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Abstract

A theory of the arigin and evolution of the Solar System (A]fvén and
Arrhenius, 1975; 1976) which considered elactromagnetic forces and plasma
effects is revised in the light of new information supplied by space
research. In situ measurements in the magnetospheres and solar wind have
clzxanged our views of basic properties of cosmic plasmae, These results can

be extrapolated both outwards in space, to interstellar ‘clouds, and backwards

in time, to the formation of the solar system. The first extrapolation leads
to a revision of some cloud properties which are essential for the early
phases in the formation of stars and solar nebulae. The latter extrapolation
makes possilbe to approach the cosmogonic processes by extrapolaticn of
(rather) well-known magnétospheric phenomena.

Pioneer~Voyager observations of the Satufnian rings indicate that
essentiai parts of their structure are "fossils" from cosmogonic times. By
.using detailed information from these space missions, it seems possible to
reconstruct certain events 4-~5 billion years ago with an accuracy of a few
percent. This will cause a change in our views of the evolution of the solar

system,



A

TABLE OF CONTENTS
Introduction
I. New Paradigm in Cosmic Plasma Physics

I1. Consequences for Cosmogony

State of Cosmogony in Light of Space Research

1. FElectric Currents in Interstellar Clouds. Pinch Effect -

11, New Approach to the Evolution of Interstellar Clouds
111, Properties of the Solar Nebula

IV, Basic Processes of Evolution of Solar Nebula

V. Scenario of the Cosmogonic Process

Scenario of the Saturnian Ring Formation
1. Hegative Diffusion and Stability
11. Hon-Catastrophic Formation

111, Cosmogonic Shadow

ey [ @R ey ¥R - =
& V¥ WL, upar:nuu WALV l’hﬁ AE

V. Rosseland Mechanism

Conclusions aboﬁ‘: the Plasma-Planetesimal Transition

"Summary of the Processes Necegsary to Understand

the Evolution of the Solar System

References




A. Introduction

This paper 1s a brief review of work on cosmogony (evolutionary history
of the solar system) which began in 1942, The new idea was that
electromagnetic (or hydromagnetic) effects were of decisive importance for
understanding how the solar system got to its present state. Because previous
cosmogonies since Laplace considered mechanical forces alone, this was not
reconcilable with the generally accepted types of cosmogonies. Certainly,
these have changed drastically during the ages, but almost all of them
neglected hydromagneiic and plasma effects., Few cosmogonists had more than a
superficial knowledge of hydromagnetics and plasma physics, with the result’
that the decisive importance of the 2:3 contraction and the band structure
have not been appreciated: o

Space research has now changed the situation by giving us new informatfon

about eleciromagnetic ar,d plasma effects in space, 'F'.rcm in gitu measure-
ments in the magnetospheres we know the propértiea of plasmas over five or
ten orders of magnitude in deunsity, in magnetization, in temperature, etc, and
we also begin to understand what processes are possible and which are not,
This has introduced or is introducing a new climate in cquamical physics which
may be more favorable for a serious discussion about the evolutionary history

of the solar system,



A.1. New Puradigm
The foundations of a space age cosmic plasma physics, which now must be

slowly built up, are essentially the following:

(a) The electromagnetic spectrum can now be observed outside the atmosphere,
which means that the number of octaves available his increased by more

than a factor of two.

In the field of plasma physics we have especially to note that large
parts of the newly discovered astropﬁysica] phenomena -~ for example, in
x-ray and gamma ray astronomy -~ are obviously due to plasma phenomena.
Sti11 more important are

(b) In situ measurements in the magnetospheres (includ{ng the heliosphere)
(c) Laboratory studies of phenomena of interest in cosmic plasma physics

Y 1 € o e &m
{d) Increased understanding of how to extrapo

A survey of some of the "paradigm transitions™ which this has caused
or is causing has been published in a monograph (Alfvén, 198la).
Summaries of this have been presented in Alfvén, 1982, 1983a, 1983c.

The following table (Table 1, essentially the same as published in a
Geophysics Research letter (Alfven, 1983a)) is a catalogue of the fields

which are up for revision,



TABLE I MAGNETQSPHERIC RESEARCH

is causing a paradigm transition in geophysics and astrophysics for the

following reasons:

#1.
# 2.

i; 3.

# 4,
i 5.
# 6.
#7.

# 8.
#9.

# 10.
#11'

Flectric double layers are realized to be very important,

The often misleading "magnetic merging" theories of epergy transfer
should be replaced by an electric current description, including the
¢ircuits in which the currents flow.

Homogeneous models often are found to be misleading and should be
extensively replaced by inhomogeneous models.

It is realized that inhomogeneities are produced by filamentary currents

and by surface currents, dividing space into cells.

It is concluded that space in general has a cellular structure.

The ihtroduction of the current-circuit description makes it impossible
to neglect the pinch effect term in the pressure equation

v(p + B2/2u,) - (BU)B/p, = O.
It. is doubtful whether large-scale turbulence is of importance in diffuse
media,
In a space plasma, electric currents may produce chemical separation.
In dusty plasma, gravito-electromagnetic effects are often important.
The "critical velocity" is often decisive to the interaction of neutral
gas and magnetized plasma.

