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Abstract. The methodology of cosmic plasma physics is discussed. It is very hazardous to try to
describe plasma phenomena by theories which have not been carefully tested experimentally.
One present approach is to rely on laboratory measurements and ir situ measurements in the
magnetosphere and heliosphere, and to approach galactic phenomena by scaling up the well-
known phenomena to galactic dimensions. A summary is given of laboratory investigations of
electric double layers, a phenomenon which is known to be very important in laboratory discharges.
A summary is also given of the in situ measurements in the magnetosphere by which the importance
of electric double layers in the Earth’s surrounding is established. The scaling laws between labora-
tory and magnetospheric double layers are studied. The successful scaling between laboratory and
magnetospheric phenomena encourages an extrapolation to heliospheric phenomena. A further
extrapolation to galactic phenomena leads to a theory of double radio sources.

In analogy with the Sun which, acting as a homopolar inductor, energizes the heliospheric
current system, a rotating magnetized galaxy should produce a similar current system. From
analogy with laboratory and magnetospheric current systems it is argued that the galactic current
might produce double layers where a large energy dissipation takes place. This leads to a theory of
the double radio sources which, within the necessary wide limits of uncertainty, is quantitatively
reconcilable with observations.

1. Introduction

Double radio sources constitute one of the most puzzling problems in astrophysics.
Typically such sources emit 10*2 erg s~ !, in extreme cases even one or two (or even
three) orders of magnitude more. Usually a galaxy is situated almost exactly half way
between the radio sources.

Most theories of these objects have followed essentially two different lines. Some
scientists have postulated that there are stellar objects in the centre of the radio stars
which deliver the energy, but none has been found so far. Others have postulated that
the galaxy in the centre has emitted two jets in the opposite directions, which in some
way have been kept together during their long travel. Both the emission mechanisms
and the focussing mechanisms suggested so far seem to be highly speculative and there
is no serious attempt to outline where the energy ultimately comes from. Moreover,
the plasma formalism on which these theories are based is in general of a type which
is found to be invalid in all those regions of space (magnetosphere and parts of the
heliosphere) which have been explored through in situ measurements by means of
spacecraft.

According to Hargrave and Ryle (1974) none of these theories is reconcilable with

Astrophysics and Space Science 54 (1978) 279-292. All Rights Reserved
Copyright © 1978 by D. Reidel Publishing Company, Dordrecht-Holland

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1978Ap%26SS..54..279A&amp;db_key=AST

&S T54T T ITOAT

rT978A

280 H. ALFVEN

observation. These authors conclude that energy must be continuously transported to
the radio sources from the central galaxy.

2. General Approach to Cosmical Plasma Physics

Theoretical plasma astrophysics is usually based on a formalism which broke down in
the laboratory about 20 years ago (the ‘thermonuclear crisis’). Its application to the
magnetosphere has proved to be invalid during the last five or ten years (see Alfvén,
1968, 1975, 1976, 1977 and Alfvén and Arrhenius, 1976). In this ‘pseudoplasma’
formalism one neglects a number of important plasma phenomena (e.g. electrostatic
double layers, current sheaths, pinch effect, critical velocity) which now are generally
recognized to be of decisive importance (see Alfvén, 1968; Falthammar, 1974, 1977;
Block and Filthammar, 1976; Block, 1972a, b, 1975, 1977; Sherman, 1973; Daniels-
son, 1973). Difficulties are also due to the fact that a plasma is often so complicated
that it cannot be understood without very careful diagnostics, which are impossible to
make without in situ measurements.

It seems that a new approach is needed and should be based on the recognition of
the fact that the plasma has general patterns of behaviour which, in important
respects, are the same in the laboratory and in the ionosphere-magnetosphere-helio-
sphere. We may expect that the general pattern is also the same in the more distant
regions of space which still are inaccessible to in situ measurements.

This approach means that it may be possible to extrapolate from one situation to
another. Methods to translate laboratory measurements to magnetospheric conditions
are now very important in clarifying the conditions in the magnetosphere (see Alfvén,
1968; Falthammar, 1974 ; Block, 1976). One can also with some confidence extrapolate
from one geometrical situation to another and also to a plasma which has a different
density, temperature or magnetization.

In the following we shall use this approach and show that the double radio stars may
be analogous to certain processes which are well known in the laboratory. These
phenomena have been extrapolated successfully to the magnetosphere, and, as a third
step, also to the heliosphere. We may consider the double radio sources to be the
fourth link in this series of extrapolations.

