
% 2600003

DISPERSION SURFACES

AND

ION WAVE INSTABILITIES IN SPACE PLASMAS

by

Mats André

Kiruna Geophysical Institute

University of Umeå

S-901 87 Umeå, Sweden

KGI Report 190,

August 1985

Printed in Sweden

Kiruna Geophysical Institute

Kiruna 1985

ISSN 0347-6405



DISPERSION SURFACES
AND

ION WAVE INSTABILITIES IN SPACE PLASMAS

by

Mats André
Kiruna Geophysical Institute

University of Umeå
S-901 87 Umeå, Sweden

Abstract

A magnetized plasma can be tremendously rich in wave pheno-
mena. Theoretical investigations of a particular wave often
concentrate on a simple approximation of a dispersion rela-
tion. However, in order to obtain an overview of the wave
modes, a rather general dispersion equation should be consi-
dered. In this thesis, the dispersion relation of linear waves
in a non-relativistic, collisionless and homogeneous plasma in
a uniform magnetic field, is solved numerically. Both electro-
static and electromagnetic waves with frequencies from below
the ion gyrofrequency to above the electron gyrofrequency are
studied for all angles of propagation. Nodes occurring in a
cold plasma as well as waves dependent on thermal effects are
included. Dipsersion surfaces, that is plots of frequency
versus wavevector components, are presented for some models of
space plasmas. This presentation shows all interesting waves
clearly and reveals how different modes are related. The
dispersion surfaces can be used as an aid, for example, when
comparing wave observations with theory, and they may also
help to avoid confusing nomenclature.

Waves with frequencies of the order of the ion gyrofrequency
(ion waves), are well known to exist in space plasiras. Many
observations of ion waves have been made onboard rockets end
satellites in the magnetospheric plasma. Such waves can be
important for the diffusion of ions, which eventually preci-
pitate into diffuse auroras, and these waves may also cause
conies in ion velocity space. In this thesis, the generation



of ion waves by ion distributions with loss-cones or tempera-
ture anisotropies, or by beams of charged particles, is
investigated by numerical methods. Effects of heavy ions are
considered. Dispersion surfaces and analytical arguments are
used to clarify the results.

Earlier studies of ion wave generation conclude that electro-
static waves are heavily Landau damped by cool electrons. This
is not consistent with the fact that cool electrons and
electrostatic ion waves are believed to coexist in space
plasmas. In this thesis it is shown that particle beams and
ion loss-cone distributions can generate electrostatic ion
waves, even when a significant amount of the electrons are
cool. These calculations are in agreement with simultaneous
observations of waves and particles obtained by a satellite on
auroral field lines.

Keywords: Space Plasmas, Magnetosphere, Wave-Particle Interac-
tion, Dispersion Surfaces, Ion Waves, Wave Instabilities,
Loss-Coneo, Temperature Anisotropies, Beams.
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1 INTRODUCTION

Matter appears in four different states: solid, fluid, gas and
plasma. Nearly all matter on Earth belongs to one of the first
three groups, while essentially all matter in the Universe as
a whole is in the plasma state. In a plasma (an ionized gas),
each atomic nucleus has lost at least one of the surrounding
electrons, so leaving a mixture of positive ions and negative
electrons. Examples of plasmas seen in everyday life are the
inner of light tubes (which contains an at least partly ion-
ized gas) and flashes of lightning. Another important example
of plasmas is the stars, including the Sun.

Plasira is flowing out from the Sun, the so called solar wind.
Some of this plasma comes within a few Earth radii (several
ten thousend kilometers) of the Earth, and interacts strongly
with the Earth's magnetic field. The region above the neutral
atmosphere where the Earth's magnetic influence is important,
is called the magnetosphere, Fig. 1. Many of the charged
particles in the magnetosphere eventually hit the neutral
atmosphere in zones around the magnetic poles (which are
somewhat different from the geographic poles) of the Earth,
thus causing atoms and molecules in the air to emit light
(auroras) at an altitude of about 100 km. The main purpose of
this thesis is to provide theoretical understanding of some
phenomena in the magnetospheric plasma. The theories are
compared with observations made by rockets and satellites in
the Earth's magnetosphere, but some of the presented ideas are
applicable to e.g. the solar wind, the Jovian magnetosphere
and also to laboratory plasmas and fusion devices.

