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ABSTRACT

Almost all of the known matter in our universe is in the state of plasma. Because of the com-
plexity of the plasma state, a reliable understanding has to be built on empirical knowledge,
since theoretical models easily become misleading unless guided by experiment or observation.
Thus, experiments in the laboratory and in situ measurements in space represent an essential,
but often overlooked, key to the understanding of our universe.

Cosmical plasmas cover a vast range of densities and temperatures, but in important respects
they can be classified into three main categories: High, Medium and Low Density Plasmas.

The ability of a plasma to carry electric current is very different in different kinds of plasma,
varying from high density plasmas, where the ordinary Ohms law applies to low density plas-
mas, where no local macroscopic relation needs to exist between electric field and current
density.

According to classical formulas, the electrical conductivity of many cosmical plasmas should be
pract'c:lly infinite. But on the basis of laboratory experiments and in situ measurements in space
we r j < know that in important cases the plasma's ability to carry electric current can be reduced
by *• f, powers of ten, and even collisionless plasmas may support significant magnetic-field
al . •> 1 electric fields. A small number of processes responsible for this have been identified.
T ii k elude anmalous resistivity, magnetic mirror effect and electric double layers.

C A/ c the consequenses is possible violation of the frozen field condition, which greatly simpli-
fy tf e analysis but can be dangerously misleading. Another is the possibility of extremely effi-
ck •'- release of magnetically stored energy.

( sraical plasmas have a strong tendency to form filamentary and cellular structures, which
- .nplicates their theoretical description by making homogeneous models inappropriate.

h situ observations in the Earth's magnetosphere have revealed completely unexpected and still
n.*. fully understood chemical separation processes that are likely to be important also in astro-
pWsical plasmas.



1. Introduction

As our Universe consists almost entirely of plasma, virtually all astrophysical phenomena take
place in a plasma environment Many exciting astrophysical discoveries are being made by modern
remote sensing techniques using formerly inaccessible wavelength regions of the electromagnetic
spectrum. The phenomena behind them involve matter in various extreme plasma sta.es. They
occur in remote regions that are forever inaccessible in situ observation. In translating such remote
sensing observations into understanding of the physics involved, we must therefore depend on
whatever knowledge we have of how matter behaves in the plasma state (Alfvén 1981,1986a,b).

The complexities of the plasma state are such that a reliable understanding can be achieved only if
theories can build on a solid empirical foundation. This became abundantly clear during the early
phases of thermonuclear reserch and of space exploration.

It is particularly illuminating to consider the evolution of space plasma physics. Before the space
age our concept of the physical nature of Earth's neighbourhood in space was a very simple one.
From ground-based observations of whistler waves the existence of a thin plasma above the
ionosphere was known, but little was known about its complexity.

On the basis of generally accepted theories, it was believed that nearly collisionless cosmical
plasma would have negligible electrical resistivity and behave essentially as an ideal MHD
medium. As a consequence, the electric field would be a secondary parameter of little importance,
and magnetic-field-aligned ("parallel") electric fields would be impossible. Therefore, the role of
electric fields and especially of magnetic-field aligned electric fields - which are now considered
to be of crucial importance - were disregarded.

Also, from theoretical considerations, it was almost universally assumed that the outer
magnetosphere was populated by hydrogen plasma from the solar wind, and hence ultimately from
the Sun. In contrast to this, we now know that it is sometimes dominated by oxygen plasma
originating in the Earth's own atmosphere. Prejudiced by generally accepted theories,
experimenters did not make the required measurements until late in the space age. Thus, until
highly sophisticated in situ measurements were made, the generally accepted picture of our space
environment was fundamentally wrong in aspects as basic as the existence and role of electric
fields, and the origin and chemical composition of matter in the Earth's own neighbourhood.

Much of this delay to progress could have been avoided, if results already known from laboratory
plasma experiments had been seriously applied to the space plasma. For example, Hannes Alfvén
proposed, already in 1958, that electric double layers, which had been observed in the laboratory,
could exist above the ionosphere and cause energization of auroral primary electrons (Alfvén
1958). This is an example of how laboratory experiments, by providing fundamental empirical
knowledge of plasma physical processes can shed light on the behaviour of cosmical plasmas in a
vastly different parameter range. Nowadays we have an additional source of empirical knowlege,
particularly relevant to cosmical plasmas, namely space experiments..

In order to understand the physics of those distant regions of the Universe that will forever remain
inacccessible to in situ measurements it is essential to build firmly on what experiments - both in
the laboratory and in accessible regions of space - can teach us about the behaviour of matter in the
plasma state.