Cosmological consequences will not be discussed here,




A.11, Consequences for Cosmogony

~ For cosmogony this has led == or is inevitably leading -- to a new
approach. We do hot need to base cosmogonic theory on more or less reasonable
assumptions about conditions at the time when the solar system wﬁs formed
(probably 4-5 G years ago), or on uncertain interpretations of distant,
marginally observable phenomena. e can instead treat cosmogony as an

extrapolation of reasonably well-established processes from Space research,

Aoften‘derived from in situ measurements, (see Figure 1). The result is an

approach in which the evolutionary history is decided by a combination of

mechanical effects and electromagnetic (plasma) effects,

‘ An attempt to introduce efectromagnetic effects in cosmogony was actually
started long before the space age. Some of the results of investigations of
this kind seem to be in agreement with the new results. For this reasoh a
brief summary of the historical background of this approach is given in
Tabte 11, which could also be considered as a very condensed abstract of this
paper, The meaning of the terms will be explained in later sections of this

‘paper,



TABLE II: HISTORY OF THE SOLAR SYSTEM WITH ELECTROMAGNETIC

1942

1954

1860

1974

1975, 1976
1980
1982

1983

EFFECTS INTRODUCED

It vwas shown that a cosrogonic model of this type required that three mechanisms
be postulated:

a.Electromagnetic transfer of angulzr momentum

b.The existence of a phencmenon which later was called

Yeritical velocity"

c.A plasma-planetesimal transition associated with & 2:3

contraction. This produced “"cosmogonic shadows.”

A survey of the theory was published as a monograph On the Origin of the Solar

System (Aifvén, 1954), It included a development of the theory of Saturnian

rings leading to a correction in the contraction factor by a fev! percent.

Laboratory cenfirmation of critical velocity (Fahleson, 1961), essentially based
on a fechnique developed by Bratenahl (Anderson et al, 1959)

Zmuda and Armstrong (1974) (and Iijima and Potemia, 1978; Tor a survey, see
Potemra, 1979) map the magnetospheric curpent system which gives the needed
transfer of anqular velocity

Cosmogonic theory systematically developed in two ronographs Ly
Alfvan and Arrhenius (1976, 1976)

Space research calls for a “paradign “ransitien.” A drief review is given in
Alfven, 1981, and further developed in 1982, 1263 (summarized in Tobie I).

Critical velocity effect in space duponstraced a¢ spase axparimoat by Hacrendel

(1982)

Holberg's treatments of Voyager results {Holberg ot al, 1982) make possible a

 further confirmation of 2:3 contraction and coswomonic shadew effrst. This s

also sypported by earlier investigations of the asteroidal bglt. A)1 together
the 2:3 fall-down ratio is found in seven cases, four {a the Saturnian ring and
three in the asteroidal belt, This is an encouragement to the further pursuit of
this cosmogonic approach. '




B, State of Cosmogony in Light of Space Research

What has been summarized ip Table ! and II leads to the evolutionary
history of the solar system, which in some essential respects 1s similor to
what s described in the Alfvén-Arrhenius monographs. This 1s not unexpected,
because, as seen in Table II, the evoluticn of these theories has from the
beginning been coordinated with the development in cosmic plasyu physics

(Alfven, 1983c). A brief survey will be glven here (compare Table 111),
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B.1 Electric Currents in_Interstellar Clouds

There are good reasons for the general view that stars and solar systems

are born out of an interstellar cloud nf dusty plasma. However, the theory of

the origin and evolution of such clouds and the formation of stars and solar
nebula is & field which must now be revised for the following reasons:

In situ measurements in magnetospheric plasmas (including the solar wind)
have caused drastic cbh .iges in our views of the properties of cosmic
plasmas. What was considered sacrosanct ten or even five years ago is now

hopelessly obsolete.. This theoretical paradigm transition, which is

summarized in Table 1, has penetrated as far out as in situ measurements are

made; 1.e.,, as far as spacecraft have traveiled. Outside this limit the
paradigm transition has not yet taken place. Plasmas in interstellar space

are stil] being treated according to the old paradigm. This means in reality

REN
ut
(3

= A = &£ 2 PR, © 2
that the present theories of interstellar clouds an on o

and solar nebulae are based on the tacit assumption that the basic properties

of cosmiy 'esmas change at the cuter roach of spacecraft.,

iz 1s obvious that astrophysics cannot remain in this unstable state

(indeed, a "universal instability" in plasma physicst). The new paradigm wil}
sooner of later be extended to interstellar space. It will cause a
revoiutionary change in our view of the evolution of interstellar clouds, in
the following respects.

