetic
field versus frequency observed at different geocentric distances (5–
15RE). Lower panel: the average spectral density at each altitude.

of the diffusion coefficient from the lowest to the highest al-
titude, about an order of magnitude. As the distribution is
approximately log-normal, we have calculated the average
and standard deviations for the logarithmic values.
The diffusion coefficient and the electric field spectral den-

sity values for each altitude are presented in Table 1. The
diffusion coefficient at the ion gyrofrequency is a factor of
ηq2/4m2 bigger than the spectral density (see Eq. 1).

3.1 Ion heating

We have used the model described by Chang et al. (1986)
to calculate the heating of O+ from the average wave inten-
sities. The theory used in this model is the same theory as
Retterer et al. (1987), but Chang used a test particle simula-
tion and Retterer used the velocity diffusion coefficient in a
Monte Carlo simulation. This model assumes a broadband
spectrum of waves around the gyrofrequency. The heating
rate is given by:

dw

dt
= SL

q2

2m
(2)

where q and m are the charge and the mass of the ion and SL
is the power spectral density of the electric field at the O+
gyrofrequency due to left-hand polarized waves. The spec-
tral densities used in the test particle calculation are the av-
erage spectral density presented in Fig. 4 and Table 1. Initial
values and data points for comparison are taken from the sta-
tistical study of Nilsson et al. (2006), binned in altitude in
the same way as the wave data. The particle data, with which
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Fig. 4. Profile of the perpendicular diffusion coefficient for O+.
The blue error bars show the standard deviation for the logarithmic
value. The right axis is the values for diffusion coefficient and the
left axis shows the corresponding electric field spectral density at
the O+ gyrofrequency.

we will compare our test particle simulation results, are pre-
sented in Fig. 5 (O+ perpendicular temperature), Fig. 6 (O+
parallel velocity), and Fig. 7 (average background magnetic
field). The starting point for the test particle calculation is
8RE and the measured values we have used as initial values
are a perpendicular energy of 19 eV (Fig. 5), a parallel ve-
locity of 43 km s−1 (Fig. 6), and a magnetic field of 120 nT
(Fig. 7). The end point for the calculation is 15RE. The
magnetic field used in the calculation is the measured total
average magnetic field at each altitude presented in Fig. 7.
We have assumed that 50% of the observed spectral density
is effective in heating the ions. The test particle calculation
presented in Table 1 shows that the particles are heated by
the electric field spectral density from 19 eV up to 980 eV
and that the parallel velocity is increased from 50 km s−1 up
to 93 km s−1. The results from the calculation are just a bit
smaller than the measured values at 15RE (E⊥ = 1400 eV
and V‖ = 113 km s−1), implying that resonant heating at the
gyrofrequency can be intense enough to explain most of the
observed O+ energies. The results of the test particle cal-
culation are weakly dependent on the initial values since the
resulting energy is much higher than the initial energy. The
initial values for the test particle calculation and the results
of the calculation are presented in Figs. 5, 6, and summarized
in Table 1.
The fact that the calculated curve (black dots) in Fig. 6

is a little bit below the measured values can be due to cen-
trifugal acceleration. The centrifugal acceleration in this re-
gion is described by Nilsson et al. (2008). The test particle
calculation has also been made from 5–15RE, but then we
must use the average spectral density plus the standard de-
viation to explain the observations. At the lowest altitudes
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Fig. 5. Profile of the perpendicular temperature versus altitude.
The blue error bars show the standard deviation for the logarithmic
value. The black dots are the calculated perpendicular temperatures
from the test particle calculation.
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Fig. 6. Profile of the parallel velocity versus altitude. The blue
error bars show the standard deviation for the linear values. The
black dots are the calculated parallel velocities from the test particle
calculation.

(5–8RE), our measurements are probably far into the polar
cap, while higher altitude measurements correspond to both
the cusp and the polar cap poleward of the cusp (see Fig. 1).
Our estimates of the spectral density and temperature at the
lowest altitudes are likely too small to be representative of
the cusp at 5–8RE. A future study should also include the
mid-altitude cusp.
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Fig. 7. Profile of the total magnetic field versus altitude. The blue
error bars show the standard deviation for the logarithmic values.
The black dashed line is the dipole model.

3.2 Relation between E and B

Figures 2 and 3 show the average electric and magnetic field
spectral density as function of altitude. These two quanti-
ties are connected through the characteristics of the waves
giving rise to the electromagnetic wave activity. The ratio
of the electric to magnetic wave intensity corresponds to the
phase velocity of the electromagnetic wave, which can then
possibly be identified. It is a clear general impression from
looking at the data that usually both the electric and magnetic
field wave activity are enhanced simultaneously, but the rel-
ative amount of enhancement seems to vary. One way to
investigate the wave type is by comparing the phase velocity
(E/B) of the waves with the Alfvén velocity calculated from
the background magnetic field and measured plasma param-
eters (see Fig. 8).
The background magnetic field used is the actual measured

magnetic field, not a dipole model field. The field is pre-
sented in Fig. 7 and shows that for a magnetic field up 12RE
a dipole model is a good approximation. At higher altitudes
the decrease of the measured background magnetic field with
altitude is smaller than for a dipole field. Many of our mea-
surements are from higher altitude than 12RE and we have
chosen to use the average measured field values rather than
the dipole model.
Figure 8 shows the observed E/B versus the Alfvén ve-

locity (VA) calculated from the observed geomagnetic field
and density:

VA= B

(μ0ρ)1/2
(3)

and Fig. 9 shows the average E/B-ratio (red) and Alfvén
velocity (blue) for each altitude. The error bars show the
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Table 1. Summary of the perpendicular diffusion coefficient for O+, the electric field spectral density at the local oxygen gyrofrequency,
and summary of the test particle calculation.

Alt. [RE] SE [(mVm−1)2 Hz−1] D⊥(O+) [m2 s−3] V‖ [km s−1] E⊥ [eV] V‖ [km s−1] E⊥ [eV]
calculated calculated

8 0.19 0.85×106 43 17 43 19
9 0.43 1.9×106 54 58 45 74
10 0.76 3.4×106 60 1.8×102 50 1.6×102
11 1.3 5.7×106 66 4.0×102 58 2.8×102
12 1.6 7.1×106 81 6.7×102 63 4.6×102
13 2.0 8.9×106 84 8.0×102 70 6.4×102
14 1.9 8.7×106 86 1.1×103 78 7.9×102
15 2.2 9.7×106 113 1.4×103 81 9.8×102
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Fig. 8. Upper panel: the calculated Alfvén velocity [logm s−1] for
each interval of E/B [logm s−1]. The color bar shows the occur-
rence frequency. Each column is normalized, that is, the sum of
the values of all bins in a column is 1. The white line corresponds
to the case when the phase velocity E/B and the calculated Alfvén
velocity are equal. Lower panel: number of data points contributing
to each column.

standard deviation for the logarithmic values. The phase ve-
locity varies from a few hundred km s−1 up to a few thousand
km s−1, but the ratio between the calculated Alfvén velocity
and the estimated phase velocity is close to unity. The ob-
served waves in our data set above 8RE are consistent with
Alfvén waves (Fig. 9). One may also note that our observa-
tions above 8RE are inconsistent with electric and magnetic
field signatures due to static structures closing through the
ionosphere. Such structures should give constant or an in-
creasing E/B with altitude (Gurnett et al., 1984). This can
be seen by considering how the electric and magnetic fields
observed between two thin current sheets change with alti-
tude. For the altitude range 5–8RE the calculated Alfvén
velocity differs from E/B. A significant fraction of E/B
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Fig. 9. The calculated mean Alfvén velocity [logm s−1] (blue) and
mean E/B [logm s−1] (red) for each altitude. The blue and red
error bars show the standard deviation for the logarithmic values.

in this region can be due to static structures closing through
the ionosphere and drifting past the spacecraft, or other wave
modes. Investigating which other wave modes it may be is
out of scope of this paper.

3.3 The time duration of the wave bursts

We have previously presented the average characteristics of
the waves, including average velocity diffusion coefficients.
We have also shown that the standard deviation of the wave
activity is an order of magnitude, so that clearly the wave ac-
tivity shows large variability. Visual inspection of the data
shows that wave activity is typically enhanced in bursts. The
length of bursts of enhanced wave activity, as measured in
the spacecraft reference frame, is thus an important param-
eter describing the characteristics of the wave environment.
In Fig. 10 we investigate the length of continuously observed
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Fig. 10. Duration of continuously observed high electric field spec-
tral density (>3 (mVm−1)2 Hz−1) at the O+ gyrofrequency.

high spectral densities. The observation time for the high
spectral densities is important because if the waves are lim-
ited either in time or spatial extent, the actual heating may
be difficult to observe. Figure 10 shows the duration for
continuously measured high electric field spectral density
(>3 (mVm−1)2 Hz−1) at the O+ gyrofrequency. There are
just a few cases where high spectral density at the O+ gy-
rofrequency is observed longer than 10min. Most of the
events with high electric field spectral densities are shorter
than 5min, limited either in lifetime or spatial extent. In
the companion paper (Slapak et al., 2011) it was shown that
for the three cases investigated, the size of the region of
enhanced wave activity was at least an order of magnitude
larger than the O+ ion gyroradius.

