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PREFACE

The general background of this monograph and the aim of it is described in detail in
Chapter I. As stated in 1.7 it is written according to the principle that ‘“when rigour
appears to conflict with simplicity, simplicity is given preference”, which means that
it is intended for a rather broad public. Not only graduate students but also advanced
undergraduates should be able to understand at least most of it.

This monograph is the result of many years of inspiring discussions with a number of
colleagues, for which I want to thank them very much. Especially I should mention
the groups in Stockholm and La Jolla: in Stockholm, Dr Carl-Gunne Filthammar and
many of his collaborators, including Drs Lars Block, Per Carlqvist, Lennart Lindberg,
Michael Raadu, Staffan Torvén, Miroslav Babié, and Ingvar Axnis, and further, Drs Bo
Lehnert and Bjorn Bonnevier, all at the Royal Institute of Technology. Of other col-
leagues in Sweden, I should mention Dr Bertel Laurent, Stockholm University, Dr Aina
Elvius, The Stockholm Observatory, and Dr Bengt Hultqvist, Kiruna.

In La Jolla my thanks go first of all to Dr Gustaf Arrhenius, who once invited me to
La Jolla, which was the start of a most interesting collaboration; further, to Dr W. B.
Thompson, who has offered a challenging and inspiring criticism, and to Dr Asoka Mendis,
with whom I have had almost daily discussions for a number of years. I have had a
rewarding collaboration with members of Dr Carl Mcllwain’s group, especially with Dr
Elden Whipple, and Dr Walker Fillius; and further, with Drs Margaret Burbidge, H. E.
Smith, and A. Marsher.

Of colleagues outside La Jolla, I am indebted to the space research group at Rice
University under Alex Dessler, the group directed by Dr T. Krimigis at Johns Hopkins
University, Dr Syun-Ichi Akasofu at the University of Alaska, Dr G. de Vaucouleurs
and Dr Walter Heikkila at the University of Texas, and Dr H. Arp at the California Insti-
tute of Technology.

I am grateful to Mrs Jane Chamberlin, and Messrs Max Marconi and Dave Cordova
for helping me with the manuscript and to Mr Johan Bonde and Mrs Margareta Malmort
for the final editing. Mrs Eva Florman, Kaj Forsberg, Carine Hamrin, Siri Lilliesk6ld and
Kerstin Vikbladh have given me much appreciated assistance.

The work has been supported in the United States by a number of grants from NASA
and NSF and in Sweden by Naturvetenskapliga Forskningsradet. Professor Carl-Gunne
Filthammar has kindly placed the resources of his institute at my disposal.



CHAPTERI

SURVEY

I.1. Experimental and Theoretical Approach to Plasma Physics

Plasma physics started along two parallel lines. One of them was the hundred-year-old
investigations into what was called ‘electrical discharges in gases’. To a high degree, this
approach was experimental and phenomenological, and only very slowly did it reach
some degree of theoretical sophistication. Most theoretical physicists looked down on
this field which was complicated and awkward. The plasma exhibited striations, double
layers, and an assortment of oscillations and instabilities. The electron temperature was
often found to be one or two orders of magnitude larger than the gas temperature, with
the ion temperature intermediate. In short, it was a field which was not well suited for
mathematically elegant theories.

The other approach came from the highly developed kinetic theory of ordinary gases.
It was thought that, with a limited amount of work, this field could be extended to in-
clude ionized gases. The theories were mathematically elegant and claimed to derive all
of the properties of a plasma from first principles. In reality, this was not true. Because of
the complexity of the problem, a number of approximations were necessary which were
not always appropriate. The theories had very little contact with experimental plasma
physics; all awkward and complicated phenomena which had been observed in the study
of discharges in gases were simply neglected.

In cosmic plasma physics, the experimental approach was initiated by Birkeland, who
was the first one to try to connect laboratory plasma physics and cosmic plasma physics.
(Neither term was used at that time!) Birkeland observed aurorae and magnetic storms in
nature and tried to understand them through his famous terrella experiments (Birkeland,
1908). He immersed his terrella in plasma and found that under certain conditions
luminous rings were produced around the poles (see Figure 1.1). Birkeland identified
these rings with the auroral zones. As we know today, this is essentially correct. Further,
he constructed a model of the polar magnetic storms, assuming that the auroral electrojet
was closed through vertical currents (along the magnetic field lines). This was a natural
assumption because his experiment was a study of electric current in ‘vacuum’. This idea
was also correct as a first approximation (the current system is more complicated than he
thought). Hence, although Birkeland could not have known very much about the detailed
structure of the magnetosphere, research today essentially follows Birkeland’s lines,
especially in the respect that the contact between laboratory experiments and astro-
physics is important (Dessler, 1979; Potemra, 1978).

Unfortunately, the progress along these lines was disrupted. Theories about plasmas, at
that time called ionized gases, were developed without any contact with laboratory
plasma work. In spite of this — or perhaps because of this — belief in the theories was so
strong that they were applied directly to space. One of the results was the Chapman —
Ferraro theory (for a review, see Akasofu and Chapman, 1972) which became accepted to

1



2 CHAPTER I

Fig.1.1. Birkeland’s terrella experiment (a modern version) demonstrating what happens with a
magnetized body when immersed in a plasma (under rather general conditions). The plasma penetrates
to the auroral zones. (L. Block)

such an extent that Birkeland’s approach was almost completely forgotten. For thirty or
forty years, Birkeland’s results were often ignored in textbooks and surveys, and all
attempts to revive and develop them were neglected.

The crushing victory of the theoretical approach over the experimental approach lasted
only until the theory was used to make experimentally verifiable predictions. From the
theory, it was concluded that in the laboratory, plasmas could easily be confined in mag-
netic fields and heated to such temperatures as to make thermonuclear release of energy
possible. When attempts were made to construct thermonuclear reactors, a confrontation
between the theories and reality was unavoidable. The result was catastrophic. Although
the theories were generally accepted, the plasma itself refused to believe in them. Instead,
the plasma showed a large number of important effects which were not included in the
theory. It was slowly realized that one had to develop new theories, but this time in close
contact with experiments.

The ‘thermonuclear crisis’ did not affect cosmic plasma physics very much. The
development of the theories continued because they largely dealt with phenomena in
regions of space where no real check was possible. The fact that the basis of several of
the theories had been proved to be false in the laboratory had very little effect. One said
that this did not necessarily prove that they must also be false in the cosmos! Much work
was done in developing these theories, leading to a gigantic structure of speculative
theories which had no empirical support.

Another confrontation occurred when space missions made the magnetosphere and
interplanetary space accessible to physical instruments. The first results were interpreted
in terms of the generally accepted theories or new theories built on the same basis. How-
ever, as observational techniques advanced, it became obvious that several of these
theories were not applicable. The plasma in space turned out to be just as complicated as
laboratory plasmas and to follow the same basic laws. Those theories which had little
contact with experimental results were now finally disproved by observational facts. Our
picture of space around the Earth has changed radically in the past decades, as illustrated
in Figure 1.2.

Presently, our knowledge of laboratory plasmas is based on very sophisticated
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Fig. 1.2.  (a) Up to the beginning of the space age it was generally assumed that the Earth was sur-
rounded by vacuum and its dipole field was unperturbed (except at magnetic storms). (b) The first
space measurements showed the existence of the Van Allen belts, the magnetopause, the neutral sheet
in the tail and the bow shock. (c) New measurements have made the magnetic field description
increasingly complicated. The electric field description leads to a new picture, illustrated in Figure I11.14.



4 CHAPTER I

‘diagnostics’ requiring magnetic and electric probes, advanced laser probes, etc. Our
knowledge of magnetospheric plasmas is based on comparably sophisticated diagnostics
by in situ measurements in space. However, these measurements are necessarily confined
to those regions of space which are accessible to spacecrafts. As the hope of making
in situ measurements in more distant regions is bleak, we may ask to what extent it is
possible to understand these distant plasmas. Much of this volume will be devoted to this
question.

I.2. Plasma Phenomena in Laboratory and Space

There are good reasons to believe that in several important respects, the basic properties
of laboratory plasmas and space plasmas are the same. But as the linear scale of laboratory
experiments is say 0.1m, a scaling by a factor of 10° to 10'? is necessary in order to
apply the laboratory results to planetary magnetospheres or to the solar magnetosphere
(i.e., the heliosphere or interplanetary space). Furthermore, to apply the results to galac-
tic, including cosmological problems, we have to scale by another factor of 10° to 10'2
or more. As different plasma parameters obey different scaling laws, translation from one
region to another is often difficult.

Figure 1.3 gives a survey of some important plasma phenomena. Several of them are
probably related, but a scaling by a very large factor is essential in order to check this.
Hence, important progress can be expected if we can translate knowledge gained from
measurements of laboratory and magnetospheric plasmas to more distant regions. How-
ever, this can be done only if we solve the very difficult problem of scaling plasma
phenomena. We shall now give a survey of the scaling problems.

1.2.1. SCALING PROCEDURES

The advance of thermonuclear research has resulted in a better understanding of plasma
phenomena in the laboratory and much of this understanding can be applied to space
problems. However, thermonuclear investigations are increasingly focused on those
problems which are of technical interest and not necessarily those which are of most
interest in cosmic physics. Hence, to compare the different regimes of plasma physics, it
is essential to design laboratory experiments which simulate cosmic problems. Surveys of
such experiments have been given by Filthammar (1974), Block (1976), and in the
Nagoya University Research reports (1977, 1979). We shall discuss some of these experi-
ments in Chapter II. Further, it is now possible to perform experiments in space.