 (a) According té g2 in Table 1, cosmic plosmas cannot be described by
the magnetﬁc field picture alone. This must be supplemented by an electric
current description. Astrophysicists are often reluctant to accept the
existence and importance of electric currents in interstellar space, but none
of them claims that the magnetic fields are curl-free., As a non-curifree

magnetic field means electfic‘currents,*they imglicitlx accept that

19
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interstellar space is ..ietrated by elecieic currents. rowever, there 1s an
immense difference between an implicit acceptance and an explicit description
of the gnenomena in terms cf electric currents. The latter description calls

immediately - for models of the circuits in which the currents flow, and models

of the dynamos which produce tha currents. Such currents may transfer energy

from one region to another, sometimes over distances comparable to the size of
the whole galaxy. (With regard to the circuit description, it has been
objected that “there are no wires in space.” But "circuits" do not
necessarily mean an aggregate of simple Iinear elements, Especially in the
"computer age," circuits often contain non-linear distributed elements, e.g.,
as given in Bostrom's (1974) circuit of a magnetic substorm.)

(b)' As soon as electric currents are introduced explicitly, attention is

focussed on the pinch éffggg, In the pressure equation
v(p + B%/2u ) - (B9) B/y, = O

the second term represents the pinch effect, If this is neglected, the sum

Ip of gas pressure p and the magnetostatic pressure Bzfzuo should be
constant. In astrophysics there seems to be a general belief that this is
uswally the case. As soon as we accept that there are currents in space, this

is not valid. In a typical Bennett pinch both the gressure and the magnetic

field are large inside the pinch but zero ouiside, A typical simple Bennett

| pinch is produced when

02y ok (T + 1)
Ir ‘2z e i

'(Iz = current, Te,Ti are electron and ion temperatures, N = number of
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p@rticles per unit length,) Figure 2 illustrates three typical cases of
statioﬁany and cylindrically symnetric currents {i) and magnetic field iine

(B) configurations. In most treatments of the evolution of an interstellar
gas cloud, it is assumed that electromagnetic forces oppose the centraction,
as 1in (a), whereas they just as well may assist or cause the contraction, as
in (¢). The intermediate case (b) may be a first approximation of a model of
filamentary currents (e.g., see Alfvén, 198la, p, 95,

(c) According to #3, homogeneous models of plasmas are now increasingly
replaced by inhomogeneous models. ﬂpeh a new field is opened, it {is natural
to approach it by making homogeneous models, in the belief that these will fin
any case be a reasonable first.order approximation to a final theory. In
plasma physics we have ty? sad experience that this is very often not true.
Nheﬁ a field has matured to such an extent that it is obvious that homogeneous
medels are no longer sufficient, it is often evident that inhomogenecus models
give a drastiza]fy different description of the phenomena. The homogeneous
model was of no use.' Instead, 1t led the modeling into a dead-end from which
it often 1s very difficult to turn back because a powerful establishment
committed to the homogeneous model has already been formed, Dessler (1984)
has drawn attention to one of many cases when such an establishment has
delayed progress by decades.

. (d) According to #4, there is often an association between.electric
currents and observed filaments. Examples of this in our close vicinity are
auroral rays (probab]y) associated with filamentary currents, the filamentary
structure of the solar corona, and the fllamentary currents in the ionosphere
of Venus. [Ref.] In interstellar clouds, there are often observed filamentary
structures (especiale in contrast-enhanced phutographs).[Ref. ] Such

observations support our conclusion that interstellar space, and not the least
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interstollar clouds, are penctu-ted by a network of electric currents,
Concerning clouds in which no filamentary structure ic observed, it is an
open question whether this depends on an absence of them or the inadequacy
of observational nxetixeds to detect them. From the general picture of the
new paradigm the latter interpretation seems to be preferable,

(e} #5 and #6: It is not obvious that these are decisive for the
present development of cosmogony.

(f) #7: This nas already been discussed in the beginning of this
section. |
(a) #8: Turbulence is generally believed ti be decisive for the
evolution of intersteliar clouds and the formation of the solar system. There
seems to be no convincing observational evidence for this (see Alfvén, 198la,

p. 84j.

B.11. New Approach to the Evolution of Interstellar Clouds

As stated above, sooner or later the mew paradigm will penetrate also the
field of the evolution of interstellar clouds. The theory of intersti’llar

clouds should be treated as an extrapolation of magnetospheric research

(Alfvén, 1981a) (see Figure 1).

Very much work will be required for this transition, and it is difficult
to predict in detail what the result will be, As a reasonable guess as to
What a future model of the formation and evolution of interstellar ¢louds
should be, we may suggest the following:

8. Electric currents in "void" interstellar space assist gravitation in

‘:.ollecting matter by the pinch effect, so that 1nt@rste11ar clouds are formed.
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b, Thesc develop under the combined action of mechanleal and electro-
magnetic forces, The volume occupied by currents gnay constitute a very small
fraction of the total volurﬁe. so that the plagma regions are not evident in the
averages of measurements with insufficient resolution, Still, a network of {ila-
mentary currents may be decisive to the evolution of the clouds.I ;t is correct
to treat the evolution of an interstellar cloud independent of ite surroundings
only if there is no current connecting it with the surroundings (cf, Fig. 2e),
¢. NAs stated above (compare Figure 2), the general beljef that
electromagnetic forces oppose the contraction of a cloud is not necessarily
correct. Pinch effects may contribute to the contraction and, indeed, cause a
collapse of clouds with a mass that is orders of magnitude smaller than the
Jeans mass.

d. A "stellesimal" star formation out of a dusty cloud scems

possible.(compare Alfvén, 18813, Chapter V).

