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Plasma in laboratory and space

H. Alfvén

Royal Institute of Technology, Department of Plasma Physics, S-100 44 Stockholm, Sweden

Résumé. — On étudie les phénomeénes du plasma en laboratoire, dans les magnétospheres, et dans les régions
astrophysiques les plus lointaines. Il est probable que les qualités de base des plasmas sont partout les mémes,
mais la translation des connaissances entre les régions exige des lois d’échelle d’un facteur allant jusqu’a 1027
(= la proportion entre la distance Hubble 1028 cm et les dimensions du laboratoire, disons 10 cm).

Les phénomenes du plasma sont compliqués et on ne peut les comprendre qu’au moyen de diagnostics sophistiqués.
Jusqu’a présent, les diagnostics en laboratoire ont été développés avec succés et la physique du plasma dans ’espace
doit se baser sur un flux de connaissances du laboratoire. Cependant, les mesures in situ dans les magnétospheres
(y compris [’héliosphére = la magnétosphére solaire) ont atteint un tel niveau de sophistication qu’en quelque
sorte, la physique du plasma magnétosphérique devance la physique du plasma en laboratoire.

Ainsi I'exploration des régions astrophysiques (définies comme les régions non encore accessibles aux mesures
in situ) doit se baser sur une translation des connaissances non seulement & partir de la physique de laboratoire,
mais aussi & partir de la physique de la magnétosphére. De plus, une translation des connaissances des magnéto-
sphéres au laboratoire peut rajeunir les recherches de la fusion. Les recherches magnétosphériques ont démontré
qu’il y a des régions du plasma de deux sortes :

— les régions du plasma passives, lesquelles peuvent &tre décrites par la théorie classique de I"hydrodynamique.
Elles transmettent des ondes et des particules chargées de haute énergie, mais si les courants de champ-aligné
dépassent une certaine valeur elles sont transférées dans :

— les régions du plasma actives. Celles-ci transportent les courants de champ-aligné qui leur donnent une structure
de filament ou de feuille d’une épaisseur allant jusqu’a quelques rayons cyclotroniques (ionigues ou électroniques).
Elles transmettent I’énergie d’une région a une autre, et produisent des doubles couches électriques qui accélérent
les particules & hautes énergies. On ne peut pas décrire les régions actives par les théories hydromagnétiques.
Des conditions limites sont essentielles, et peuvent étre introduites par une théorie des circuits. Un traitement
équivoque des conditions limites est souvent inévitable dans les théories de fusion magnétique.

La translation des connaissances a partir du laboratoire et des magnétosphéres engendre désormais une révolution
dans ’astrophysique. Par exemple, la théorie de la formation du systéme solaire peut se baser sur I’extrapolation
de ce que I’on sait de la physique magnétosphérique et de la physique du plasma en laboratoire. Cependant, ily a
deux sortes de plasmas qui sont importants en astrophysique et qu’on ne peut pas encore étudier ni en laboratoire
ni dans les magnétosphéres : les plasmas poudreux, d’importance dans les nuages interstellaires, et les ambi-
plasmas (se composant de la matiére aussi bien que de antimatiére), d’importance dans le débat cosmologique.

Abstract. — Plasma phenomena are studied in the laboratory, in the magnetospheres, and in more distant astro-
physical regions. The basic properties of plasmas are likely to be the same everywhere but the transfer of know-
ledge between the regions requires laws of scaling by a factor of up to 1027 (= ratio between Hubble distance
102® cm and laboratory dimensions, say 10 cm).

Plasma phenomena are complicated and can be understood only with the help of a very sophisticated diagnostics.
Up to recently, diagnostics in the laboratory was best developed and space plasma physics must be based on
a flow of knowledge from the laboratory. However, in sift measurements in the magnetospheres (including the
heliosphere = the solar magnetosphere) has now reached such a sophistication that in some respects magneto-
spheric plasma physics is ahead of laboratory plasma physics.

Hence the exploration of astrophysical regions (defined as those regions not yet accessable to in situ measure-
ments) must be based on a transfer of knowledge not only from laboratory physics but also from magnetospheric
physics. Further, a transfer of knowledge from the magnetospheres to the laboratory may rejuvenate fusion
research.

Magnetospheric research has demonstrated that there are plasma regions of two different kinds :

— passive plasma regions, which can be described by classical hydrodynamic theory. They transmit waves and
high energy charged particles but if the field-aligned currents exceed a certain value they are transferred into.
— active plasma regions. These carry field-aligned currents which give them a filamentary or sheet structure with
thickness down to a few cyclotron radii (ionic or even electronic). They transmit energy from one region to another
and produce electric double layers which accelerate particles to high energies. Active regions cannot be described
by hydromagnetic theories. Boundary conditions are essential and may be introduced by circuit theory. (Erroneous
treatment of boundary conditions is often fatal in magnetic merging theories.)
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http://www.edpsciences.org
http://dx.doi.org/10.1051/jphyscol:19797425

C7-2

H. ALFVEN

Transfer of knowledge from the laboratory and the magnetospheres is now starting a revolution in astrophysics.
For example the theory of formation of the solar system can be based on extrapolation of what is known from

magnetospheric and laboratory plasma physics.

However, there are two kinds of astrophysically important plasmas which cannot yet be studied in the laboratory
or in the magnetospheres : dusty plasmas, of importance in interstellar clouds, and ambiplasmas (consisting of
both matter and antimatter), of importance in the cosmological discussion.

Introduction : The importance of translation. —
Translation is difficult. Y ou realize this when you
attend a meeting in English in a French-speaking
countiry, especially if your mother tongue is neither
English nor French. To use another great language
for a moment, the Italians say : tradutore-traditore
(a translator is a traitor). Also, the types of transla-
tion we shall discuss in this paper are not always
exact.

Iin modern plasma physics translation is very
important in several respects. Plasmas are studied

log cm

Application of plasma physics

both in the laboratory and in space, and 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 — 10 cm,
a scaling by a factor of 10° to 102 is necessary in
order to apply the laboratory results to planetary
magnetospheres or to the solar magnetosphere (helio-
sphere or interplanetary space). Furthermore to
apply the results to galactic and intergalactic
— including cosmological — problems we have to
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scale up 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 gives a survey of some important plasma
phenomena. Probably several of them are closely
related although a scaling by a very large factor is
essential in order to realize this. Hence important
progress in plasma physics can be expected if we
succeed in unifying the different fields. However,
this can only be done if we study the very difficult
field of scaling plasma phenomena. Hence we shall
devote § 2.1 to scaling laws.

There is another translation which also is very
important the translation between a magnetic
field description 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 exploration (by spacecrafts and by astro-
physical observations) by pictures of the magnetic
field configuration. Furthermore, in magnetohydro-
dynamic theories, it is convenient to eliminate the
current (i = current density) and represent electric
currents by curl B. This method is acceptable in the
treatment of a number of phenomena (see Fig. 2).