Basic laws for scaling have been known for some time (summarized, e.g., in Alfvén and
Filthammar, 1963 (henceforth referred to as CE); recent progress is surveyed by Siscoe,
1979). However, it should be remembered that scaling laws depend on a theoretical
formalism which is probably only applicable to passive plasma regions (I1.9.1), whereas it
has not yet been clarified how scaling between active plasma regions should be done.

Predictions of what could be expected from the first space mission to a planet have so
far not been very successful. The predictions are, of course, based on generally accepted
scaling theories, and almost every new space mission since has demonstrated that our
understanding of space plasma is still not very good.
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Fig.1.3. Plasmas in laboratory and in cosmos. The diagram gives a survey of the size of the regions

which are of interest, and the chapters in which they are treated. It also indicates the limit between

the regions which can be explored by high quality diagnostics and those which cannot. Hence, the

latter must necessarily be regarded as speculative. The transfer of knowledge gained from laboratory

experiments to magnetosphere research is now supplemented by a transfer in the opposite direction.
Knowledge of more distant regions will also be obtained in this way.

1.2.2. SIMULATION EXPERIMENTS

It was first thought that one could design laboratory experiments which gave an adequate
simulation of space conditions. This is possible only in rare cases because the plasma state
depends on many parameters which often scale in different ways. To clarify cosmic
plasma phenomena by means of laboratory experiments is very complicated. There are
basically two types of simulation which have tumed out to be fruitful.

One is ‘pattern simulation’. An experimental apparatus is constructed with a geometri-
cal configuration which simulates space conditions. (The Birkeland experiment is an ex-
ample of this.) However, it should be observed that the plasma parameters must be chosen
according to certain criteria, so that the laboratory pattern really is relevant to the cosmic
situation.

The second one is sometimes called ‘process simulation’. This essentially means that
we explore the basic behavior of a plasma in the laboratory. Such experiments are im-
portant in building the theoretical foundation of plasma physics in general. They have
shown that many of the conclusions which were drawn from classical plasma theory were
wrong, and once again demonstrated that science is basically empirical. Theory is of value
only when developed in close contact with reality.
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Besides laboratory simulation, computer simulation is also widely used. This can be a
very valuable substitute for experiments. However, it can never replace process simulation
because the computer input must include the basic properties of a plasma which can be
found only by experiments (in laboratory or in space). The computer is not a good
physicist if its programmer is not.

1.2.3. COMPARISON BETWEEN LABORATORY AND SPACE INVESTIGATIONS

Laboratory experiments are, in several respects, easier to do than investigations by in situ
measurements in space. Usually, the latter measurements can be made only in an orbit-
governed space-time sequence which is often far from optimum. Even within these
limits, the cost of space missions imposes further serious constraints. The advent of active
experiments in space is an important step towards a better understanding of the real space
plasma. However, the fruitfulness of this activity should be greatly enhanced if combined
with suitably designed laboratory experiments.

The relevance of laboratory plasma experiments is not limited to simulation. In the
past, essential concepts such as electric fields along magnetic field lines, electrostatic
particle acceleration in double layers (I1.6), current filamentation (I1.4) and the general
tendency of a plasma to be non-homogeneous were found in the laboratory without in-
spiration from space research. These ideas were later transferred to space problems. In the
future, it can be expected that progress in space plasma physics can benefit from
laboratory plasma experiments in a much broader sense than now.

1.3. Field and Particle Aspects of Plasmas

We have discussed the translation of results from one region to another. However, another
translation which is equally important is the translation between a magnetic field descrip-
tion and a current description of plasma phenomena. Space measurements of magnetic
fields are relatively easy, whereas direct measurements of electric currents are very
difficult, in many cases impossible. Hence, it is natural to present the results of space ex-
ploration (from spacecrafts and from astrophysical observations) with pictures of the
magnetic field configuration. Furthermore, in magnetohydrodynamic theories, it is con-
venient to eliminate the current (i = current density) and to represent electric currents by
curl B. This method is acceptable in the treatment of a number of phenomena (see
Figure 1.4).

However, there are also a number of phenomena which cannot be treated in this way,
but which require an approach in which the electric current is taken account of explicitly.
The translation between the magnetic field description and the electric current descrip-
tion is made with the help of Maxwell’s first equation

VxB'=uo(i+E;—?) )
The displacement current can usually be neglected. However, it is often convenient to
account for the kinetic energy of a magnetized plasma by introducing the permittivity
e=¢€o(1+ (c/V4)?), where ¢ and V, are the velocities of light and of hydromagnetic
waves (CE 3.4.4). If this is done, the displacement current is often large.

As is shown ir Figure [.4, some types of plasma phenomena should be described by
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TRANSLATION FORMULA

VXB = u,i
MAGNETIC FIELD DESCRIPTION ELECTRIC CURRENT DESCRIPTION
Magnetic fields are: Electric currents are:
Measured rather easily Difficult to measure directly but
Basic for plasma anisotropy Essential for understanding:
including high energy particle motion Double layers
Gives a good description of some Transfer of energy from one region
waves in plasmas to another

Current sheet discontinuities
Cellular structure of space
Magnetic substorms, solar flares

Applicable in
Passive plasma regions Active plasma regions
The plasma dualism is somewhat analogous to the general particle-field dualism in physics.

The current description requires a new formalism with ELECTRIC CIRCUITS as an important
ingredient.

Fig. I.4.  Dualism in plasma physics.

the field picture and others by the current picture. Attempts to describe a certain group
of phenomena with the wrong formalism often lead to erroneous results. This will be
discussed in some detail in Chapter II.

Phenomena which cannot be understood without explicitly accounting for the current
are:

(A) Energy transfer from one region to another (see II and III).

(B) Formation of double layers (see I1.6).

(C) The occurrence of explosive events such as solar flares (I11.8), magnetic substorms
(II1.5.1), possibly also ‘internal ionization’ phenomena in comets (Wurm, 1963;
Mendis, 1978) and stellar flares.

(D) Double layer violation of the Ferraro corotation (III.3). Establishing “partial coro-
tation’ is essential for the understanding of some features of the solar system (see
ESS, 17, 18).

(E) Formation of filaments in the ionospheric aurora, the solar atmosphere, the nebulae
and in the ionosphere of Venus (I1.4 and I11.9.3).

(F) Formation of current sheets which may give space a ‘cellular structure’ I1.10
and VI).

Exploration of those plasma properties which can be described by the magnetic field
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concept have in general been successful. However, this is not the case for those phenom-
ena which cannot be understood by this approach. The present monograph shall concen-
trate on the latter, and try to give a survey of cosmic plasmas based on the particle
(electric current) aspect.

1.4. Present State of the Classical Theory

The classical theory, the foundation of which is due to Chapman and Cowling, has been
successful in accounting for those phenomena which, according to Figure 1.4, are related
to the field description. The propagation of waves in plasmas belongs to this category as
does the motion of high-energy charged particles and the drift of low-energy particles, in-
cluding mirror effects. However, a real plasma has many properties which are not easy to
describe by the classical formalism. Certainly, it is possible to produce externally heated
plasmas (e.g., cesium-plasma) which are completely quiescent, and in these, the classical
formalism seems to give a good description (for references see, for example, Motley,
(1975).

However, as soon as an electric current is passed through a quiescent plasma, a number
of complicated phenomena are produced which require an extensive development of
classical theory, sometimes even a new approach (see IV).

The most important of these ‘anomalous’ properties are:

(a) Sometimes the plasma becomes more ‘noisy’ than theoretically expected.

(b) The energy distribution becomes strongly non-Maxwellian; there is a considerable,
sometimes extremely large, excess of high energy particles. The velocity distribution is
very often highly anistropic.

(c) The electron temperature may be orders of magnitude larger than the ion
temperature, which may be substantially higher than the neutral gas temperature, which
again may differ from the temperature of the electrodes and the walls of the discharge
tube or the temperature of the dust (in case the plasma is ‘dusty’, see IV.7). Certainly
this can be accounted for by classical theory; but astrophysical plasmas are often treated
as if the mentioned temperatures were necessarily equal.

Further, there are a very large number of phenomena which often are referred
to as ‘instabilities’ (Krall and Trivelpiece, 1973). Examples of such phenomena are:

(d) At sufficiently large current density , the plasma may contract into filaments (11.4).

(e) In case the plasma consists of a gas mixiure, the components often separate
(Iv.3).

(f) When the electron drift velocity exceeds the thermal velocity, double layers may
be produced. Under certain conditions, these may explode and produce violent current
surges which lead to the acceleration of plasma particles, sometimes as high as cosmic ray
energies (I1.6 and IV. 10).

(g) It is also possible that at current densities above a certain limit, the resisitivity of
the plasma increases by orders of magnitude (anomalous resistivity) but arguments for the
occurrence of. such a phenomena are still not convincing. (In several cases, the formation
of double layers may have been interpreted as anomalous resisitivty.)

