


























Fig. 6—Zmuda-Armstrong current system. Large-scale Birkeland sheet currents J,, flowing
along the magnetic field lines are shown schematically for a dipole field geometry, along
with alternative closure paths 1 and 2 and corresponding sheet currents J, for the lower
latitudes, and sheet currents Jr and Ju for the auroral latitudes.

tion is attained. This means that when a certain
quantity of angular momentum is transferred, the
surrounding plasma becomes essentially free-wheel-
ing (Fig. 7).

In a free-wheeling plasma an equilibrium is
established between the main forces—gravita-
tional, centrifugal, and electromagnetic—acting on
the plasma. Figure 8 shows that they balance each
other in such a way that the plasma is supported
against gravitation partly by centrifugal force and
partly by hydromagnetic forces. An elementary
calculation shows that the kinetic energy of the
free-wheeling plasma is two thirds of the kinetic
energy of a body in Keplerian motion. (The factor
“24” derives from the geometry of a dipole field.)

What will happen to grains produced by con-
densation or captured in such a free-wheeling
plasma? We find that when the grains are large
enough to move independently of the magnetic
field, they will form bodies orbiting in Keplerian
ellipses with eccentricity e = %3 (again a factor
deriving from the geometry of a dipole field). If a
number of such bodies are produced in the same
region of space they will interact by collisions, for
example, with the result that both e and i will di-
minish. The end result of this process is that the
condensed bodies will move in circular orbits at
two thirds of the distance from where the free-
wheeling plasma condensed.

Hence we find the important laws of transition
from a state of free-wheeling plasma to a state of
Keplerian motion:

1. The first result is solid bodies orbiting with

e =14
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2. The end result is less eccentric orbits; and

3. There is a general contraction by a factor of

two thirds.

We have started from the conditions in the
magnetosphere of today and made a fairly straight-
forward extrapolation to a cosmogonic plasma,
which has a much higher density, so that we can
expect a condensation to take place. As with all
extrapolations this one is necessarily dangerous;
unfortunately we cannot check the results by the
study of present-day processes because no similar
condensation can be expected to occur in our solar
system under present conditions.

However we can check our results by studying
whether the structure of the asteroidal belt, being
a present-day representation of the planetesimal
state, can be explained by this process. We should

Fig. 7—Free-wheeling plasma.
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Fig. 8—Equilibrium of free-wheeling plasma. As shown in the resolved force dia-
gram, equilibrium of the plasma is established by a balance between the gravita-
tional force fg, the centrifugal force fc due to the angular rotational velocity Q of
the plasma, and the hydromagnetic force fz produced by the magnetic dipole field B.

also observe that the Saturnian rings are another
example of matter in a dispersed state that should
have been generated by condensation from a free-
wheeling plasma.

Dynamics of the Asteroidal Belt

The asteroidal belt is usually represented by an
(n,a) diagram (n = number, a = semimajor axis).
This gives the impression of a rather chaotic state,
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the only regular feature being the Kirkwood gaps,
a resonance phenomenon produced by Jupiter.
However, if we instead plot the cosmogonically
more relevant (m,a) diagram (m = mass, calcu-
lated under the assumption that the density and
albedo are constant) we find that the belt has a
much more regular structure, with a sharp cut-off
both at the inner and outer edge (Fig. 9). In fact,
outside 2.2 < a < 3.5 there is no appreciable

Fig. 9—Mass distribution in asteroidal belt. One astronomical unit (AU) equals
the mean distance from earth to sun (1.495 X 108 km).
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mass, except the Hilda group at a = 3.95. This is
produced by a resonance with Jupiter that we shall
not discuss here.

There is no known effect acting today that can
account for the sharp cut-offs of the main belt.
Hence there are reasons to suppose that they are
of cosmogonic origin. An objection to this is that
there are frequent collisions between asteroids and
one would suppose that even if the asteroids orig-
inally were formed in a well-defined belt, the col-
lisions would cause a diffusion to adjacent parts
of space. However, this picture is not correct, be-
cause inelastic collisions between bodies in Kep-
lerian orbits will produce a negative diffusion. This
means that if the asteroidal belt originally had
sharp borders, the diffusion will tend to make
mass move away from the borders and concen-
trate it in those regions where the mass density
already is high.

Moreover, statistics show that the largest aste-
roids (R > 100 km) are so few that for them the
chance of a disruptive or orbit-changing collision
is very small. In fact, the largest asteroids prob-
ably represent a rather unchanged sample of the
original condensation.