4 Discussion

In a recent case study, Waara et al. (2010) searched for
the longest period with significantly enhanced perpendicu-
lar to parallel ion temperature ratio in a data set based on
high altitude cusp/mantle data from the Cluster spacecraft.
The waves were left-hand polarized, at frequencies up to
approximately the proton gyrofrequency, and the observed
spectral density was 2 (mVm−1)2 Hz−1 at the local O+ gy-
rofrequency. It was found that the observed wave amplitude
around the oxygen gyrofrequency was not high enough to
explain the observed perpendicular ion temperatures using a
simple ion cyclotron resonance model. Waara et al. (2010)
could not explain the observed perpendicular ion tempera-
ture, even using the extreme assumption that all the observed
electric field wave amplitude is due to a coherent electric field
at the gyrofrequency. Was the observed spectral density in
the case study much lower than usual?

The electric field spectral density in the case study by
Waara et al. (2010), 2 (mVm−1)2 Hz−1, is a normal spec-
tral density at high altitudes (10–15RE) as can be seen in
Fig. 4. However, a perpendicular temperature of 8000 eV as
observed in Waara et al. (2010) is much higher than the aver-
age value.
The relatively sporadic waves make it less likely to ob-

serve the actual heating. The heating from the waves can
last for just a few minutes but the total energy gain for the
particles remain, and the perpendicular temperature remains
elevated for some time after the actual heating has stopped.
The model used in this paper assumes a broadband spec-

trum of waves around the gyrofrequency. The ion energiza-
tion due to a broadband spectrum around the gyrofrequency
involves a continuous transfer of energy from the fields to
the ions. The effects of nonresonant fluctuations, where
the fluctuations are well removed from the gyrofrequency, is
very different. There are no continuous energy transfer from
the fields to the ions. When the wave amplitude decreases,
the ions decrease to their previous energy (Ball and Andre,
1991).
Due to the sporadic nature of the waves, and the fact that

the ions can remain energized after the wave intensity has
decreased, a good way of studying whether the waves can
explain the highest observed temperatures is by finding cases
with a high spectral density and looking to see if the simul-
taneously observed ions are heated. This was done in the
companion paper of Slapak et al. (2011), and they found that
they could explain some very high temperatures with the si-
multaneously observed waves.
The average spectral density versus frequency for the dif-

ferent altitudes (Fig. 2) showed that the spectral density in-
creases for higher altitudes. It is a factor 3 to 4 between the
highest and the lowest average spectral density; the electric
field spectral density for the different altitudes generally have
a power law distribution with a slope of−1.5. The individual
power spectral densities may differ from the power law but,
as at lower altitudes, the average power density spectra has
a clear power law distribution. Our frequency range is from
0.025 up to 1Hz at altitudes from 5–15RE. The frequency
span of the previous work of Barghouthi et al. (1998) was
from 1Hz up to 100Hz at altitudes from 1.5RE to 4.5RE.
Our data set is more or less a continuation in altitude of the
data in Barghouthi et al. (1998). The average spectral density
we obtain at 1Hz is around 4–5 orders of magnitude smaller
than what was reported from the auroral region in Barghouthi
et al. (1998). In the polar wind, the value at 1 Hz presented
there is 1–2 order of magnitude smaller than our estimate.
Moreover, while we arrive a power law exponent of −1.5,
they get −3. Hence, due to the different values at 1Hz and
the different power law exponents, it is not possible to easily
extrapolate lower altitude measurements to higher altitudes.
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Most previously published models of transverse ion heat-
ing at lower altitudes have assumed that the wave spectrum
does not vary with altitude (André et al., 1990; Bouhram
et al., 2003a; Crew et al., 1990), while Kasahara et al. (2001)
showed with a statistical profile that the wave power remains
constant versus altitude between 270 and 10 000 km in the
dayside cusp/cleft. In our work the spectral density shows an
altitude dependence but has a large standard deviation (i.e.
case to case variation) at all altitudes. The standard deviation
is of the same order as the increase or the spectral density
from the lowest up to the highest altitude, about an order of
magnitude. Therefore, to assume that the wave spectra are
not altitude dependent is a good approximation, in particular
for case studies of sudden heating events. However, for aver-
age properties, we suggest modelers to use our tabulated av-
erage velocity diffusion coefficients which take into account
the altitude dependence of the wave spectra as well as the
variation of the oxygen gyrofrequency.
The test particle calculation shows that by using the cy-

clotron model and the average spectral density measured at
each altitude, we can explain the measured average perpen-
dicular temperature and the parallel velocity. The standard
deviation of the spectral density at each altitude spans over
at least an order of magnitude, and using the average spectral
density plus the standard deviation at each altitude in the test
particle calculation gives much more ion energization than
needed to explain the average perpendicular temperature. A
recent case study (Slapak et al., 2011) showed that it is pos-
sible to explain even high perpendicular temperatures using
the test-particle calculation, but not for all observed cases.
Due to the weak magnetic field, the high energy of the parti-
cles, the consequent large oxygen ion gyroradius and the long
gyroperiod, refinements of the cyclotron model are probably
needed to fully explain the heating at the highest altitudes.
A difference as compared to low altitude measurements is
that we need to assume that almost all wave activity is due
to waves which can interact with the ions, and of these we
assume 50% to be left-hand polarized.
There is a good correlation between the magnetic field

spectral density and the electric field spectral density, as can
be expected if the source of the wave activity is electromag-
netic waves. The phase velocity, given byE/B, varies from a
few hundred km s−1 up to a few thousand km s−1 in our data
set. Even though the phase velocity changes by almost two
orders of magnitude, there is still a good agreement when
the calculated Alfvén velocity is compared with E/B of the
waves. The ratio between the two velocities is close to unity
for most cases. The observed waves are thus consistent with
Alfvén waves.

5 Conclusions

We have characterized statistically the distribution of low fre-
quency electric and magnetic field spectral densities in the

high altitude (5–15RE) cusp/mantle. It was found that the
average electric field spectral density below 1Hz is in the
span between 0.2–2.2 (mVm−1)2 Hz−1. In only a few per-
cent of the data set are the spectral densities above a few
(mVm−1)2 Hz−1. High spectral densities were typically ob-
served for periods of a few minutes. The relatively sporadic
appearance of enhanced wave activity may make it difficult
to observe the actual heating (as opposed to the results of
previous heating).
The magnetic field spectral density varies much more with

altitude than the electric field spectral density, but both pa-
rameters show an altitude dependence. The magnetic field
density increases with 2.5 orders of magnitude over our al-
titude interval (5–15RE) while the difference between the
highest and the lowest average electric field spectral density
is a factor 3 to 4. The diffusion coefficient for O+ increases
with altitude, about an order of magnitude between 5 and
15RE, but the standard deviation is large at all the altitudes,
covering about an order of magnitude above and below the
mean value.
The relation between the electric and magnetic field spec-

tral densities results in a large span of phase velocities, from
a few hundred km s−1 up to a few thousand km s−1. In spite
of the large span of phase velocity the ratio between the cal-
culated local Alfvén velocity and the estimated phase veloc-
ity is close to unity. We also conclude that the altitude de-
pendence of E/B, which decreases with altitude, is incon-
sistent with static structures of field-aligned currents closing
through the ionosphere, at least above 5–8RE.
The electric field spectral density observed in the Waara

et al. (2010) case study was around 2 (mVm−1)2 Hz−1. This
is a relatively normal spectral density for this region, but
their observed perpendicular temperature of 8000 eV is much
higher than the average value. In the same study it was found
that the observed spectral density around the oxygen gyrofre-
quency was far below what was needed to explain the ob-
served perpendicular ion temperature using a simple ion res-
onance model. We have used the average spectral density in
the same ion resonance model for calculation of the average
perpendicular temperature and the average parallel velocity.
The observed average waves can explain the observed aver-
age O+ energies measured in altitudes between 8–15RE of
the cusp/mantle region, if we assume that 50% of the ob-
served wave activity at the local O+ gyrofrequency is due
to left-hand polarized waves which can effectively heat the
ions. The model probably needs refinements to fully fit the
higher altitude conditions, in particular to explain the high-
est temperatures observed. However, the model can explain
most of the observed heating when the average spectral den-
sity is used for each altitude. As at lower altitudes, the elec-
tric field spectral density as a function of frequency generally
follows a power law distribution, but with lower intensity and
a different power law index. Therefore the lower altitude
measurements can not be extrapolated to high altitudes. We
provide velocity diffusion coefficients based on high altitude
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observations which can be used to model ion heating at high
altitudes, rather than relying on extrapolation of low altitude
data.
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Abstract. We use the Cluster spacecraft to study three events
with intense waves and energetic oxygen ions (O+) in the
high altitude cusp and mantle. The ion energies considered
are of the order 1000 eV and higher, observed above an alti-
tude of 8 earth radii together with high wave power at the O+
gyrofrequency. We show that heating by waves can explain
the observed high perpendicular energy of O+ ions, using
a simple gyroresonance model and 25–45% of the observed
wave spectral density at the gyrofrequency. This is in con-
trast to a recently published study where the wave intensity
was too low to explain the observed high altitude ion ener-
gies. Long lasting cases (>10min) of high perpendicular-
to-parallel temperature ratios are sometimes associated with
low wave activity, suggesting that high perpendicular-to-
parallel temperature ratio is not a good indicator of local
heating. Using multiple spacecraft, we show that the regions
of enhanced wave activity are at least one order of magnitude
larger than the gyroradius of the heated ions.