Since auroras are caused by particles from the magnetosphere,
observations of auroras can give some information about the
magnetospheric plasma. The first records of phenomena which
probably are auroras, dates from several hundred years B.C.
and can be found in Chinese sources and in the bible (Brekke
and Bgeland, 1979). Some of the first attempts to explain the
aurora were made by Greek scientists, and included ideas based
on Aristotle's theory of earth, water, air and fire, the
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Figure 1 The Sun and the magnetosphere of the Earth.



details of which will not be considered here. Later several
other explanations of the aurora were put forth, some includ-
ing reflections of sun light in small particles of ice. One
step toward modern magnetospheric physics was taken when
Gilbert (1600) suggested that the Earth is a large magnet, al-
though at this time the distinction between magnetic and
gravitational forces was not clear. In the following few
hundred years several scientists kept records of auroral ob-
servations, and the relation between the movement of a compass
needle (and thus the Earth's magnetic field) and the occurence
of auroras was noted. One of the persons who contributed to
the observational work was Birkeland (1908; 1913), who also
performed laboratory experiments in order to understand the
properties of the magnetosphere and the aurora. Most of the
plasma particles from the magnetosphere can not be observed
directly on ground because of the shielding neutral atmo-
sphere. However, 1901 Marconi managed to send radio messages
across the Atlantic. The radio waves did not simply travel
along a straight line, but were reflected in the conducting
layer formed by the charged particles in the lowest part of
the magnetosphere (the ionosphere).In many later scientific
experiments, he reflection of upward directed radio waves
have been studied, giving information about the ionosphere.
Another way to study the magnetosphere is to perform theoreti-
cal calculations concerning the movement of charged particles
in the Earth's magnetic field (e.g. Stormsr, 1907; 1955). The
possibilities to directly observe charged particles from space
were improved in the 1930's when baloons carried instruments
to altitudes up to 30 km, where particles energetic enough to
penetrate the not so dense upper atmosphere could be detected.
Soon after World War II, rockets (including some V-2 missiles
captured at the Peenemiinde base) could take particle detectors
up to about 100 kni, i.e. the lower limit of the ionosphere.
However, direct measurements of magnetospheric particles were
made possible by the first satellites. The first spacecraft in
orbit around the Earth (at an altitude of several hundred km),
was the USSR Sputnik 1, launched on October 4, 1957. This
satellite carried a radio transmitter which, besides showing



the position of the spacecraft, provided information about the

propagation of radio waves in the lower magnetosphere. The

spacecraft Explorer I and III launched by the United States in

the beginning of 1958 carried Geiger-Muller detectors, and so

made possible the discovery of the particles in the radiation

(Van Allen) belts (Van Allen, 1983). This certainly was an

important result, but the instruments could only detect the

high energy tail of the magnetospheric particle population.

The concept of Van Allen belts is not often used in todays

magnetospheric physics, and data from more sophisticated par-

ticle expariments have given rise to more complex models of

the magnetosphere.

2 WAVES IN PLASMAS

A magnetized plasma can be tremendously rich in wave pheno-

mena. Some of the earliest observations of waves originating

in the magnetized plasma of the magnetosphere were made on

both sides of the Front in World War I during attempts to

eavesdrop on enemy telephone conversations (Stix, 1984). The

military telephone systems at this time consisted of long

single lines with ground return. In order to overhear enemy

messages, wires from two ground points, maybe a few hundred

meters apart, were connected to an amplifier and a telephone

receiver. However, not only the enemy generals could be

heard, but sometimes also whistling tones. The final inter-

pretation of these tones was made much later by Storey (1953).

He discussed electromagnetic waves traveling along the magnet-

ic field lines of the Earth. Since a plasma is a dispersive

medium, different frequencies travel with different veloci-

ties. An emission caused in one hemisphere, e.g. by a flash of

lightning, can thus cause a whistling tone when it is observed

in the other hemisphere (and thus the wave is called a whis-

tler). The whistler waves discussed this far are associated

with the electrons in the magnetosphere. There is also a simi-

lar whistler wave mode associated with the ions. Such low fre-

quency waves were observed by the first satellites which car-

ried suitable electric field antennas (e.g. Shawan, 1966).



Following these early observations, an enormous amount of wave
data covering a wide range of frequencies has been obtained in
different regions of space (see e.g. a review by Anderson,
1983).

Some of the emissions which are detected in space plasmas are
named shear (slow) Alfvén or electromagnetic ion cyclotron
(ion whistler) waves (see e.g. Alfvén, 1950), fast and slow
ion-acoustic or sound oscillations, congressional (fast)
Alfvén waves, electrostatic ion (hydrogen) cyclotron (EIC) and
ion cyclotron harmonic (ICH) emissions, ion Bernstein modes,
lower hybrid waves, broadband electrostatic noise (BEN), VLF-
saucers, chorus, hiss, whistlers, Bernstein (or n+1/2 or maybe
fq) and upper hybrid emissions. Furthermore, right (R-),
left (L-), ordinary (O-), fast and slow extraordinary (X-) and
also so called Z-modes, are discussed. These waves are relat-
ed to the plasma frequency, the upper and lower hybrid fre-
quencies, a number of cut-off and cross-over frequencies and
to the ion and electron gyrofrequencies of the plasma. One
major purpose of this thesis is to provide a clear and simple
picture of how all these waves and characteristic frequencies
are related. The method which is used to describe these rela-
tions is discussed in the next section.