3. First Case. Electric Double Layers in Laboratory Discharges

An electric current / in a discharge tube often produces electrostatic double layers (see
Torvén and Babi¢, 1975, 1976, 1977). This phenomenon has been known for a century.
It is often very complicated but the basic mechanism is fairly well understood (Block,
1975, 1977). 1t is a purely electrostatic phenomenon and can be produced even in the
absence of any appreciable magnetic field. Over a distance of the order of 10-100
Debye lengths there is a voltage drop AV produced by a thin layer of positive charge
close to another layer of negative charge. A power P = I AV is dissipated, primarily
in the form of accelerated charged particles.
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Fig. 1. Electrostatic double layers in laboratory discharges (Torvén and Babi¢, 1975, 1977).

A double layer is often produced at a point where the diameter of the discharge
tube changes, but it is also possible to set up such a double layer at any point of a
uniform glass tube in which the plasma is confined (see Figure 1(a)). The energy
release in the double layer may be so large that at the point where it is set up the glass
tube glows and even implodes. The double layer usually oscillates and emits noise
with a very broad frequency spectrum. The power P is supplied by a voltage source in
the circuit which may be located at any distance. The energy is transferred to the
double layer by the electric circuit. The behaviour of the double layer depends not only
on the plasma parameters near it but also on the resistance and inductance in the whole
circuit, as is clearly demonstrated by Torvén. For example, if a large inductance is
introduced, the layer may explode and completely disrupt the current. In this case
most of the magnetic energy in the circuit is released at the layer in a very short time
(often in a few microseconds).

The study of double layers shows in a drastic way how inadequate much of the
usual plasma formalism is. What is probably a very important mechanism of energy
transfer is usually neglected.

If a longitudinal magnetic field is applied, this may partially confine the plasma to a
cylinder at such a distance from the walls that their influence becomes negligible
(see Figure 1(b)). Outside the plasma column marked in the figure the degree of
ionization is much lower, although not negligible. Also in this case double layers can
be produced. This shows that in the above experiment the walls are not essential
(although in certain respects they influence the plasma behavior). If the magnetic field
1s so strong that the electron Larmor radius is small compared to the distance to the
walls, the equipotential surfaces of the double layer are continued as cylinders en-
closing the cathode side of the plasma column. Outside the equipotential cylinders
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there is no appreciable electric field (under the condition that the ionization in the
surroundings is above a certain rather low value). Hence the equipotential surfaces
have the same shape as around a cable immersed in a conducting medium. This means
that in certain respects the plasma column is similar to a metal wire surrounded by an
insulator. This state is difficult to describe by the ordinary plasma formalism, especially
as this must include as ‘boundary conditions’ the inductance and resistance of the
circuit. In fact in many cases the ordinary circuit theory is more useful: we may
represent the plasma by an insulated metal wire and the double layer by a non-linear
circuit element.

4. Second Case. The Auroral Circuit

Recent magnetospheric-1onospheric research has demonstrated that at the dawn side
of the auroral zone there are currents flowing into the auroral zone at high latitudes
and leaving the zone at somewhat lower latitudes (Zmuda and Armstrong, 1974;
Bostrom, 1974, 1975a, b). (At the evening side the currents have reversed direction.)
The currents flow in sheets along the magnetic field lines (Birkeland currents). The
circuit is closed in the upper ionosphere and in the plasma near the equatorial plane.
Seen from a non-rotating coordinate system the e.m.f.

V=J' (v x B)-ds )

is essentially due to the polarization of the plasma in the equatorial plane which drifts
in the Sunward direction with velocity v and has a magnetization B. Also, the iono-
sphere gives a contribution to the integral, but this is usually smaller.

In the regions where the current flows upwards from the auroral zone, one or more
electrostatic double layers are often produced at a height of about 5000 km (Shawhan
et al., 1977). The complicated phenomena associated with this are far from fully
understood, but a recent theory by Lennartsson (1976, 1977a, b) seems to explain at
least the basic mechanism. (See Figure 2(a).)

Above the double layer (or layers) the equipotential lines seem to form cylinders
around the current carrying flux tube, similar to what happens in the laboratory. A
spacecraft passing this configuration registers an ‘inverted V event’ (Gurnett, 1972).
Below the double layer there is a beam of high energy electrons, accelerated at least
in part in the double layer. They are often almost monochromatic and their pitch
angles are often small. Most of their energy is dissipated in the ionosphere where they
produce aurora. (See Figure 2(b).)