Keywords. Space plasma physics (Wave-particle interac-
tions)

1 Introduction

The most direct interaction between the solar wind plasma
and Earth’s ionosphere is constrained to the magnetospheric
cusps, where the open magnetic field lines facilitate a path
between the two plasmas. In this region solar wind precip-
itation yields high ionospheric electron temperatures which
leads to strong ionospheric upflow (Nilsson et al., 1996;
Ogawa et al., 2003). Strong wave activity is observed, and
thus it is the most promising region in which to study wave-
particle interaction and its effect on ion outflows and ion es-
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(rikard.slapak@irf.se)

cape. Upflowing ionospheric plasma is in general gravita-
tionally bound, and will return as ionospheric downflow un-
less there is enough energization for the plasma to overcome
gravity and reach the magnetosphere (Seki et al., 2002).
Plasma in the high-altitude magnetosphere is free of Earth’s
gravity and heating of oxygen ions (O+) in the cusp serves
primarily to put them on trajectories that are more likely to
escape downstream rather than being caught up in the closed
inner magnetospheric circulation.
Three acceleration mechanisms often considered impor-

tant for ion escape are centrifugal acceleration, field-aligned
potential gradients and wave-particle interactions. Norqvist
et al. (1996) studied events of O+ heating in the high-latitude,
dayside magnetosphere. The data was obtained from the
Freja satellite for altitudes around 1700 km and O+ ions were
heated perpendicularly to the background magnetic field to
mean energies of about 20 eV, i.e. enough to overcome grav-
ity. The heating was associated with broadband waves.
Bouhram et al. (2003b) studied mid-altitude heating events
measured by the Interball-2 satellite up to 5 Earth radii (RE).
These observations also indicated that broadband waves are
associated with ion heating. In both studies there was suffi-
cient spectral density to explain the heating, using only a few
percent of the observed wave spectral density at the O+ gy-
rofrequency (fO+ ). It is not clear which type of waves builds
up this broadband spectrum or howmuch of it is due to waves
and how much is due to electrostatic structures. However, it
is not likely that all of the wave intensity is effective in the
process of ion heating.
A study on the altitude dependence of transversely heated

O+ distributions up to 5.5RE in the cusps was made by
Bouhram et al. (2004) and a saturation of perpendicular
heating above 4.5RE was reported. This was suggested to
be a result of finite perpendicular wavelength effects in the
wave-particle interactions. High altitude observations indi-
cate however strong energization of O+ in the high altitude
mantle/polar cap region (6–12RE). Cluster Ion Spectroscopy
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(CIS) measurements show high perpendicular O+ temper-
atures and the distribution functions show some enhance-
ment of the perpendicular-to-parallel temperature ratio, Tr=
T⊥/T‖ (Arvelius et al., 2005; Nilsson et al., 2006).
In the companion paper by Waara et al. (2011) the wave

activity at high altitudes is statistically described. It is shown
that mean wave intensities can explain the mean O+ temper-
atures between 8 and 15RE. In a case study of an enhanced
perpendicular heating event at high altitude (12RE) made
by Waara et al. (2010) the high perpendicular temperature
(8000 eV, which is about one order of magnitude higher than
the mean temperature at the same altitude) could not be ex-
plained with simultaneous wave observations. If the heating
is sporadic the chances to observe the heating when it actu-
ally takes place may be slim. Ions will retain their energy
after heating ceases, and remain heated in the perpendicular
direction for some time (the mirror force will gradually trans-
form perpendicular energy to parallel energy for upflowing
ions). Therefore high T⊥ and low wave activity should not
be seen as a contradiction - even though the high T⊥ associ-
ated with the event studied by Waara et al. (2010) could not
be explained we do not reject the gyroresonance model, but
still consider it as possibly relevant at high altitudes.
We have picked three events with wave intensities signif-

icantly higher than mean intensities to investigate if the gy-
roresonance model is able to explain enhanced perpendicular
temperatures (significantly higher than mean temperatures at
the corresponding altitudes). This paper together with Waara
et al. (2011) complement the statistical study reporting trans-
verse heating of O+ in the high altitude regions (Nilsson
et al., 2006) and the case study performed by Waara et al.
(2010).

2 Measurements

For our analysis we use data from instruments onboard the
Cluster spacecraft (Escoubet et al., 2001). These four space-
craft are in formation orbiting the Earth and each one carries
11 different instruments, constructed for specific tasks. The
ones used in this study are described below.

2.1 Instruments

The Cluster Ion Spectroscopy experiment (CIS) consists
of two instruments, a COmposition DIstribution Function
(CODIF) analyzer and a Hot Ion Analyzer (HIA). We present
results from the CODIF instrument, which has mass resolu-
tion and can resolve the major magnetospheric ion species
(H+, He+, He++, and O+) by using an ion time-of-flight
technique. The CIS experiment provides us with data for
the composition and distribution of ions in the plasma. The
measured energies range from 15 eV per charge up to 38 keV
per charge with a resolution of �E/E = 0.16. The angular

resolution is 22.5◦. A more detailed description of the CIS
instruments can be found in Rème et al. (2001).
The Fluxgate Magnetometer (FGM) provides us with mea-

surements of the magnetic field vector with a sample fre-
quency of 22.4Hz in the normal mode (Balogh et al., 2001).
It consists of two triaxial fluxgate magnetic field sensors
which can record three field components, with amplitude res-
olution of the order∼ 10−4 of the background magnetic field.
The Electric Field and Wave experiment (EFW) is designed
to measure the electric field vector with a sample frequency
of 25Hz in the normal mode (Gustafsson et al., 2001). EFW
consists of four probes placed such that they are forming a
cross with the spacecraft in the centre. The electric field is
deduced by measuring the potential difference between two
probes opposing each other, such that two orthogonal field
components in the satellite spin plane are recorded. Thus it
is a 2-D measurement in the spin plane. This is sufficient
for the purpose of this paper, since the electric fields heat the
ions perpendicularly to the background magnetic field and
the spin axis of the satellite is generally close to parallel to
the background magnetic field.

2.2 Data sets

The particle data we are considering is taken from a data set
constructed and described by Nilsson et al. (2006). It con-
sists of CODIF data, obtained at high altitudes (5 to 15RE)
above the polar cap, covering the presence of outflowing O+,
where only beam events lasting longer than one hour were in-
cluded. The temperatures are mass specific and calculated as
moments of the observed particle distributions. The limited
energy resolution causes problems when calculating the low-
est temperatures (smaller than the kinetic energy of the drift).
However, this is not a problem for the strong heating events
considered in this study.
The wave data set is constructed such that it covers the

same time intervals as the particle data. A typical value of
the O+ gyrofrequency (fO+) at high altitudes is of the or-
der 10−1 Hz and we restrict the data to frequencies ≤ 1Hz.
We go through the data sets manually to find cases of strong
wave intensities (clearly stronger than mean wave intensi-
ties) where we simultaneously observe enhanced O+ tem-
peratures. The electric field data (subscripted E) is obtained
from the EFW instrument, and the FGM instrument provides
us with the corresponding magnetic field data (subscripted
B). The magnetic field data is detrended, such that the back-
ground magnetic field is ignored.
Power spectral densities are computed using FFT (Fast

Fourier Transform) with a record length of 1024 points (cor-
responding to 41 and 46 s, respectively). We average over
three consecutive time records, where each record is shifted
512 points with respect to the previous. From the average
spectrograms we get the power spectral densities at the local
O+ gyrofrequency (SE and SB, respectively) with a resolu-
tion of 20–23 s (512 data points). We will almost exclusively
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deal with electric power spectral densities SE and we will
omit the subscript from now on, unless there is a risk for
confusion.
In this study we have only used this wave data set as a

tool for comparing wave activity associated with O+ heating
events. In the companion paper the statistical properties of
the high altitude electric and magnetic fields are presented
(Waara et al., 2011).

3 Heating model

The events we are describing in this paper stand out from the
surrounding conditions both in terms of higher perpendicu-
lar temperatures and increased wave activity. The spacecraft
observe these events only for a limited time of a few minutes.
If increased wave activity is mainly a temporal phenom-

ena, the particles flowing out along the field lines will expe-
rience the increased wave activity for a similar period of time
as the observation time at the spacecraft. If the increased
wave activity corresponds to a spatial region, the ions will
experience the enhanced wave activity as they drift through
the heating region, assuming the heating region is station-
ary with respect to magnetospheric convection. The latter
is known to occur for the region of strong heating associ-
ated with the equatorward edge of the cusp at low and mid-
altitudes, named the “polar cap heating wall” by Knudsen
et al. (1994). Dubouloz et al. (2001) and Bouhram et al.
(2003a) described the effect of the “heating wall” on ions
spending some time in the heating region and then convect-
ing further into the polar cap where the wave particle inter-
action is weaker, corresponding to the situation usually de-
scribed as the polar wind ion outflow. In such a case one can
try to estimate the spatial extent of the heating region, and
through measurements of the convection calculate the time
the particles would have experienced increased wave activ-
ity.
The final possibility is that the wave activity is drifting

with the plasma. There is then no obvious limit for how long
the ions may have experienced the increased wave activity.
Ions take considerable time to move along the field line from
the ionosphere to the high altitude polar cap/mantle so it is
unlikely that wave activity remains strong in a spatially lim-
ited region drifting with convection for all that time.
A statistical analysis of the wave activity in the high alti-

tude cusp/mantle shows indeed that wave activity at a given
altitude varies by about two orders of magnitude and strong
wave activity is typically observed only for a few minutes
on each occasion (Waara et al., 2011). Considering these
uncertainties in the spatial and temporal extent of the re-
gions of enhanced wave activity, we have developed a simple
scheme where we backtrace particles from the observation
point down to an apparent start altitude. The rationale for
this scheme is to estimate for how long the ions must have
experienced the enhanced wave activity in order to explain

the observed perpendicular temperatures, and to see if this is
consistent with the simultaneously observed parallel veloc-
ity. The latter is important because as long as the heating rate
is greater than the adiabatic cooling due to the mirror force
we can obtain any perpendicular temperature given enough
time. However, if the heating goes on for too long, the mir-
ror force will transfer too much of the energy into the parallel
direction, and consequently the parallel velocity may become
much higher than what is observed.