2.1 Dispersion Surfaces

The more general mathematical expressions which describe the
relation between frequency and wavevector for a certain model
of a magnetized plasma, are very complicated. When a specific
emission observed in space or in a laboratory is considered, a
simple approximation of a rather general dispersion relation
is often used. Sometimes only electrostatic waves or just

#

modes occur ing in cold plasmas are considered. In some cases
it is sufficient to investigate only waves propagating perpen-
dicularly or parallel to the ambient magnetic field. These
approximations are sometimes useful, but such a treatment can
not include all waves that may occur in the real plasma. Also,
an approximate dispersion equation, which is used in a para-
meter region where its validity has not been verified, may



have solutions that do not correspond to phenomena in the real
plasma. Another problem is that simple approximations of dis-
persion relations can not be used to obtain an overview of the
wave modes in a magnetized plasma. Thus, in a more general
study it is important that the dispersion equation considered
is as general as possible. In this thesis we use the computer
code WHAMP (Rönnmark, 1982; 1983a), which solves the disper-
sion relation of linear waves in the approximation of a non-
relativistic, collisionless and homogeneous magnetized plasma.
The dispersion equation is solved for a complex frequency
f+iy as a function of real wavevector k,=ki»&+k •£, where the
uniform magnetic field is taken to be in the ^-direction, B~-
B •£. Both electrostatic and electromagnetic waves with fre-
quencies from below the ion gyrofrequency to above the elec-
tron gyrofrequency are studied for all angles of propagation.
Modes occuring in a cold plasma as well as waves dependent or
thermal effects are included.

When the dispersion relation has been solved, a suitable way
to present the result is needed. Dispersion surfaces, plots of
the real part of the frequency versus wavevector components
perpendicular and parallel to the ambient magnetic field, have
shown to be very useful in providing a clear picture of the
wave modes in a magnetized plasma. Such dispersion surfaces
are used by Ashour-Abdalla et al. (1979) in a study of elec-
trostatic high frequency emissions, and also by Oakes et al.
(1979) in an investigation of wave modes in cold plasmas. In
papers I and II of this thesis we present dispersion surfaces
obtained from a very general dispersion equation. The details
of the mathematical expressions which are used, are given in
the first part of paper III. Here also the detailed behaviour
of waves near multiples of a gyrofrequency is considered. The
overview of waves in a magnetized plasma which is given in
papers I and II can be used when comparing wave observations
and theory. The dispersion surfaces in these two papers can
clarify the relation between different wave modes and may also
help to avoid confusing nomenclature.
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Many wave modes exist in a magnetized plasma, but an even

larger amount of names is in common use. It is well known that

different names sometimes refer to the same mode. For wave-

vectors parallel to the ambient magnetic field, at frequencies

below the proton gyrofrequency, the names shear (or slow)

Alfven wave, ion whistler and electromagnetic ion cyclotron

mode, all denote the same wave. When the angle between the

wavevector and the ambient magnetic field is large, the situa-

tion is less clear. Since the wave magnetic field now may be

very small, the emission can hardly be called an electromag-

netic ion cyclotron or Alfvén wave. Maybe the description "ion

cyclotron wave propagating on the resonance cone" can be used.

Most nomenclature problems of this kind can be solved with the

aid of the dispersion surfaces in papers I and II by more or

less literally putting a finger on the wave mode of interest.

When a new approximate dispersion relation becomes popular,

new names of wave modes sometimes appear. Approximate disper-

sion equations which are used with care, may be very useful to

describe a certain wave phenomenon. However, since the validi-

ty of the approximation is limited, maybe it is not clear how

this wave is related to other more well known modes. Thus it

may happen that the solution of the approximate dispersion

equation is thought of as a "new" and previously unknown mode,

which then is added to the already long list of waves in

plasmas. One of the most important purposes of physics is to

organize observations in terms of a model which is as general

as possible. Thus it is always interesting to understand how

different waves, which may be described by certain approximate

models, are related to each other. In the case of waves in

magnetized plasmas, papers I and II provide a picture which

can be used to understand the relation between different wave

emissions and different approximate models.

In the next section we give a simple example of how dispersion

surfaces can be used to understand the relation between dif-

ferent waves. Most of this thesis is devoted to low frequency

waves in space plasmas, but to demonstrate that dispersion
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surfaces can be useful in many areas of plasma physics, our

example deals with high frequency waves in a laboratory plas-

ma.