(h) When § (i.e., the ratio between gas pressure and magnetostatic pressure) ap-
proaches unity, the geometrical configuration of a plasma may be deformed. The long list
of such instabilities includes the kink instability and the sausage instability.
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1.5. Boundary Conditions. Circuit Dependence

In applying the classical theory and its modern development, the importance of boundary
conditions has often been neglected. As a result, infinite plasma models, or models with
static boundary conditions, are often applied to problems with variable boundary con-
ditions. This gives completely erroneous results (examples are given in III).

In many theories, it is taken for granted that the behaviour of a plasma depends only
on the local parameters (e.g., density, temperature, magnetic field). This can be quite mis-
leading. As an example, in a non-curlfree (i.e., current carrying) plasma, the properties of
the plasma are not only a function of the local parameters, but also of the outer circuit
in which the current 7 closes (I1.5). Figure I1.16 shows a simple circuit consisting of an
electromotive force V,, a resistor Ry, and an inductance L. By changing R, and/or L,
the behavior of the plasma may be changed in a drastic way. The value of R, decides
whether the plasma is relatively stable or oscillating. If the plasma contains a double layer
which explodes, the circuit energy 4 LI? is released in the layer. Hence, the violence of
the plasma explosion is determined largely by the circuit.

The influence of the ‘circuit’ is essential, not only in a laboratory experiment, but
also in space. In the latter case, the total volume in which the current flows affects the
behavior of the plasma at every point. In many instances, it is convenient to introduce
the boundary conditions by drawing an ‘equivalent circuit’ (II and III).

I.6. Cosmology and the Origin of the Solar System

In Chapters II, III and IV, the analysis of the properties of space plasmas is based on
laboratory results and data obtained by in situ measurements in the magnetosphere
(including the heliosphere). From such investigations, it is hoped to obtain an increasingly
thorough knowledge of the general properties of space plasmas. It will never be possible
to obtain an equally reliable knowledge of plasmas in extremely distant regions of space
and time. However, as pointed out by Filthammar et al. (1978), with the general plasma
properties obtained from laboratory experiments and from in situ space measurements as
a rather firm basis, it should be possible to approach the problems of the astrophysics of
the more distant regions with much more confidence than with more or less speculative
theories (as is often done today). Hence magnetospheric research is important not only
to our knowledge of the magnetosphere, but also to our knowledge of phenomena in
more distant regions.

In the last two chapters, some important astrophysical problems are approached by
this method. In Chapter V, the origin and evolution of our solar system is summarized
and in Chapter VI, the evolution and present structure of our universe (cosmology) is
discussed.

I.7. Aims of the Monograph

The aims of the present monograph may be summarized as follows:

(1) Attention will be given to the question of how much knowledge can be gained by
a systematic comparison of different regions of plasma. We will consider plasmas with
linear dimerisions which vary from laboratory size up to the Hubble distance (see
Figure 1.3).
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(2) The traditional magnetic field description of plasmas will be supplemented by an
electric current description (see Figure 1.4). It is demonstrated that many problems are
easier to understand with a dualistic approach.

(3) A rather strict distinction will be made between plasma regions which are access-
ible to in situ diagnostics and those regions which are not (see Figure 1.3). In the former,
we can expect to understand the plasma phenomena reasonably well, and to be able to
discriminate between different interpretations, whereas in the latter regions, conclusions
must necessarily remain largely speculative.

(4) It is claimed in this monograph that in the speculative domain, those theories,
which are based on what we know from laboratory experiments and from regions access-
ible to spacecraft measurements, deserve higher credibility than those which are based on
theories which we know to be misleading when applied to regions that have been subject
to high-quality diagnostics.

As it is impossible to treat an extensive and complicated field like cosmic plasma
physics in a rigorous way in a monograph of the present size, we have followed the policy
that — as Kadomtsev (1965) puts it — “when rigour appears to conflict with simplicity,
simplicity is given preference”.

As it also is impossible to give a complete list of references to the enormous literature
only a few typical results are quoted. More complete lists of references are usually found in
the quoted papers.
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ELECTRIC CURRENTS IN SPACE PLASMAS

II.1. Dualism in Physics

Since the beginning of this century, physics has been dualistic in the sense that some
phenomena are described by a field formalism whereas others are treated in terms of
particles. In the cosmic application of physics, we have frequent examples of this dualism:
the propagation of waves is treated by Maxwell’s equations, but the charge on a grain
in space is derived by considering the photons and electrons which hit it. There are also
phenomena, like the Doppler effect, which can be treated both from the wave and the
particle point of view.

This is all very well understood, but it is not so well recognized how deeply this
dualism penetrates into the field of cosmic plasmas. From Maxwell’s first equation,
which in a plasma can be written

VxB = IJoi, (1)

(where i' =i+ (0D/d¢) and in the future the prime will be dropped, compare Equation
I(1)), we learn that we can describe electromagnetic phenomena in space either in terras
of a magnetic field B or in terms of electric currents i. As magnetic fields are easy to
measure, and, moreover, the mathematical treatment becomes simpler if i is eliminated,
it seems obvious that we should use the field description and eliminate i. For example,
when we treat waves propagating through a plasma, they are certainly associated with
electric currents, but in many cases we can regard a current implicitly as the curl of the
magnetic field and ignore it. However, in doing so we lose the particle aspect of the
current; in other words, we neglect the fact that an electric current in space consists of
motion of charged particles which have a certain mass, charge, and velocity, and which
can often be considered as constituents of a gas with a certain temperature. Some of
these properties can be formally introduced into the field description as bulk constants
like the permittivity e, the permeability u and the conductivity o, but this gives a poor
and often misleading representation of the particle phenomena.

In contrast to this approach, the study of electric discharges, which starting a hundred
years ago has clarified some essential properties of a plasma, approaches the phenomena
from the particle aspect (motion of electrons and ions, formation of electrostatic double
layers, establishment of non-Maxwellian velocity distribution, etc.). It is now obvious that
several of the phenomena related to the particle aspect are of decisive importance in
cosmic plasmas, and that by neglecting the particle aspect we deprive ourselves of the
possibility of understanding some of the most important phenomena in cosmic plasma
physics.

Further, the magnetic field description is often used in a careless way leading to the
neglect of boundary conditions. Infinite models are applied to plasmas with finite dimen-
sion, resulting in erroneous conclusions. With the current description the whole circuit

11
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in which the current flows is included and in this way the neglect of the boundary con-
ditions is more easily avoided.

In the following, we shall classify the plasma phenomena as magnetic field-related and
particle-related (or electric current related), see Figure I.4. The former received much
early attention, but the latter have only recently been brought into focus.

I1.2. Particle-Related Phenomena in Plasma Physics

From the particle aspect, we can derive the equation of motion of a test particle by
calculating the sum of all forces from other particles. In principle, we need not speak
about fields at all. However, it is convenient to introduce the electric field £' by
the equation

F=)Y f=c¢E (2)

where F is the sum of all forces f acting on a test particle with charge e (neglecting
gravitation and collisions).

The motion of a charged particle can be completely described as caused by the electric
field E'. A magnetic field exerts a negligible force on the particle at rest. However, if we
make a relativistic transformation

E=E—vxB ®3)

from the coordinate system which moves with the particle velocity v in relation to a
coordinate system at rest, we have in the latter coordinate system another electric field
E. 1t is convenient to use a coordinate system at rest and describe the motion of the par-
ticle by the velocity v. In this coordinate system the force acting on the charged particle is

f = e(E+vxB) @

where B is given by Equation (1).

Hence, seen from the coordinate system of the particle, B is unimportant, but it is
convenient to introduce this concept in order to make the calculation of E' easier. (This
is a trivial statement but it is often forgotten.)

I1.3. Magnetic Field Lines

A magnetic field line is by definition a line which is everywhere parallel to the magnetic
field. If the current system changes, the shape of the magnetic field line changes, but it
is meaningless to speak about a translational movement of magnetic field lines. The
concept of ‘frozen-in magnetic field lines’ has played a central role in plasma physics
due to the fact that in several situations, but far from all, it is legitimate to use it. The
restrictions on its use are clarified in CE(5.4). Further, it has a quasi-pedagogical appeal.
An impression is developed that you understand a situation even if in reality you have
misunderstood it.

One of the requirements for using the ‘frozen-in’ field concept is that £, = 0. In order
to satisfy this, the electric conductivity parallel to the magnetic field, o), must be infinite.
If we use the classical formula (see, for example, CE, p. 149).
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we find that under cosmic conditions, o) is usually so large that we can regard it as
infinite (e and m, are the electronic charge and mass, n, is the number density of elec-
trons, A, and v, are their mean free path and their thermal velocity, and v is a constant
of the order unity). However, this is not enough because there are a number of phenomena
to which Equation (5) is not applicable. Basically these derive from the particle aspect of
electric currents:

(1) Equation (5) is derived under the condition that the mean free path, A, of elec-
trons is small compared to the characteristic length of the variation of B, E, etc. This is
often not satisfied in space plasmas. For example, in the outer magnetosphere and inter-
planetary space, it is not valid.

(2) When the electron drift velocity becomes equal to the sound velocity in the ionized
plasma, a strong coupling may occur which transfers energy from the electrons to the
sound waves; this causes an anomalous resistivity .

(3) If in a plasma the electric field is so strong that the electrons gain more energy than
they lose by collisions, some electrons (runaway electrons) may be accelerated to very
high velocities (Giovanelli, 1949; Dreicer, 1959, 1960; CE 4.3 4).