B, I11 Properties of the Solar Hebula

When the sun is formed it will be surrounded by a dusty plasma penetrated
by a -network of currents which partially support it (Figure 3). This "solar
nebila® is drastically different from the Laplacean nebula. It is possible

‘that Oort's cometary cloud is a relic of this., The c]éud is strongly

" inhomygeneous and contains regions df different chemical composition (compare
. #9). From this primeval cloud there rains cloudlets of different composition
down toﬁards the sun. #oreover, there is a rain of cosmic dust, perhaps
s1mil§r to the present rain of meteoroids from the cometary cloud., For
possible models, see Alfvén and Arrkenius, 1975, 1976. |

From now on our attempt to reconstruct the evolutfcﬁany history of the

solar system enters a new phase in two respects:
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a,, Up to this point we have discussed the evoluticn of an interstellar
‘cloud as a unity, even if the cloud is very inhomogeneous. From

now on we have to discuss tie evalution of individua) cloudlets as

distinct frem the evolution of the whole solar nebula. The latter

process is an integration of the processing of cloudlets, and
consists essentially of a slow transformation of the solar nebula
into planetesimals (end later plamets) during a long period of

time,

b. The second reason why we are entering another phase is
analytical. The process of planet formation around the sun is
similar to the formation of satellites around some planets,
especially Jupiter, Saturn and Uranus, which have well-developed
satellite systems. Hence we should aim at & general theopry of
formation of secondary bodies arvund & central gravitating,
rotating and magnefized body. This raquirement has been referred
to as the "hetegonic priacirle” (see Alfven and Arrhenius, 1975,
1876, The arguments for this view are discussed in some detail
there). The principle s related to what now is usually called
"comparative planetology," but should include also the formation of
bodies around the sun. Galileo, when discovering the Jovian
satellites, already called this system a "solar system in

minfature.”

As we have four well-developed systems to base our conclusions upon, we
can speak with more confidence about the processes than for the earlier states

of deveibpment. Hence, our model for all four systems should start from the
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assumption that a magnetized centrai body was formed already and surrounded by
a dusty plasma from which cloudiets of different chemical composition,

together with dust grains, fall in towards it.

B.IV, Basic Processes in Evolution of Soler Nedbula

In this state there are three processes which were decisive for the

present structure of the solar system: (cf, Tabl;e 11)

a) The transfer of angular momentum from the central body to the

surrounding plasma. The transferred angular momentum is now found in the
orbital moment of the secondary bodies.

There fs a rather obvious candidate for this process, viz., the auroral
current system, which 1s known to transfer angular momentum between a rotating
central body and a surroundiny plasma (Figure 4). Essentially the same
process is well known from the dJupiter-Io system (Hi1l et al, 1983). One of
the processes which is claimed to account for the loss of momentum from the
sun is turbulence, but with reference to #8, and especially what will be
demonstrated later, this is not an acceptable cosmogonic process.

Another process to account for the loss of solar momentum is the sejar
wind. This is an interesting and perhaps partially correct suggestion.
However, 1t is not clear how i can incorporate the band structure and the
cosmogonic shadow effects.

With our present knowledge there seems to be no serious objection to

accepting this electromagnetic transfer qualitatively as the basic process.

When we' come to & quantitative evaluation of the process there seems to he no

serious objection to the view that the satellite systems were formedvby such a



transfer from the mother planet. However, for the planetary system the
situation looks more difficult.

If we assumed that the formation of the solar system was a very rapid
chaotic process with a time constant of less than a miilion years, we would
rup into difficulties. The magnetic field must first support all the matter
and then transfer anguiar momentum to i%. This would require an encrmously
strong solar magnetic field. We can avoid such 2 difficulty by assuming that

the planetary system was formed by cloudless aoing through the momentum

transfer process with a short {ime contant T. while this processing led to a

stow buildup of planetesimals and planet with a time constant Ty which may be
many orders of magnitude larger tha T.. The resuit is that the density ¢ of
the plasma supported at a certain moment by the magnetic field need only be a
small fraction of the total smeared-out density pSOf the produced
planetesimals: p = A Tc!Ti*

The distinction between the rapid processing of cloudlets and the slow
integrated buildup means that p was so small that the momentum transfer

processes could take place in a low-density plasma (collisicniess plasma),

This is fortunate because much of the study of magnetospheric plasmas has been

and is concentrated on such plasmas. Hence we should be able to treat the

transition from plasma to planetesimals as an extrapolation of present-day

magnetospheric‘resu?ts {for detafls, see Alfvén and Arrhenius, 1976).

b} Band Structure of the Solar System The second basic plasma process

is the cr{tical ve?ocityc

Hhen'developing a tentative early theory of the possible importance of
electrcmagnetic processes in solar system evolution, it was necessary to; 

postulate the existence of "the criticaltvelocity“ in order to explain the :

17
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band strutture of the solar system (See Table Il). Such a process was unknown
at that time, but the cosmogonic evidence for its cuistence was considerad so
compelling that laboratory experiments %o demonstrate it were started as soon
as possible, These were successful, and there exists now a literature of some
hundred papers regarding this phencmenon (Axnas ot al, 1982),

The existence of such a procass in space is now confirmed by space
experiments (Haerendel, 1982). As there are very few phenomena which have
been discovered from a cosmogonic theory, this gives some-confidence that this
is the process responsible for the band structure.