It is evident that in essential respect this magnetospheric phenomenon is similar to
the laboratory phenomenon discussed in §3. In an electrostatic double layer (or perhaps
in a series of such layers) charged particles are accelerated. The power P = [ AV
which is required for this is taken from an energy source far away. In fact, the primary
source of energy in the magnetospheric circuit is the kinetic energy of the sunward
convection of plasma in the equatorial plane. (We shall not discuss here the mechanism
through which this energy is replenished; ultimately it comes from the solar wind.)
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Fig. 2. Electrostatic double layers in the magnetosphere. Compared to laboratory phenomena

the scale is 10° times larger. (a) The circuit is constructed from measurements by Zmuda and

Armstrong (1974). (b) Details of the double layer, Gurnett and Frank (1972, 1973) and Block
(1975).

In the laboratory the energy is supplied from the kinetic energy of the rotor in the
electric generator which serves as the energy source. In both cases energy is transmitted
to the double layer over a large distance. The energy is transferred through the electric
circuit. As in all circuits this can be envisaged as a Poynting vector energy transfer.
The electric current 7 which transfers the energy to the layer is carried by thermal
electrons which have a much lower energy before they enter the layer than after they
have passed through it. Of course, the energy release in the double layer has nothing
to do with ‘magnetic merging’ (cf. Heikkila, 1977). In the magnetotail a current is
flowing in the equatorial plane. According to Bostrom (1975a) this current may give
rise to double layers, which sometimes explode. Although this phenomenon is not
explored as much in detail as the auroral current system, the function of such double
layers may be the basic phenomenon in magnetic substorms.

5. Third Case. Heliospheric Current System

Of the heliospheric current system only the part of the circuit which is located in the
equatorial plane has been explored by in situ measurements (Figure 3). These show
that the radial component of the current is about 3 x 10® A. From Kirkhoff’s law we
conclude that this current flowing towards the Sun must be closed by currents leaving
the Sun, which means that there must be high latitude outwards currents which, in
case of symmetry, are 1.5 x 10° A in each hemisphere. How close to the axis these
currents flow is unknown, but it is likely that the ‘polar plumes’ in the solar corona
mark their foot print (see further Alfvén, 1977).

If we compare the heliospheric and the auroral current systems we find that they
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Fig. 3. Heliographic current system. The current in the equatorial plane is measured by space-
craft. The axial currents are derived from Kirkhoff’s law. The prediction of double layers at the
axis are based on analogy with the auroral circuit.

are similar in essential respects. In both cases the e.m.f. is due to the integral in
Equation (1) being different from zero. However, there are a number of modifications:

I. The main e.m.f. is produced by the Sun, which acts as a unipolar inductor. The
plasma motion in the equatorial plane is due to the solar wind which is essentially
radial with the result that the integral taken over this part of the circuit is zero. The
current system is azimuthally symmetric. (Concerning the ‘sector structure’, see
Alfvén, 1977.)

2. Because the current is large enough to modify the dipole field considerably, and
because of the solar wind, the equatorial current extends over a very large region and
is spiralled. Further, the poleward branch of the Birkeland currents is moved close to
the axis (how close is not known). The circuit is closed at a very large distance — in any
case, outside the region yet explored by spacecraft.

A very important question is whether in the heliospheric circuit there is an analogy
to the double layers in the auroral circuit. By analogy with the magnetosphere we may
expect such layers high above the surface of the Sun in each of the polar regions.
Because the solar circuit is azimuthally symmetric (as indicated by the measurements
in the equatorial plane), we should expect the double layers to be symmetric with
reference to the axis of the Sun, most probably located on the axis.

Arguments of this kind have led to the prediction that there should be two double
layers (or set of double layers) on the solar axis, one in each hemisphere. Such layers
should, in principle, be detectable through the high frequency noise they emit or
through the charged particles which they accelerate. However, there are two reasons
why we cannot claim that the prediction is very reliable. First, the general theory of
the formation of such layers in space is not yet worked out in detail. Second, we are
not well acquainted with the plasma properties in these regions because no in situ
measurements have yet been made there. It is not yet possible to decide whether the
layers should be just above the solar surface or very high up.
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It seems that the Jovian magnetosphere is similar to the heliosphere, but at the
moment there are insufficient measurements for definite conclusions. Also, the current
in the equatorial plane of the Sun may produce double layers, in analogy with the
current in the magnetotail.