(4) If the velocity distribution in a plasma is non-Maxwellian, a magnetic field gradient
may produce an electric field £} # 0.

(5) An electric current often produces electrostatic double layers (also called sheaths)
associated with an almost discontinuous jump AV in the voltage (IL.6).

As the aforementioned effects are common in low density cosmic plasmas (especially
in ‘collisionless plasmas’), the ‘frozen-in’ concept is very often invalidated. In particular,
when combined with the ‘magnetic field-line reconnection’ concept (‘magnetic merging’),
it has led to a serious misunderstanding of many important phenomena (I1.3.3, I1.5.3
and CE 5 4).

I1.3.1. MAGNETIC FIELD AND ELECTRIC CURRENT DESCRIPTION OF THE
MAGNETOSPHERE

In order to demonstrate how unnecessary and misleading these concepts are, we shall
treat the simple case of plasma flow in the magnetosphere, assuming a stationary state.
This example will also be used as an illustration of the relationship between a magnetic
field description and a particle description.

The stationary conditions of the magnetosphere are usually depicted by drawing
the magnetic field lines (see Figure II.1). With the help of Equation (1), we translate
this into a current and particle picture (Figure II1.2). We place a current carrying coil
in the Earth’s interior which, if suitably designed, gives the Farth’s magnetic field. If we
are satisfied with the axisymmetric dipole component, then the coil may consist of a
very small circular loop at the center of the Earth.

Similarly, we let the interplanetary magnetic field be produced by a current in a very
large coil. In the simplified case of a south-directed interplanetary field, the coil may
be a Helmholtz coil with its axis coinciding with the Earth’s axis.

To these we must further add a number of coils representing the secondary magnetic
fields. In a simplified model (Alfvén, 1977), these consist of a double coil representing
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" PLASMA SHEET

Fig.II.1.  Standard model of solar wind and magnetosphere (after Wolf, 1975).
AURORAL .
CURRE
NTS Ve CURRENT SYSTEM
\'
SOLAR MAGNETOPAUSE
WIND E CURRENT SYSTEM
B

Fig.I1.2. Simplified current system which gives the magnetic field of Figure II.1. The auror
currents are enlarged and depicted separately.
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the magnetopause current system, a double coil representing the tail current system,
and a system of coils representing the ionosphere-magnetosphere current system (see
Figure I1.2, where the latter is depicted separately). By making the coils of very thin
electrically insulated metal wires, we can obtain a good approximation to the current
system which in reality consists of distributed currents (a realistic current system is
derived in Section III.6).

Similarly, we produce the electrostatic field by a number of charges placed in suitably
fixed positions. For example, in the simple case v = const., B = const, the interplanetary
electric field as seen from an earth-centered system is E = — v x B. This electric field can
be produced by two condenser plates separated by a large distance d and charged to a
potential V'=d * E. Other electric fields created by space charge should be represented
in a similar way.

In the stationary state we have considered above, both the electric and the magnetic
fields are static. We can depict the magnetic field by drawing the magnetic field lines
(see again Figure IL.1), but it should be observed that a magnetic field line has the
Maxwellian meaning. It is a line which everywhere has the direction of the magnetic
field. To ask whether a field line ‘moves’ or not makes no sense. In our static vacuum
model, it is natural to depict them as immovable in relation to the coils which produce
them, which means in relation to the earth.

I1.3.2. PARTICLE MOTION IN THE MAGNETOSPHERE

So far our model does not contain any movable charged particles (outside the wires).
In this vacuum model, we inject one charged test particle, either in interplanetary space
or in the ionosphere. Its motion is completely determined by the electric and magnetic
fields. As the magnetic field is static, the energy W of the particle is given by

w=wo+efE-ds, ©)

where W, is the initial energy, ds the line element, E the (static) electric field from
the fixed charges, and e the charge of the particle.

Next, we inject a large number of solar wind particles (and particles from the iono-
sphere), but still only a negligible fraction, €, of what corresponds to the real case. Assuming
that the mutual collisions (as well as the collisions with the model structure) are negligible,
they will behave as a number of test particles. If our model is designed correctly, they will
increase the space charge given by the fixed charges of the model by the fraction, €, and
their flow close to the coil wires will increase the magnetic field by the same fraction. If
we reduce all coil currents and all fixed charges by €, we will return to the same electric
and magnetic field as before the injection. Hence, in this simple way, the electromagnetic
fields in a stationary magnetosphere are described exclusively by electric currents and
electric charges. A model based on this principle is worked out in IIL.6.

We now slowly increase € to unity. At the same time we reduce the coil currents and
the fixed charges so that eventually they become zero. It is easily seen that this can be
done in a way that allows the electric and magnetic fields to remain constant. We can
now remove the model structure, and every particle will still move and change its energy
as if it were a single test particle in the vacuum model. Our model now depicts how
plasma in our surroundings flows and changes its energy.
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11.3.3. CONCLUSIONS ABOUT ‘FIELD LINE RECONNECTION’ AND ‘MERGING’ IN THE
STATIONARY MAGNETOSPHERE

Our Gedanken experiment shows that neither the injection of one test particle, a small
number of test particles, or all of the solar wind particles call for a change in the Max-
wellian concept of magnetic field lines. There is no need for ‘frozen-in’ field lines moving
with the plasma, still less for ‘field-line reconnection’ or ‘magnetic merging’. The magnetic
field always remains static and not a single field line is ‘disconnected’ or ‘reconnected’.
The energy of a charged particle is given by Equation (6). There is no ‘field-line recon-
nection’ that can transfer energy to the particles or release energy in any other way.
Other arguments against reconnection models are forewarded by Heikkila (1978).

If the magnetic field varies with time, the geometry near the neutral points (points
where B = 0) may change in a way that may be considered as the field lines disconnecting
and reconnecting. It may be argued that in this case, the usual field-line reconnection
formalism should be applicable. As will be shown in II.5 this is not correct. The field-
line reconnection theories are erroneous also in this case.

I1.4. Filaments

I1.4.1. OBSERVATIONS OF FILAMENTS

Filamentary structures are often observed in cosmic plasmas. There seems to be a con-
tinuous transition from true filamentary structures to sheet structures, via structures of
elliptical cross-section. Consequently, from a phenomenological point of view a clear
distinction between filaments and sheets is not called for.

In the region accessible to in sifu measurements, there are the following filamentary
structures, all of which are observed to be associated with, or are likely to be associated
with electric currents:

(a) In the aurora, filaments parallel to the magnetic field are very often observed
(‘auroral rays’ - see Figure I1.3). They are sometimes very thin, with thickness down to
~ 100m. They occur under conditions that suggest that they are due to Birkeland cur-
rents. However, in situ measurements have not yet completely clarified the relation
between the visual structures and the electric currents. This also holds for the often very
thin auroral arcs and draperies. The auroral electrojet itself is of a filamentary character,
and of course, there is no doubt that it carries a current.

(b) Inverted V events and the in situ measurements of strong electric fields in the
magnetosphere (I1.7), especially at heights of one Earth radius above the surface, demon-
strate the existence of filamentary structures. These structures, which often have elliptical
or sheet-like cross-sections are likely to be produced by Birkeland currents.

(¢) In the ionosphere of Venus, ‘flux ropes’ are observed with a structure which shows
beyond any doubt that they are produced by filamentary currents. Their diameters are
typically 20km (see 11.4.7).

In regions which are not accessible to in situ measurements, we often observe fila-
mentary structures:

(d) In the Sun. Prominences, spicules, coronal streamers, polar plumes, etc. (see
Figures I1.4 and IL.5). In all these cases there are more or less convincing arguments for
attributing the filaments to field-aligned currents.



CHAPTER II 17

Fig.I1.3.  Auroral rays in a corona. This pencil sketch by Nansen (in December 1894) gives a better
picture of the filamentary structure than photographs, because of the long exposure time needed
compared with the fluctuations in the auroral rays.

Fig.I1.4.  Soft X-ray photograph of the Sun from Skylab (1973). A number of loops are seen on the
disc which are identified with high density regions. The looplike structures may be caused by electric
currents. (American Science and Engineering.)
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Fig.IL5.  Solar corona (March 1970). The filamentary structure is probably caused by electric
currents. (G. Newkirk, High Altitude Observatory.)

Fig.11.6. Comet Kohoutek (Jan 1974). The filamentary structure of the tail of a comet is according
to Mendis (1978), due to electric currents.

Of special interest is the fact that the application of the contrast enhancement method
displays the filamentary structure still more clearly. (Of course, one should be aware of
the fact that this technique may produce spurious structures.)

(¢) Cometary tails often have a pronounced filamentary structure. There is good
reason to interpret them as due to field-aligned currents (Mendis, 1978). (See Figure I1.6.)

(f) In the interstellar medium there is an abundance of filamentary structures (see
Figures I1.7 and I1.8). Some of these are attributed to shock the front sent out by nova or
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The Veil nebula in Cygnus. Its filamentary structure is probably caused by
a supernova explosion.

Fig. I1.8.  Detail of the Veil nebula (Sky and Telescope, November, 1979).