2. The Earth's magnetosphere

By now, plasmas in the Earth's neighbourhood have been studied both by passive observation and
active experimentation. This has not only given us a dramatically different concept of the physical
state of our neighbourhood in space. It has also provided us with an invaluable new source of
empirical knowledge that can help us understand the physics of our Universe - the Plasma Universe
(Fälthammar et al 1978; Alfvén 1986a,b).

The Earth's magnetosphere, as we now know it, is richly structured and exhibits a great variety
in terms of parameters such as density and temperature. It includes cool, collison dominated,



gravity bound plasmas in the ionosphere and extremely hot magnetically confined plasmas in
the radiation belts. The density ranges from more than lO1^ nf-* in the ionosphere to less than
104 m~3 in the polar plumes of the geotail, and even less in the high-energy particle
populations that constitute the radiation belts. While the temperature in parts of the ionosphere
is below 1(P K, it is more than 10^ K in the plasmasheet. The radiation belts contain
magnetically trapped particle populations with equivalent temperatures of many billion K. In
many parts of the magnetosphere electrons and ions have widely different temperatures, and
sometimes even a single particle species has different equivalent temperatures parallel and
transverse to the magnetic field direction.

However, the value of the Earth's magnetosphere as a proving ground for cosmical plasma comes
not only from the rich variety of plasma populations that it offers, but even more from the fact that
it is the site of numerous complex plasma processes. The latter fortunate circumstance is to a large
extent the result of the interaction between the outer magnetosphere, which is dynamically coupled
to the solar wind, and the ionosphere, which is tied by friction to the Earths atmosphere.

3. Classification of Cosmical PUflfinias

Cosmical plasmas span large ranges of density, temperature and 'egree of ionization. Virtually
without exception they are magnetized in the sense that the gyroradii of all the charged particles
are much smaller than the relevant linear dimension. (Because of the large dimensions of cosmical
plasma systems, it usually takes only an extremely weak magnetic field to satisfy this criterion.)

Fortunately, many of the important properties of cosmical plasmas, particularly in electrodynamic
respects, are determined by the relative magnitudes of a small number of parameters, namely
mean free path, /, gyro radius, r, and relevant linear scale of the system, lc. It is therefore useful to
classify cosmical plasmas into three broad categories (Alfven and Fälthammar, 1963, Ch. S.I). As
the criteria are mostly density dependent, the terms High, Medium and Low density plasmas may
be used, with the following definitions:

High density:

Medium density:

Low density:

I « r

r « I « L

L « I

Hiqh density plasmas occur in stellar bodies, lower stellar atmospheres and lower planetary
ionospheres. They are characterized by generally isotropic properties, except for wave propagation.
Current densities and electric fields are related by a simple Ohm's law.

Medium density plasmas are found in transition regions above the lower parts of stellar atmo-
spheres and planetary ionospheres. They are characterized by anisotropic diffusion and current
conduction. The relation between current density and electric field - the generalized Ohm's law -
can be very complicated, but it is still a local relation in the sense that it involves only locally
measurable macroscopic quantities.

Low densitvy plasmas fill the rest of space, i .e. they dominate planetary magnetospheres, the
solar corona, interplanetary, interstellar and intergalactic space. They represent a very complicated
state of matter, that can entertain a host of waves and instabilities. Their electrodynamic properties
are such that in general there need not even exist a local macroscopic relation between electric
field and electric current density. For example, a finite electric current may coexist with a zero
electric field and vice versa (ef. Alfvén and Fälthammar 1963, Ch. 5.1.3). This means that the
concept of conductivity as a local property can become meaningless.



4. Electric Currents in Cosmical Plasmas

The ever-present cosmical magnetic fields are not irrotational, except in very limited regions, such
as certain environments of magnetized planets. That means that essentially all cosmical plasmas
carry electric currents, which constitute the sources of the magnetic field (Alfvén 1977,1981).
Because of the key role played by the magnetic fields - and by the electric currents, without which
they would not exist - it is obvious that the ability of the cosmical plasma to carry electric current
is a property of crucial importance. This property of cosmical plasmas is still far from well
understood.

Closely related to the plasma's ability to carry electric current is that of its ability to support
magnetic-field aligned ("parallel") electric fields (Section 5). For such electric fields to exist in a
collisionless plasma, the momentum imparted to the charge carriers by the electric field has to be
balanced by some other force than collisional friction. A small number of possibilities exist, each
leading to a particular class of phenomena (Fälthammar, 1978). These are anomalous resistivity
and collisionless thermoelectric effect (Section 6), the magnetic-mirror effect (Section 7) and
electric double layers (Section 8).