6. Fourth Case. The Radio Double Source

If, in the heliospheric circuit, we replace the rotating magnetized Sun by a galaxy,
which also is magnetized and rotating, we should expect a similar current system, only
magnified linearly by about nine orders of magnitude. This seems to be a very large
extrapolation, but in reality the successful extrapolation from the laboratory to the
magnetosphere is by almost the same ratio.

The e.m.f. is given by the integral in Equation (1) taken from the galactic centre out
to a distance where the current leaves the galaxy, which may be the outer edge. Inside
the galaxy the current may flow in the plane of symmetry similar to the current sheet
in the equatorial plane of the Sun, but whether the intragalactic picture is correct or
not is not really important to our discussion.

The e.m.f. which derives from the galactic rotation is applied to two circuits in
parallel, one to the ‘north’ and one to the ‘south’. As galaxies, in general, are highly
north-south symmetric it is reasonable that the two circuits are very similar. Hence
we expect a high degree of symmetry in the current system.

In the magnetosphere the current flowing out from the ionosphere produces double
layers at some distance from the Earth (cf. Shawhan et al., 1977 and Lennartsson,
1977a). Because of the similarity of the plasma configuration we expect double layers
at the axis of a galaxy, and a large release of energy in them. It is suggested that the
occurrence of such double layers is the basic phenomenon producting the double radio
sources (Figure 4(a)). This agrees with Hargrave and Ryle’s (1974) conclusion that
energy must be continuously supplied to the radio sources from the central galaxy.

In the galactic circuit the e.m.f. is produced by the rotating magnetized galaxy,
which implies that the energy is drained from the galactic rotation. By the same
mechanism as in the auroral circuit, it is transferred to the double layers where the
power P = I AV is released. In one or probably a large number of adjacent double
layers at each side of the galaxy an acceleration of charged particles takes place.
From the magnetosphere we know that layers are produced when the current flows
outwards. (Whether double layers can be formed when the current flows inwards is
still an open question.) If the same is true in the galactic case, there is a flow of thermal
electrons to the layer from the outside, and when passing the series of double layers
these get accelerated to very high energies. Hence, a beam of very high energy electrons
is emitted from the double layer along the axis towards the central galaxy. The process
we have described is just the same as that which produces auroral electrons, only
scaled up enormously both in size and energy.

In analogy with the current in the magnetotail, the current in the equatorial plane
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Fig. 4. Galactic circuit. (a) The heliographic circuit is scaled up by a factor 10° and the Sun is

replaced by a galaxy. (b) Observed radio emission attributed to synchrotron emission by electrons

accelerated in the double layer. The galaxy delivering the energy is located almost exactly between
the radio sources.

of a galaxy may also produce double layers, which may be associated with large release
of energy.

7. Comparison with Observations

Figure 4(b) shows the radio astronomy picture of a double radio source. It is essential
in our model that the e.m.f. of the galaxy has such a direction that the axial currents
flow outwards. The double layer they produce should be located at the outer edges of
the strong radio sources. When electrons conducting the currents outside the double
layer reach the double layer, they are accelerated to very high energies. Similarly, ions
reaching the double layer on their outward motion from the central galaxy, will be
accelerated outwards when passing the double layers. The strong axial current pro-
duces a magnetic field, which pinches the plasma, confining it to a cylinder close to the
axis.

Although the electrons are primarily accelerated mainly in the direction of the
magnetic field, they will be scattered by magnetic inhomogeneities and will spiral in
such a way that they emit synchrotron radiation. With increasing distance from the
double layer they will spread, and their energy and hence their synchrotron emission
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will decrease. This is in agreement with the observational picture. It is possible that
some of them will reach the central galaxy, and produce radio emission there. It is
also possible that the observed radio emission from the central galaxy is due to some
other effect produced by the current. There are several possible mechanisms. We
shall not discuss the phenomena in the central galaxy in this paper.

The ions passing the double layer in the outward direction will be accelerated to the
same energy as the electrons. Because of their larger rest mass they will not emit much
synchrotron radiation, but there are a number of other mechanisms by which they
may produce the observed radio emission from the regions further away from the
central galaxy.

It should be stressed again that, just as in the magnetosphere and in the laboratory,
the energy released in the double layer is transferred to it by electric currents which
essentially consist of relatively low energy particles. There is no need for a beam of high
energy particles to be shot out from the central galaxy (and still less for some mysterious
‘plasmons’). On the contrary, the central galaxy may be bombarded by high energy
electrons which have obtained their energy from the double layer.