19
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Fig.I1.9. Filamentary structures are much more common than usually thought as shown by com-
paring the ordinary photograph of the Lagoon nebula in Sagittarius (left) with the same photograph
subjected to contrast enhancement (right) (Sky and Telescope, April, 1979).

supernova explosions. As a hydromagnetic shock wave is necessarily associated with
electric currents, there is no conflict between the shock wave and the electric current
interpretations. On the contrary, the fact that we observe filaments where we expect
to find current-carrying shock fronts, speaks in favor of the electric current interpretation.

() Interstellar clouds (or nebulae) which look smooth and rather homogeneous in
ordinary pictures, often reveal a filamentary structure when subjected to contrast
enhancement (see Figures I1.9 and I1.10). With the current interpretation of filamentary
structure, this may be regarded as an indication that they consist of a network of currents
(which from other considerations is quite likely (see V.3)).

In addition to the electric current interpretation of filaments, we must be aware of
alternative interpretations. It has been suggested that the filaments are due to hydro-
dynamic shear motion. For example, if a drop of ink is injected in a glass of water in
which the water is in turbulent motion, the drop is often dragged out into thin filaments.
Another example of filamentary structure is cirrus clouds.

These examples refer to hydrodynamic motions in regions where electromagnetic
forces are of no importance. However, in the entire region subject to in sifu measurement
and dominated by plasma effects, there does not seem to be a single example of a similar
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Fig.IL10. Contrast-enhanced photograph of the Orion nebula (Sky and Telescope, April, 1979).

effect. None of the observed filaments can be regarded with any certainty as resulting
from such effects, whereas in all cases there is either convincing proof, or reasonably
strong evidence for an electric current interpretation. Outside of the region accessible
to spacecraft, we cannot decide with any confidence which of the interpretations is
correct. However, if we follow our general approach, viz. to see how far we can explain
phenomena in more distant regions by means of mechanisms which we know are
working in the better explored regions, we should give the current interpretation the
highest priority.

I1.4.2. CONSTRICTION OF A DISCHARGE

A discharge may fill all of the space between the electrodes or it may be confined to a
narrow chanriel. The former is the case for a laboratory glow discharge at low pressure.
Examples of the latter case are arcs, sparks, flashes of lightning, and the ‘pinched dis-
charges’ studied in thermonuclear research.
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In laboratory discharges, especially at low ionization, the constriction is often con-
nected with a ‘falling characteristic’, by which we mean that the electric field necessary
to maintain the discharge is a decreasing function of the current density (IL.5). If the
total discharge current is constant, the electric field strength is smaller when the current
is concentrated in a small channel than when it fills the whole space. A discharge often
adjusts itself so that the electric field strength becomes a minimum.

The constriction of a discharge is a phenomenon which is influenced by several dif-
ferent factors (see von Engel and Steenbeck (1932, 1934), which still probably is the
best introduction to this field).

A thermal constriction mechanism is operative in arcs.

An arc plasma obeys rather complicated laws, the essence of which is that the heat
produced by the electric current shall cover the thermal losses, mainly through con-
vection, conduction and radiation to the colder surroundings. It can be shown that as a
result, discharges are usually constricted at atmospheric pressure, whereas at a pressure
below, say, 1 mm Hg, constriction becomes a rarer phenomenon.

The thermal constriction mechanism is not primarily dependent on a magnetic field.
However, magnetic effects may give rise to constrictions of different types.

Currents perpendicular to B may be constricted. Examples of such phenomena in the
ionosphere are the equatorial electrojet and the auroral electrojet.

However, in cosmic plasmas the perhaps most important constriction mechanism is
the electromagnetic attraction between parallel currents. A manifestation of this mech-
anism is the pinch effect, which was studied by Bennett long ago (1934), and has received
much attention in connection with thermonuclear research. As we shall see, phenomena
of this general type also exist on a cosmic scale, and lead to a bunching of currents and
magnetic fields to filaments or ‘magnetic ropes’. This bunching is usually accompanied
by an accumulation of matter, and it may explain the observational fact that cosmic
matter exhibits an abundance of filamentary structures (11.4.1). This same mechanism
may also evacuate the regions near the rope and produce regions of exceptionally low
densities (11.4.6).

The electromagnetic attraction including the pinch effect has been very thoroughly
studied in the laboratory. Indeed, the magnetic mirror technique used for thermonuclear
plasma confinement is based on the pinch effect. In cosmic physics, however, it is very
often forgotten. For example, the formation and evolution of interstellar clouds is nor-
mally treated by neglecting this effect, in spite of the fact that it must necessarily be of
decisive importance (IV.8 and V.4). This has led to the regrettable result that this field
and quite a few other fields of astrophysics have run into dead ends.

I1.4.3. PINCH EFFECT. THE BENNETT RELATION

Consider a fully ionized cylindrical plasma column with radius 7, in an axial electric
field E, which produces an axial current of density i, Figure I11.11 (CE 5.5.2). The axial
current is associated with an azimuthal magnetic field. The current flowing across its own
magnetic field exerts a force i x B, which is directed radially inward, and causes the
plasma to be compressed towards the axis (hence the name ‘pinch effect’). For the
equilibrium between the compressing electromagnetic force and the sum p of the electron
and ion pressures, p, and p;, we have



CHAPTER II 23

i
‘ +
/,_I—_ -
—grad Py/ ~

/

T~ B \l
]

BN | A
N g
| | |
| ! |
I

”~ ~
|7 ¢ t~N\I
v 4 Y
\\ /

~ //

Fig.I1.11. In the stationary pinched discharge the electromagnetic force i X B (attraction between
parallel currents) is compensated by the gradient of the plasma pressure.

Vp = V(p.+p;) = ixB. ™

The axial electric field is perpendicular to the azimuthal magnetic field produced by
the axial current. In spite of this the current density is essentially given by

i = oF ®)

as soon as a stationary state has been reached. This is true because in the stationary state
no radial Hall current can flow.

By employing the Maxwell equation V X B = uyi, Equation (7), and the perfect gas
law, we quickly arrive at the Bennett relation (for details, see IV.8)

M
KT, +T) = 17 ©)

where N is the number of electrons per unit length of the column, T; and T, the
ion and electron temperatures, 7, the total current in the column, and & Boltzmann’s
constant.

I1.4.4. FILAMENTARY CURRENTS IN FORCE-FREE MAGNETIC FIELDS

In a laboratory pinched discharge the electric current can flow across its own magnetic
field because the electromagnetic forces are balanced by the plasma pressure, and the
radial motion vanishes. In cosmic plasmas the pressure is often negligible and hence the
magnetic field force-free.

Consider a medium-density plasma with the configuration shown in Figure I1.12. The
electric field is homogeneous and directed along the z-axis. The magnetic field, which
derives partly from currents in the plasma and partly from external sources, has both
¢- and z-components.

Under the influence of the electric and magnetic fields, both electrons and ions drift
with the velocity

v = (E x B)/B? (10)
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Fig.I1.12. When the pressure is negligible the plasma acquires a drift velocity v such that the electric
field in the moving plasma is parallel to B. Therefore current flows only along the magnetic
lines of force.
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Fig.11.13.  The current density components are iy and i, the magnetic field components By and
B,.1, is the current density amplitude and B, the magnetic field strength, both along the z-axis.

so that the plasma as a whole moves radially inward. If we transform to the plasma
frame, we find that the electric field is parallel to the magnetic field, and consequently,
current only flows along the magnetic field lines. Moreover, since the magnetic force
is given by i x B, it vanishes, and the magnetic field is force free.

It is shown in CE (5.5.3), that the current in this configuration is constricted to a
cylinder and forms a line current. Also shown is that the axial magnetic field is similarly
constricted, and as a result the field at large distance is azimuthal (see Figure II.13).
Indeed, the qualitative field line pattern, as is shown in Figure II.14, suggests the name
‘magnetic rope’.

In the present treatment we have assumed a constant conductivity, but Murty (1961)
has shown that similar results hold for force-free fields under much more general conditions.
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Fig.11.14. Magnetic field lines at three different radii in a magnetic rope.

As mentioned above, the electric and magnetic fields cause an inward drift motion by
which matter is accumulated. ‘Magnetic ropes’ should therefore tend to coincide with
material filaments that have a higher density than the surroundings: The cosmic ‘magnetic
ropes’ are not observable themselves, but the associated filaments of condensed matter
can be observed by the radiation they emit and absorb. The electric current in a magnetic
rope dissipates energy so that we should expect a rope to be hotter than the surroundings.
However, this conclusion is not necessarily valid, because the increased density may result
in radiative cooling which may make the rope cooler than the surroundings. An example
of this is the prominences, which are much cooler than the surrounding corona because
their density and hence their radiation losses are much larger than that of the surrounding
medium. The constriction mechanism discussed here may therefore explain the filamentary
structures that are observed to occur so abundantly in cosmic plasma (filamentary inter-
stellar clouds, coronal filaments, prominences, etc.), as demonstrated in I1.4.1. As pointed
out in I1.4.2, the neglect of electromagnetic attraction has caused quite a few fields of
astrophysics to waste effort in approaches which are basically wrong.

I1.4.5. THEORY OF MAGNETIC ROPES

Marklund (1978) has analyzed the structure of filamentary currents, ‘magnetic ropes’,
collecting ionized gas from the surroundings (Fig. I1.15). He has calculated the resulting
stationary state when the inward drift of ions and electrons towards the axis of a filament
is matched by recombination and outward diffusion of the neutral gas. The equilibrium
density of the ionized component normally has a maximum at the axis. However, under
certain conditions the filament may be a cylindrical shell with an ion density minimum
at the axis. Magnetic ropes have been observed by in situ measurements in the ionosphere
of Venus (see I11.5.3).