However there are also a number of phenomena
which cannot be treated in this way but require an
approach in which the electric current is taken
account of explicitely (see Fig. 2). The translation
between the magnetic field description and the elec-
tric current description is made by the help of Max-
well’s first equation

D )

!

curl B = 4Tni +

S =

where “the displacement current usually can be
neglected.

As is shown in figure 2 some kinds of plasma phe-
nomena should be described by the field picture
and others by the current picture. Attempts to des-
cribe a certain group of phenomena with the wrong
formalism often lead to erroneous results (see Alfvén,
1977a). We shall discuss this further in Part Il.

1. Part I. Passive and active plasmas. — 1.1
EXPERIMENTAL AND THEORETICAL APPROACH TO PLAS-
MA PHYSICS. — Plasma physics has started along two
parallel lines. One is the hundred years old investi-
gations in what was called electrical discharges in
gases. To a high degree this approach was experi-
mental and phenomenological, and only very slowly
it reached some degree of theoretical sophistication.
Most theoretical physicists looked down on this
field, which was complicated and awkward. The
plasma exhibited striations and double-layers, the
electron distribution was sometimes very far from
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Translational formula

curlB=4—ni
¢

MAGNETIC FIELD
DESCRIPTION

Magnetic fields :

Measured rather easily

Basic for plasma anisotrophy
High energy particles move pre-
ferentially along field lines or
neutral lines (sheets)

Gives a good description of
some waves in plasmas

N

CURRENT DESCRIPTION

Electric currents : Difficult to
measure directly but essential
for understanding :

Double layers

Magnetic substorms, solar flares,
folding umbrella phenomenon
in comets

Current sheet discontinuities

Cellular structure of space
Transfer of energy from one
region to another

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. This is
somewhat analogous to the necessity of introducing a new forma-
lism when the importance of quantum phenomena was discovered.

Fig. 2. — Dualism n plasma physics.

Maxwellian, there were all sorts of oscillations and
instabilities. In short, it was a field which was not
at all suited for mathematically elegant theories.

The other approach came from the highly deve-
loped kinetic theory of ordinary gases. 1t was thought
that with a limited amount of work this field could
be extended to include also ionized gases. The theo-
ries were mathematically elegant and claimed to
derive all the properties of a plasma from first prin-
ciples. In reality this was not true. Because of the
compiexity of the problem a number of approxima-
tions were necessary which were not always appro-
priate. The theories had very little contact with expe-
rimental plasma physics, and all the awkward and
complicated phenomena which had been observed
in the study of discharges in gases were simply
neglected.

In cosmical 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 of the terms
was used at that time !) Birkeland observed aurorae
and magnetic storms in nature, and tried to under-
stand them through his famous terrella experiment.
He found that when his terrella was immersed in a
plasma, luminous rings around the poles were pro-
duced (under certain conditions). Birkeland identified
these rings with the auroral zones. As we know today,
this was essentially correct. Further he constructed
a model of the polar magnetic storms, supposing
that the auroral electrojet was closed through vertical
currents (along the magnetic field lines). This idea
also is essentially correct. Hence although Birkeland
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could not know very much about the complicated
structure of the magnetosphere, research today fol-
lows essentially Birkeland’s lines, of course supple-
mented by space measurements.

Unfortunately, the progress along these lines was
disrupted. Theories about plasmas — at that time
called ionized gases — were developed without any
contact with the laboratory plasma work. In spite
of this — or perhaps because of this — the belief in
them was so strong that they were applied directly
to space. One of the results was the Chapman-Ferraro
theory, which soon got generally accepted to such
an extent that Birkeland’s approach was almost
completely forgotten. For thirty or forty years it
was often not even mentioned in text books and
surveys, and all attempts to revive it and develop it
were neglected.

1.1.1 Confrontation between theory and experi-
ments. — The crushing victory of the theoretical ap-
proach over the experimental approach lasted as
long as a confrontation with reality could be avoided.
However, from the theoretical approach, it was
concluded that plasmas could easily be confined in
magnetic fields and heated to such temperatures as
to make thermonuclear release of energy possible.
When attempts were made to construct thermo-
nuclear reactors, a confrontation between the theo-
ries 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 impor-
tant effects, which were not included in the theory.
It was slowly realized that one had to build up new
theories but this time in close contact with experi-
ments. )

The thermonuclear crisis did not affect cosmical
plasma physics very much. The development of the
theories went on 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 labo-
ratory had very little effect : one said that this did
not necessarily prove that they must be false also in
cosmos !

The second confrontation, however, came when
space missions made the magnetosphere and inter-
planetary space accessible to physical instruments.
The first results were interpreted in terms of the
generally accepted theories, or new theories were
built up on the same basis. However, when the obser-
vational technique became more advanced, it became
obvious that these theories were not applicable. The
plasma in space is just as complicated as laboratory
plasmas.

A survey of what is known about the magneto-
spheric plasmas is given for example in+a recent
report from the Alpbach Symposium on Magneto-
spheric Boundary Phenomena (Battrick, 1979).

H. ALFVEN

1.2 PRESENT STATE OF THE CLASSICAL THEORY. —
The classical theory, the foundation of which is due
to Chapman and Cowling, has been very successful
in accounting for all those phenomena which according
to figure 2 are related to the field description. The
propagation of waves in plasmas belongs to this cate-
gory, and so does the motion of high energy charged
particles and the drift of low energy particles, including
mirror effects. However, a real plasma has many pro-
perties which are not easy to describe by the classical
formalism. Certainly it is possible to produce exter-
nally heated plasmas (e.g. cesium-plasmas) 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 the quiescent plasma a number of compli-
cated phenomena are produced which require an
extensive development of classical theory, some-
times even a new approach (Clark and Hamberger,
1979).

The most important of these anomalous properties
are :

a) Sometimes the plasma becomes more noisy
than expected theoretically, sometimes less.

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

¢) The electron temperature may be orders of
magnitude larger than the ion temperature which
may be considerably higher than the neutral gas
temperature, which again may differ from the wall
temperature or the temperature of the dust (in case
the plasma is dusty).

1.2.1 Instabilities. — There are a very large num-
ber of phenomena which often are referred to as
instabilities. Examples of such phenomena are :

d) At sufficiently large current density the plasma
may contract into filaments (Marklund, 1978).

e) In case the plasma consists of a gas mixture,
plasma phenomena often separate its components
(Marklund, 1979).

J) When the electron drift velocity exceeds the
thermal velocity, double layers may be produced
(Torvén, 1978). Under certain conditions these may
explode and produce violent current surges and lead
to the acceleration of plasma particles, sometimes
up to extremely high energies, even cosmic ray ener-
gies (Carlqvist, 1969, 1972, 1973).

g) Itis also possible that at current densities above
a certain limit the resistivity of the plasma increases
by orders or magnitude (anomalous resistivity) but
arguments for the occurrence of such a phenomenen
are still not convincing. (In several cases the forma-
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tion of double layers may have been interpreted as
anomalous resistivity.)

#) When § (= the ratio between gas pressure and
magnetostatic pressure) approaches unity, the geo-
metrical confinement of a plasma may be deformed.
The long list of such instabilities include the kink
instability, and sausage instability.