3.1 Broadband resonance heating

A model presented in the paper of Chang et al. (1986) con-
siders left-hand polarized waves in a broadband frequency
spectrum as a possible mechanism for transverse heating of
positively charged ions. This model has turned out to be
successful in explaining heating perpendicular to the back-
ground magnetic field in the magnetosphere at low and mid-
altitudes (Norqvist et al., 1996; Bouhram et al., 2003b), since
only a small part of the observed wave spectral density is suf-
ficient in order to explain the heating.
The model is based on the assumption that an ion that trav-

els through a region with broadband waves is in local reso-
nance with some left-hand polarized electromagnetic wave,
transverse to the background magnetic field. Considering a
gyrotropical distribution the net heating rate for a resonant
positively charged ion is

dWwave

dt
= SL

q2

2m
, (1)

where m is the ion mass, q the ion charge and SL = SL(fi)

the power spectral density of the electric field at the ion gy-
rofrequency, fi , due to left-hand polarized waves. The net
effect is positive since the energy gain for ions in phase is
somewhat bigger than the energy loss for ions in antiphase.
The net effect of non-resonant waves is approximately zero.
As the ion gains energy some of its perpendicular energy is
converted into parallel energy due to the mirror force, accel-
erating the particle along the field line. As the particle moves
it will continuously interact with those waves that are in lo-
cal resonance with it. The total perpendicular heating rate
can now be expressed as

dW⊥
dt

= dWwave

dt
− dWmir

dt
, (2)

where dWmir/dt is the perpendicular adiabatic cooling due to
the mirror force, converting perpendicular energy into paral-
lel energy. Assuming a background dipole field and radial
field lines (which is roughly true above the polar cap) this
term can be written as

dWmir

dt
= 3W⊥

v‖
r

, (3)

where W⊥ is the perpendicular energy of the ion, v‖ its par-
allel velocity and r the geocentric altitude.
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3.2 The mean-particle theory

The mean-particle theory (also presented by Chang et al.,
1986) gives estimates of both the perpendicular and the paral-
lel temperature (and thus the ratio between them) and a com-
parison with the observed temperatures is interesting. Below
follows a brief description of the theory and the results are
discussed in Sect. 5. The theory considers the average rate of
resonant heating for an ensemble of particles moving along a
dipole field line. The power spectral density is approximated
with a power law S(f )∝ f−α with α as a power law fit-
ting parameter, and the gyrofrequency is assumed to decrease
with the cube of the geocentric distance, fi(r)∝ r−3. An
asymptotic analysis shows that the perpendicular-to-parallel
energy ratio approaches (6α+2)/9 and in this limit the total
mean energy as a function of altitude becomes

W =W⊥+W‖ =
(
3α+ 11

2

)1/3
m

[
rD⊥(r)

(3α+1)
]2/3

, (4)

where the diffusion rate perpendicular to the background
magnetic field is defined as D⊥(r)= SL(r)q2/4m2 (Retterer
et al., 1987). The mean perpendicular and parallel compo-
nents can be derived from the formulas above (Barghouthi,
1997) and we get

W⊥ = (6α+2)m
21/3

[
rD⊥(r)

(3α+1)(6α+11)
]2/3

, (5)

W‖ = 9m
21/3

[
rD⊥(r)

(3α+1)(6α+11)
]2/3

. (6)

These expressions are the estimates of the mean-particle the-
ory derived under the assumption that the electric power
spectral density is frequency dependent and does not vary
explicitly with altitude. The power spectral density at the
oxygen gyrofrequency will vary with altitude because the
gyrofrequency varies with altitude. Barghouthi et al. (1998)
processed data obtained from the Plasma Wave Instrument
(PWI) aboard the DE-1 satellite and found that the average
power spectral density is explicitly altitude dependent, as did
Waara et al. (2011). However, the case-to-case variability is
larger than the average altitude dependence so we will use
the observed power spectral densities without assuming any
explicit altitude dependence.

3.3 Test-particle calculation

A single-particle calculation code was made, based on
Eqs. (1)–(3). Thus we ignore the effects of the polarization
electric field and gravitation, which in these cases are negligi-
ble compared to the effect of wave-particle interactions and
the mirror force. For a suitably small time �t , the energy
changes are

�W⊥ = SL

q2

2m
�t−3W⊥

v‖
r

�t, (7)

�W‖ = 3W⊥
v‖
r

�t, (8)

where SL = SL(fi)∝ r3α and the mirror force is described
according to motion in a dipole field under the conservation
of the magnetic moment. For a time step �t , the parallel
velocity (v‖) and the perpendicular energy (W⊥) of the test
particle are updated accordingly to the small changes in en-
ergy. Using the updated parallel velocity, also the location of
the particle is updated (�r = v‖�t). The heating rate and the
effect of the mirror force are then applied again.
If the model is run in the forward direction this should be

done until the test particle reaches the altitude of observation.
If the model is run backward it can be run until either the
parallel velocity or the perpendicular energy reaches zero,
which would correspond to our start altitude.
What would the physical significance of this apparent start

altitude be? The ions must have had some parallel veloc-
ity and perpendicular energy at the apparent start altitude to
which we backtrace it. If most of the heating giving rise
to the observed perpendicular energy occurred close to the
spacecraft, then the region between our apparent start altitude
and the spacecraft shows the altitude extent/time of strong
heating. At the apparent start altitude the particles must have
had a small perpendicular energy as compared to the ob-
served temperature (at least an order of magnitude lower).
The same holds for the parallel velocity. With observed par-
allel velocities of the order 100 km s−1 and perpendicular en-
ergies of several keV, this means that the ions should have
had parallel velocities below 10 km s−1 and perpendicular
energies below a few 100 eV at the apparent start altitudes,
which seems feasible. The stronger the perpendicular heat-
ing close to the spacecraft is, the higher the parallel velocity
at the start of the enhanced heating may have been. Strong
perpendicular heating well below the spacecraft will essen-
tially only affect the parallel velocity in the observations, as
most of the perpendicular energy gained at low altitude will
have been transferred to the parallel direction by the mirror
force.
An observation involves an ensemble of particles whose

distribution defines a temperature. The test-particle calcula-
tion takes only one particle into consideration, and we can
only take its kinetic energy into consideration. Therefore we
define a typical ion by giving it a perpendicular energy W⊥
equal to the observed perpendicular temperature T⊥.
The calculation is done backwards in time and the input

parameters are the observed values for perpendicular tem-
perature T⊥, parallel bulk velocity v‖, and geocentric alti-
tude r . The calculation is stopped as W⊥ or v‖ is close to
zero, and the output corresponds to the values at the apparent
start altitude (indexed with 0). The electric power spectral
density due to left-hand polarized waves varies with altitude,
SL(fi)∝ r3α . We try different input values of SL to find
SLmin, which corresponds to the smallest input value needed
in order to obtain the observed perpendicular temperature.
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4 Observations

The events studied in this paper were picked from a data set
covering the presence of O+ outflows during the months of
January to May in the years 2001, 2002 and 2003, which
corresponds to passes of the Cluster spacecraft over the po-
lar caps at high altitudes. For the event studied by Waara
et al. (2010), the observed power spectral density was too
low in order for the gyroresonance model to explain the high
perpendicular temperature (∼8000 eV). This inspired us to
create a wave data set (Sect. 2.2) in order to find strong
wave activity. We picked cases of high power spectral den-
sities at fO+ , significantly higher than the wave intensities
observed in Waara et al. (2010), and where we simultane-
ously observed enhanced perpendicular O+ temperatures (of
the same order as observed in Waara et al., 2010) in hope
of being able to explain them with the gyroresonance model.
The data consists of beam events lasting more than one hour.
However, the heating events themselves last typically only a
few minutes.
The cases have distinct differences. First we consider a

case (Event 1) that resembles the general cases at low and
mid altitudes. The next case (Event 2) takes place in a more
magnetosheath-like region. We close our study with Event 3
that resembles the case studied by Waara et al. (2010). These
cases are marked as red circles in Fig. 1, which shows the
logarithmic relation between the background magnetic field
magnitude and the altitude for our data set. Up to about
11RE the background magnetic field falls off as B ∝ r−3
(dipole). Further up a dipole approximation is not valid any-
more since B ∝ r−1.75. Event 1 and Event 2 clearly take
place within the dipole region, whereas Event 3 does not.
We take this into consideration in our simulations by proper
adjustments of Eqs. (7) and (8) when needed.