However, in spite of all this, the problem of planetary formation remains
difficult. The critical velocity ¥s & phenomenon in pure gases, but how &
dusty plasma behaves is not clear, . The most serious problem is o understand
how the planets and satellites have acquired their present chemical
compostion. Possible chains of processes have been discussed but a convincing

solution has not yet heen ¥ound.

B.V Scenario of the Cosmogonic Process

The general scenario of the cosmogonic processes i§ shown in Table 3,
Plasma effects were of considerabie impartance for the eveolutionary history of
the solar system from the formation anc evolution of cosmic clouds to the
formation of the sun and a surrounding solar nebula, In the solar nebula the
plasma effects were of decisive importance in two respects:

a) They transferred angular momentum from the sun to the plasma out of

which later the planets (and asteroids) were formed.

b) The critical velocity produced the band structure of the solar-

system. The basic plasma processes which cause the critical velocity are

still not very well ¢lz;ified theoretically, but the phenomenon is extensively
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studied in the laboratory, and space experiments have demonstrated its
importance for cosmic plasma physics,
(c) After the plasma phase of the solar nebula came the plasna-

planetesimal transition (PPT), This was not a sudden and violent turbulent

transition, but a slow, contipuous process working for a very long time,
perhaps 10-100 mitiion years, which continuously transformad in~falling matter
in a dusty plasma state into a planctesimal state. (However, the processing
of individual cloudlets was a rapid pcocess; see BIV(a), This process worked
not only in the planetary system, but at a later period (when the planets vere
formed) it worked around the planets, producing "satellitesimals,"”

(d) The mass of matter in the planetesimal state increased slowly, until

the planetesimals began *o aggreqate to pianets, Later, similar processes led

the "satellitesimals" to aggregate to satellites. Flesma processes are of

negligible importance for these processes,

In one regibn'in the pianetary system, viz., the asteriodal region, and
in one region in the satellite systems, viz., the Saturnfan ring, the
aggregation to planets or satellites has not taken place. The reasons for
this are the Tow density in the astercid region and the location of the
Saturnian ring inside the Roche limit (Alfven and Arrhenius, 1975)). Hence,
at least in certain respects, the state in these regions represents the

planetesimal state. This makes them of decisive importance for our attempts

to reconstruct the plasma-plapetesimal transition, Because much -~ or rather mot

-~ of the cosmogonic information 1nftiélly stored in the planetesimal state is
ob1itebated in the planetes%ma1~p?aneﬁ transition, they are of unique value
for clarifying the evolutionary history of the solar system. |

In the fullewiﬁg, our approach to cosmogony is €0 a large extent based on

a study of the plasma-plenetesimal trangition. 1L furns out that the
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Saturnian ring and the asteroidal belt contain information which is decisive
for our reconstruction of the history of the solar system. In this paper we

concentrate our attention on the Saturnian ring.

B.Vl Structure of the Saturnian Ring according to the Pioneer-Voyager

Observations

The Pioneer and Voyager exploration of the Saturnian rings has given us
most valuable material about its structure. For reasons given in Alfvén,
1983¢c, we concentrate our attention here on the bulk structure, which secems ¢o
givelinformation of decisive value for clarifying the origin of the rings,
%hat paper re]iéd on Holberg's curves (Holberg et al, 1982; Holberg, 1983),
Now similar curves by Esposito et al (1983} hgue also been published. In the
point§ that are of interest to us the newly published curves agree very wel)

with those we have used.

C. Scenario of the Sa.urnian Ring Formation

What has been said in B.Y leads to the following scenario for the

formation of the ring system (see Aifven and Arrhentus, 1975, 1976; Alfvén,

1983c,d).

1. Saturn was already formed, with approximately its present mass and present
spin. Its magnetic field may also have had the present shape (close to a

dipole field) but we do not know its strength,

2. Cloudlets of gas and dust from interplanetary space fell in towards
Saturn. They became ionized, which led to.currents of the same type as-

mapped in the planetary magnetosphere by Zmuda and Armstrong (1974) and
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Tater by 1ijima and Potemra (1978). (The Jupiter<lo circuit 1s similar
(see B,IV(a)). This current system transferred angular momentum from the
planet to the plasma (A1fvén and Arrhenius, 1976, Chapter 163 Alfvén,
198la; p. 52,120)

3. This brought the plasma into a state of partial corotation. so that
Saturn's gravitation was compensated to two-thirds by the centrifugal
force and to one-third by electromagnetic forces (from the Saturnian

magnetic field; see Figure 5). .

4, At the transition from the plasma to the planetesimal phase the

electromagnetic forces vanished, which caused a contraction by a

factor I = 2/3., (This factor is given by the geemetry of Saturn's

magnetic dipole field; see Figure 8), Early Voyager results have already
demonstrated that there is strong evidence for this process in the present

structure of the Saturnian ring (A1fvén, 1983¢),

C.I. Negative Biffusion and Stability

The first question we ha&e to answer must be: Is it reasonable that

essential parts of the present ring structure are a "fossil" fram cosmogonic

times (4-5 billion years ago)?