Like most field aligned currents in cosmical plasmas, the currents flowing from the
central galaxy to the double layers are likely to be pinched. This means that they
consist of one or more filaments. The magnetic field is of the order B = I/r, where r
is the radius of the filament or the bunch of filaments. In circuit theory the magnetic
energy in the circuit is described as being due to an inductance L, such that

B2
ILI? = jg; dr,
where [ is the current. The integral should be taken over the whole region where 1
produces a magnetic field. The circuit also contains a resistor R.

We do not yet know with certainty what decides the height of the auroral double
layers. Presumably the position is given by the electric field produced by the mirroring
of charged particles which are carrying the current (Lennartsson, 1977a). Hence, it is
difficult to decide what determines the distance from the central galaxy to the double
layers. It seems likely that the currents from the central galaxy to the double layers are
pinched, but outside the double layers the current lines as well as the magnetic field
lines diverge, so that the currents spread laterally on their way to ‘infinity’ or towards
the outer edge of the central galaxy which they eventually must reach in order to close
the circuit.

In the same way that the Sun’s rotational axis is not exactly perpendicular to the
ecliptic plane, the axis through the radio sources need not necessarily be perpendicular
to the galactic plane. Furthermore, not only the axial currents but also the current in
the equatorial plane may set up double layers which release energy. Hence radio
sources may be produced both at the axis, or not very far from it, and in the equatorial
plane. Gibson (1975) has investigated statistically the location of double radio sources.
with respect to the rotational axis of galaxies. He finds that the assumption of a random
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distribution agrees somewhat better with observations than a preference close to the
axis or close to the plane of symmetry. As he does not distinguish between the two
cases we have discussed, there seems to be no conflict between his observational results
and our model.

It is difficult to predict theoretically whether the radio sources should be at a time
constant distance from the central galaxy or whether they should move outwards (be
“shot out’ from the galaxy). In principle, they may even move towards the galaxy.
Observations seem not to give any indication of an outward motion. It is possible that
the distance is a function of the current. If two or more pairs of radio sources are
found at different distances from the central galaxy this does not indicate that there
has been a ‘series of explosions’ in the galaxy. A current in a plasma can very well
produce consecutive double layers in several regions.

8. Discussion

Very little can be understood about a complicated phenomenon unless we first of all
determine how it is energized. Contrary to earlier theories, which usually have pos-
tulated an unknown mechanism for the transfer of energy, our approach centers on
this.

Furthermore, contrary to earlier attempts to understand the double radio sources,
our approach includes no ad hoc assumptions. The only assumption we make — if it
should be called so —is that a plasma has the same general properties in the laboratory,
the magnetosphere, heliosphere, and a galaxy. More specifically, we have found that
the same circuit can describe essential properties of a plasma in the first three cases,
and from this we conclude that the same circuit might also be applicable in the
galactic case.

The circuit consists of an e.m.f., a resistance, an inductance, and electrostatic double
layers. The difference between the four cases it is applied to, is essentially geometric.
The energy source is the rotor of an electric generator or a rotating star or a rotating
galaxy acting as a unipolar inductor in the cosmic cases. Only in the case of the
magnetosphere is it somewhat different, viz. the translational motion of a plasma.
In detail there are, of course, a number of differences. The magnetospheric current
system is often highly asymmetric in the north—south direction because of the summer—
winter asymmetry in ionospheric conductivity. Contrary to this the heliosphere system
may, on average, be symmetric with reference to the Sun’s magnetic equatorial plane,
but is moving up and down with considerable amplitude. In the galactic case there
seems often but not always to be a symmetry with reference to a straight line through
the central galaxy, but the line does not in general coincide with the axis of rotation.

9. Quantitative Considerations

After this qualitative analysis it is essential to check whether our model is acceptable
from a quantitative point of view. Unfortunately, what is known about the cosmic
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conditions is very uncertain so our calculations may easily be in error by one order of
magnitude — perhaps in some cases even more. The current in the circuit is driven by
an e.m.f. between the centre and periphery of the galaxy: i.e.,

Vear = f (v x Bgyy) dr,

where v is the velocity of galactic rotation, B, is the magnetic field component
perpendicular to the galactic plane and r the radius. We know very little about these
quantities for the central galaxies associated with double radio sources. If we take
order of magnitude values for our own galaxy: v = 108 cms™!, B = 107° gauss,
r=3x 102cm, we obtain Vg, = 3 x 102*emu = 3 x 10*®V, a value which
easily may be wrong by one or more orders. In case only the galactic nucleus plays an
important role we should put r = 3 x 10%! cm but probably increase B by one order
of magnitude, which gives the same value for V.
The circuit equation is

Vear — AV = RI + Lg—f,
where AV is the potential over the double layer, and R and L the resistance and
inductance of the circuit. If R is negligible (as is often the case in cosmic situations)
the current grows as long as Vg, > AV. If AV = V,,, the current is constant. An
energy dissipation of a typical observed value of 10*!ergs~! = 10%** W requires a
current of 7 =3 x 10*® emu = 3 x 10'7 A. This current may be distributed in a
number of parallel filaments, each producing a number of double layers.