Magnetic-field aligned electric fields are potentially important in the context of acceleration of
charged particles (Section 9), coupling between magnetic fields and motion of matter (Section 10)
and rapid release of magnetically stored energy (Section 11).

Electric currents may be important for the tendency towards filamentation that is so characteristic
of cosmical plasmas (Section 12), and for the tendency of cosmical plasmas to form cellular
structures (Section 13).

5. Magnetic-Field Aligned Electric Fields

Experience from laboratory plasmas inspired the idea that magnetic field aligned electric fields
exist in the space plasma above the ionosphere and may be responsible for acceleration of auroral
electrons (Alfvén, 1958). At that time the idea was almost universally disregarded because of its
incompatibility with prevailing theory. As more and more in situ measurements and active
experimentation were performed, it became generally realized that such electric fields not only
exist but also play an important role in the auroral process. A review of the multitude of evidence
will not be given here but can be found in the literature (see e.g Fälthammar 1983,1988; Block
and Fälthammar 1990,1991 and references in these). The evidence includes measurements of
naturally occurring particle populations as well as results of active experiments in the magneto-
sphere (cf. Section 9 below).

The dc magnetic-field aligned electric fields are also accompanied by a variety of wave fields,
which are also important, e.g. in modifying the distribution function of accelerated particle
populations. It has even been suggested that ac fields alone account for all the auroral acceleration
(see Bryant 1992 and references therein)

For a systematic treatment of possible ways to support significant magnetic-field aligned electric
fields one may consider how the momentum imparted to the charge carriers by the electric field can
be balanced (Fälthammar, 1978). We then find the following possibilities.

(1) Forces from ac electric fields

The dc electric force may be balanced by an equal and opposite net force from the electric fields of
waves (usually considered to result from instability driven wave turbulence). This is the case in
anomalous resistivity and collisionless thermoelectric effect (Section 6)

(2) Forces from ac magnetic fields

Magnetic ac fields may accompany anomalous resistivity, but it can be shown that their role in the
force balance is negligible.



(3) Forces from the dc magnetic field

A converging dc magnetic field will give rise to the magnetic mirror effect (Section 7), which on
high latitude magnetic field lines in the Earth's magnetosphere is sufficient to support
magnetic-field aligned potential drops of many kV.

(4) Inertial forces

A final possibility is that the force from the electric field is, locally, balanced only by the inertia of
the charge carriers, all of which "run away" and carry their momentum to other parts of the current
path. Such is the situation in electric double layers (Section 8).

6. Anomalous Resistivity

In the search for mechanisms that could support parallel electric fields, the first one to be identified
- and for some time often invoked - was "anomalous resistivity", a state of instability-driven
turbulence where wave electric fields are strong enough to greatly impede the motion of current
carrying electrons. Its application to the Earth's ionosphere was reviewed by Papadopoulos (1977).
As shown by Fälthammar (1977), the electrostatic waves must have an intensity such that the rms
wave fields are very much stronger than the dc electric fields that they are to support Although the
wave fields in the magnetosphere are not known in enough detail to allow an accurate evaluation, it
can be estimated that anomalous resistivity might, at most, account for parallel dc electric fields of
the order of 1 mV/m. This could in principle still be enough to support several kV, but the potential
drop would have to be distributed over one or more Earth radii.

However, invoking anomalous resistivity to account for kV potential drops in the presence of
auroral currents meets serious difficulties. The reason is that a basic feature of anomalous resistivity
is that the released electric power is deposited locally. As shown by Block (see Block 1984,1987,
and references therein) this would lead to an extremely fast heating of the local plasma. A current
of 1 mA/m2 and a potential drop of lmV/m in a plasma of density 10** m~3 (as observed e.g. in
the Viking satellite orbit) would heat the plasma at a rate of 100 eV per particle per second!

Another category of magnetic-field aligned electric fields supported by wave turbulence is the
collisionless thermoelectric effect proposed by Hultqvist (1971,1972). As this is not current driven,
it is not subject to the above-mentioned power release problem. It was originally suggested for
application to the auroral region. Although there are not yet observations that allow assessment of
its role there, recent results have indicated that it may be important at lower latitudes (Singh 1993).
Possibly related phenomena have been observed in the laboratory (Hairapetian and Stenzel 1990)
and in numerical simulation (Swift 1992).