4.1 Event 1: 28 May 2003

This heating event (Fig. 2) lasts about 5min (01:55–
02:00UT) and takes place well inside the magnetosphere
at an altitude of around 8.0RE (with GSE coordinates (3.1,
−3.2, 6.6)RE), in the Northern Hemisphere over the polar
cap. Stable background magnetic fields and small magnetic
fluctuations makes it somewhat similar to the heating cases
at lower altitudes. The perpendicular temperature reaches a
maximum of ∼3000 eV and the parallel ∼1000 eV. Clearly
associated to the high temperatures are enhanced electric
field power spectral densities. Considered data is measured
by spacecraft 4 (SC4). The velocity space distribution func-
tion is shown in Fig. 4a, with cross sections through the cen-
ter of the distribution function shown below (Fig. 4d). The
lower plot also shows a Maxwellian (dashed black line) and
a kappa distribution (solid black line), both corresponding to
the observed perpendicular temperature. Both cross sections
seem to be fairly well approximated by Maxwellian distribu-
tions.
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Fig. 1. The average magnetic field magnitude as a function of al-
titude (logarithmic scale) for our data sets. The red circles corre-
sponds to the regions where the heating events take place.

Figure 3a shows the power spectral density (up to 1Hz)
during the time interval of heating. It takes the form of an
approximate power law distribution S∝ f−α (with α= 1.1),
for which the power spectral density at fO+ is SfO+ = 24
(mVm−1)2 Hz−1. The red vertical line in the plot marks
fO+ = 120mHz. The green line in the same plot is for a
time period close to the heating where the high temperatures
as well as wave activity has ceased.
In Sect. 3.3 the test-particle calculation procedure was de-

scribed, but it will not be a valid approximation unless the
heating region is large compared to a typical local ion gy-
roradius. In Fig. 2c we compare the wave activity from the
different spacecraft, with SC4 data corresponding to the blue
thick line. Both SC1 (green) and SC4 measure enhanced
wave activity (as well as enhanced O+ temperatures) with
similar structures and a time delay of 90 s between the obser-
vations. If we assume a heating region structure with a plane
front moving with the convecting plasma it would reach SC4
before SC1. This is not the case, so the observed delay be-
tween the spacecraft is not consistent with a structure moving
with the bulk plasma drift. However, even though there is a
time delay between the observations there is a period of time
where both spacecraft are in the heating region. An estimate
of the heating region extent is thus the distance between the
two spacecraft (∼ 0.5RE). On the other hand, assuming that
the motion of the heating region (vhr) is described by the time
delay between SC1 and SC4, the motion of the heating region
is ∼ 35 km s−1, and since SC4 observes enhanced wave ac-
tivity for approximately 240 s this corresponds to a size of
1.3RE of the heating region. SC2 is at a similar altitude as
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Table 1. Observed O+ parameters: altitude r , parallel velocity v‖, power law fitting parameter α around the local gyrofrequency, electric
power spectral density SfO+ (given in (mVm

−1)2 Hz−1), perpendicular temperature T⊥, parallel temperature T‖ and perpendicular-to-
parallel temperature ratio Tr.

Event r [RE] v‖ [km s−1] α SfO+ T⊥ [eV] T‖ [eV] Tr

1 8.0 100 1.1 24 3000 1000 3
2 9.3 90 1.1 18 2000 2000 1
3a 12.2 200 1.4 28 7000 5000 1.4
3b 12.2 200 2.1 200 12 000 5000 2.4

Table 2. Calculated parameter values from the backward simula-
tion. r0 is the geocentric altitude at which the heating starts, t is
the heating time, SLmin and SfO+ (given in (mVm

−1)2 Hz−1) are
the input value of the power spectral density due to left-hand po-
larized electric fields needed to obtain the observed perpendicular
temperatures and the observed power spectral density respectively.
The ratio Sr= SLmin/SfO+ show how much of the observed power
spectral density that needs to be due to left-hand polarized electric
waves, in order to obtain the observed perpendicular temperature.

Event r0 [RE] t [s] SLmin SfO+ Sr [%]

1 7.1 160 10 24 42
2 8.0 250 5 18 28
3a 9.1 250 26 28 93
3b 10.1 175 53 200 27

the others but does not record any significant wave activity.
It is feasible to assume that the size of the heating region is
in the range 0.5–1.3RE. It can not be smaller and it is not
likely to be much larger since no activity is recorded at SC2.
A typical O+ gyroradius in this region is ∼ 0.025RE, i.e.
much smaller than the heating region. For SC3 there is no
data available during this event.
We start the test particle calculation at the observation

point and trace the particle backwards in time until T⊥ is
close to zero. This will give us an estimate of the start altitude
and of the spectral density SL needed. Our input values are
T⊥ = 3000 eV, v‖ = 100 km s−1, r = 8.0RE and α= 1.1. The
input numbers for all events are summarized in Table 1. The
minimum power spectral density at fO+ due to left-hand po-
larized electric waves needed to obtain the observed temper-
ature is SLmin= 10 (mVm−1)2 Hz−1. The observed temper-
atures can thus be obtained using 42% of the observed power
spectral density (Table 2). The heating begins at r0= 7.1RE
and takes approximately 160 s.

4.2 Event 2: 19 January 2003

This event takes place in a boundary layer between the mag-
netosheath and the mantle. SC4 is in the magnetosheath be-
fore it enters the magnetosphere at around 03:53UT (Fig. 5),
at about 9.3RE (GSE coordinates: (4.4, −0.4, −8.2)RE),

and measures high ion temperatures and strong wave ac-
tivity. The temperatures reach roughly 2000 eV. Figure 4b
shows the velocity space distribution function. The cross sec-
tions through the center of the distribution are shown below
(Fig. 4e) and they are both approximate Maxwellian distri-
butions. Particle energies below 2000 eV have been ignored
in order to avoid contamination from protons.
The power density spectrogram (up to 1Hz) for the heat-

ing is shown in in Fig. 3b as a blue curve. The gyrofrequency
fO+ = 66mHz is marked by a red, dashed line, and it in-
tersects the curve at SfO+ = 18 (mVm−1)2 Hz−1. In com-
parison we have plotted the power spectral density for the
time 03:35–03:40UT (green curve), where the wave activity
more or less has ceased. These spectrograms agree well with
power law distributions, both with approximately the same
power law fitting parameter α= 1.1.
We compare the wave intensities measured by the differ-

ent spacecraft in Fig. 5c. Assuming a plane and field paral-
lel structure extended perpendicular to the convection direc-
tion the expected delay between SC2 (red) and SC4 (blue) is
small, which is interpreted as if the spacecraft are inside the
same structure region approximately at the same time. They
are at the same height but separated in the perpendicular di-
rection by a distance of around 1.2RE, which then is taken
as a lower estimate of the heating region. A typical O+ gy-
roradius of 0.06RE is much smaller and we can safely use
the gyroresonance model. There is a short and strong peak in
wave intensity measured by SC3 (black) at a higher altitude,
about 0.6RE above SC4. The peak corresponds to a passage
through the magnetopause and there is no wave activity cou-
pled to the heating region in which we are interested. SC1
(not shown) is further away on the flank (∼ 1.1RE) and does
not record any enhanced temperatures nor wave intensities.
The input parameters (our observed values) for the test-

particle calculation are given in Table 1. The minimum
power spectral density at fO+ due to left-hand polarized
electric waves needed to obtain the observed temperature is
SLmin= 5 (mVm−1)2 Hz−1, corresponding to 28% of the ob-
served power spectral density at fO+ . The heating starts at an
altitude of 8.0RE, with T⊥ and v‖ close to zero, and reaches
the observed temperatures after 250 s (Table 2).
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Fig. 2. SC4 measurements for Event 1 (28 May 2003): Panel (a) shows the perpendicular (blue) and the parallel (red) O+ temperatures,
panel (b) the electric field for the two components measured in the satellite spin plane, panel (c) the power spectral density at fO+ for the
electric field given in (mVm−1)2 Hz−1 measured by different spacecraft (the blue line corresponds to SC4), panel (d) the power spectral
density at fO+ for the magnetic field given in (nT)2 Hz−1, panel (e) shows the O+ parallel velocity, where the outflow is defined to be
positive, panel (f) the number densities for O+ (blue) and H+ (red), and panel (g) the magnitude of the background magnetic field.
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Fig. 3. Observed power spectral densities for the studied events, which can be approximated with power law distributions. Blue plots: Cover
the intervals where we observe strong wave activity for each event. The vertical red lines mark the O+ gyrofrequency for those regions (120,
66, and 45mHz respectively). Green plots: For comparison we also plot for regions close to the heatings, where temperatures as well as
wave activities are low. Purple plot: This power law distribution covers the T⊥-peak seen around 08:40UT during Event 3.