2.2 An Example of the Use of Dispersion Surfaces

It is well known that Bernstein waves with wavevectors perpen-

dicular to the ambient magnetic field, can occur between mul-

tiples of the electron gyrofrequency fce (Bernstein, 1958).

Emissions with such frequencies but with wavevectors in other

directions, are less well understood. Such waves with a non-

zero kz have been studied in the relatively homogeneous

plasma of the target chamber of the Double Plasma machine at

the University of Tromsö. The details of this plasma device

are given by Armstrong and Trulsen (1978), and here we con-

centrate on the theoretical interpretation of some observa-

tions. In Fig. 2a some observed waves are indicated, and the

corresponding plasma composition can be found in the figure

caption. The dispersion curves obtained from electrostatic

theory for kz
s0 are also shown. From Fig. 2a it is obvious

that the theory for emissions with wavevectors strictly per-

pendicular to Bo can not explain all the detected waves. The

observed emissions with 50 nT^jj^SO m"1 and 80 MHz£f£iO5 MHz

do not at all fit the theoretically obtained curves co re-

sponding to kz=0. In the rest of this section we concentrate

on these wave observations. It should not be surprising that

these waves can not be understood from theory obtained in the

approximation of zero parallel wavenumber, since the finite

size of the launching antenna causes waves to be emitted with

a finite kz. A rough estimate shows that for the plasma in

Fig. 2a we have kz-100 m"
1. (Rasmussen et al.,1984; Hiroe

and Ikegami, 1( >). Investigating the electrostatic dispersion

relation ».'or . ..ch parallel wavenumbers, Rasmussen et al. find

solutions which can explain waves with frequencies at least up

to 96 MHz-2.8fce. These solutions of the dispersion equation

(called "-we slightly damped forward wave"), have previously

been discussed by Lembege and Jones (1982), Thus, this far we
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Figure 2a Dispersion curves for kz=0 (dashed lines) and
observations of waves (solid lines). The electron density is
6.36» 1013 m~ , the temperature is 2.5 eV and the magnetic
field strength is 12.2 G (fce-34 MHz). (From Rasmussen et
al., 1984.)

f/Fce

Figure 2b One of the dispersion surfaces which corresponds to
the plasma parameters in Figure 2a. The upper hybrid and
plasma frequencies are about 2.3 fce and 2.1 fce, respec-
tively. The dashed contours indicate when y normalized to the
electron gyrofrequency is -0.1, -0.3 and -0.9, where y de-
creases with increasing
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have discussed some observations of waves with finite kz,

and we have also found that there are solutions of a disper-

sion relation which may correspond to these observations.

Since no further discussion of these waves has been given in

earlier reports, it is easy to get the impression that we are

investigating a "new" wave mode, wich has very little to do

with other, and better known, solutions of the dispersion

relation. However, with the aid of dispersion surfaces it can

easily be shown that the discussed waves are very closely

related to the well known Bernstein modes with zero parallel

wavenumber.

A dispersion surface is shown in Fig. 2b. This is one of the

surfaces which can be obtained from the plasma parameters

given in the caption of Fig. 2a. The dispersion curves in Fig.

2a are obtained from an electrostatic dispersion relation. The

surface in Fig. 2b is obtained with the computer code WHAMP,

an thus electromagnetic effects are included. These effects

are important for small Ik.I, but the dispersion surface is

shown only for kj>10 m"1 and k >10 m"1. Thus Figures 2a and 2b

agree for small kz when 2<f/fce<3. We now consider the

dispersion surface for a larger, constant kz. It can be seen

from Fig. 2b that by starting at kĵ «50 m"1 and increasing the

perpendicular wavenumber to about 250 m"1, we can obtain a

dispersion curve which fits the observed emissions rather

well. Using kz=100 m"1, gives a curve corresponding to fre-

quencies between 2.2fce and 2.7fce. However, emissions are

detected up to fee* T° r efi n e our theoretical explanation

we note that the estimate of the parallel wavenumber is very

rough, and that a kz of 200 m"
1 certainly is consistent with

the experimental set-up (R. Armstrong, private communication).