7. Magnetic Mirror Effect

Magnetic-field aligned electric fields supported by a magnetic mirror could in principle exist even
in the absence of a current (Alfvén and Fälthammar, 1963, Ch.5.1.3). However, the most important
case is probably that of an electric current out of a magnetic mirror (i.e., upwards in the case of the
auroral ionosphere). In this case the mirror force impedes the motion towards the mirror of the most
important current carriers, the electrons.

An important aspect of the magnetic mirror effect is that the momentum that the electric field
imparts to the electrons is not balanced locally, i.e. the electrons may gain momentum in one region
of space and give it up (to the magnetic mirror field) in a different part of the magnetic flux tube.
Furthermore, since the mirroring electrons reverse their momentum without loss of energy there is
no problem of excessive heating unlike in the case of anomalous resistivity.

As for the strength of the parallel electric field that can be supported, it is of the order of the
voltage equivalent of tthe particle energy in the plasma divided by the characteristic length scale of
the magnetic mirror. In the auroral ionosphere this comes out to be a few raV/ra according to the
current-voltage relations derived by Knight (1973) and Lcmaire and Scherer (1974,1983) under
plausible assumptions. In auroral flux tubes the magnetic-mirror supported electric field is then



linear over 2-3 powers of ten in voltage and current (Fälthammarl977). Observational evidence of
this relation has been reported by Yeah and Hill (1981) and Lu et al. (1991). Note that it is a
relation between current density and height-integrated voltage, not a local relation between electric
field and current density. In other words, there does not exist a conductivity, only a conductance. In
the case of magnetic flux tubes connecting the auroral ionosphere with the plasma sheet, this

conductance is typically of the order of 3 (mA/m2)/(mV/m) (Fälthammar 1977). Corresponding to
such a linear voltage-current relation there should be a quadratic relation between acceleration
voltage and particle energy flux. As reported by Lundin and Sandahl (1978), Lyons et al. (1979)
and Menietti and Burch (1981) this is sometimes in amazingly close agreement with observations,
and this constitutes very strong evidence that this kind of magnetic-field aligned electric fields do
play a role in the auroral process.

8. Electric double layers

When no other force is available to balance the force from the dc electric field, the momentum has
to be absorbed by the inertia of the charge carriers themselves. This is the case in an electric double
layer, is a phenomenon well-known from laboratory experiments. It was also this phenomenon that
Alfvén (19S8) suggested to be responsible for auroral acceleration.

The double layer is an electric space charge structure with a thickness of the order of
C(eV/kTe)1/2lD, where 1 D is the Debye length, V is the voltage drop in the double layer, T e is
the electron temperature and C is a factor of the order of 10-100 (see e.g., Shawhan et al., 1978).

Electric double layers are of two kinds, weak double layers with potential drops comparable to the
voltage equivalent of the ambient electron thermal energy, and strong double layers with potentials
much greater than that The strong double layers have a thickness of only some tens or hundreds of
Debye lengths, and the weak double layers even less.

From particle measurements that reveal the presence of magnetic-field aligned electric fields it is
very difficult to determine their spatial distribution, /. e. whether they are concentrated to double
layers or not (Greenspan et al. 1981, Burch 1991). On the other hand, the flanks of the potential
structures associated with magnetic-field aligned electric fields are frequently observed as
"electrostatic shocks". They were discovered by an instrument on the US satellite S3-3 (Mozer
et al. 1977) and have been further studied with the Swedish satellite Viking (Fälthammar et al.
1987).

In the auroral acceleration region weak electric double layers as well as soliton-like structures
occur profusely. As they move rapidly upward along the magnetic field (5 - > 50 km/s) they are
easily observed. First seen with the S3-3 satellite (Temerin et al. 1982, Mozer and Temerin 1983)
they have been studied in detail with the Viking satellite (Boström et al. 1988; Boström 1992;
Eriksson and Boström 1993). Although each of them has a potential drop of less than 1 V, they are
so numerous that they may account for a total potential drop of several kV.

Although especially important in low density plasmas, the double layer phenomenon may occur
even in plasmas of high density, where local low density conditions can be established owing to the
establishment of a small scale potential structure.

An important feature of the double layer is that the energy released by an electric current flowing
through it, is not deposited locally but goes into energetic particles that deposit their energy
elsewhere, e.g., in the lower and denser ionosphere below the auroral acceleration region.
Therefore, again there is no problem of excessive local heating unlike in the case of anomalous
resistivity.