1.3 BOUNDARY CONDITIONS. CIRCUIT DEPENDENCE.
— When applying the classical theory and its modern
development, it is often not observed how important
the boundary conditions are. Infinite plasma models
or models with static boundary condition are often
applied to problems with variable boundary condi-
tions. This often gives completely erroneous results :
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 is often seriously misleading. As an example,
in a non-curlfree (= 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 I closes. For references see
Alfvén 1977a, Torvén 1978. Figure 3 shows how is
a simple circuit, consisting of an -electromotive
force V, a resistor R and an inductance L. By changing
R or/fand L the behaviour 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 this. Hence
the violence of the plasma explosion is determined
largely be the circuit.

X Y
1 |l

PLASMA

Pl =8

Onagp—

V

Fig. 3. — If a current flows in a plasma, the plasma phenomena
depend partially on the outer circuit. If the resistance R is smaller
than the negative resistance of the double layer X, the current
becomes unstable.
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The influence of the circuit is essential not only in
a laboratory experiment but also in space. In this
case the total volume in which the current flows
affects the behaviour of the plasma in every point.
In many cases it is convenient to introduce the boun-
dary conditions by drawing an equivalent circuit
(see 1.6).

1.4 TRANSLATION FROM MAGNETIC FIELDS INTO
ELECTRIC CURRENT DESCRIPTION. — Hydromagnetic
phenomena can be described either by using a magne-
tic field or an electric current picture. The translation
is given by eq. (1).

Especially in plasma astrophysics the magnetic
field description has been used almost exclusively
and the current has not been given explicitly. This is
dangerous because there are a number of current-
dependent phenomena which cannot be accounted
for and in several cases it leads to serious mistakes
(sece Alfvén, 1977a). Phenomena which cannot be
understood without explicitly accounting for the
current are

A) Energy transfer from one region to another.

B) Formation of double layers (already mentioned
under f)).

C) The occurrence of explosive events such as
solar flares, magnetic substorms, folding umbrella
phenomenon in comets, and stellar flares.

D) Double layer violation of the Ferraro coro-
tation. Establishing partial corotation is essential for
the understanding of some features of the solar
system (Alfvén and Arrhenius, 1976).

E) Formation of filaments in the aurora, the solar
atmosphere and nebulae (already mentioned under d))
perhaps also in the Cytherean ionosphere (see Rus-
sell, Elphic and Slavin, 1979).

F) Production of hydromagnetic waves (at least
one mechanism which may be the most important
one).

G) Formation of current sheets which may give
space a cellular structure and hence allow the exis-
tence of antimatter in the universe (Félthammar,
Akasofu and Alfvén, 1978).

1.5 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 length. Such regions have been
called electric double layers since 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. In the labora-
tory double layers have been studied for half a
century, but their importance in cosmical plasmas
has not been generally recognized until recently.

Recent reviews of the phenomenon include a
general survey (Block, 1978) as well as separate

2
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reviews of experiments (Torvén, 1978) and theory
(Carlgvist, 1979). Recent experiments (Coakley et al.,
1979; Torvén and Andersson, 1979) have also demons-
trated the existence of double layers in magnetized
laboratory plasmas. Electric field measurements in
satellite orbit have shown the existence of double
layer structures above the auroral zone (Mozer et al.,
1977 ; Shawhan et al., 1978).

A double layer can be formed in several ways. An
important case is that a double layer is produced
when the drift velocity of electrons exceed the thermal
velocity.

If the plasma contains a double layer, a strong
interaction with the external circuit (Fig. 3) can be
produced, because the layer voltage can be strongly
fluctuating (Torvén, 1978). Exploding double layers
were first discovered 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.
Then the layer voltage is mainly given by — L dl/d¢,
which may exceed the normal double layer voltage V,

&
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by several orders of magnitude. The process may
continue until / vanishes, and then the energy 3 LIZ
(I, is the initial current) has been released in the
double layer, mainly in the form of kinetic energy
of ions and electrons.

Measurements at a double layer in a magnetized
laboratory plasma (Coakley et al., 1979) 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 a strong radial
electric field, perpendicular to the magnetic field.
This radial field is directed inward on the low poten-
tial side of the layer and outward on the high potential
side. The situation resembles the situation when two
cables are connected by a double layer.

1.6 FIELD ALIGNED CURRENTS AS CABLES. — The
discovery that the aurora often is produced by highly
anisotropic and almost monochromatic electrons is
a strong indication of the existence of electrostatic

o
x|
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W \V)
2
e
a
|
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L R
a b
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Fig. 4. — (Left) Electrostatic potential 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 1n the layer. (Right) Observed inverted ¥V events confirm the theory.
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double layers in the lower magnetosphere. However
the electron mirror effect is a competing mechanism
for the electron acceleration (Block and Falthammar,
1976; Falthammar, 1977, 1978a, 1978b). It is also
possible — as suggested by Lennartsson (1977) —
that both mechanisms are combined, the mirror
effect being the primary cause which gives rise to
one or several double layers.

A double layer produces primarily equipotential
surfaces perpendicular to the magnetic field. An
important problem is how these continue. The inverted
V events and the detection of very strong electric
fields perpendicular to B indicate a possible solu-
tion (see Fig. 4). A filamentary or sheet current in
the auroral region is insulated by such electric fields
from the surrounding plasma in which it produces
a limited perturbation. There is a similarity with
an electric cable in the ocean which carries a strong
current in a low resistance metal wire. This is insulated
from the conducting water surrounding it by a
rubber cylinder, in which the electric field is similar
to the radial electric field surrounding the field
aligned current in the magnetosphere.

Laboratory plasma experiments have demonstrated
a similar phenomenon (Coakley et al., 1979). Often
two cables are produced, one on each side of a double
layer.

If we combine these results with the general ten-
dency of field aligned currents to flow in filaments,
we may conclude that electric currents in plasmas
have a tendency to flow in cables. These are insulated
from the surrounding plasma by sometimes very
strong electric field in the same way as in underwater
cables the electric conductor is insulated from the
surrounding water. Hence a plasma cable may
transfer power over large distances with a limited
amount of perturbation of the surrounding plasma.

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.

V= lj v x Bds
¢
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 putting plasma in motion in a distant
region. As an example, in the auroral circuit the
generator is located in the solar wind and the consu-
mers are double layers accelerating high energy
particles which later illuminate the night sky in the
auroral zone, or a motor producing the sun-ward
drift in the magnetosphere. (See Fig. 5 and cf. Alfvén,
1979a.)
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Fig. 5a. — Large-scale Birkeland current sheets shown schema-
tically for a dipolar geometry with alternative closure paths for
the lower latitude sheet currents.

ACI

Central
Body

Fig. 5b. — Auroral Circuit 1. Currents along the magnetic field
lines B, and B, close through the upper atmosphere at A and
through the magnetospheric plasma at C. The e.m.f. is produced
by motion at A and C. The current may produce one or more
electrostatic double layers D.

The tendency of electric currents to flow in cables
makes the circuit approach a reasonable first approxi-
mation to many plasma problems.