In the case of a partially ionized gas mixture, a temperature gradient will cause the
radial transport to depend on the ionization potential, so that in general, the elements
with the lowest ionization potential are brought closest to the axis. We may expect the
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Fig.I1.15. Number density profile as a function of radius sketched qualitatively (in three dimen-
sions) for three cases: no recombination, recombination with T = const., and recombination with
lower central temperature (Marklund, 1978).

elements to form concentric hollow cylinders whose radii increase with ionization
potential.

Quite generally, it seems likely that for a rather wide range of parameters, a current
through a partially ionized plasma is able to produce element separation (IV.3).

I1.4.6. ION PUMPS

The drift of ionized matter from the surroundings into the rope means that the rope
acts as an ion pump, which evacuates the surroundings. Regions with extremely low
densities can be produced in this way. It is possible that ‘coronal holes’ are produced
by this mechanism.

I1.4.7. FLUX ROPES IN THE IONOSPHERE OF VENUS

Elphic et al. (1979) have made in situ measurements of the current system in the iono-
sphere of Venus. They observe a ‘flux rope structure’ which seems to be similar to the
flux ropes described in I1.4.5. During quiescent conditions, the flux ropes are observed
to be a nearly ubiquitous feature of the dayside ionosphere. Their diameters are of the
order 15-20km. The data indicate only a small thermal pressure gradient, so that v x B
should be small. The observed magnetic field structure can be compared with the
theoretical field structure of a flux tube. It is evident that the agreement is satisfactory.

This is the first convincing observational evidence for the theoretically expected
structure of filamentary currents producing flux ropes. Due to its basic importance for
the electric current structure of cosmic plasmas, further investigations of the flux ropes
in the ionosphere of Venus are very important. One should also try to identify similar
structures in other regions.

I1.5. Local Plasma Properties and the Circuit

Consider a plasma tube, in which the current 7, originating from a battery with e.m.f.
V4, is transmitted by a circuit with resistance R, and inductance L (Figure 11.16). The
voltage V(I) between the electrodes is a function of 7 and of plasma parameters like
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Fig.I1.16. A plasma tube in a circuit. The behavior of the plasma depends on the circuit. If the

plasma has a negative resistance R, it will oscillate if R, + R < 0. Hence by varying R, we can control

the oscillations. Further, the inductance L determines this frequency and the total energy release

should the current through the plasma be disrupted. Hence even if we know all the plasma parameters

(temperature, pressure, magnetisation etc.) in the tube, we cannot predict the behavior of the plasma
unless we know the parameters of the circuit of which the plasma is a part.

density, magnetic field, temperature, etc., which depend on 7 in a complicated way.
If, to the first approximation, we set V(I) =V, +R({ —I,), where I, and R are
constants, and V,, the voltage between the electrodes at I =1I,. The circuit then obeys
the equation

L g—f = ¥V, — Vo —(R + Ro)I —I). 11

If R+ Ry =0, the plasma will always be in equilibrium Vy = V3. If R + Ry >0 and
Vo = V3, the current will decrease until an equilibrium is reached. However, if R + R, <0
(which it often is, because R is frequently negative), an equilibrium is impossible. As a
result, the plasma may produce regular oscillations with the frequency f, or the current
may go to zero with a certain time constant. In the latter case, the discharge may either
be automatically reexcited or left extinct (see I11.6.1 and I1.6.5).

Hence, the behavior of the plasma depends on the outer circuit. A stable plasma dis-
charge may be made unstable by decreasing R, . The frequency of the oscillations can be
regulated by changing R, or L, and of course, V3 is of decisive importance.

In the case of the instability leading to an extinction of the current, it should be
remembered that every electric circuit is explosive in the sense that if we try to disrupt
the current, a release of the whole inductive energy

Wy = 3LI? (12)

at the point of disruption will occur. This is a well-known phenomenon in high-power
transmission lines; switching off the current necessarily leads to an explosion which
must be absorbed by the switch.

If the current disruption is caused by an instability in the plasma, the inductive energy
Wy, in the circuit will be released in the plasma. It then causes an explosion which may
be violent if Wy, is large. As we shall see, the disruption of a current through a plasma is
often caused by a double layer becoming unstable.



28 ELECTRIC CURRENTS IN SPACE PLASMAS

I1.5.1. BOUNDARY CONDITIONS

Consider a volume V of space limited by a surface S. The properties of the plasma inside
of S depend on the boundary conditions. Thus by changing the current through S, we can
change the behavior of the plasma. As was seen in the preceding paragraph, the properties
of a plasma depend on the whole circuit in which the current flows. This means that we
can describe the plasma inside of S by parameters inside S only if i = 0 everywhere on S.

Hence, even if we know all plasma parameters (like density, temperature, and magnet-
ization) at every point inside S, we can describe the plasma properties theoretically only
if there is no electric current crossing the surface. Therefore, the boundary problems
have to be analysed very carefully.

I1.5.2. “INVISIBLE’ TRANSFER OF ENERGY

The electric current description shows that it is possible to transfer energy in an ‘invisible’
way. As an example we can take the transfer of energy in the auroral circuit (see Figure
I1.17) which transfers energy from a moving plasma cloud C to the region of release D
through electric currents in B; and B, ; an electric voltage difference exists between B
and B, (see further II1.2). Both the current and the voltage difference are difficult to
detect even by in situ measurements. From a distance, it is almost impossible to observe
them. What we may observe from a distance is that energy disappears in a region C
(e.g., the velocity of the cloud is decelerated) and that energy is released in another
region D (e.g., by the emission of radiation from this region). Hence, we have a mechanism

ACI

Central W 2
Body C

Fig.11.17.  Auroral circuit (seen from the Sun). The central body (Earth and ionosphere) maintains
a dipole field. B, and B, are magnetic field lines from the body. C is a plasma cloud near the equa-
torial plane moving in the sunward direction (out of the figure) producing an electromotive force
V=& c: v X B - ds which givesrise to a current in the circuit C1, al, a2, C2 and C1. In a double layer D
with the voltage Vp, the current releases energy at the rate P =IVp, which essentially is used for
accelerating auroral electrons. The energy is transferred from C to D not by high energy particles or

waves, and not by magnetic merging or field reconnection. It is a property of the electric circuit (and
can also be described by the Poynting vector).
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of ‘invisible’ transfer of energy over a large distance. A possible example of this is the
energy release in double radio sources (I11.4.4).

An ‘invisible’ transfer is a characteristic of many electric currents. For example, when
we observe the Earth from a satellite or an aircraft, we easily see street lights dissipating
electric energy, and we may also see hydroelectric power stations generating it, but it is
almost impossible to observe how the energy is transmitted. In important respects, the
transfer of energy in cosmic physics is very similar to the electrotechnical transfer.

I1.5.3. ‘MAGNETIC MERGING’ THEORIES

What we have found means that we can describe plasma phenomena inside a finite volume
only if no electric current crosses the surface. In the terminology of the magnetic field
description, this means that we can describe plasma phenomena inside a finite volume
only if the perpendicular component of the curl is zero at every point of the surface.

All theories of ‘magnetic merging’ (or ‘field line reconnection’) which do not satisfy
this criterion are misleading or erroneous, and deserve no attention. This does not mean
that all papers in which ‘magnetic merging’ is used are of no interest, because there exist
some good papers (e.g., Hill, 1975) in which the term is merely a synonym for “current-
sheet acceleration.”

I1.6. Electric Double Layers

I1.6.1. GENERAL PROPERTIES OF DOUBLE LAYERS

In a low density plasma, localized space charge regions may build up large potential
drops over distances of the order of some tens of the Debye lengths. Such regions have
been called electric double layers. An electric double layer is the simplest space charge
distribution that gives a potential drop in the layer and a vanishing electric field on each
side of the layer (Figure I1.19). In the laboratory, double layers have been studied for
half a century, but their importance in cosmic plasmas has not been generally recognized
until recently. A number of investigations have confirmed the existence of double layers
under various conditions, both in the laboratory and in the magnetosphere (Coakley
et al., 1978; de Groot et al., 1977; Hubbard and Joyce, 1979; Leung et al., 1979; Quon
and Wong, 1976). Recent reviews of double layer phenomena of importance to cosmic
plasmas include two general surveys (Block, 1978; Filthammar, 1979) as well as separate
reviews of experiments (Torvén, 1979, 1980) and theory (Carlqgvist, 1979a).

Double layers may be produced in a number of ways. In general, a plasma screens
itself from walls and electrodes by producing double layers, which in this case often are
referred to as sheaths. In addition, if the electron temperature, for example, is different
in two regions of the plasma, the transition between them is often not smooth. Instead,
the plasma divides itself into two (or several) homogeneous regions, separated by one
(or several) double layer.

At low current densities, the thermal motion of the electrons is superimposed on a
relatively small drift motion. If the current density increases so that the drift velocity
equals the thermal velocity, a double layer is usually produced. This is due to an insta-
bility: the electron motion assumes the character of a beam, and the result is a phenom-
enon related to the two-stream instability.