In the laboratory, magnetic-field-aligned electric fields of the double layer type have been observed
directly. Reviews of experimental results have been given by Torvén (1979) and Hershkowitz
(1985) and experiments reported by several authors (Iizuka etal., 1985; Torvén et al., 1985; Bohm
and Torvén, 1987; Carpenter and Torvén, 1987). Associated with reverse deflection of a plasma
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stream in a curved magnetic Held, Lindberg (1978) and Brenning el al. (1981) observed energetic
electrons apparently accelerated by a magnetic-field aligned electric Held.

As pointed aout by Block (1981) and analyzed by Lotko (1986), multiple electric double layers may
create a distributed potential drop somewhat like that of anomalous resistivty (but without the
problem of excessive local heating). This problem and its relation to auroral arc thickness has
recently been treated by Prakash and Lysak (1992).

9. Acceleration of Charged Particles

Direct versus stochastic acceleration

Cosmic plasmas are known to have a remarkable capability of accelerating charged particles.
Examples, among many, are auroral primaries, radiation belt particles, solar flare particles and
cosmic rays.

One may consider two extreme ways of achieving charged particle acceleration:

(1) stochastic (multi-step) acceleration, where individual particles perform random walks in
energy,

(2) direct acceleration in a dc electric field.

An interesting intermediate case is the two-step acceleration proposed by Pellinen and Heikkila
(1978,1984).

Stochastic acceleration is, by necessity, slow in the sense that the net energization accumulates only
gradually as a result of many positive and negative energy steps. Direct acceleration by free fall
through a dc electric potential drop is the the fastest possible way for a charged particle to gain
energy. It was was considered impossible as long as parallel electric fields were considered
nonexistent, but now we know that it is not only possible but it even common above auroras. It
would be surprising if it were not also important in many astrophysical contexts.

Although, in principle, direct acceleration can occur in electric fields supported by any of the
abovementioned mechanisms, there are some important differences. In the case of anomalous
resistivity, nearly all the current carriers have to give up to the ac electric fields, the momentum that
they receive from the dc electric field. Only a small fraction - the "runaway" particles - are
allowed to gain the full (directional) momentum corresponding to the potential drop (otherwise
there would not be any anomalous resistivity). Thus, anomalous resistivity is inefficient as a
mechanism for aquiring directed momentum. On the other hand, in the case of a double layer, all
the current carriers gain the full directed momentum corresponding to the potential drop. Thus, in
this case, the acceleration is extremely efficient.

Auroral acceleration

The cosmical particle acceleration nearest to us is that which produces the auroral primaries, mostly
electrons with a few keV energy. This provides an opportunity to subject theories to test by in situ
measurements. Although many theories have been proposed, none has yet been developed that can
fully explain all the observed features of auroral acceleration. This is a fact one should consider
whenever tempted to make firm statements about astrophysical acceleration processes, which take
place beyond the reach of tests by in situ measurements.

The observational indications of parallel electric fields in the auroral acceleration region are
numerous and include:

Precipitating auroral electrons with an "acceleration boundary" in velocity space

Upgoing beams of ions with a distribution function indicative of passage through a
potential drop



Artificial ion beams injected upward from the ionosphere and observed to undergo
sudden accelerations along the magnetic field

Artificial electron beams injected upwards and reflected in away consistent with a potential
barrier above

Comparisons of electric fields measured at high and low altitude, which show that the spatial
distributions differ in a way consistent with a parallel electric field prevailing in the
intervening altitude range

Electric field measurements revealing the existence of numerous weak electric double layers,
which together may account for substantial potential drops

Direct measurement of large parallel components associated with strong localized auroral
fields

In the search for magnetic-field aligned electric fields an important role has been played by "active
experiments", where artificial beams of charged particles, injected into the space plasma, have been
used as tracers (e.g. Haerendel et aL 1976: Nemzek and Winckler 1991)

Owing to this rather massive evidence the existence of parall elelectric fields at least above the
aurora is now widely, although not universally (Bryant et aL 1991; Bryant 1992), accepted. Some
lingering misconceptions (Bryant et aL 1991) have been rectified in a recent paper by Borovsky
(1992), cf. also Gedaltn and Peter (1992).

It should, however, also be emphsized that parallel electric fields cannot alone account for all the
features of auroral acceleration processes. Various kinds of wave particle interactions must also
contribute. For reviews with references to the extensive original literature, see Fälthammar (1986),
Block (1987) and Block and Fälthammar (1990,1991).