. 1.7 DIFFERENT TYPES OF PLASMA REGIONS. — What
has been said above might be summarized and ela-
borated in the following way : it seems that at least
in low density cosmic plasmas there are three diffe-
rent types of regions.

1.8 « PASSIVE » PLASMA REGIONS. — These regions
may transmit different kinds of plasma waves and
flow of 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 para-
meters in one region are changed above a certain
limit the plasma often reacts by setting up a discon-
tinous interphase. Instead of a continous 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.
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1.9 « ACTIVE» PLASMA REGIONS. — Besides the
passive plasma regions there are also small but very
important regions where filamentary and sheet cur-
rents flow (Alfvén, 1977a). By transferring energy
and producing sharp borders between different regions
of passive plasmas, they are of decisive importance
to the overall behaviour of plasmas in space. There
are two different — but somewhat related — types
of such regions which we shall call plasma cables
and boundary current sheets.

1.9.1 Plasma cables. — Plasma cables seem to
be reasonably stable formations which could be
considered as entities which are important for the
understanding of plasma phenomena. (Of course
their interior structure should be described by clas-
sical theory.) The plasma cables are either filaments
or flattened filaments, sheets with not very large
extension, They carry an electric current parallel to
the magnetic field, and this is the primary cause of
their properties. They are often very efficient in
transferring electromagnetic power from one region
to another. The cables are embedded in passive
plasmas, which have essentially the same properties
in all directions around them. They are insulated
from the surrounding by a thin cylindrical electro-
static sheath (or double layer) which reduces the
interaction with the surrounding. In the magneto-
sphere and upper ionosphere the density in the cable
is sometimes lower than in the surrounding (Block
and Filthammar, 1968). In other cases the density
in the cable may be much larger than in the sur-
rounding, because ionized matter is pumped into
the cable from the surrounding (Marklund, 1979).
By doing so selectively, the chemical composition in
the cable may differ from that of its surrounding.
Besides the cylindrical electrostatic sheath there are
often longitudinal double layers, in which a consi-
derable part of the power which the cable transmits
may be converted into high energy particle energy.
The double layers sometimes explode, and this
produces excessively high energy particles (Carlqvist,
1978). Then the current in the cable may be disrupted
and switched into another circuit (Bostréom, 1974,
1975). Such plasma cables have been discovered (or
are likely to exist) in several places :

(@) The auroral current system consists of plasma
cables, sometimes filaments — possibly associated
with auroral rays — and more frequently sheets
— possibly associated with auroral arcs. 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.

(b) Solar prominences. The electromotive force is
due to motions in the photosphere in combination
with the photospheric magnetic fields (Fig. 6). The
prominences are often filaments but sometimes sheet-
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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.

b

Fig. 6. — Prominence circwmt consisting of a magnetic field tube
abc and a subphotospheric connection cda. The

e.m.f. =J v X B.ds

is produced by motions with velocity v in the presence of a solar
magnetic field B. It produces a current in the solar corona which
collects matter from the surrounding (Marklund, 1978, 1979). If
the current density exceeds a certain limit a double layer b is formed.
If it explodes the inductive energy £ LI? in the circuit is very rapidly
released at the point of disruption. Note that the prominence
circuit is a simplified version of the well-known auroral circuit,
which makes it possible to construct it with a high degree of cer-
tainty.

(c) Coronal streamers and polar plumes. As we
expect that the heliospheric large current system
should connect with the sun in the polar regions and
in the equatorial region, it seems likely that these

COMET

MAGNETOTAIL

Neutral sheet current

Electrojet

G

Birkeland (((C
currents

g, /. — Simmilarity between the magnetosphere and a comet
(Ip and Mendis, 1976). Current disruption which causes repetitive
substorms ifi the magnetosphere also causes the folding umbrella
phenomenon in comets, and simultaneous brightening of the coma.
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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 helio-
spheric current system.

(d) The filamentary structure in cometary tails
(Mendis, 1978 ; see Fig. 7), and in interstellar nebulae
may be caused in the same way. 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
normally is located half the way between them is
due to a plasma cable of this type (Alfvén, 1978a).

Filaments are more easily seen at large distances
whereas sheets are more easily detected from space-
crafts.

1.9.2 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

.

Fig. 8. — The auroral zones. If a terrella is placed in a plasma,
the terrella is dark in the regions where the field lines connect
with passive plasma regions (polar caps and low latitudes) but
luminous in the regions which connect with active plasma regions
(auroral ovals). The figure shows a modern version (Block, 1955)
of Birkeland's experiment Space photographs of the night side
of the earth are simular (although usually perturbed locally).
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regions of the ionosphere which connect magnetically
to active regions in the magnetosphere. The rest of
the ionosphere connects with passive plasma regions,
and hence receives very little energy from above
(Fig. 8).

It is tempting to identify the different auroral
patterns with the different active structures in the
magnetosphere : auroral rays may derive from active
filaments, arcs from sheets, draperies from perturbed
sheets. However there are quite a few rather compli-
cated phenomena in the transitional region between
the magnetosphere and the ionosphere. Further,
there are horizontal currents in the upper ionosphere,
which also may produce luminous effects. Hence
the relation between the structure of the active plasma
in the magnetosphere and the visually observed
aurora is very complicated.

1.9.3 Boundary current sheets. — In striking
contrast to the current layer we have discussed
above, there is another type of current layers which
form boundaries between two regions of plasma
which have drastically different parameters. The
basic difference is that the cables we have discussed
carry such small currents that their magnetic field is
small compared to the exterior field, whereas in the
boundary current sheets the current is large enough
to change the surrounding field very much. In the
magnetosphere there are three such layers (see
Alfvén, 1979a; Heikkila, 1975 ; Heikkila and Block,
1977) :

The magnetopause, which often is a very thin current
layer (a few cyclotron radii thick) and separates two
regions with opposite magnetic fields (directed north-
ward and southward), but with other parameters
(ptessure, density) not necessarily very different
(Fig. 9).

B/ Northward
Magnetopause
Southward
(/ /,//_ R

EARTH

Fig. 9. — Magnetic field reversal in the magnetopause.

In many cases a spacecraft passing the region of
the magnetopause observes more than one magnetic
discontinuity. This is usually interpreted as an indi-
cation that the magnetopause moves very rapidly
out and in. The data can probably also be interpreted
as a folding of the magnetopause current layer. Auroral
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draperies are often observed to fold so that they
become S-shaped. This process may continue, resulting
in a triple layer. Similarly the heliospheric boundary
layer is known to be wavy. By analogy it is quite
reasonable that the magnetospheric current layer is
folded so that a spacecraft traverses it three times.
A model of this has been given by Smith (1979).
The current layer may be very thin (a few cyclotron
radii) and need not necessarily move. The neutral
sheet in the tail also separates two regions with
opposite magnetic field (directed towards and away
from the Earth). Other parameters are usually simi-
lar. It is believed that the magnetic field often has a
small northward magnetic field superimposed.