Double layers in nonmagnetized plasmas have been extensively studied in the
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laboratory. Because of the possible effect of the walls in laboratory experiments, it has
been questioned whether these studies are applicable to cosmic situations. In recent
experiments (Lutsenko et al., 1975; Coakley et al., 1979; Torvén and Andersson, 1979),
double layers have also been studied in magnetized plasmas. The plasma is kept away
from the walls by a magnetic field so that wall effects are of no importance. It is found
that far away from the walls, double layers are formed in these magnetized plasmas as
well. This is essential for the application of the laboratory results to cosmic plasmas.
However, most of the laboratory investigations have been made with magnetic fields
which make the electron Larmor radius, but not the ion Larmor radius small compared
to the size of the vessel. As in cosmic plasma problems also the ion Larmor radius often
is small compared to the characteristic length, the validity of the cosmic application
is still not completely clear.

A double layer is usually noisy; in other words, it produces oscillations within a large
frequency band. Often the amplitude of the noise is small compared to the voltage drop
across the double layer, and this can be considered as (almost) static. A detailed investi-
gation of such double layers has recently been made by Baker et al. (1980). However, a
double layer may also become unstable and explode, by which we mean that the voltage
drop suddenly increases by orders of magnitude. A possible mechanism is given by
Carlqvist (1969). The character of the explosion is largely determined by the inductance
L and the resistance R of the circuit in which the current flows. (Exploding double
layers were first discovered and studied in mercury rectifiers used in d.c. high-power
transmission circuits.) The phenomenon is likely to be basic for the understanding of
solar flares, magnetic substorms and related phenomena.

At the explosion, the layer voltage is mainly given by — L d//d¢, which may exceed
the normal double layer voltage Vp by several orders of magnitude. The process usually
continues until 7 vanishes and the energy 3LIZ (I, is the initial current) is released in
the double layer, mainly in the form of kinetic energy of ions and electrons. The
electrons and ions later produce heat and radiation as they interact with the matter
in their neighborhood.

Both electrons and ions are accelerated in double layers. For strong double layers
in cold plasmas, the ratio between the ion current i; and the electron current i, is
expected to be

: 1/2
L (’”—) . (13)

le m;

However, in many cases this relation is not valid (Block, 1972).

Measurements of a double layer in a magnetized laboratory plasma (Coakley et al.,
1979; Torvén and Lindberg, 1980) show that the equipotential surfaces, which are
perpendicular to the magnetic field in the layer, curve at the plasma boundary, where
they become parallel to the magnetic field. In this way, the plasmas on each side of
the layer become surrounded by regions with strong radial electric fields perpendicular
to the magnetic field. This radial field is directed inward on the low potential side of the
layer and outward on the high potential side. The configuration resembles two ‘cables’
connected by a double layer.

As an example of double layer investigations in the laboratory, Figure I1.18 shows the
experiments of Torvén and Lindberg (1980). Figure I1.19 shows the potential profile
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From a mercury plasma produced by a discharge, a plasma column confined by a mag-

netic field penetrates to the anode. In this current-carrying column a double layer is produced as soon
as the current exceeds a certain limit (Torvén and Lindberg, 1980).
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Fig.11.19.

Axial potential profile at the symmetry axis (top) showing a double layer. The net charge
distribution (below) gives the reason for calling it a double layer (Torvén and Lindberg, 1980).
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Fig.11.20.  Electron energy distribution near a double layer. On the cathode side of the sheath the
distribution is almost Maxwellian, with a maximum at 2 eV (bottom curve). On the anode side of the
sheath with ¥ = 10V, this maximum is shifted to 12 eV. At the same time a new maximum begins
to develop at lower energies (second curve from bottom). Further away from the sheath the low
energy maximum dominates while the high energy maximum is flattened (two top curves).

of their double layer. An energy distribution of the electrons is depicted in Figure I1.20
(Andersson et al., 1969). On the cathode side of the double layer, the Maxwellian distri-
bution peaks at 2eV, but on the anode side the acceleration of the particles through the
double layer causes two peaks, one at 3 eV and one at 12 eV. At larger distances from the
double layer, the 3 eV signature becomes the dominant feature. Recent work in a much
larger vessel confirms these results and gives a more detailed picture (Baker et al., 1980).

These experiments demonstrate that the formation of double layers in the laboratory
is a purely electrostatic phenomenon and not primarily produced by a magnetic field,
which is of importance only for the confinement of the plasma. We cannot possibly
describe a double layer by a magnetic field related formalism. Double layers are observed
at currents so low that the magnetic field they produce is negligible (even the Larmor
radius of the electrons is large compared to the extension of the plasma).

The voltage drop Vp in a double layer is of the order of ten times the voltage equiv-
alent of the temperature, kT,/e. In Table II.1, which shows some experimental results,
eVplkT, varies between 4.5 and 20, and the thickness of the double layer is 10-25 times
the Debye length.

Often but not always, double layers are associated with high-frequency oscillations.
The origin and significance of these has as yet not been much explored. One of their
effects is that they introduce a certain spread in the energy of the particles accelerated
in the double layer.

11.6.2. DOUBLE LAYERS IN THE MAGNETOSPHERE

Observations show that the auroral zone is often bombarded by nearly monochromatic
electrons of, for example, 3 keV energy. It has been shown that these are accelerated in
a rather narrow region at a height of about one earth radius, R, above the ionosphere.
The required voltage drop may be caused by the magnetic mirror effect (CE 5.1.3) or
by several double layers. Both these phenomena are caused by upward field-aligned
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Table I1:1

Results from some laboratory experiments are summarized in Table II:1. This gives
measured values of the ionization degree NVj;, the layer voltage V', eVp/kTe (T is the
electron temperature on the low potential side of the layer), the Debye length Ap, and
the layer thickness L. As a measure of the space charge strength within the layer =
(Ap/L) (eVp/kTg)'? has been used. The typical space charge density in the layer is
+ 44en if the densities n on each side of the layer are equal (Shawhan et al.,
1978; Torvén, 1979).

Experiment N; Vb ep  Ap L Ap (eVp)
® ) kT, (1072°m) (107°m) L \kT,
Coakley et al. 0.01 14 14 1.5 150 0.04
Lutsenko et al. 100 104 40
(initially)

Quon and Wong 0.01 16 4.5 1.5 35 0.09
Torvén and Babié 1 200 20 0.05 <5 >0.03
Torvén and

Andersson 0.01 25 12 0.35 12 0.1
Joyce and Hubbard 100 50 _L__ 40 0.17

(num. sim.) D -
Torvén and Lindberg 0.1 18 9 0.2 20 0.02

currents, which tend to transport electrons from the magnetosphere downwards to the
ionosphere. The magnetic mirror effect is due to the reflection of the magnetospheric
electrons by the strongly convergent magnetic field. If the supply of electrons is not
sufficient to carry the current required by the circuit, a sometimes large electric field is
necessary. According to Lennartsson (1979), both the double layer and the magnetic
mirror effects are active simultaneously: the magnetic mirror effect necessarily leads to
the formation of one or several double layers in which the total voltage drop is produced.

11.6.3. ENERGY RELEASE IN DOUBLE LAYERS

If a double layer has been formed by a current /, energy at a rate
P =1V, (14)

is released in the double layer. This energy is mainly used for accelerating charged par-
ticles. A small fraction is usually dissipated as noise. Of course, the accelerated particles
interact with the plasma and produce a number of secondary effects so that the released
energy finally is dissipated as heating and radiation. Again, it should be mentioned that
there is no possibility of accounting for the energy of the particles as a result of ‘mag-
netic merging’ or of ‘magnetic field-line reconnection’, or any other mechanism which
implies changing magnetic fields in the region of acceleration (II.3.3, IL.5.3). In the
region of the double layer, the magnetic field during the explosive transient phase is
almost constant and cannot supply the required energy (of course, the secondary effects
of the explosion also cause changes in the magnetic field).

11.6 4. EXPLODING DOUBLE LAYERS

As we have seen, plasma phenomena depend in a decisive way on the properties of the
whole electric circuit. It is well-known that all electric circuits containing an inductance
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Fig.II.21. Circuit with an exploding double layer. Under certain conditions regular oscillations
may be produced.

are intrinsically explosive. If the circuit is disrupted, the magnetic energy
Wy, = 3LI? (15)

is released at the point of disruption. Further, it is well-known from decades of plasma
investigation in the laboratory that certain types of electric double layers may become
unstable in the sense that they suddenly disrupt the current. The result is that the energy
W may be released in the double layer, and this causes an explosion. However, there
may also be other plasma instabilities which cause a disruption of current, and hence an
explosion (see Spicer, 1977).

There are good reasons to suppose that many of the explosive events observed in
cosmic physics are produced by exploding double layers (see Carlqvist, 1969, 1972, 1973,
1979b; Bostrom, 1974). Examples are magnetic substorms, solar flares, and similar
phenomena in ‘flare stars’. The ‘folding umbrella’ phenomenon observed in comets has
led Ip and Mendis (1976), and Mendis (1978) to suggest that a similar process may be
responsible for sporadic enhancements of ionization in cometary atmospheres (‘cometary
aurora’).