Baxter and Thompson (1971, 1973) have demonstrated that under certain
conditions the diffusion in a population of grains in Kepler orbits is |
“negative" (see Figure 6). This result {is confirmed by Lin and Bodenheimer
(1981). The present ring system consists of 1000, if not 10,000, ringlets
(cf. Figdre 7). This indi;ates that the negative diffusion mechanism is

active today. There seems to be no obvious objection to the assumption that
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the same mechanism was active in the post. This mzans that the present
structure may derive from gesmagonic times (Alfven, 1983c), Hence, it is
meaningful to try to reconstruct essenti:al events in the evolutionary history
from "fossils" stored in the Saturnfan ring. There are rcasons to believe
that this holds also for the asteroidal belt.

C.11. DMNon-Catastrophic Formation

The general scenaric must bz, consequently, that the Saturnian satellites
and ring system vere formed not as a_result of a sudden event, but by a slow
injection of diffuse matter during o period of millions of yesrs. Very early
during this period a ring-satallite system was already formed which was
qualitatively similar to the present one, but with only a small fraction of
ts present mass. When more mass accmaulated the bodies became more massive,
but the same structure was retained. Hence, during most of the time of

accretion shadow-producing bedies ware located at the same places as today.

C.II1. Cosmogonic Sradow

In the cosmogonic model we discuss ft was assumed that in the Saturnian
magnetosphere there was a dusty plasma which, to some extent, was concentrated
at the equatorial plane. At the Saturnian distance of Mimas, this satellite
{or the jet stream out of which it was formed) swept the plasma, so that a
"hole" «- in reality an empty ring -- was produced.

During the Pioneer mission, Fillius and McIlwain (1980) actually observed
this kind of phenomenon. In fact, at the distance of Mimas, the counting rate
went down by orders of magnitude (See Figure 8). dJanus produced a similar
although more narrow and shallower "hole". The shepherd satellites and the A

fing ga&e an aimost complate cut-off in the plasma density. Hence, actual
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measurements have shown that the "hole" formation 1s not an ad hoc assumption
of a new process, but was actaully observed in the magnetospheres. (Other
observations in different energy regions show similar phenomena, although
sometimes blurred, presumably by radial electric field drifts.

When, at the plasma-planctesimal transition the Z2:3 contraction takes
place, the hole should be transferred to 2/3 of the distance of Mimas. This
is indeed the location of Cassini's division. Similarly, Janus should priduce
a marked minimum which now should be found at 2/3 of their distance. This can
be identified with the Holberg minimun® in the B ring (Holberg et al, 1982).
The shepherd satellites should produce a hole in a similar way. The A ring
also produces a shadow which extends so far out that it joins the shadow
produced by the shepherd satellites.

The result of the combined action of the shepherd satellites and the A
ring (and perhaps also of the F ring) is an extended region of low intensity
which accounts for the C ring. Hence the rapid decrease in intensity at the
border between the B and the C ring should be 2/3 of the position of the
shepherds. Finally, the outer edge of the very massive B ring should give
the strong decrease in intensity which marks the inner edge of the C ring,
which is located at 2/3 of the outer limit of the 8 riﬁg¢

The combined actions of these four cosmogonic shadows give the bulk
structure of the Saturnian ring, :See Figure 9; for ditails seelAlfvén,
1983c).

When the ring particles produce the shadows, it implies that they absorb
plasma with a smalier angular momentum. This leads to a decrease in their

distance. Hence, the contraction factor I = 2/3 = 0.667 should decrease by a

*A proposed name for minimum at 1.58 Saturnian radi’, motivated by the fact
that 'J, Holberg has drawn attention to its importance in this connection.
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TABLE 1V

Cosmogonia shadows

Saturnizn ning hiem Hdlbérg’b duta

] r
Mimus 3078 v,
Co-urbiials 2510 0,646
Shepherds 2.349
0.63
2310 |
Cassni Centes 1504
oy 1945 oy 0.655 (0650-0660)
Holberg min L5R =7 e 0635
Inner B 1528 «
Inner € 1,295 #
Averape 0.5642:52 %,
Asteroida! region

Jupiter 518 o
Main belt T e 0676

cuter Hmit 3.50 ’
High density s (0,674

outer limis 322
High density 0.643
~ Inner limit 2,36/
Main bell

220

fnner Hmit
Theotetical valug

0.667

(Alfvén, 1981b)
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few percent., Theoretically we should expuct the P value to go down to 0,63~
0.65 (Alfvén. 19543 1981b). (In Figure 9 the value 0,64 is used instead of
0.67. 'This 4% difference is theoretica.ly motivated, but since we never claim
a higher accuracy than a few percent, it 15 not very important for the main

discussion.)

C.1V _gpmparison with the Asteroidal Belt

The hetegonic principle states that all systems of secondary bodies
should follow a general theory., This means that our results for the Saturnian
rings should also be applicable to the astercid belt around the sun, which is
the other important case where the initial planetesimals have not accreted to
larger bodies (see Figure 10; cf. B.V).