If the distance between the radio sources is 102 cm, the inductance of the circuit
may be of the order L = 10%* cm = 10'®* H and the magnetic energy Wo,, = $LI?
of the order 1057 erg = 10°° J. As the kinetic energy of a galaxy with mass 10** g and
velocity 108 cm is of the order 10%° erg = 10°° J, the required magnetic energy is only
a small fraction of the galactic kinetic energy. However, it should be observed that
primarily only the kinetic energy of the interstellar medium is available because it is
difficult to brake the motion of stars.

If suddenly V,,, becomes zero, the current will continue to flow but it will decrease
with the time constant T, = LI/AV = 10'¢s = 3 x 108 yr.

None of these values is irreconcilable with what we know about galaxies and double
radio stars. Hence there seems to be no obvious quantitative objections to our model.
On the other hand, our real knowledge of the conditions is so uncertain that we cannot
speak of a quantitative confirmation.

Under certain conditions double layers are known to ‘explode’. The voltage drop
increases very rapidly, with the result that the dissipated power rapidly increases by
several orders of magnitude. Under laboratory conditions A¥ may go up from 10 volts
to 100 000 volts in a few microseconds. Cosmical examples of similar explosions are
solar flares (see Carlqvist, 1969), magnetic substorms (see Bostrom, 1975a, b) and the
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‘folding umbrella’ phenomenon in cometary tails (Ip and Mendis, 1976). Hence it
would not be surprising if a radio source which normally is characterized by the above
values dissipates several orders of magnitude more energy during a limited period of
time. This period may be much longer than the period during which the objects have
been observed. The energy which is dissipated in the radio sources is primarily taken
from the inductive energy of the circuit, and is essentially independent of the con-
ditions in the galaxy during the last period 7.

The enormous energy release in the radio sources makes it likely that the energy
transfer to them has been essential for the formation or evolution of the galaxy. The
tapping of rotational energy means that the interstellar medium falls down towards
the nucleus. Because of the uncertainty in our calculations, 7, may perhaps be the age
of the galaxy. The origin of the inductive energy is the kinetic energy of the galaxy and
this may have been tapped when the galaxy was formed.

10. Production of Cosmic Rays

The AV and I values we have found bring us up in the range of the most energetic
cosmic radiation. In fact, the double layers should emit ions with an energy

W = ZeAV,

where Z is the charge of the ion. With AV = 3 x 10'® V, an ion with Z = 30 gets an
energy of 108 eV.

Also a betatron acceleration in a pinching current may give energies in the same
range. In fact, if a current 7 produces a magnetic field B ~ I/r, this field can contain
and accelerate particles with a rigidity Be¢ = I and the betatron acceleration may
bring up the particles to an energy W = Zel, which with 7 = 3 x 101" A = 3 x 10'¢
emu and Z = 30 means 3 x 10%°eV. The total energy delivered as very high energy
cosmic rays should be an appreciable fraction of the energy of the synchrotron
radiation from the radio source. '

Acknowledgements

The investigation has been partly supported by the Swedish Science Research Council.
I have profited from discussions with Professor Martin Ryle, Cambridge, Dr Jan
Hogbom, Stockholm’s Observatory, Saltsjobaden, and a number of members of this
laboratory, especially Professor Carl-Gunne Filthammar and Dr Staffan Torvén.

References

Alfvén, H.: 1968, ‘The Second Approach to Cosmic Electrodynamics’, Ann. Geophys. 24, 1.

Alfvén, H.: 1975, ‘Electric Current Structure of the Magnetosphere’ in B. Hultgvist and L. Stenflo
(eds.), Physics of the Hot Plasma in the Magnetosphere, Plenum Publ. Co., New York.

Alfvén, H.: 1976, ‘On Frozen-in Field Lines and Field-line Reconnection’, J. Geophys. Res. 81
(22), 4019.