Further there is a current layer in the front of the
magnetopause which separates a region of very
weak magnetic field in the solar wind from a much
stronger field (three times or more) between the
front current and the magnetopause. This current
layer is usually referred to as the bow shock. It trans-
forms a large part of the solar wind kinetic energy
into electromagnetic energy (Alfven, 1979).

In the heliosphere there is a very extended current
layer in the equatorial plane, waving up and down,
which separates an inward magnetic field from an
outward directed field (Fig. 10) (Alfvén, 1977a;
Akasofu, Lee and Gray, 1979).

Current layers similar to those in the magnetotail
and heliosphere have also been discovered in the
Jovian magnetosphere and in other magnetospheres,
and theoretically inferred in the tails of comets.

The magnetotail current sheet is likely to produce
explosive double layers (Carlqvist, 1978 ; Kan et al.,
1978) causing magnetic substorms, and the cometary
current sheet probably does the same, causing the
folding umbrella phenomenon (Mendis, 1978). Whe-
ther other current sheets have the same property is
not known.

There are a number of theories of each of these
current layers but unfortunately a general theory
covering all these very important phenomena seems
still to be lacking.

The discovery of these layers (the first one, the
plasmapause, discovered by Cahill) looks to many
as the most sensational of all space research disco-
veries (although Dungey (1961, 1964) had predicted
them to some extent). No one had guessed that such
current layers had such a remarkable stability. The
existence of such layers change our views of the
structure of space plasmas (Falthammar et al., 1978).
As of course it is impossible to claim that such layers
exist only in those regions where spacecrafts have
made in situ measurements, we must drastically
revise our views of the structure of space. The exis-
tence of such boundary layers are likely to lead to
the conclusion that space everywhere (interstellar
space and intergalactic space) has a cellular structure.
We shall discuss the consequences of this later,
especially in 2.5.1.
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Fig. 10. — Hehospheric Circuit. The Sun acts as a unipolar
inductor (A) producing a current which goes outwards along the
axis (B,) and inwards in the equatorial plane C,, C, and along
the magnetic field lines B,. The current closes at large distances (B).

1.10 FINE STRUCTURE OF ACTIVE PLASMA REGIONS.
— It is a matter of controversy how thin the active
plasma regions are. The auroral zone has an exten-
sion of a few degrees (= some 107 cm). However
the thickness of an auroral arc or ray is often of the
order 10° cm, sometimes perhaps even smaller. Mea-
surements of the thickness of magnetopause current
layers are often interpreted as indicating a thickness
of a few orders of magnitude more than the ion
cyclotron radius. However there are also many
measurements giving thicknesses of only a few
cyclotron radii. Hence active plasma regions may
have a fine structure of the order of a few cyclotron
radii which are the basic elements which determine
the basic properties of active plasmas.

Solar prominences are supposed to be 10® or 10° cm
in diameter, but in many cases a filamentary fine
structure is observed in the prominence, indicating
that the prominence should be considered as a rope
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Fig. 11. — Jovian magnetosphere (Smith, 1979).

consisting of a multitude of small wires. It is possible
that also the smallest observed filamentary structure
in the sun (some 107 cm) consists of still smaller
filaments, perhaps going down to 10° cm structures
like those observed in the ionosphere.

Hence it seems doubtful whether a deeper under-
standing of the properties of a plasma is possible
before we are able to study its fine structure. Hence
the study of active plasma regions according to the
principles we have discussed may very well be an
important step forward but should not be regarded
as the final step.

An important discovery of small scale current
ropes (diameter 10° cm) was made recently by the
Pioneer Venus Orbiter (Russel, Elphic, Slavin, 1979).
The Cytherean ionosphere is penetrated by a large
number of twisted magnetic filaments of the same
kind as recently studied theoretically by Marklund
(1978). They differ from the auroral rays of our iono-
sphere in the respect that they are magnetically
contracted. It is possible that the observed pheno-
menon is the long sought-for filamentary structure
which should be the basic constituent of filamentary
currents in prominences, coronal streamers etc.,
perhaps also in cometary tails, and cosmic plasmas
in general.

1.11 DiscussioN : DUSTY PLASMA, AMBIPLASMA.
— We have here described three typical regions of
plasma : passive plasmas, which seem to be the most
common type in the magnetospheres of the planets
and the sun, cables which are found in the auroral
zones, and boundary current sheets, of which the
magnetopause is the best studied example. However
it is quite likely that there are many cases which are
intermediate between these three types. A detailed
analysis is needed before it is possible to decide this.

Another important fact is that cosmic plasmas very
often are dusty. Interstellar clouds are typical examples.
It is likely that the solar system was formed out of
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such a cloud, which means that our solar system
should be a product of the evolution of a dusty
plasma (Alfvén and Carlqvist, 1978). Although the
largest part of a dusty cloud consists of a dusty
passive plasma, the small dusty active plasma regions
are likely to be of decisive importance for the evolu-
tion of the cloud into a solar system.

As the dust particles usually are charged — espe-
cially in the active plasma regions — the motion of
small dust grains (up to 1073 cm or in certain cases
even more) may be dominated by magnetic field, so
that they constitute superheavy plasma particles. In
the active plasma regions, where there are many high
energy electrons, the grains may have high electro-
static potentials (1 000 V or more) so that they are
more efficiently trapped.

As it seems possible that the universe is symmetric
with respect to matter and antimatter, plasmas
consisting of protons, antiprotons, electrons and
positrons should also be investigated. The study of
the evolution of such an ambiplasma is important
for the cosmological discussion. See 2.5.1.

1.12 CHEMICAL DIFFERENTIATION IN A PLASMA. —
There are a number of plasma processes producing
chemical differentiation (Arrhenius, 1976; Alfvén
and Arrhenius, 1976). One important mechanism is
the following. In a partially ionized plasma, the
elements with low ionization potentials, which in
general are the heavy elements, may be completely
ionized, whereas the elements with high ionization
potentials, such as H, O, and especially the noble
gases, are completely non-ionized. As electroma-
gnetic forces act exclusively on the former group,
a chemical separation may be achieved.

Chemical separation in cosmic plasmas have
actually been observed (Schoeler et al., 1979). It
seems likely that the mentioned process is responsible
for the separation, but there seems also to be other
separating processes.

Also, the dynamics of the dust in the plasma differs
from the gas component, which means that the laws
of motion of the chemical substances condensed as
grain differs from the non-condensed components.

It has been claimed that a cosmic plasma necessa-
rily must have a uniform chemical composition
because of rurbulence, and for a long time there has
been a general belief that cosmical abundances of
chemical elements could be defined which represent
an invariable chemical composition of cosmic matter
everywhere. This belief is now decisively contra-
dicted by observations. In part it had originated
because of a semantic mistake, When large non-
thermal Doppler broadening was observed this was
called turbulence and it was thought that a chemical
mixing must take place. In reality the Doppler broad-
ening can often be attributed to the passage through
the plasma of non-mixing waves. As another example
— if a spacecraft passes a region with filamentary
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structure, it will register rapidly varying density and
magnetic field, but it is misleading to call the region
turbulent and conclude that chemical mixing takes
place. Instead — as we have seen — in a region
with filamentary structure chemical differentiation
may take place.