The curve corresponding to this larger parallel wavenumber is

shown by a heavy line in Fig. 2b. This curve is in good

agreement with the observed emissions in Fig. 2a. From our

dispersion surface we see that these observed waves are simply

related to the well known Bernstein modes at small kz. In-

deed, a smooth transition from one kind of wave to the other

can be obtained by simply rotating the wavevector.
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We have found that dispersion surfaces can be used to under-
stand the connection between different wave modes. It should
be noted that our calculations are consistent with the theo-
retical work by Rasmussen et al. (1984) and Lembege and Jones
(1982). The major drawback of these earlier reports is that
the simple connection between the observed waves (with large
kz) and the well known Bernstein mode (kz=0), is not
clear. When not an overview but rather the details of some
emissions are of interest, cross-sections of a dispersion sur-
face are useful, see e.g. paper I. In Fig. 2b we present only
one single surface, which for small k 2 corresponds to
emissions between two an three times the electron gyrofre-
quency. Other dispersion surfaces, which for kz=0 correspond
to waves in other harmonic bands, can also easily be ob-
tained. The more complete investigation of dispersion surfaces
given in papers I and II, should be useful in many studies of
relations between different modes.

3. ION WAVE INSTABILITIES IN SPACE PLASMAS

Waves with frequencies of the order of the ion gyrofrequency
(ion waves) are well known to exist in space plasmas. Some ion
waves are believed to be important for the diffusion mechanism
which leads to the precipitation of ions into diffuse auroras
(see e.g. a review of auroral precipitation by Swift, 1981).
Other ion waves are closely related to the particle beams
which can cause discrete auroral arcs. Such low frequency
waves on auroral field lines may be responsible for the forma-
tion of so called conies in ion velocity space. Ion waves are
important for the over-all understanding of magnetospheric
physics also in several other ways. For example, they may non-
linear ly interact with high frequency waves and thus produce
e.g. myriametric (continuum) radiation (e.g. Melrose, 1981;
Barbosa, 1982; Rönnmark, 1983b). The many observations of ion
waves made by rockets and satellites have stimulated several
theoretical studies of the generation of these waves. In
papers I and II of this thesis, we give a review of the wave
modes. A rather general discussion about the generation of



some ion waves is given in papers III and IV, while two spe-
cific events are considered in detail in papers V and VI. In
the following two sections we discuss the destabilization of
ion waves by some different types of anisotropic particle
distributions.

3.1 Loss-Cones and Temperature Anisotropies

It is interesting to compare the generation of high frequency
emissions with the destabilization of ion waves. High frequen-
cy waves may occur in plasmas including several electron dis-
tributions with different temperatures. Some cool Maxwellian
particle components can have a significant influence on the
wave propagation properties, while hot anisotropic distribu-
tions may cause instabilities. In the case of ion waves, the
situation is even more complicated since several ion species
with different masses and states of ionization can be impor-
tant. Both the electrons and the ions influence the properties
of ion waves. The fact that the electrons have a much smaller
mass than the ions, gives some significant effects. Many high
frequency waves are generated at such parallel wavenumbers
that kzpe«0.05, where pe is the Larmor radius of the
cool (a few eV) electrons in the plasma. One example of such
waves is the Bernstein modes destabilized by hot ("1 keV)
electron loss-cone distributions (e.g. Ashour-Abdalla and
Kennel, 1978). In a similar way ion waves can be generated
with kzpi»0.05, where the index i refers to the cool
ions. When electrostatic ion waves are generated with such
parallel wavenumbers in a plasma where many electrons have the
same temperature as the cool ions, electron Landau damping
occurs. This is not surprising since the parallel phase velo-
city of the wave is approximately equal to the thermal velo-
city of the electrons. For example ion Bernstein waves can be
damped in this way. Since ion Bernstein emissions can be im-
portant for the diffusion of ions which eventually precipitate
Into diffuse auroras, a theoretical study of such emissions is
given by Ashour-Abdalla and Thome (1977; 1978). They find
that ion Bernstein waves can be resonantly generated by a hot
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ion loss-cone distribution, analogously to the generation of

high frequency waves. However, when the electrons in the cal-

culation by Ashour-Abdalla and Thorne have approximately the

same temperature as the cool ions, the waves they consider are

heavily Landau damped. To avoid this damping, nearly all elec-

trons in the model have to be hot. This is not consistent with

the fact that electrostatic ion waves and cool electrons are

believed to coexist in the magnetosphere. A simple explanation

of this apparent inconsistency is found by investigating a

larger volume in frequency-wavevector space. A good starting

point for such a investigation is provided by the general mode

structure presented in paper I. A more complete study of these

modes shows that plasmas similar to those investigated by

Ashour-Abdalla and Thorne can generate electrostatic ion

waves, but at smaller kz than previously considered (to

avoid electron Landau damping) and also closer to a multiple

of the ion gyrofrequency (so that the resonance condition of

the loss-cone distribution still can be fulfilled). Thus the

detailed investigation of these instabilities given in paper

IV shows that electrostatic ion waves can be resonantly

generated in a plasma where the electrons are cool.

The resonantly generated waves discussed above often occur

close to a multiple of an ion gyrofrequency. When such waves

propagate in an inhomogeneous plasma, not very large gradients

of the plasma parameters are needed to change the normalized

frequency and wavevector so much that the wave becomes damped.