Electric fields in the auroral acceleration region have strong time and space variations (Fälthammar
et aL 1987; Block et al. 1987; Marklund et al. 1990). Time variations in the magnetic-field aligned
component of the electric field allows electrons but not ions to be accelerated because of their
different time scales for motion in the electric field (Hultqvist 1988,1991, Hultqvist et aL 1988),
cf. also Block and Fälthammar (1990,1991) and André and FJiasson (1992).

Astrophysical applications

Cosmical plasmas have a remarkable ability to generate high energy particle populations of many
kinds, ranging from modrately suprathermal particles to cosmic rays of extreme energies. In some
cases the acceleration is extremely rapid, e.g., when ions above 1 GeV are produced within tens of
seconds in a solar flare (Forrest et al., 1986).

Knowing that direct electric-field acceleration does occur in the Earth's magnetosphere, one must
seriously consider the role they may play in other space plasmas and in astrophysical contexts. This
has so far been done only in a few cases.

Shawhan (1976) has proposed formation of double-layer like sheaths in explanation of electron
acceleration at the Jupiter satellite Io.

An example of a possible application to large scale astrophysical systems is Alfven's (1978) theory
of double radio sources. According to this theory, the dynamo action of a rotating galaxy drives
electric currents, in which electric double layers are formed and energy released (cf. also Borovsky
1986). Alfvén (1978) has proposed that direct electric acceleration may play an important part in
generating cosmic rays. It is estimated that voltage drops of upto I 0 1 4 V are possible, so in this
way a heavy nucleus may gain 10** -10*" eV in a single step. The idea has been further
substantiated by Carlqvist's (1982,1986) theory of relativistic double layers.
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10. Coupling Between Magnetic Fields and Motion of Matter

The frozen field condition and its limitations

An ideal magnetohydrodynamic medium with sufficient electrical conductivity obeys the law of
"frozen-in magnetic field lines". This simple and beautiful law makes it easy to treat in a simple
way magnetohydrodynamic problems that would otherwise be difficult. It has therefore become
very widely used, and there is a risk that it is applied in cases where it is not valid. This warning has
most strongly been expressed by the originator of the law, Hannes Alfvén, in many papers and in
the book Cosmic Plasma (Alfvén 1981).

Unlike an ideal magnetohydrodynamic medium, real plasmas may support magnetic-field aligned
electric fields, which "cut" the magnetic field lines (Alfvén and Fälthammar 1963, Ch. 5.4), provi-
ded curl [(E'B)BZB2] * 0. A couple of examples of violation of the frozen-field condition, in the
laboratory or in space, will be mentioned below.

Reverse deflection

As an example from laboratory plasmas, one may mention that in the reverse deflexion discovered
by Lindberg (1978), it was found that under certain conditions a collisionless plasma streaming
along curved magnetic field lines could deflect in a direction opposite to that required to follow the
magnetic field lines, and that this was due to non-vanishing magnetic-field aligned electric fields.

Auroral motions

As first reported by Carlqvist and Boström (1970), auroral forms sometimes show differential
motions of a kind that appear to violate the frozen field condition. This was one of the early
indications of magnetic-field aligned electric fields above the aurora.

Partial corotation

In the cosmogonic theory of Alfvén and Arrhenius (1976) it is shown that parallel electric fields in
the magnetosphere of a planet may violate the law of iso'otation (a corrolary of the frozen field
condition) and establish a partial corotation amounting to 2/3 of the Kepler velocity.

11. Rapid Release of Magnetically Stored Energy

Exploding electric double layers

The behaviour of a current carrying plasma depends on the electric circuit of which it is an element
For example, if an electric double layer forms in a plasma that is part of an inductive circuit, the
result can be an "exploding" double layer (Torvén et al, 1985), where large inductive electric fields
provide the electromotive force. Together with the current that continues to flow, these lead to an
extremely rapid release into the plasma of the magnetic energy originally stored in the inductive
circuit

The exploding double layer is an example of how magnetic-field aligned electric fields allow rapid
release of magnetic energy. Sudden release of large amounts of energy are known to occur in space
and astrophsycial plasmas. In view of the laboratory results it is conceivable that processes similar
to the exploding double layer may make them possible.

Magnetic substorms

A characteristic feature of the dynamics of the Earth's magnetosphere is the magnetospheric
substorm. It is a massive reconfiguration of the outer parts of the geomagnetic field, associated with
the release of large amounts of magnetically stored energy (originally supplied by the solar wind).