Alfvén, H.: 1977, ‘Electric Currents in Cosmic Plasma’, Rev. Geophys. and Space Phys. 15, 271.

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1978Ap%26SS..54..279A&amp;db_key=AST

&S T54T T ITOAT

rT978A

DOUBLE RADIO SOURCES AND THE NEW APPROACH TO COSMICAL PLASMA PHYSICS 291

Alfvén, H. and Arrhenius, G.: 1976, Evolution of the Solar System, Chapter 15, NASA SP 345.

Alfvén, H. and Filthammar, C.-G.: 1963, Cosmical Electrodynamics, Fundamental Principles,
Oxford Univ. Press.

Babié¢, M. and Torvén, S.: 1974, ‘Current Limiting Space Charge Sheaths in a Low Pressure Arc
Plasma’, TRITA-EPP-74-02, Roy. Inst. of Tech., Stockholm.

Block, L. P.: 1972a, ‘Potential Double Layers in the Ionosphere’, Cosmic Electrodyn. 3, 349.

Block, L. P.: 1972b, ‘Acceleration of Auroral Particles by Electric Double Layers’ in B. M.
McCormac (ed.), Earth’s Magnetospheric Processes, p. 258.

Block, L. P.: 1975, ‘Double Layers’ in B. Hultqvist and L. Stenflo (eds.), Physics of the Hot Plasma
in the Magnetosphere, Plenum Publ. Co., New York.

Block, L. P.: 1976, ‘Interpretation of Laboratory Experiments of Interest to Space Physics’,
D. J. Williams (ed.) Physics of Solar Planet. Environment, AGU Int. Symp. on Solar Terrestrial
Physics, Boulder, Colorado, p. 255.

Block, L. P.: 1977, ‘A Double Layer Review’. TRITA-EPP-77-16, Roy. Inst. of Technology,
Stockholm.

Block, L. P., and Filthammar, C.-G.: 1976, ‘ Mechanisms that Support Magnetic Field-aligned
Electric Fields in the Magnetosphere’, Ann. Geophys. 32, 161.

Bostrom, R.: 1974, ‘Ionosphere~Magnetosphere Coupling’ in B. M. McCormac (ed.), Magneto-
spheric Physics, pp. 45-59, D. Reidel Publ. Co., Dordrecht, Holland.

Bostrom, R.: 1975a, ‘Current Systems in the Magnetosphere and Ionosphere’, Lecture at the
Eiscat Summer School, Tromso, Norway, 8-13 June, TRITA-EPP-75-18, Roy. Inst. of Tech-
nology, Stockholm.

Bostréom, R.: 1975b, ‘ Mechanisms for Driving Birkeland Currents’ in Physics of the Hot Plasma
in the Magnetosphere, Proceedings of the 30th Nobel Symposium held at Kiruna Geophysical
Institute, April 1975 (in press, Plenum Publ. Co.).

Carlqvist, P.: 1969, ¢ Current Limitation and Solar Flares’, Solar Phys. 7, 377.

Carlqvist, P.: 1972, ‘On the Formation of Double Layers in Plasmas’, Cosmic Electrodyn. 3, 377.

Carlgvist, P.: 1973, ‘Double Layers and Two-stream Instability in Solar Flares’, TRITA-EPP-
73-05, Roy. Inst. of Technology, Stockholm.

Danielsson, L.: 1973, ‘ Review of the Critical Velocity of Gas—-Plasma Interaction, I: Experimental
Observations’, Astrophys. Space Sci. 24, 459.

Falthammar, C.-G.: 1974, ‘Laboratory Experiments of Magnetospheric Interest’, Space Sci. Rev.
15, 803.

Filthammar, C.-G.: 1977, ‘Problems Related to Macroscopic Electric Fields in the Magneto-
sphere’, TRITA-EPP-77-08, Roy. Inst. of Technology, Stockholm (to be published in Rev.
Geophys. Space Phys.).

Geller, R., Hopfgarten, N., Jacquot, B. and Jacquot, C.: 1973, ‘Electric Fields Parallel to the
Magnetic Field in a Strong Anisotropic Plasma in a Magnetic Mirror Field’, Report EUR-
CEA-FC-699, Department de Physique du Plasma et de la Fusion Controlée, Association
Euratom-C.E.A., 92, Fontenay-aux-Roses, France.

Gibson, D. M.: 1975, ‘The Orientation of Double Radio Sources Associated with Elliptical
Galaxies’, Astron. Astrophys. 39, 377.