4.3 Event 3: 1 May 2003

The last event is presented in (Fig. 6). It is observed at the al-
titude 12.2RE (at the GSE coordinates (0.5,−7.8,−9.4)RE)
and the background magnetic field is between 50 and 60 nT.
We divide it into two separate heating cases. Between 08:39–
08:46UT we observe strong wave activity (electric and mag-
netic) as well as high T⊥ = 7000 eV and Tr = 1.4. We
call this Event 3a. We also note a peak in T⊥ as it for a
short period of time around 08:41UT reaches 12 000 eV and
Tr = 2.4. Around the same time there is also a peak in the
wave activity. We call this Event 3b. Following this (08:46–
09:10UT) we observe high perpendicular temperatures (up
to 8000 eV), lower parallel temperatures (up to 2000 eV) and
practically no electric and magnetic wave activity, which
makes this region similar to the case considered by Waara
et al. (2010). Figure 4c shows the velocity space distribution
function and below are the cross sections through the center
of the distribution (Fig. 4f). Particle energies below 3000 eV
have been ignored in order to avoid contamination from pro-
tons. One may discern that a torus distribution has begun to
form in a part of the distribution, for particles with a parallel
velocity of about 200 km s−1. Otherwise, the distribution is
quite well approximated by a Maxwellian distribution.
The power spectral densities are plotted in Fig. 3c. Dur-

ing Event 3a (08:39–08:46UT), the power spectral den-
sity (blue curve) at the O+ gyrofrequency is SfO+ = 28
(mVm−1)2 Hz−1. It is in a good agreement to an approx-
imate power law distribution with α = 1.4. For Event 3b
(purple curve) we observe SfO+ = 200 (mVm−1)2 Hz−1 and

α= 2.1. After 08:50UT the wave activity has more or less
ceased (green curve).
The wave intensities recorded by the spacecraft are shown

in Fig. 6c. Comparisons between the different spacecraft as-
suming a plane and field parallel heating region structure
extended perpendicularly to the convection direction yield
small delays. SC3 (black) and SC4 (blue) are separated only
in height, so it is not possible to get an estimate of the ex-
tent of the heating region in the perpendicular direction. SC2
(red) is on the other hand at the same height as SC4 but sep-
arated by 1.2RE, which gives a lower estimate of the extent
of the heating region in the perpendicular direction. This is
several times larger than a typical gyroradius at this altitude
(∼ 0.17RE).
The single-particle calculation results are given in Ta-

ble 2. For Event 3a a power spectral density of SLmin = 26
(mVm−1)2 Hz−1 is needed to obtain the observed tempera-
ture. This corresponds to 93% of the observed power spectral
density at fO+ . The heating starts at the altitude 9.1RE, and
lasts for 250 s. The results for the intense peak is SLmin= 53
(mVm−1)2 Hz−1, r0 = 10.1R and t = 175 s. Thus 27% of
the observed power spectral density is needed to obtain the
observed temperature.

5 Discussion

In Table 2 the calculated electric field power spectral densi-
ties SLmin for our events are listed together with the observed
values, SfO+ . Also listed is Sr = SLmin/SfO+ , which shows
how much of the observed spectral densities that need to be
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Fig. 4. Velocity space distribution functions of O+ ions for Event 1 (a), Event 2 (b) and Event 3 (c), respectively. The lower plots (d,
e, f) show the corresponding cross sections of the distribution functions in the reference frame of the plasma. Also plotted are Maxwell
distributions (dashed black) and Kappa distributions (solid black), corresponding to the observed perpendicular temperature for each event
and with κ = 1.5.

due to left-hand polarized waves in order to obtain the ob-
served perpendicular temperatures. At low and mid altitudes
only a few percent is needed. For our cases at high altitudes
we need more. Still, for Event 1 and Event 2 the numbers
are reasonable (42% and 28%, respectively), whereas for
Event 3a 93% is required. This is unrealistic since it requires
that practically all observed wave activity is due to left-hand
polarized waves. The order of magnitude is still reasonable.
Considering the large variability of the electric field wave in-
tensity it is not surprising if we do not get perfect agreement
for all cases. The sharp peak (12 000 eV) can be explained
if we focus on the wave activity peak in its neighbourhood,
since 27% is needed (Event 3b). It seems that we in general
need left-hand polarized wave activity with power spectral
densities of the order SL∼ 10 (mVm−1)2 Hz−1 to be able to
explain high perpendicular temperatures.

The gyroresonance model is not feasible unless the con-
sidered heating region is large compared to a typical local
O+ gyroradius. For all events the estimated perpendicular
extent of the heating region is indeed large compared to the
O+ gyroradius. We have analyzed the expected delays be-

tween the spacecraft assuming a heating structure drifting
along with the plasma and extended perpendicularly to the
convection direction. In Event 1 the analysis also shows that
the observed delay between the spacecraft is not consistent
with a heating structure moving with the plasma bulk drift.
For Event 2 and 3 the delays are small and we cannot get a
reliable estimate of the motion of the heating regions.

In a previous study by Bouhram et al. (2004) it was shown
that cusp related heating of outflowing ions appeared to sat-
urate above 4.5RE. A finite wavelength effect, where the
ion gyroradius becomes larger than the perpendicular wave-
length of the waves, was suggested as a mechanism be-
hind the saturation. Barghouthi (2008) showed that finite
wavelength effects lead to saturation of heating and torus
shaped velocity space distributions. In Event 3, indeed a
torus shaped velocity distribution is starting to form (Fig. 4a).
However, the high temperatures and effective heating that we
observe at high altitudes indicate that there is no saturation
of the heating. The latter is consistent with the large size of
the heating region compared to the local gyroradius. If the
ion leaves the field of one wave it will encounter the field of

www.ann-geophys.net/29/931/2011/ Ann. Geophys., 29, 931–944, 2011



940 R. Slapak et al.: Wave-particle interaction at high altitude

�

����

����

����

T
O

+
[e

V
]

�����
�
�
�����
���
����






�
�

�
		

���

�

��

E
[m

V/
m

]






�



�
�

�

��

S
E

(f
O

+
)






���
���
���

�

���

����

S
B

(f
O

+
)

�

��

���

���

v
‖

[k
m

/
s

]

��
��

��
�

��
�

n
[c

m−
3
]







��

��

����� ����� ����� ����� ����� ����� ����� ����� �����
�

��

���

���

B
[n

T
]

a

b

e

g

d

c

f

Fig. 5. SC4 measurements for Event 2 (19 January 2003): Panel (a) shows the perpendicular (blue) and the parallel (red) O+ temperatures,
panel (b) the electric field for the two components measured in the satellite spin plane, panel (c) the power spectral density at fO+ for the
electric field given in (mVm−1)2 Hz−1 measured by different spacecraft (the blue line corresponds to SC4), panel (d) the power spectral
density at fO+ for the magnetic field given in (nT)2 Hz−1, panel (e) the O+ parallel velocity, where the outflow direction is defined to be
positive, panel (f) the number densities for O+ (blue) and H+ (red), and panel (g) the magnitude of the background magnetic field.
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Fig. 6. SC4 measurements for Event 3 (1 May 2003): Panel (a) shows the perpendicular (blue) and the parallel (red) O+ temperatures,
panel (b) the electric field for the two components measured in the satellite spin plane, panel (c) the power spectral density at fO+ for the
electric field given in (mVm−1)2 Hz−1 measured by different spacecraft (the blue line corresponds to SC4), panel (d) the power spectral
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Table 3. Mean-particle theory results: perpendicular energy W⊥,
parallel energyW‖ and perpendicular-to-parallel energy ratioWr.

Event W⊥ [eV] W‖ [eV] Wr

1 1770 1850 0.96
2 1230 1290 0.96
3a 4830 4180 1.16
3b 7020 4330 1.62

another. This may affect the coherence time, but not lead to
saturation.
We based our simple test-particle calculation on Eqs. (1)–

(3). This description turns out to be useful to describe the
limited (in time and space) bursts of O+ heating that we ob-
serve. It gives us an estimate of the altitude extent below
the spacecraft where strong heating seems to take place. It
is interesting to see if the observed temperature ratios can
be reproduced for the spectral densities of our observations.
This can be done by comparing to the mean-particle theory,
which is briefly described in Sect. 3.1. Equations (5)–(6) are
asymptotic values, obtained considering a frequency depen-
dent power spectral density. Into these equations we put our
observed values and SL= SLmin. The ion energies predicted
by the theory (W⊥, W‖ and Wr) are presented in Table 3.
These calculated values are compared to observed temper-
atures in Table 1 (T⊥ and Tr) and we note that the mean-
particle theory results do not agree very well with observa-
tions. The theory generally gives too small values (with the
exception of the parallel component in Event 1 where it is too
large). When the perpendicular-to-parallel ratios are com-
pared we note that they are equal for Event 2, but differ for
the others.
Heating events with Tr > 2 at high altitudes have been

studied before (Waara et al., 2010), as well as cases with
Tr ≈ 1 (Nilsson et al., 2004). In Event 3 we observe both
types: Tr ≈ 1 during strong wave activity followed by a
longer sequence (25min) of enhanced Tr and T⊥ when the
wave activity has ceased. If heating is sporadic, one should
expect to sometimes find high ion temperatures and simul-
taneously no or low wave activity, since the particles after
heating stay heated in the perpendicular direction some time
after their interaction with electromagnetic waves. Sporadic
heating is however not a plausible explanation for long se-
quences of enhanced T⊥ and low T‖. For this we suggest a
so called velocity-filter effect, where particles with approxi-
mately the same parallel velocities are seen in the same place
at a given time after the heating. This concept is illustrated
and explained in Fig. 1 in Nilsson et al. (2004), considering
a finite heating-source region through which particles con-
vect. The fast-moving particles will reach a certain altitude
sooner than particles that move slower. The slower particles
will of course eventually reach the same altitude, but at that
time they will have convected further away. A spacecraft

passing above the heating region will therefore continuously
encounter narrow parallel velocity distributions, and conse-
quently low parallel temperatures.
We observe increased magnetic wave activity during