2 Part II. Scaling and application. —2.1 Scar-
ING PROCEDURES. — As it is likely that the basic
properties of a plasma are the same in the laboratory,
the magnetospheres, and in more distant astrophysical
regions a transfer of knowledge between these regions
may help us to understand plasma phenomena.

The advance of thermonuclear research has resulted
in a better knowledge of plasma phenomena in the
laboratory, and much of this knowledge can be
transferred to space problems. However thermo-
nuclear investigations are increasingly focussed on
those problems which are believed to be of technical
interest, and they are not necessarily those which
are most interesting in cosmical physics. Hence for
the contact between the different fields of plasma
physics, it is essential to make laboratory experiments
especially designed for simulation of cosmic problems.
A survey of such experiments has been given by
Filthammar (1974), and by Block (1976). Further
it is now possible to make active experiments out in
space. As Filthammar summarizes it, this means
that the era of active experiments in the magneto-
sphere may bring a new importance to space-related
laboratory experiments. This is a consequence of
the shift of emphasis from exploratory measurements
in the early space age to an increasingly sophisticated
physics-oriented effort. In such an effort, certain types
of laboratory experiments can enhance the fruit-
fulness of the experiments in space by improving the
understanding of basic plasma physical processes of
importance in the space environment.

Laboratory experiments for studying space pheno-
mena have traditionally been of a type which we
may refer to as configuration simulation. i.e., they
have aimed at simulating, if only in some limited
sense, the actual configuration of a system (e.g., the
whole magnetosphere) as well as some of the phy-
sical processes taking place within it. The basic
difficulty in configuration simulation stems from the
large scaling ratio. It puts very severe limits on the
possibilities of scaling in a strict sense and neccessi-
tates compromises which lead to what may be called
qualitative scaling. In spite of these constraints,
interesting resuits have been achieved in a number
of cases using model experiments of the terrella type.
The magnetic neutral sheet in the nightside magneto-
sphere is such a system, for which interesting simu-
lation experiments have been performed.

Another type of experiments, which should be
considered, may be referred to as process simulation.
The knowledge gained from direct observations in
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space has shown that the real magnetospheric plasma
behaves in a considerably more complicated way
than the simple models of it that have been extensively
used. This necessitated a new approach, where the
actual behaviour of real plasmas had to be deter-
mined experimentally and accounted for, even where
not well understood theoretically. In the case of the
magnetosphere, it is more difficult, and in some cases
impossible, to make a corresponding consolidation
of the experimental basis. Usually, measurements
can be made only at a single point at a time, and in
an orbit-governed time-space sequence, which is
often far from optimum. Even within these limits,
the costs of space missions imposes further serious
constraints. The advent of active experiments in
space is one important step towards a better under-
standing of the real space plasma. However, the
fruitfulness of this activity should be greatly enhanced
if combined with suitably designed laboratory expe-
riments. Such experiments need not necessarily simu-
late the actual configuration of a phenomenon in
space, but they should adequately simulate the
plasma physical process in question (e.g. collision-
less resistivity). We may refer to simulation of this
kind as process simulation. In many cases this involves
simulating only the local behaviour of a plasma,
and then the problem of huge scaling factors disap-
pears.

The relevance of laboratory plasma experiments is
not limited to simulation. In the past, essential
concepts such as Birkeland currents, electric fields
along magnetic field lines, electrostatic particle acce-
leration, and the role of current filamentation and
non-homogeneity in general were conceived as a
result of close contacts with laboratory plasma expe-
rience in general. In the future, too, it can be expected
that progress in space plasma physics can benefit
from laboratory plasma experiments in a much
broader sense than that of simulation (Falthammar,
1974).

Experiments have been made by Podgorny and
Sagdeev (1970), Podgorny (1976) and by Danielsson
and Lindberg (1964, 1965).

Theoretical laws for scaling are well-known since
long ago (summarized e.g. in Alfvén and Filtham-
mar, 1963). A recent detailed survey is given by
Siscoe (1979). However it should be remembered that
scaling laws depend on a theoretical formalism which
probably is applicable to passive plasmas, but it
has not yet been clarified how a scaling between
active plasma regions should be made.

Predictions of what could be expected at the first
space mission to a planet have so far not been very
successful.

(Tradutore-traditore !) The predictions are of course
based on generally accepted theories, and almost
every new space mission has demonstrated that our
understanding of space plasmas is still not very good.
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2.2 CURRENT MODELS. — As pointed out in 1.4
a systematic translation from the usual magnetic
field models to electric current models should be
made. We shall here discuss a few attempts to such
translation, which demonstrate what new aspects
can be obtained from current models.

2.2.1 Auroral circuit. — Zmuda and Armstrong
(1974) made magnetic field observations in the auroral
region, and derived the electric current system from
these, which was also discussed by Rostoker and
Bostrom (1976). A simplified model is shown in
figure 5. The electromotive force is produced by the
sunward convection in the equatorial plane. A
current flows in the circuit C; B A, A, B, C, and
transfers power to a double layer D, which accelerates
charged particles. The circuit describes the conversion
of (1) kinetic energy (of the convection) into (2)
electromagnetic energy (of the circuit), further into (3)
electrostatic energy (in the double layer) and into (4)
kinetic energy of beams of particles, and finally
into (5) light and ionisation (in the auroral iono-
sphere). (See Alfvén, 1977a.)

/__—Tail
current

Magnetopause
current

a)

b) —

C7-13

2.2.2 Heliospheric circuit. — The magnetic data
from space measurements in the solar wind can be
used for construction of the heliographic circuit
(Alfvén, 1977a). The result is shown in figure 10.
The translation alone leads to the following conclu-
sions :

(@) There must be essentially radial currents of
1.5 x 10° A in each of the polar regions of the sun.

(b) The currents must close through the sun,
which acts as an unipolar generator which excites
the circuit.

(¢) Coronal streamers and polar plumes are likely
to be filaments produced by the current system.

A more detailed analysis of the circuit, including
a computor model of heliospheric currents and
magnetic fields has been done by Akasofu, Lee and
Gray (1979).

2.2.3 Magnetospheric circuit. — Because of the
complicated geometry of the magnetosphere, a direct
construction of a current model of the magnetosphere

N s
/\rFle!d line
‘\cur.r.e.rjl,. P

|
Neutral line
currents

Magnetic field from current system.

dEm

== oe=mm o Typical resultant magnetic field line

Vector sum of initial field and current produced field.