Gurnett, D. A.: 1972, ‘Electric Field and Plasma Observations in the Magnetosphere’ in E. R.
Dyer (ed.), Critical Problems of Magnetospheric Physics, ITUCSIP Secretarial, Washington,
D.C., p. 123.

Gurnett, D. A. and Frank, L. A.: 1972, * VLF Hiss and Related Plasma Observations in the Polar
Magnetosphere’, J. Geophys. Res. 77, 172.

Gurnett, D. A. and Frank, L. A.: 1973, ‘Observed Relationships between Electric Fields and
Auroral Particle Precipitation’, J. Geophys. Res. 78, 145.

Haerendel, G., Rieger, E., Valenzuela, A., Foppl, H., Stenback-Nielsen, H. C. and Wescott, E. M.:
1976, ‘ First Observation of Electrostatic Acceleration of Barium Ions into the Magnetosphere”’,
European Programmes on Sounding-Rocket and Balloon Research in the Auroral Zone, p. 203,
European Space Agency Report SP-115 (ESA Scientific and Technical Publications Branch,
ESTEC, Noordwijk, The Netherlands), Atigust 1976.

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1978Ap%26SS..54..279A&amp;db_key=AST

&S T54T T ITOAT

rT978A

292 H. ALFVEN

Hargrave, P. J. and Ryle, M.: 1974, ‘Observations of Cygnus A with the 5 km Radio Telescope’,
Monthly Notices Roy. Astron. Soc. 166, 305.

Heikkila, W. J.: 1977, Criticism of Reconnection Models of the Magnetosphere, TRITA-EPP-77-
13, Roy. Inst. of Technology, Stockholm. Planetary and Space Sciences, April 1978.

Hopfgarten, N., Johansson, R. B., Nilsson, B. and Persson, H.: 1968, ‘Penning Discharge in a
Strongly Inhomogeneous Magnetic Mirror Field’, Phys. Fluids 11, 2277.

Hopfgarten, N., Johansson, R. B., Nilsson, B. H. and Persson, H.: 1972, ‘Collective Phenomena
in a Penning Discharge in a Strongly Inhomogeneous Magnetic Mirror Field’, in Proc. Fifth
European Conf. on Controlled Fusion and Plasma Physics, Grenoble, Vol. I, p. 88.

Ip, W. H. and Mendis, D. A.: 1976, Icarus 29, 147.

Lennartsson, W.: 1976, ‘On the Magnetic Mirroring as the Basic Cause of Parallel Electric Fields’,
J. Geophys. Res. 81, 5583.

Lennartsson, W.: 1977a, ‘On the Role of Magnetic Mirroring in the Auroral Phenomena’,
TRITA-EPP-77-11, Dept. of Plasma Physics, Roy. Inst. of Technology, Stockholm (to appear in
Astrophysics and Space Science).

Lennartsson, W.: 1977b, ‘On Spacecharge Effects Associated with the Magnetic Mirroring of
Auroral Electrons’, paper presented at the Third General Scientific Assembly of the IAGA,
August 22-September 3, 1977, in Seattle, Wash., U.S.A.

Shawhan, S. D., Filthammar, C.-G. and Block, L. P.: 1977, ‘On the Nature of Large Auroral
Electric Fields at one Ry Altitude’, TRITA-EPP-77-09, Roy. Inst. of Technology, Stockholm,
J. Geophys. Res. (in press).

Sherman, J. C.: 1973, ‘Review of the Critical Velocity of Gas-Plasma Interaction, II: Theory’,
Astrophys. Space Sci. 24, 487.

Torvén, S. and Babi¢, M.: 1975, ‘ Current Chopping Space Charge Layers in a Low Pressure Arc
Plasma’, Proc. Twelfth Int. Conf. on Phenomena in lonized Gases, p. 124, Eindhoven, North-
Holland Publ. Co., Amsterdam.

Torvén, S. and Babi¢, M.: 1976,  Current Limitation in Low Pressure Mercury Arcs’, Proc. Fourth
Int. Conf. on Gas Discharges, IEE Conf. Publ. No. 143, p. 323, Inst. of Electrical Engineers,
London.

Torvén, S. and Babi¢, M.: 1977, in preparation.

Zmuda, A. J. and Armstrong, J. C.: 1974, ‘The Diurnal Flow Pattern of Field-Aligned Currents’,
J. Geophys. Res. 79, 4611.

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1978Ap%26SS..54..279A&amp;db_key=AST