Event 2 and 3. According to Waara et al. (2011) the observed
electric and magnetic field fluctuations are consistent with
Alfvén waves, so a relation between electric and magnetic
fluctuations is expected. Most studies of the effect of wave-
particle interactions on ion outflows (e.g. Chang et al., 1986;
Retterer et al., 1987; André et al., 1990; Norqvist et al., 1996;
Bouhram et al., 2003a; Barghouthi, 2008), consider only the
electric field of the waves to be responsible for transverse
ion heating. Wang et al. (2006) and Lu and Li (2007) take
the magnetic field of the wave into consideration in their the-
ory of transverse ion heating, but it is done under conditions
which are not fulfilled in the region of our interest. May
strong magnetic fluctuations affect ion heating in the high
altitude magnetosphere? In the magnetosheath-like regions
the magnetic field fluctuations can be as strong as 10% of
the background field strength. Perhaps the invariance of the
magnetic moment does not hold under such conditions. A
future statistical study will present a more quantitative corre-
lation between electric and magnetic field wave activity and
ion heating.

6 Conclusions

When high altitude O+ heating events associated with strong
wave activity are considered it is possible to explain en-
hanced perpendicular temperatures, using a gyrofrequency
model based on the same theory (Chang et al., 1986) that
have been successful in explaining the enhanced perpendic-
ular temperatures at low and mid altitudes (Norqvist et al.,
1996; Bouhram et al., 2003b). Using 25–45% of the ob-
served wave activity we can explain the enhanced perpen-
dicular temperature in all but one of the studied cases.
Bouhram et al. (2004) reported saturation of the perpen-

dicular heating above ∼ 4.5RE in the cusps and suggested
that it was due to finite perpendicular wavelength effects,
where the heating is limited when the ion gyroradius ex-
ceeds the perpendicular wavelength of the wave. Bargh-
outhi (2008) also discussed the effect of finite wavelength
and showed that it saturates heating. However, we observe
effective heating and conclude that we do not see any effects
of finite wavelengths. One possible reason is larger perpen-
dicular wavelengths in the high altitude range as compared to
the altitude range studied by Bouhram et al. (2004). Another
possibility is the large perpendicular extent of the heating re-
gions, which are at least about an order of magnitude larger
than the local ion gyroradius, which allows the ions to con-
tinuously interact with different wave fields.
Observations indicate that enhanced wave activity is lim-

ited in time and space. Consequently, strong ion heating
is then also limited in time and space. Our calculations
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indicate that high-altitude O+ ions with high temperatures
mainly have been heated within a few RE from where they
are observed. This is consistent with the mean-particle the-
ory of Chang et al. (1986) and Retterer et al. (1987) (briefly
described in Sect. 3.2) where it was noted that for signifi-
cant heating the initial boundary conditions are not impor-
tant, most of the effective heating occur in the vicinity of the
spacecraft.
The perpendicular-to-parallel temperature ratio, Tr, is of-

ten close to one, but it may also be well above 2 even
during times of no significant wave activity. Enhanced
perpendicular-to-parallel temperature ratio, Tr, is usually
considered as a sign of local heating. At high altitudes rel-
atively low wave activity sometimes appear to be associated
with these types of events, which is quite the opposite from
what is expected. We clearly see this in Event 3 around
08:46–09:10UT with high T⊥ and strongly enhanced Tr and
practically no wave activity, similar to the case presented by
Waara et al. (2010). We suggest that this results from a veloc-
ity filter effect when observations are made close to but out-
side a heating region. Thus, high perpendicular-to-parallel
temperature ratio is not a good indicator of local heating in
regions at high altitudes.
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Alcaydé, D., Jacquey, C., Mazelle, C., d’Uston, C., Möbius, E.,
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Oxygen ion energization by waves in the high altitude cusp and

mantle

M. Waara,1 H. Nilsson,1 R. Slapak,1 M. André,2 G. Stenberg,1

We present a comparative study of low frequency electric
field spectral densities and temperatures observed by Cluster
spacecraft in the high altitude cusp/mantle region. There
is a clear correlation between O+ temperature and wave in-
tensity at the oxygen gyrofrequency at each measurement
point. This correlation agrees with the predictions by both
an asymptotic mean-particle theory and a test-particle ap-
proach. The perpendicular to parallel temperature ratio is
also consistent with the predictions of the asymptotic mean-
particle theory.

At times the perpendicular temperature is significantly
higher than predicted by the models. A simple study of
the evolution of the particle distributions (conics) at these
altitudes indicates that enhanced perpendicular tempera-
tures would be observed over many RE after heating ceases.
Therefore sporadic intense heating is the likely explanation
for cases with high temperature and comparably low wave
activity. We observed waves of sufficient amplitude to ex-
plain the highest temperatures.

1. Introduction

It is well known that ions in the ionosphere and magne-
tosphere can be energized in the direction perpendicular to
the geomagnetic field. It is believed that transverse heating
of ions is important for ion outflow and one of the probable
explanations for transverse heating is wave-particle interac-
tion [Moore and Horwitz , 2007]. One type of efficient wave
energization is caused by waves near the ion gyrofrequency.
This ion cyclotron resonance mechanism can be investigated
using test-particle calculations or Monte-Carlo simulations
[Retterer et al., 1987; Chang et al., 1986].

In a recent case study, Waara et al. [2010] searched the
high altitude cusp/mantle for the longest period with a sig-
nificantly enhanced oxygen perpendicular to parallel tem-
perature ratio, an expected sign of local transverse heat-
ing. They used the data set of Nilsson et al. [2006], and
found a case lasting about 20 minutes. It was found that
the wave amplitude around the oxygen ion gyrofrequency
was not high enough to explain the observed perpendicu-
lar ion temperatures using a simple ion cyclotron resonance
model [Chang et al., 1986]. The study of Waara et al. [2010]
was followed up with a statistical study of the electric and
magnetic field spectral densities in the frequency range be-
low 1 Hz, in the general vicinity of the high altitude oxygen
gyrofrequency [Waara et al., 2011]. In Waara et al. [2011] it
was shown that statistically the gyroresonance model could,
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in fact, reproduce the observed average perpendicular tem-
perature and average parallel velocity for altitudes between
8–15 RE in the cusp/mantle region given the average spec-
tral density. It was assumed that 50 % of the observed wave
activity at the local O+ gyrofrequency was due to left-hand
polarized waves, which can effectively heat the ions. In the
companion paper of Slapak et al. [2010], some very high tem-
peratures could be explained using a gyroresonance model
and the simultaneously observed waves. It was also shown
that for the three cases investigated, the size of the region
of enhanced wave activity was at least one order of magni-
tude larger than the O+ ion gyroradius. We follow up these
three studies (Waara et al. [2010, 2011]; Slapak et al. [2010])
with a statistical study of the correlation between ion tem-
perature and wave intensity for each measurement point.
This study is compared with the predictions of Chang et al.
[1986], both through an asymptotic mean-particle approach
and a test-particle approach.

2. Instrumentation and data

We use data from the Cluster spacecraft [Escoubet et al.,
2001]. The ion data is taken from CODIF, a time-of-flight
ion Composition Distribution Function instrument which
can resolve the major magnetospheric ions. The angular
resolution is 22.5o and the energy coverage in the modes
of interest to us is from 40 eV per charge up to 38 keV
per charge. Furthermore we use electric field data from the
electric field and wave instrument EFW, [Gustafsson et al.,
2001]. EFW records two orthogonal electric field compo-
nents in the satellite spin plane. In the event of interest the
sampling rate was 25 samples/second. We also use data from
the Cluster fluxgate magnetometer (FGM), which measure
the magnetic field vector [Balogh et al., 2001].

The data set consists of EFW wave data when outflowing
O+ is seen in the energy spectrograms of the CIS CODIF
data. The data set covers a 3-year period (January to May
in 2001 to 2003). This corresponds to orbits with apogee on
the sunward side of the terminator plane. Only events with
outflowing O+ lasting more than 1 h were selected, and such
events were seen in about two-thirds of the orbits. The par-
ticle data set is described in detail in Nilsson et al. [2006].
The time series data of the electric field has been Fourier
transformed to obtain frequency spectra. The record length
in the Fourier transform is 1024 points. The spectral densi-
ties used in this study is an average of three partially over-
lapping records, shifted 512 with respect to each other. The
DC-level (0 Hz) in the data are removed by subtracting the
mean of each time window for the EFW. The wave data set
is described in more detail in Waara et al. [2011].