The substorm is characterized by the transition from a tail like to a more dipole like geomagnetic
field configuration on the nightside. The energy is fed by large scale electric current systems into
the auroral ovals where it goes both into acceleration of auroral primaries (hence the intense
auroras associated with substorms) and into Joule heating of the ionosphere.
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It is widely believed that tne magnetospheric substorai phenomenon is closely related to the solar
flare ^nenomenon and perhaps to other cosmic examples of violent energy release. If so. the
insights we can gain from studying it in our own magnetosphere should also be important to
astrophysics.

The mechanism of the magnetic substorm is not fully understood. Theories differ on the extent to
which the process is one of loading and subsequent unloading of energy, or one of directly driven
dissipation. Most likely it is a combination of both.

However, as the substorm takes place close enough to be observed in situ with satellites, there
should be good prospects that it can finally be understood and thereby allow a safer foundation to
be laid for interpreting similar phenomena in astrophysics.

Solar Flares and Surges

Double layer formation may explain the rapid (10^ -1(P sec) release of large amounts of energy
(up to 1 0 ^ J) in solar flares. First proposed by Jacobsen and Carlqvist (1964), this mechanism has
been further developed by Alfvén and Carlqvist (1967) and has also been applied to solar surges
(Carlqvist 1979). The foundation of these theories have been further strengthened by the develop-
ment of a qualitative theory of relativistic double layers (Carlqvist 1982,1986).

12. Filamentary Structures

Filamentary structures are abundant in astrophysical plasmas. Examples among many are the solar
corona, cometary tails, and interstellar nebulae. From laboratory experiments it is well known that
plasmas earring electric currents have a tendency to form filaments. It has been suggested by
Alfvén (1977,1981 Ch. EL4) that filamentation of astrophysical plasmas is also related to electric
currents.

In the magnetosphere, the aurora provides the most conspicuous examples of filamentary
structures. In the case of the aurora both electric currents and filamentation are observed, but
observations performed until now have not had sufficient resolution to allow determination of the
detailed relation between them. While it is known that very high current densities can occur within
a broad background of magnetic-field aligned electric current (Bythrow et al 1984) their
geometrical characteristics have not yet been determined.

A certain kind of magnetic field perturbation in the equatorial magnetosphere has been interpreted
in terms of filamentary currents on a scale of 90-200 km (Robert et ai, 1984). The possibility of
studying filamentation in the Earth's magnetosphere, and its relation to current conduction, will
greatly improve as a consequence of the Cluster mission, which together with SOHO constitutes
one of the cornerstones in the ESA space research program.

13. Cellular Structures

One of the notable discoveries in the space plasma is the prevalence of sharply defined boundaries
between plasma regions, often separating plasmas with different properties. Such boundaries are
often marked by electric sheet currents. Examples are the magnetopause, the geotail neutral sheet
and the solar wind "sector boundaries".

It has been pointed out by Alfvén (1981, Ch. II. 10) that the cosmical plasma has a tendency
toward dividing itself up into "compartments". As this tendency is present throughout the regions
of space that happen to be within the present reach of spacecraft, it would be surprising indeed, if
it did not also exist throughout the rest of the cosmical plasma. If it does, one important conse-
quence is that a matter-antimatter symmetric universe may be possible, because matter and antimat-
ter may occupy separate "compartments" with too little interaction to be noticed (Alfvén, 1981
Ch. IV 9.6).
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14. Chemical Separation

It was suggested by Block and Fälthammar (1969) that the interaction of auroral electric currents
with the ionospheric plasma that is forced to carry them should lead to an exchange of plasma
between the ionosphere and the outer magnetosphere. Nevertheless, one of the great surprises in
magnetospheric research was the discovery of large outflows of oxygen ions from the ionosphere
and of the fact that large regions of the magnetosphere are sometimes dominated by oxygen plasma
that has originated in the Earth's own atmosphere (see e.g. Shelley eta]., 1982; Shelley, 1986;
Coilin et ai, 1984; Chappel et al, 1987 and references in these).

One reason for the exchange of plasma between the ionosphere and the magnetosphere is that
pointed out by Block and Fälthammar (1969). Another, related, mechanism operating at the
magnetospheric end of the magnetic field line has been described by Atkinson (1984).

Probably the most important reason why auroral currents cause an exchange of matter is that they
can drive instabilities, which cause transverse acceleration of ions. As a consequence of their
increased orbital magnetic moment these ions are expelled into the magnetosphere by the magnetic
mirror force (see e.g. Kaufmann, 1984 and references therein).