I1.6.5. A CIRCUIT WITH A DOUBLE LAYER

Consider a circuit containing an e.m.f. ¥}, an inductance L, a resistor R, and a double
layer D (see Figure I1.21). Suppose that the double layer is formed as soon as the current
I exceeds a value I and that it has a constant voltage drop Vp up to the current Iy
when it explodes and disrupts the current.
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distribution according to Gurnett (1972). The magnetic field is vertical. The current-carrying flux

tube is ‘insulated’ from the surrounding plasma by a thin cylindrical shell of rotating plasma, which

produces a voltage drop which equals the electrostatic drop in the layer. Compare the equipotential
lines with those in Fig. II.18. Both are examples of ‘cable’ formation in a plasma.

When switched on, the current increases at the rate

& _ Vo —Rol
%= I = (16)

Without double layers, it would reach the saturation value
Is = Vb/RO' (17)
If Ip <Ig,its rate of increase for I > I, is given by
dI Vb - VD _Rol
—_—= 18
dt L (18)

The current will tend towards a saturation value
Is, = (V, — Vp)IR,. 19)

If I, <I,, the double layer will explode before the saturation value is reached.
If the circuit can be re-established, the same process can be repeated again and again
with a time constant ¢, (see Figure I1.21). Repetitive events are often observed (magnetic
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substorms, solar flashes, sometimes solar flares). In all of these cases, the repetitive
properties may be due to the properties of this simple circuit. The energy which is dissi-
pated in the explosions is derived from the kinetic energy of the plasma motions.

I1.7. Field-Aligned Currents as ‘Cables’

The discovery of ‘inverted V" events’ by L. A. Frank has shown that electric currents in
space often flow in ‘cables’. See Figure II. 22.

From the observed inverted V events, we know that cable formation is frequent
in the lower magnetosphere (up to at least one Re). They are not so often observed
higher up, but this decrease may be observational. Direct measurements of strong electric
fields have been made by Mozer et al. (1977). Besides electric fields parallel to the mag-
netic field, they find very strong fields perpendicular to the magnetic field. The shape of
the equipotential surfaces is depicted in Figure I1.22. Other measurements of strong
electric fields have been made both with satellite (Maynard, 1978; Smiddy et al., 1977)
and rocket (Marklund et al., 1979).

Accelerating regions of the type that we have described have been observed with
barium cloud experiments at altitudes of about one Earth-radius (Haerendel ez al., 1978;
Wescott et al., 1976; Shawhan et al., 1978).

If the current-carrying field tube has the same voltage as the environment below the
double layer, there must be a lateral voltage gradient above the layer. This produces a
rotational motion of the plasma (but should not be depicted as a motion of magnetic
field lines!) around the current<carrying flux tube. In this way, the filamentary current
is electrically insulated from the surroundings in a way similar to a current in an electric
cable located in the ocean and carrying current through a low resistance metal wire. The
wire is insulated from the conducting water surrounding it by a plastic cylinder in which
the electric field is similar to the radial electric field surrounding the field aligned current
in the magnetosphere.

In the same way as two high power transmission cables connect a generator and a
‘consumer’, a pair of plasma cables may connect a generator and a ‘consumer’. The
generator often consists of a plasma moving with a velocity component perpendicular
to the magnetic field B and hence generating an e.m.f.

Ve = [ vxBds (20)

where the integral is taken between the ends of the two cables. The consumer may be
a double layer accelerating charged particles which later produce light or synchrotron
radiation. The consumer may also be a ‘motor’ which sets plasma in motion in a distant
region. As an example, in the auroral circuit, the generator is located in the solar wind
and the ‘consumers’ are double layers accelerating high energy particles which later
illuminate the night sky in the auroral zone and/or a ‘motor’ which produce the sun-ward
drift in the magnetosphere (see Figure I1.17 and Alfvén, 1979).

The observed exisfence of cabledike plasma configurations motivates us to draw,
electric circuit diagrams for electromagnetic phenomena in space, and to discuss them
with the help of electrotechnical terminology. This method will be extensively used,
especially in Chapter III. It is obvious that it should be regarded as a first approximation
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to a more complicated situation. Great care is necessary in order to determine to what
extent it may be misleading.

I1.8. An Expanding Circuit

There is also another important way in which the energy 3LI? of the circuit can be
dissipated. If an electric current flows in a circuit, it exerts an electrodynamic pressure
such that the circuit loop has a tendency to expand. In cosmic plasmas, this pressure
is usually balanced by other forces (e.g., other electromagnetic effects, gravitation, gas
pressure). If the current increases above a certain value its electromagnetic pressure may
be so large that the balancing effects do not suffice and the current loop may explode.
An example of this is the rising prominences. In this case part of the circuit energy is
converted into kinetic energy.

I1.9. Different Types of Plasma Regions

What has been said above might be summarized and elaborated in the following way: it
seems that at least in low density cosmic plasmas there are the following three different
types of regions.

I1.9.1. PASSIVE’PLASMA REGIONS

These regions may transmit different kinds of plasma waves and high energy particles.
There may be transient currents, perpendicular to the magnetic field, changing the state
of motion of the plasma, but not necessarily associated with strong electric fields and
currents parallel to the magnetic field. A plasma of this kind fills most of space.

If in an initially homogeneous plasma, the parameters in one region are changed above
a certain limit, the plasma often reacts by setting up a discontinuous interphase. Quite
generally, instead of a continuous space variation of the parameters, the plasma ‘prefers’
to produce a discontinuity interphase separating two almost homogeneous regions. This
may sometimes be the origin of double layers, taking up voltage differences, and current
sheets, separating regions of different magnetization, temperature, and density.

11.9.2. ‘ACTIVE’ PLASMA REGIONS

Hence, besides the passive plasma regions, there are also active plasma regions where
filamentary and sheet currents flow (Alfvén, 1977). Since they transfer energy and
produce sharp borders between different regions of passive plasmas, they are of decisive
importance to the overall behavior of plasmas in space. This is true, even if their total
volume is small, as is often the case. We refer to these two different types of active plasma
regions as plasma cables and boundary current sheets.

11.9.3. PLASMA CABLES

Plasma cables seem to be reasonably stable formations which can be considered as struc-
tures important for the understanding of plasma phenomena. (Of course, their interior
structure should be described by classical theory.) The plasma cables are either filaments
or ‘flattened filaments’ (sheets with limited extent). They carry an electric current parallel
to the magnetic field, and this is what gives them their properties. The cables are often
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very efficient in transferring electromagnetic power from one region to another. They are
embedded in passive plasmas, which have essentially the same properties in all'directions
around the cables. They are ‘insulated’ from their surroundings by a thin cylindrical
electrostatic sheath (or double layer) which reduces the interaction with its exterior.
In the magnetosphere and upper ionosphere, the density in the cable is sometimes lower
than the surrounding passive plasma (Block and Filthammar, 1968). In other cases, the
density in the cable may be much larger than the surroundings because ionized matter
is pumped into the cable from the outside. By selectively doing so, the chemical com-
position in the cable may differ from that of its exterior (Marklund, 1978, 1979). Besides
the cylindrical electrostatic sheath, there are often longitudinal double layers, in which
a considerable part of the power which the cable transmits may be converted into high
energy particles. The double layers sometimes explode, and this produces excessively
high energy particles. Then the current in the cable may be disrupted and switched into
another circuit (Bostrom, 1974, 1975). Besides in the laboratory, such plasma cables
have been discovered (or are likely to exist) in several places:

(a) The auroral current system consists of plasma cables, sometimes filaments and
more frequently sheets (possibly associated with auroral rays). The inverted V events
are likely to be produced by cables (Block, 1978). In the auroral zone such cables transfer
energy from the equatorial plane to the auroral zone, and double layers are likely to be
the direct cause of some types of luminous aurorae (see I11.2).

(b) Solar prominences. The electromotive force is due to motions in the photosphere
in combination with the photospheric magnetic fields. The prominences are often fila-
mentary, but sometimes they are sheet-like (quiescent prominences). Double layers are
often produced, and when they explode, they cause solar flares. Spicules are probably
small scale versions of the same phenomenon (see I11.8).

(c) Coronal streamers and polar plumes. As we expect that the large heliospheric
current system should connect with the Sun in the polar regions and in the equatorial
region, it seems likely that these phenomena are basically similar to the solar promi-
nences. The main difference is that the prominences are produced in a photospheric
circuit, whereas the streamers and plumes are caused by the large heliospheric current
system (I11.4.3).

(d) The filamentary structure in cometary tails (Mendis, 1978; and see Figure IL6),
and in interstellar nebulae (Figures I1.7-10) may be explained in a similar fashion. Stellar
flares are probably due to the same mechanism as solar flares. It has also been suggested
that the transfer of energy to the double radio sources from the galaxy, which is normally
located halfway between them, is due to a plasma cable of this type (I11.4 4).

iI.9.4. IONOSPHERIC PROJECTION OF ACTIVE AND PASSIVE PLASMA REGIONS

The drastic difference between active and passive plasma regions is visualized by a look
at the ionosphere. The auroral zones are those regions of the ionosphere which magneti-
cally connect to the active region in the magnetosphere. The rest of the ionosphere con-
nects with passive plasma regions, and hence receives very little energy from higher
altitudes.

It is tempting to identify the different auroral patterns with the different active struc-
tures in the magnetosphere: auroral rays may derive from active filaments, arcs from
sheets, draperies from perturbed sheets. However, there are quite a few rather complicated