In future investigations, ray-tracing will be used to study

the total wave amplification of these waves along the ray

path. However, in paper VI of this thesis we present observa-

tional evidence showing that a positive 5F/5vj_ in the ion dis-

tribution can resonantly generate waves in a plasma where both

hot and cool electrons are present, and that these emissions

occur close to multiples of the ion gyrofrequency. Observa-

tions of electrons and ions obtained on auroral field lines by

the S3-3 satellite are used to model the plasma, and growth

rates of the waves are calculated. The wave emissions observed

simultaneously with the particle distributions are then com-
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pared with the predicted wave spectrum, and a rather good
agreement is found. The discussion in paper VI shows that the
only reasonable energy source of the emissions is the observed
positive dF/dvi in the ion velocity distribution. Even if any
undetected particle beams were present, they could hardly
generate the observed waves. Thus we give both theoretical
and observational evidence that a positive dF/dvi in the ion
distribution can resonantly generate electrostatic ion waves,
also when cool electrons are present.

The ion Bernstein modes discussed this far occur above the
proton gyrofrequency fcp. It is well known that anisotropic
ion distributions can generate waves also below f^. For
wavevectors nearly parallel to the ambient magnetic field,
distributions with a loss-cone or with higher perpendicular
than parallel temperature (Tj_>T , te»«perature anisotropy),
both give the same kind of instabilities. Larger angles of
propagation are only rarely considered in earlier studies, but
an extensive investigation of this case is given in paper III.
Although the largest growth rates often occur for parallel
propagation, significant emissions are usually found out to
about 4 ? off the ambient magnetic field. Instabilities caused
by loss-cones, extend to larger angles than those caused by
comparable temperature anisotropies. Furthermore, loss-cone
instabilities may occur when kj_>k_, also when all waves with
zero perpendicular wavenumber are stable. Earlier observations
of emissions with oblique wavevectors were usually explained
by growing waves with small ki. These waves may then propagate
and obtain a large perpendicular wavenumber. Our study shows
that emissions with wavevectors at large angles off the ambi-
ent magnetic field can be explained without involving such
propagation effects. Furthermore, the investigation in paper
III is of interest not only for the interpretation of wave ob-
servations, but also for future theoretical studies of ion
diffusion.
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3.2 Beams

He now consider ion waves generated by particle beams

(öF/öv >0), as opposed to the loss-cone (oF/dvi>0) and temper-

ature anisotropies discussed in the previous section. Beams of

charged particles occur e.g. above auroral arcs. Seme basic

and well known theoretical studies of beam generated ion waves

are presented by Kindel and Kennel (1971) and Ashour-Abdalla

and Thorne (1978). However, in these reports all electrons are

represented by one drifting Maxwellian in a background of non-

drifting ions. Thus electron Landau damping and other effects

of the non-drifting electrons are neglected. Furthermore,

spacecraft particle observations (which usually are not reli-

able at energies below some eV) and simultaneous observations

of the total current with magnetometers, often indicate rather

complex situations with more than one drifting electron dis-

tribution (e.g. Cattell, 1981; Kintner and Gorney, 1984). When

the real plasma includes more than one drifting electron dis-

tribution and one stationary ion component, the use of the

basic but simple Kindel and Kennel (1971) theory may give mis-

leading results. Nevertheless the Kindel and Kennel theory is

often used to to predict not only the growth rates but also

the wavevectors of the emissions (e.g. Bering, 1984), in situ-

ations where it is obvious that several different particle

distributions may be important. However, in the following we

discuss one type of event where rather complex plasma models

have been used.

Banded electrostatic ion waves have been detected on auroral

field lines by the S3-3 satellite. These emissions (sometimes

called EHC or Bernstein like modes) are associated with ion

beams with drift energies of about one keV (Kintner et al.,

1979), but also with currents (Cattell, 1981). Since the

correlation between the ion beams and the waves is very good,

it is reasonable to investigate a plasma model including a

background of cool ions and electrons (which are hard to

observe with particle detectors, but which are believed to be

common in this region of space) together with an ion beam.
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However, similar to the case with the loss-cone generated ion