3. Ion cyclotron resonance mechanism

Chang et al. [1986] presented a theory for calculating the
evolution of the perpendicular temperature in an altitude-
extended cyclotron resonant electric wave field. They also
provided an asymptotic solution yielding both perpendicu-
lar and parallel temperature from the locally observed waves

1
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Figure 1. Panel a): Distribution of O+ perpendicu-
lar temperature [log eV] for each interval of electric field
spectral density [log (mV/m)2/Hz]. Each column is nor-
malized, the sum of all data bins in a column is 1. The
white line is the predicted perpendicular temperature
from the asymptotic mean-particle approach. The white
error bars shows the standard deviation for the logarith-
mic value. The black line is the predicted perpendicular
temperature from the test-particle approach. The back
error bars shows the standard deviation for the logarith-
mic value. Panel b): Distribution of O+ temperature
ratio T⊥/T‖ [log eV] for each interval of electric field
spectral density. The white line is the predicted temper-
ature ratio from the mean-particle approach. Panel c):
Number of data points contributing to each column.

and the shape of the frequency spectrum. In practice, lo-
cally observed waves mapped along the magnetic field lines
are used. The spectral density can often be approximated by
S(f) ∝ f−α, with α as a power law fitting parameter, and
the gyrofrequency can often be assumed to fall with the cube
of the geocentric distance, fi(r) ∝ r−3, allowing mapping
to an arbitrary altitude. The mean energy ratio W⊥/W‖
asymptotically approaches a constant value of (6α+2)/9. In
this limit, the total ion energy is insensitive to the choice of
initial conditions, making it suitable for a comparison with
our data. The result for the total ion energy, W = W‖+W⊥
[Retterer et al., 1987], is

W =
(
3α+

11

2

)1/3

m

[
rD⊥(r)
(3α+ 1)

]2/3

(1)

where the quasi-linear velocity diffusion rate perpendicular
to the geomagnetic field given by

D⊥ =
ηq2

4m2
| Ex(ω = Ω) |2 (2)

where q is the charge, Ω is the ion gyrofrequency, ω is the
wave frequency, |E2

x| is the electric field spectral density at

the local ion gyrofrequency and η is the proportion of the
measured spectral density that corresponds to a left-hand
polarized wave. We use a value of η=50 % in the calcula-
tions in this study. The α value we use is 1.5 and is taken
from Waara et al. [2011].

4. Results

The distribution of O+ perpendicular temperature for
each interval of electric field spectral density is shown in
panel a) in Fig. 1. We see a strong correlation between
the observed electric field spectral density and the observed
perpendicular temperature.

The white line in panel a) is the predicted perpendicu-
lar temperature for each electric field spectral density using
the asymptotic mean-particle approach. The perpendicular
temperatures are calculated for all points in the data set,
and the error bar indicates the standard deviation. As can
be seen, the asymptotic mean-particle theory fairly well re-
produces most of the observations.

The black line in panel a) is the predicted perpendicular
temperature for each electric field spectral density calcu-
lated using the test-particle approach [Chang et al., 1986]
for ions released with average properties from 5 RE. Error
bars indicate one standard deviation.

In this latter approach we follow a test-particle in the
average measured background magnetic field under the in-
fluence of the mirror force. We started all particles in the
test-particle calculation at 5 RE with the measured average
values, perpendicular temperature of 17 eV, parallel veloc-
ity of 43 km/s (from Table 1 in Waara et al. [2011]) and
ran the calculation until the particles reached the altitude
where they were observed. The spectral density used for
each particle is the observed spectral density, using the aver-
age explicit altitude dependence of the data set as reported
in Table 1 in Waara et al. [2011]. Also the test-particle
approach reproduces the perpendicular temperature at the
highest temperatures/spectral densities fairly well.

Both theories predict as high temperatures as are ob-
served for the range of electric field spectral densities. The
main discrepancy between models and observations is that
there is a significant number of observations of tempera-
tures higher than predicted, especially in the spectral den-
sity range of 1 - 30 (mV/m)2/Hz. For the very highest spec-
tral densities observed, the corresponding observed temper-
atures are typically lower than predicted by the models.

Panel c) indicates the statistical significance of each col-
umn by showing the number of data-points contributing to
each column.

A higher perpendicular than parallel temperature is often
a signature of local heating, as the mirror force will decrease
the kinetic perpendicular temperature if the ions move up
along the field line. Panel b) shows the O+ perpendicular to
parallel temperature ratios versus the electric field spectral
density. Higher perpendicular than parallel temperature is
typically observed for most of the spectral densities. The
white line in the panel shows the predicted perpendicular-
to-parallel ratio from the asymptotic mean-particle theory.
The mean energy ratio W⊥/W‖ asymptotically approaches
a constant value of 11/9 (log10(1.22) = 0.09) for the average
spectral slope of our observations. As can be seen in panel
b) in Fig. 1, most of the measured values are consistent with
what the mean-particle theory predicts.

As the transversely accelerated ions subsequently move
outward, their transverse energy is gradually converted to
parallel energy by the mirror force. For passive adiabatic
transport along the field lines, the perpendicular tempera-
ture should thus decrease. The relatively sporadic appear-
ance of enhanced wave activity presented in Waara et al.
[2011] may make it difficult to observe the actual heating.



WAARA ET AL.: WAVE-PARTICLE INTERACTION IN HIGH ALTITUDE CUSP X - 3

We have investigated the folding of a perpendicularly
heated particle population starting at 12 RE and ending at
15 RE. The particles were moving outward along the field
line without any heating. The decrease of the perpendicular
temperature in our simple study is around 10 % for each RE

if the average measured background magnetic field is used;
it is around 20 % for each RE if the dipole model is used.
Our results show that strongly heated ions are likely to be
observed with an enhanced perpendicular temperature over
a few RE outside the actual heating region, i.e. in regions
with lower electric field spectral density than predicted by
the theory.

5. Discussion

The ion cyclotron resonance theory fairly well reproduces
the observed perpendicular temperature and the tempera-
ture ratio, except for some of the highest perpendicular tem-
peratures, where the temperatures can be up to one order
of magnitude larger than predicted by the model. The ions
retain their perpendicular energy some time also after leav-
ing a heating region. One can therefore not expect a precise
one-to-one correlation between enhanced wave activity and
high perpendicular ion temperature.

The power law approximation (S(f) ∝ f−α) of the spec-
tral density does not perfectly describe the distributions ob-
served. The average spectral density versus frequency is
dependent on altitude: the spectral density increases for
higher altitudes. There is one order of magnitude between
the highest and the lowest average spectral density over the
altitude range of our data set. The electric field spectral
density for the different altitudes generally have a power law
distribution with a slope of 1.5 [Waara et al., 2011]. If the
explicit altitude dependence is taken into account [Chang
et al., 1986] we get an effective α of 1.6 instead of 1.5. The
small increase in α does not significantly change the predic-
tions from the mean-particle theory, neither the perpendic-
ular temperature nor the temperature ratio.

Also the fact that the model assumes that the gyrofre-
quency falls off with the cube of the geocentric distance is
not completely true for this data set. The background mag-
netic field presented in Waara et al. [2011] shows that a
dipole model for the magnetic field is a good approxima-
tion up to 12 RE but at higher altitudes the decrease of the
measured background magnetic field with altitude is smaller
than for a dipole field. The gyrofrequency falls off on av-
erage with an exponent of 1.75 instead of with the cube of
the geocentric distance [Slapak et al., 2010]. The highest
perpendicular temperatures are observed at the highest al-
titudes, where it is better to use the measured magnetic field
values instead of the dipole approximation.

An explanation as to why the highest temperatures are
also observed for lower spectral densities is the relatively
sporadic occurrence of strongly enhanced wave activity,
which makes it less likely to observe the actual heating. The
heating from the waves can occur for just a few minutes, but
the total energy gain for the particles remain, and the in-
creased perpendicular temperatures remain for some time
after the actual heating has stopped. Slapak et al. [2010]
showed that when picking out the highest observed wave in-
tensities, the simultaneously observed high ion temperatures
could be explained by a gyroresonance theory. It therefore
seems likely that the discrepancy between the highest ob-
served temperatures and highest simultaneously observed
wave intensities is due to the temporally and/or spatially
limited nature of regions of intense wave activity. If this is
the case, we must at least at times observe sufficiently high
spectral densities to explain the highest observed tempera-
tures, and this is indeed the case. Similarly, the lower than
predicted observed temperatures for the very highest electric

field spectral densities are consistent with a sporadic nature
of the most enhanced wave activity. The ions have seldom
experienced the heating for as long as is assumed by the
theory at the time of observation. Some of the most intense
heating is known to occur in a very limited region at the
equatorward side of the cusp, sometimes called the ”cusp
heating wall” [Bouhram et al., 2003], possibly caused by a
combination of waves and quasi-static electric fields [Lind-
stedt et al., 2010]. This could provide O+ ions with energies
of several keV.

6. Conclusions

We present a clear correlation between temperature and
wave intensity at the O+ gyrofrequency at each measure-
ment point. This correlation agrees with the predictions
by both the asymptotic mean-particle approach and a test-
particle approach, except for some of the highest observed
temperatures which are up to one order of magnitude higher
than predicted by the model. Also the temperature ratio
is consistent with the predictions of the asymptotic mean-
particle theory for our spectral slope α.

An explanation as to why high temperatures are some-
times observed for periods of comparatively low electric field
spectral density is the relatively sporadic waves which make
it less likely to observe the actual heating. A simple study
indicates that enhanced perpendicular temperatures would
be observed over many RE after heating ceases. Waves with
sufficient amplitudes to explain the highest observed tem-
peratures are indeed observed, even though relatively infre-
quently, consistent with the expectations for sporadic heat-
ing.
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