Fig. 12. — Because the magnetospheric circuit has a more complicated geometry than the auroral circuit or the heliospheric circuit, it
1s more difficult to construct it. Figure 12a shows a first approximation in which the magnetic field consists of the earth’s dipole ficld and
a homogeneous southward interplanetary field. The solar wind produces an electromotive force, which gives rise to the current system
shown in the figure (seen from the sun). If the magnetic field from this current is added to the first approximation field a second approxi-
mation field 1s obtained (Fig. 12b), which gives the shape of a typical magnetic field line (—.—.—.—), the magnetopause (....... ) and
the tail sheet (....... ). Also the bow shock is derived (not shown in the figure). The current system transfers the kinetic energy of the
solar wind to the auroral circuit (which is a part of the large scale circuit) where it produces high energy particles and ultimately ionisa-

fion and light in the auroral ionosphere.
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is difficult. An attempt has been made to reach such
a model by successive approximations (Alfvén and
Filthammar, 1971 ; Alfvén, 1979). Figure 12a shows
the first approximation in which the magnetic field
is supposed to be a dipole field superimposed by a
southward interplanetary field. The solar wind pro-
duces an e.m.f. which gives rise to the current system
of figure 12a. If the magnetic field from this is added
to the original field we obtain a second approxima-
tion (Fig. 126). The model describes the structure of
the magnetopause, the tail current sheet, and the
general shape of the magnetic field lines.

Especially important is that the energy transfer
from the solar wind to the magnetopause turns out
to be a straight-forward and simple process. Further,
the auroral circuit of 2.2.1 is part of the circuit,
and so is Bostrém’s model of magnetic substorms
which can be explained by an exploding double
layer formed in the tail current sheet. (Magnetic
merging theories of magnetic substorms are likely
to be erroneous because of neglect of the boundary
conditions, see 1.3 and Heikkila, 1978a, b and Heik-
kila and Block, 1977.)

2.2.4 Current systems of Jupiter, comets and other
magnetospheres. — The conditions in the Jovian
magnetosphere are not yet very well clarified. Preli-
minary results from Pioneer 10 and 11 indicate that
the Jovian magnetosphere in some respects is more
similar to the heliosphere than the terrestrial magneto-
sphere. The magnetic field close to Jupiter is a dipole
field, but further out there is a strong current in the
equatorial plane which to some extent is similar to
the heliospheric current in the equatorial plane
(Smith, 1979, see Fig. 11). However, the strong asym-
metry of the Jovian field and the presence of 1o makes
the conditions highly asymmetric (Dessler, 1979).

A possible current system in cometary tails has
been constructed by Mendis (1978), but unfortunately
in situ measurements of cometary plasmas are still
lacking.

Space measurements from some other magneto-
spheres may allow the construction of current systems
(see i.e. Dolginov, 1978).

2.2.5 Solar prominence circuit. — As the sun is
still outside the reach of spacecrafts, a detailed diag-
nostics of solar plasmas is impossible, and theories
of solar phenomena will necessarily remain specula-
tive. However we have enough solar observations to
be able to extrapolate our knowledge of carefully
investigated space plasmas with a rather good confi-
dence (Alfvén, 1977a).

Hence we conclude that a solar prominence is due
to a current in a circuit similar to the auroral circuit
but simpler : it consists of a magnetic flux tube inter-
secting the solar surface in two points, and a photo-
spheric or subphoto-spheric connection between these
points. The electromotive force is produced, by
motions in the photosphere in the presence of magnetic

H. ALFVEN

fields. The size of a prominence circuit is comparable
to that of the auroral circuit, but the currents are
much larger (~ 10!? A) because of the higher conduc-
tivity (the high resistivity in the upper ionosphere is
replaced by a low resistivity due to the high tempera-
ture).

Like in the auroral circuit a double layer may be
produced. The auroral double layer is often rapidly
fluctuating, giving rise to the rapid variability of
auroral phenomena. The prominence double layer
is still more variable ; indeed it can explode, producing
solar flares. A quantitatively consistent theory of
solar flares as due to such a current disruption has
been worked out by Carlqvist (1969).

Much work has been spent on attempts to explain
solar flares by a magnetic field formalism. (A survey
is given by Heyvaerts in his lecture at this confe-
rence.) For reasons given in the introduction and
in 1.4 (cf. Fig. 2) this is inadequate. More specifi-
cally, in the magnetic merging theories of solar flares
the boundary conditions are not correctly introduced
and hence these theories cannot explain the rapid
concentration of the inductive energy of the whole
circuit to the point of disruption.

2.2.6 Possible scaling to galactic dimensions. —
An attempt has been made to scale up the heliospheric
current system to galactic dimensions (see 2.5.4).

2.3 ROTATING MAGNETIZED BODY SURROUNDED BY
A PLASMA. — A basic problem in astrophysics is the
interaction between a rotating magnetized body and
a surrounding plasma. (The body has of course a
gravitational field.) The simplest case is when the
magnetization is homogeneous and parallel (or anti-
paraliel) to the rotational axis.

In the idealized case when only hydromagnetic
effects are active, the plasma will attain a Ferraro
corotation. However, this is unrealistic for a number
of reasons. There is always an outer limit to the
corotation because of the limitations of the sur-
rounding plasma. In the case of the Earth the syn-
chronous radius is comparable with the limits of the
magnetosphere, outside which we cannot expect
corotation. Even closer to the dipole there is a general
sunward plasma drift, showing that the corotation
is restricted to the plasmasphere. Further out the
difference in angular velocity necessarily produces
an e.m.f. (which tends to establish corotation) but
this is taken up by electrostatic doubie layers. Hence
the double layers produce a decoupling which allows
a violation of the Ferraro theorem.

In the solar magnetosphere (= heliosphere or
interplanetary space) the solar wind prevents the
establishment of a corotation. Instead a thin current
sheet in the equatorial plane is generated. The helio-
spheric current system has been discussed in 2.2.2.
The knowledge we can gain from studying the transfer
of angular momentum to a surrounding plasma
should serve as a basis for the approach to the cos-
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mogonic problem how the sun transferred angular
momentum to the planets when they were formed and
how the planets did the same to their satellite systems.
The main difference from the present state is that the
plasma density in the surrounding is likely to be
much larger. The currents which would be required
to establish a Ferraro corotation are so large that
they are likely to produce double layers which decouple
the surrounding plasma to a certain degree. The
state which we should expect (partial corotation of
Jfree-wheeling plasma) is given by an equilibrium
between the gravitation and centrifugal force which
because of the geometry of the magnetic field should
give the plasma an angular velocity of (2/3)"/? of the
Kepler velocity (see Alfvén and Arrhenius, 1976).

Similar phenomena may be decisive for the evo-
lution of galaxies. The angular momentum of the
interstellar medium may be transferred to the inter-
galactic medium, and its kinetic energy transmifted
in plasma cables to the surrounding (Alfvén, 1978a).
See 2.5.4.
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Fig. 13. — Partial corotation.

2.4 APPLICATION TO COSMOGONY. — Plasma phe-
nomena were of decisive importance at the origin of
the solar system and at the early phases of its evolution.
The present chemical and dynamical structure of the
planetary and satellite systems is to a large extent a
product of such plasma processes.