The Asteroidal Belt as Derived from a

Grain Assemblage in a Free-Wheeling Plasma

With this as a background we can test the hy-
pothesis that the grains subsequently formed are
derived from a free-wheeling plasma. The results
of a detailed analysis can be summarized in the
following way:

1. The eccentricities of the main belt asteroids

Fig. 10—Eccentricities of asteroidal orbits.
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Fig. 11—Inclinations of asteroidal orbits.

never exceed e = V4. This is what we should
expect. Of course, most of the asteroids have
lower values of e, which is a natural result
of collisions (Fig. 10).

2. Asteroids containing a considerable part of
the total mass orbit with inclinations as high
as 30°. This is a natural result of condensa-
tion if they derive from a free-wheeling
plasma, but it is impossible to reconcile with
formation from a flat Laplacian disc (Fig. 11).

3. The fall-down ratio of 2:3 explains the outer
limit of the asteroidal belt as due to the
“shadow” of Jupiter. Because grains con-
densed outside Jupiter’s orbit are perturbed
or captured by Jupiter, the asteroidal region
derives from a condensation and plasma
capture of grains inside Jupiter’s orbit. This
explains why the belt’s outermost limit is
almost exactly two thirds the orbital radius
of Jupiter.

4. Because the asteroidal belt itself will sweep
up plasma, the density will fall at two thirds
of the outer limit and become negligible at
two thirds of the value of a, where the den-
sity has increased sufficiently. This means
that the inner limit to the asteroidal belt is
given by its own shadow (Fig. 12).

Hence the dynamical structure of the asteroidal
belt supports the view that it has been formed
from grains in a free-wheeling plasma. We can
also understand how the excess energy associated
with high eccentricities and inclinations is dis-
sipated by collisions. This process leads slowly to
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Fig. 12—‘“Shadow’’ effects in the asteroidal region.

the accretion of all the mass into one or a few
planets.

These conclusions are very important. They
mean that we can study the basic process of plane-
tesimal accretion under present conditions in the
asteroidal belt.

The Saturnian Rings

The Saturnian ring system gives us a second way
to study the condensation from a free-wheeling
plasma. In this case the final accretion to planets
or satellites is prohibited because the rings are
located inside the Roche limit. Hence they still
contain information that necessarily is lost at the
accretion of large bodies.

The fine structure of the Saturnian ring system
(e.g., the Cassini division) has been thought to be
due to resonances produced by Mimas. Modern
observational data rule out this possibility. Also,
a theoretical study demonstrates both qualitatively
and quantitatively that the observed structure can-
not be explained by resonance effects. On the
other hand, as shown by Fig. 13, the structure can
be understood in fairly good detail as resulting
from condensation from a free-wheeling plasma.

This means that the Saturnian rings should be
considered a beautiful time capsule, telling the
physicists of today about the state of the plasma
from which it condensed some billion years ago.

The Emplacement of Plasma
There are two more steps in our progress along
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the negative time axis that should only be men-
tioned briefly.

One is the problem of how the plasma was em-
placed in different regions of the solar system. This
will explain the differences between the systems of
secondary bodies around the different primary
bodies, and also account for the chemical differ-
ences between the bodies in the solar system. The
key to this seems to be a plasma phenomenon
called the “critical velocity” that has been ex-
plored extensively both in the laboratory and
theoretically.

Formation of the Sun

In an empirical approach the formation of the
sun should be the last problem we discuss. By first
studying the formation of planets and the forma-

Shadow of Mimas

Roche limit

Fig. 13—‘‘Shadow’’ effects in the Saturnian ring
system.
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tion of satellites around them we have obtained
valuable insight into the general character of the
formation of secondary bodies around a primary
body. This knowledge allows us to define the con-
straints on theories of star formation. It should be
combined with the rapidly increasing observational
data about the dark interstellar clouds in which
stars probably are formed.

It is premature to draw definite conclusions
about the formation of stars. Only one thing can
be stated with a high degree of confidence: they
were not born by what is usually meant by “gravi-
tational collapse.”

Conclusion

In conclusion, it is interesting to observe how
unpredictable the evolution of science and tech-
nology is. When exploration of the atomic nucleus
started at the beginning of this century, it was con-
sidered to be pure science without any practical
applications. Although its aim was to clarify the
microscopic structure of our world, the research
has led to the nuclear technology that threatens
us all with radioactive poisoning and annihilation.

Space research has gone the opposite way. It
started as a by-product of a military technology
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but it is now the main tool for clarifying the macro-
scopic structure of our world. For the first time we
have an empirical approach to the fascinating
complex of problems that earlier were referred to
as the creation.
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