A similar analysis of the asteroidal belt has given three identifications
of cosmogonic shadows (see Table 4b), The small correction to I should not
be applied to the asteroidal beit (see Alfvén and Arrhenius, 1976, 11.8, 18,5,
18.8; Alfven, 1983c).

Also, in this case the mutual agreement and the agreement with theory is

surprisingly good.

C,V Rosseland Mechanism

The basis for the derivation of the 2:3 contraction has been that
~electrically charged particles to a first approximation are bound to move
along a magnetic field line, (seen from a coordinate systém in which the
electric field perpendicular to B is zero). This is correct as long as their
Larmor fadius is 5m511 compared to the relevant size parameter, However, we

have changed the model from the early simple picture of an electron-ion plasma
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to a treatment of the behaviour of & charged dust in a dusty plasma. The dust
grains have q/m {charge to mass) ratios, which are orders of magnitude smaller
than for electrons or protons. In fact, their Larmor periods may exceed the
Kepler period and their Larmor radii may be large compared to the
characteristic parameters of the dipole field., This seems to make ft
difficult to treat their motions as we have done. However, this difficulty is
often fictitious, as is shown by the following simple model.

In a plasma atmosphere consisting of electrons and ions with mass M, and

my, the scale-height

W KT (1)
g{m,m, J

is a compromise between the large-scale hejgnt of electrons and the small-
scale height of fons. This compromise is produced by an electric fleld E,
called the Rosseland field, which supports the jons and presses down the
electrons. The total burden of the atmosphere 1s carried by the surface which
supports the atmosphere.

We now return to the cosmogonic case:

Consider a cloudlet containing N grains =3 . a1i of them having the
same mass M - in a homogeneous magnetic field By' We irradiate the grains
with ultraviolet light, so that each emits n electrons, which gives them a
positive charge q = ne. The electron density is N, = N + n m=3, This
produces a plasma with the Debye distance

' 5, 172 |
Ay ® [zsfe/% N ne) (1)
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Né apply a gravitational force fg « g mon each grain, If A is very
large, this‘would put the grain in motion with the guiding center velocity

39 e Bxm §/q B2 (2)

in the x-direction, corresponding to & kinetic -energy

1 2 1,3 -2 .2
Hgné-mvg»-inq B (3)

When the force is applied, the grain is displaced
My oo
Az = ?ﬂ- = pMyq"B (4)
g
If Xd >> & z all the grains will move with velocity Vgs hence producing a
current with density

i = N qu (5)

g
The cloudlet will be ﬁrevented from falling by the iorce per volume .from the

grains:
FaBxi ‘ (6)

Because of their small mass, the electrons will not be displaced noticeably.
This 1s the same result as if we had only one proton and one electron,
However, the picture is surprisingly different if .instead we consider a

dusty plasma, which is characterized by AD <{ Az. Then the falling of the
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grains will produce a positive charge at the bettom and a negative charge at

the top of the cloud, producing an electric field E which is so strong that it
cohnpensates gravitation,

qE = Mg (7)

This is analogous to the Rosseland field mentioned above,
As the resultant force on the grains ig zero, they will remain at rest.
The electrons will be put into motion with the velocity v, = E/B, thus

producing a current with density
i»Naqy (8)

which is the same as the grain current {according to Eq. (5) would be without
‘the Rosseland field. It is necessary in order to prevent the cloud from
falling, because it 1is not supported by a surface as in the case of an ionized
atmosphere.

If grains in an fon-electron plasma get negatively charged by absorbing
all ~- or a considerable part of - the electrons; the same phenomenon takes
place, but instead of the electrons the ions will carry the cloud. Hence, if

in @ magnetized dusty plasma a gravitational field is applied,

(a) the plasma will be electrically polarized
(b} the grains remain at rest

(¢} gravitation is compensated by an electron (or ion) current which
_ carries the cloud
(d) the force is transmitted from the electrons {ions) to the grains by

- means of a Rosseland field.



The result can be generalized in the same way as the theory of the
Rosseland field..

Hence afdisturbing force will not necessarily produce any métion of the
grains perpendicular to the magnetic field: the grains are protected
from the perturbation by motions of the electrons and ions. The grains can

oscillate freely along the magnetic field lines as if they were locked on

~certain field 1ines. A small Larmor period or Larmor radius 15 not necessary

for locking them. In a way, the cloudlet behaves as if the grains had no
mass. However, a condition is that the current which suspends the cloud

is closed in some way,

Application to the 2:3 Contraction mechanism A grain which is acted upon
by gravitation and centrifugal force can remain "locked" to a certain magnetic
field by means of the mechanism we have studied. The vector sum f, of the
gravitation force and the cent;ifugal force produces an electric current ;

according to (8), which gives a force
?:ﬁxf

(9)

T
perpendicular to the field B. For the grain to remain at rest, fz must equal

f. This means that f, must be perpendicular to B. which defines the size of

i the centrifugal force, and hence the rotational velocity of the grain.