This expulsion of ions is highly selective. Therefore, the ions that reach the magnetosphere have a
chemical composition very different from the one prevailing where they came from (Hultqvist
1983,1985). This constitutes a very efficient chemical separation mechanism, which was entirely
unknown and unexpected until it was empirically discovered in the magnetosphere. It is hardly
necessary to say that this has great potential implications on the interpretation of abundance ratios
in astrophysical plasmas.

Still another possible mechanism of chemical separation in cosmical plasmas has been studied by
Marklund (1979).

15. The CFV Phenomenon in Plasma Neutral—Gas Interaction

Alfven's (1942) theory of the origin of planets and satellites was based on the hypothesis that a
plasma and a neutral gas in relative motion experience a strong interaction (and a violent ionization
of the neutral gas) if the relative velocity exceeds a certain critical value, even if binary collisions
are entirely insufficient for any appreciable momentum exchange. This hypothesis had no support
whatsoever in the physics known at the time it was invoked. Nevertheless, its validity was
surprisingly discovered in a laboratory experiment by Fahleson (1961) and later confirmed in many
other experiments. Thanks to dedicated laboratory experiments the phenomenon, which is
nowadays generally called the Critical Ionization Velocity (CIV) phenomenon, is largely
understood (Sherman, 1973; Raadu, 1978). A bibliography as of 1982 has been compiled by Axnäs
et al (1982). However, important unsolved problems remain (Brenning and Axnäs, 1988). The
phenomenon has also been found to operate in the space plasma (Haerendel, 1982;
Stenbaeck-Nielsen, 1982; Newell, 1985; Brenning etal, 1988; Brenning and Axnäs, 1988;
Brenning 1992). A review of space experiments on the phenomenon has been given by Torbert
(1988).

The phenomenon has been invoked in a number of cosmical applications, such as the formation of
an ionosphere at the Jovian satellite lo (Cloutier et al.., 1978), the interaction of the solar wind
with gas clouds (Lindeman etal., 1974; Gold and Soter, 1976), with comets (Haerendel, 1986;
Galeevefai., 1986), with planetary atmospheres (Luhmann 1988) and with the interstellar
medium (Petelski etal, 1980; Petelski, 1981). Thus, the phenomenon may have important
astrophysical implications, but these cannot be evaluated in detail until a full understanding of the
phenomenon has been achieved.
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16. Concluding Remarks

Both in tenns of the dominating state of matter and in terms of physical processes, plasmas play a
key role in our universe, present and past. Thus, in astrophysics as well as in cosmogony and
cosmology, plasma processes must be taken into account Thanks to laboratory experiments and in
situ space observations, we now have a much better basis of empirical knowledge than we had only
a decade ago. However, much still remains to be learned about the complex physics of matter in the
plasma state. Therefore, laboratory experiments as well as continued observations and active
experimentation in the near Earth plasma are essential, not only to understand our own space
environment, but also to make possible a reliable understanding of the physics of our Universe.
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Almost all of the known matter in our universe is in the state of plasma. Because of the com-
plexity of the plasma state, a reliable understanding has to be built on empirical knowledge,
since theoretical models easily become misleading unless guided by experiment or observation.
Thus, experiments in the laboratory and in situ measurements in space represent an essential,
but often overlooked, key to understanding of our universe.

Cosmical plasmas cover a vast range of densities and temperatures, but in important respects
they can be classified into three main categories: High, Medium and Low Density Plasmas.

The ability of a plasma to carry electric current is very different in different kinds of plasma,
varying from high density plasmas, where the ordinary Ohms law applies to low density plas-
mas, where no local macroscopic relation needs to exist between electric field and current
density.

According to classical formulas, the electrical conductivity of many cosmical plasmas should be
practically infinite. But on the basis of laboratory experiments and in situ measurements in space
we now know that in important cases the plasma's ability to carry electric current can be reduced
by many powers of ten, and even collisionless plasmas may support significant magnetic-field
aligned electric fields. A small number of processes responsible for this have been identified.
They include anmalous resistivity, magnetic mirror effect and electric double layers.

One of the consequenses is possible violation of the frozen field condition, which greatly simpli-
fies the analysis but can be dangerously misleading. Another is the possibility of extremely effi-
cient release of magnetically stored energy.

Cosmical plasmas have a strong tendency to form filamentary and cellular structures, which
complicates their theoretical description by making homogeneous models inappropriate.

In situ observations in the Earth's magnetosphere have revealed completely unexpected and still
not fully understood chemical separation processes that are likely to be important also in astro-
physical plasmas.
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