Bernstein waves, it turns out that the wave generation in such

a plasma is prohibited by heavy electron Landau damping. To

solve this problem, reasonable arguments can be given that

most cool electrons from the ionosphere are reflected by

electric fields parallel to ftn before they reach the region of

interest. In a study by Kaufmann and Kintner (1982) only hot

electrons, together with cool and some hot ions and an

observed ion beam, are included in the plasma model. This

investigation predicts waves similar to those which are

observed. However, only a very small amount of cool electrons

is needed to damp these waves. Furthermore, Kaufmann and

Kintner investigate only a limited region in frequency-wave-

vector space. Ion-acoustic waves are known to occur in plasmas

where the ratio between the electron and ion temperatures is

large, and from paper I we find that the banded electrostatic

waves are closely related to the ion-acoustic mode. In paper V

we investigate the model used by Kaufmann and Kintner (1982)

in detail, and find that a broadband ion-acoustic emission is

predicted. No such emission is observed. However, all par-

ticles can not be detected directly, and thus the plasma model

may be altered and still be consistent with obsevations. In

paper V we show that the model can be changed so that the

ion-acoustic emission is damped, but the narrowband modes are

still growing. Our discussion shows that the density in the

beam region probably is lower than in the surrounding plasma.

We also find that a reasonable amount (10%-20%) of cool

electrons may be present. In a more detailed study, Kaufinann

and Kintner (1984) also conclude that the density in the beam

region is low. Their report still does not consider all ion-

acoustic waves, and no cool electrons are included. One con-

clusion of paper V of this thesis is that ion beams can

generate banded electrostatic ion waves, even when some cool

electrons are present. However, the predicted emissions are

sensitive to rather small changes of the model parameters.

Since currents are also associated with the discussed narrow-

band waves, we consider also electron beams in paper VI. Such
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beams may destabilize narrowband waves. We find that wave
spectra predicted by models including electron beams are less
sensitive to changes in the model parameters than spectra
given by models with ion beams.A more complete study of ion
waves generated by electron beams should include emissions
above the lower hybrid frequency. Waves at such higher fre-
quencies may have larger temporal and spatial growth rates
than waves near the ion gyrofrequency. However, in paper II we
give some simple arguments showing that in an inhomogeneous
plasma, emissions at lower frequencies may still be the most
important. Thus the conclusion in paper V that electron beams
seriously should be considered as an energy source for ion
waves on auroral field lines, may still be valid.

The discussion above shows that it is very important to inves-
tigate a large region in frequency-wavevector space. Even when
the beam in a considered plasma model can cause a wave which
is consistent with observations, also a much more intense
wave, which is not observed, may be predicted. We also find
that the sensitivity of the predicted wave spectrum, i.e. how
much the plasma parameters may be altered without changing the
spectrum significantly, is of interest. Furthermore we show
that observations of hot particles and wave emissions can be
used to investigate parameters that can not be measured
directly, e.g. the density of cool particles.

3.3 Polarization

In the discussion above we refer to some waves as electrostat-

ic. Emissions are often divided into two groups, electrostatic

and electromagnetic, but more than one method may be used to

label waves in this way, and some clarifying comments are

needed.

When emissions are observed by a spacecraft, the frequency and
the magnitude of the wave electric (fi) and magnetic (ft) fields
can often be determined with reasonable accuracy, while the
wavevector only rarely can be obtained. Thus it is usually not
known where in frequency-wavevector space the emission occurs,
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i.e. the wave node is not known. From observations, low fre-
quency emissions are often classified as electromagnetic when
|JB|/|B| is approximately equal to the Alf ven speed vA, and as
electrostatic when lEl/lfil^v... On the other hand, from a the-
oretical point of view, waves are called electrostatic when
the wave mode can be described by a dispersion relation ob-
tained in the electrostatic approximation. When this approxi-
mation is valid, the propagation and stability properties of
the wave can theoretically be well described even when the
wave magnetic field is neglected. When the wave magnetic field
is important for the mode structure, the wave is called elec-
tromagnetic. Thus there are two ways of classifying waves in
common use, one based on theory and one on observations. These
two systems may give different results when they are applied
to a certain emission.

The so called magnetosonic mode (phase velocity approximately
equal to v^ when kz=0) can not be obtained in the electro-
static approximation, and may thus be named electromagnetic.
However, our calculations using the same plasma parameters as
in paper IV show that the approximation I & I / I & I ^ A *S true

only in the limit of zero frequency. At higher frequencies,
but still below the lower hybrid frequency, the ratio of |£|
and lfi| can be between one and two orders of magnitude larger
than v&. Such emissions may from observations be classified
as electrostatic. Ion Bernstein waves at larger ki can be de-
scribed by an electrostatic dispersion relation. However, in
the first harmonic bands above the proton gyrofrequency, the
ratio of Ijgl and Igl may be only a few times vft. From observa-
tions these waves are not necessarily called electrostatic.
Thus it is important, to realize that two ways of classifying
emissions are in common use.