There are good reasons for believing that the solar
system originated from a primeval solar nebula
which may have had a very low but certainly not
negligible degree of ionization. It is likely to have
had a structure which is normal to what all cosmic
plasmas seem to have according to Part I; most of
its volume was filled by a passive plasma which pro-
bably was very cool (perhaps 50 K) and very dusty.
This was interlaced by a network of active plasma
regions current carrying filaments and sheets,
which were energized ultimately from the gravita-
tional energy released when the nebula contracted.
Their activity was of decisive importance to the
dynamical and chemical evolution of the cloud.

There seems to have been three plasma processes
which have been essential for the present structure
of the solar system.

C7-15

2.4.1 Chemical differentiation at the early phases.
This has been discussed in 1.12.

2.4.2 Critical velocity. — A very pronounced fea-
ture of the solar system is its band structure (Fig. 14).
For a number of reasons it seemed likely that this
was produced when clouds with different chemical
composition fell in towards a central body (sun or
planet) and were stopped when they reached a certain
critical velocity given by

(2 eVion>”2
Vet =
crl ’;,la

(V,,, = ionization potential, m = atomic mass).
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Fig. 14. — Band structure of Solar System.

This theoretical conjecture lacked empirical sup-
port, but as soon as the thermonuclear plasma tech-
nique became available, experiments were started in
order to investigate the theoretically predicted phe-
nomenon. The experiments confirmed the theoretical
predictions and led to the discovery of a sharp — ac-
tually unexpectedly sharp — limit, given by eq. (2),
for the relative velocity between a neutral gas and a
magnetized plasma.

The critical velocity has now been subject to exten-
sive experimental and theoretical investigations for
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20 years (Danielsson, 1973 ; Sherman, 1973 ; Himmel
et al., 1973, 1976, 1977 ; Danielsson and Brenning,
1975; Axnis, 1978 ; Raadu, 1978 ; Piel er al., 1978 ;
Petelski, 1978). It is an example of a plasma pheno-
menon which was predicted on the basis of a cosmo-
gonic theory which initially was considered to be
rather speculative.

There is not yet any unquestionable experimental
demonstration of the critical velocity under present
cosmical conditions but there are some indications
that it has been observed (Srnka, 1977). Experi-
ments to demonstrate the critical velocity under
cosmical conditions have been suggested by Mobius,
Boswell, Piel and Henry (1979).

2.4.3 Transfer of angular momentum and partial
rotation. — This is the third plasma phenomenon
which probably was of decisive importance for giving
our solar system its present structure. See 2.3.

2.5 COSMOLOGICAL APPLICATIONS. — 2.5.1 Cellu-
lar structure of space and the existence of antimatter.
— A basic cosmological problem is whether the
Universe is symmetric with regard to matter-anti-
matter. As long as the interstellar (and intergalactic)
medium was considered to be homogeneous, it was

rather difficult to accept the existence of antimatter, .

because matter and antimatter could not be mixed
but must occupy different regions. Theoretically this
is possible if there are Leidenfrost layers separating
regions of antimatter from regions of koinomatter
(= ordinary matter). A model of such layers was
worked out (Lehnert, 1977, 1978). However, it was
not obvious whether such a layer was stable.

The discovery of the cellular structure of space
plasmas has drastically changed the situation. We
know now that in the magnetospheres there are
stable current sheets, separating plasma regions
with different magnetization, temperature, density,
etc. It is easy to imagine that in principle similar
sheets might separate regions of different kinds of
matter as shown by Lehnert (1976, 1977).

A Leidenfrost sheet must be surrounded on both
the koino- and antimatter side by fully ionized layers,
but these are not necessarily more than about one
mean free path thick. At that distance there could
very well be a sudden transition to a plasma with
very low ionization. Such abrupt transitions are often
observed in plasma experiments and are well under-
stood theoretically (Lehnert, 1976).

Hence a region of passive koinoplasma and a
region of passive antiplasma could coexist close to
each other and a cosmically very thin and unnoti-
ceable layer of active plasma will separate them.

2.5.2 Properties of an ambiplasma. — The pos-
sible existence of antimatter makes the theoretical
study of an ambiplasma (consisting of a mixture of
koinomatter and antimatter) a challenging problem.
The plasma should consist not only of protons and
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antiprotons but also of high energy (10° V) electrons
and positrons.

A thorough analysis of the properties of an ambi-
plasma (separation of matter and antimatter, pro-
duction of Leidenfrost-layers, energy release and
radiation, etc.) is essential for a deeper understanding
of a symmetric Universe.

2.5.3 Theory of QSOs. — The enormous energy
release in QSOs is one of the headaches in modern
astrophysics and a serious difficulty to the Big-Bang
hypothesis. As the energy release is much larger than
what can reasonably be supplied by nuclear reactions,
there are only two energy sources left, viz. gravitation
(black holes) and annihilation. For a number of
reasons the latter alternative seems to be preferable
(Alfvén, 1979a, b).

2.5.4 Double radio sources. — As one more
example of the transfer of knowledge to astrophysics
from magnetospheric and laboratory investigations
we should mention the problem of double radio
sources. The strong synchrotron emission from the
pair may either originate from a hidden energy
source in each of the sources — but no such source
has been found — or derive from the galaxy often
located exactly half way between the sources — which
is more reasonable. However, the mechanism of
transfer of energy has been a riddle. Theories about
ejection of clouds have met a number of serious
difficulties.

It seems that transfer of energy by electric currents
of the type we are familiar with in the auroral region
may give a solution of this problem. This means
that the circuit transferring energy from a generator
to a double layer in the laboratory, when scaled up
by a linear factor of 10° explains the transfer of
energy to the auroral double layers, and when scaled
up again by a similar very large factor may account
for the energy transfer to double radio sources
(Alfvén, 1978a) (Fig. 15).

2.6 TRANSFER OF KNOWLEDGE FROM MAGNETOSPHE-
RIC PLASMAS TO LABORATORY PLASMAS. — Ther-
monuclear research derives its origin from a transfer
of knowledge — or at least inspiration — from
cosmical physics. Names like stellarator and astron
testify this. Laboratory physics has generously paid
back this debt by introducing new concepts like
double layers, current disruption and critical velocity
into cosmical physics. Also the current description
and the use of circuit diagrams for representing
cosmical phenomena of course originate from the
laboratory. The rapid development of very sophisti-
cated diagnostics in magnetospheric research may
lead us to expect that a transfer of knowledge from
cosmical physics to laboratory physics may be fruit-
ful.

Of special interest is that the stability problem
which is a major obstacle in thermonuclear research,
seems not to be so serious in cosmical physics. Compli-
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cated plasma configurations, like solar prominences,
coronal streamers, and the magnetopause seem to
be so long-lived that one would guess that they
represent stable, or at least semi-stable, configurations.
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This may inspire thermonuclear research to consider
new approaches to the thermonuclear problem.
Further, there are a number of plasma phenomena
which are nowadays more easily studied in space
than in the laboratory. For example, transients with
the electron gyro frequency in a cosmic plasma of
107* G have a time constant of 1072 s, which is
easily measureable — whereas in a thermonuclear
plasma of 10* G it is 107 s, far below what can be
measured in a comfortable way.

So this shows again how important it 1s to integrate
the different domains of plasma physics.
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