Our calculations of wave polarization can easily be compared
with wave data that already is available. For example, Perraut
et al. (1982) study ion waves observed onboard GEOS 2. These
waves have S in the direction of BQ, which is one reason that
they are classified as magnetosonic. Perraut et al. expect



22

these waves to have |Jg|/1g|=vA• However, according to our cal-

culations, a detailed investigation of these emissions should

show that for a certain event, |B|/|B| increases with increas-

ing frequency. Also, if the calibration of the instruments is

accurate enough, it should be found that |E|/|BI is always

larger than v .

4. DISCUSSION ABOUT SOME APPROXIMATIONS

The detailed discussions in this thesis concentrate on linear

waves. Waves which have amplitudes so large that non-linear

theory must be used, are well known to exist in plasmas. How-

ever, one major problem in many theoretical investigations of

space plasmas is to understand how waves can grow to such am-

plitudes that they can be detected. The theoretically obtained

growth rates are often rather low. This indicates that many

waves have rather small amplitudes, and can be treated in the

linear approximation. Furthermore, their growth is then limit-

ed by propagation out of the region where the conditions are

favourable for amplification, rather than by non-linear ef-

fects.

In all calculations of temporal wave growth in this thesis, we

assume that the plasma is homogeneous. In the magnetosphere,

the spatial gradients are often so small that their influence

on the wave mode structure can be neglected. Also, we compare

not temporal but rather spatial growth with observed emis-

sions, and thus the spatial dimensions of the emitting region

are still considered. Vie assume that the wave stops growing

when it leaves the region where it is amplified by anisotropic

particle distributions. Some other investigations, using less

general dispersion relations, consider reflections and multi-

ple passes of the wave through the emitting region. The wave

growth may then increase because of a kind of laser effect

(e.g. Rauch and Koux, 1982). In other cases propagation ef-

fects may change the normalized frequency and wavevector so

that the damping increases. Thus, although the spatial growth

rates presented in this thesis give a good estimate of the

wave spectrum, even more detailed investigations should in-

clude ray-tracing.
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All results in this thesis are obtained in the non-relativis-
tic approximation. Relativistic effects due to large particle
velocities, are not expected in any of the plasmas we con-
sider. However, as discussed in paper III, relativistic ef-
fects may still be important for the mode structure very close
to multiples of a gyrofrequency. Although not discussed in
this thesis, some instabilities close to the electron gyrofre-
quency may be explained by a relativistic theory. Such insta-
bilities may be responsible for e.g. the auroral kilometric
radiation (for example Le Quéau et al., 1984; Pritchett,
1984).

The collision frequencies in most regions of the magnetosphere
are much lower than the ion gyrofrequency, and the plasma can
without any problems be treated in the collisionless approxi-
mation used in this thesis. In the lower part of the iono-
sphere, collision? may of course be important. However, cur-
rent driven ion waves may occur even when the ion-neutral col-
lision frequency is of the order of the ion gyrofrequency,
i.e. down to altitudes of about 120 km (Chaturvedi, 1976).
Thus we conclude that many space plasma waves may be described
in the approximations used in this thesis.

5. FUTURE WORK

The GEOS-satellites have stimulated several studies of wave-
particle interaction at both high (e.g. Rönnmark and
Christiansen, 1981) and low frequencies (e.g. papers III and
IV of this thesis). These interactions may eventually lead to
the precipitation of particles from the equatorial plane into
diffuse auroras, sometimes without any significant accelera-
tion along the field lines (e.g. Meng et al., 1979; Townend
and André, 1984). The results in papers III and IV may be used
in future studies of the diffusion mechanism leading to this
precipitation.

The VIKING spacecraft will make observations in the region of

space where some of the particles causing discrete auroral
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arcs are accelerated, and where ion conies may be produced.
Some knowledge of processes in this region is given by papers
V and VI, where data obtained at altitudes up to about 8000 km
by the S3-3 satellite are considered. Howeve- . VIKING will
reach higher altitudes, up to about 15000 km, and will also
carry a somewhat different set of instruments. For example, a
camera is available, and thus particle observations may be
compared with the occurence of auroras. Observations by VIKING
of particle distributions can stimulate further calculations
of temporal and spatial growth rates, which then are compared
with the detected waves. Such future investigations will in-
clude ray-tracing, so that integrated wave amplification along
the ray path can be obtained.

Future studies of non-linear effects may also benefit from the
detailed investigation of linear waves presented in this the-
sis. Many studies of non-linear wave coupling are restricted
to simple cases such as parallel or perpendicular propagation
in cold plasmas. Rather general investigations of coupling co-
efficients are available, (e.g. Larsson and Stenflo, 1976),
but to use these coefficients, detailed knowledge of the line-
ar wave modes is needed. The detailed overview of linear modes
presented in this thesis may thus be of importance also for
future, more realistic, studies of non-linear effects.
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