28



0. Conclusions about the Plasma~Planetesimail Transition

We have shown that assential features of the bulk structure of the
Saturnian rings can be understood as a rosult of the cosmeyonic shadow effect
produced by a 2/3 contraction which probably took place at the transition from
the plasma to the planctesimal phase (PPT), presumably 4-5 bi]lion'years
ago., The 2:3 ratio appears in four cases. Adding to this the throe cases

from the asteroidal belt, we have no less than seven idmniifi;ations. This

means that we can state with considerable confidence that the cosmogonic

shadow effect must have been essential at_the formation of the solar system,

Besides the cosmogonic shadow effect, gravitational resenances were
important, especially in the asteroid belt, where they produce the Kirkwood
gaps. Due to the very small ratin bf Mimas/Saturn in comparison to
Jupiter/Sun, corresponding resonance effects in the Saturnisn rincs are smal i

but ¢

1D

arly identifiable {Holberg et al, 1962). (Also, some other effects are
1mportant}(see Al fvén, 1983c)). Hence a 2:3 contraction should be
‘characteristic for the plasma-planetesimal transition (PPTY, It seems
difficult to interpret the above results as being due to any other effect.

The surprisingly high degree of agreement between the observatignal and

theoretic values means that wé have a possibility of reconstructing certain

features of the PPT with an accuracy within a few percent.

The work on doing this is in progress. A straightforward development of
the theoretical model shows that the "holes” produced by plasma absorption by
‘the satellites must be associated with radial electric fields both at the
1n$ide,and outside of the depleted region. These electric fields will change
the I'~values 50 thét both the Cassini division and the Hotberg minimum should
exhjﬁit Yalls!’ (%.é., maxima) both inside and outside of the minima. Such

structures are actually visible in the Holberg curves (Figures 8 and 10),



30

Further, impoxtant features in the bulk structure of the rings (discussed in
Alfvén, 1983c) are analyzed, including why the center of the B ring is so massive,
why there jis a ‘atructure inside the Cassini division, and how the several maxima
in the C ring are produced, Also, the importance of the Northr;op and Hill (1983)
instability and the possibility of explaining the Encke division as produced by an
adiabatic circularization of the initial orbits of the grains are being studied. In
this way it may be possible to reconstruct the state of the Saturnian environment
at cosmogonic times,

¥ith a similar analysis of the asteroidal region, we will have the
possibility of recons;ructiné how the planetesimal state developed into
planets/satelfites.

Further, we can conciude:

Since the PPT, the structure of the Saturnjan rings and the asteroid belt
Canqot'have undergohe any vielent large-scale disruptions. A slow evolution,
reéulting'in concentration of mass in a few bodies, is indicated. There could

have been no “solar gale" strong enough to disrupt the basic pattern, During

this ﬁime, including the PPT epoch, there could not have beén any strong,

large-scale turbulence.

| Vicient events beforé’the PPT cannot be exc1uded,'but so far there seems
to be ;o décisiQe arguments in favor of such phenomgna. On the contrary, what
has been said in Section B'speaks against it. The large-scale evolution of
* the so]ér.system, from an interplanetary cloud to‘the present structure, could
very Qeii have been a slow, quiet process {but consisting of rapid,
conseéuti&e précessing of c}oua]ets} which, during many millions of yeérs,

built up the present structure.
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E. Summary of the Processes Necessary to Understand

the Evolution of the Solar System

As was stated in Table II, a cosmogony taking account of electromagnetic

effects requires these processes:

(a) Electromagnetic transfer of angular momentum
" (b)The existence of a phenomenon later called “critical velocity"
(c)A plasma-planetesimal transition associated with a 2:3

contraction which produced "cosmogonic shadows,"”

The existence of all three predicted processes has been confirmed. Hhen
elaborating the theory in different respects it was found necessary to

introduce two more processes:

(d) Local pinch effecis in the interstellar source cloud is
required to form a non-laplacean solar nebula of a kind which could
give the required initial cordition for the cosmogonic processes.

This has been discussed in B.l.

(e)A "Rosseland mechanism" for support of the grains, even if
their Larmor radius is very large. The theory of such a mechanism
is given in C.V.
Of these, (b), (c) and (e) have been discovered after being predicted

from the cbsmogonjc theory; whareas (é) énd (d) have been discovered

b . ’ :
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So our claim, that the accuracy of our result could not be uncertain by
more than a few percent, seems to be legitimate.

The usefulness of a theory is often judged by the number of carlier
unknown phenomena it predicts. If we apply this creterion to the introduction
of electromagnetic effects in the cosmogonic p}ocesses, the electromagnetic

approach seems to be not too bad,
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Fig, 2

Fig. 3

FIGURE CAPTIONS 36
Magnetospheric research has matured to such an extent that it is
possible to treat essential parts of the avolutionary history of the

solar system as an extrapolation of magnetospheric research.

Laboratory experiments also form an important basis for this.

Further, extrapolation from both magnetospheric and laboratory
results contribute to & revision of our view of interstellar clouds,
and hence influence also the way in which we approach cosmogony.

The transfer of information from one field to another 15 shown in

the figure.

Three special cases of stationary and cylindrically symmetric curicn.

(1) and magnatic fieid (B) configurations. ({a) A toroidal current and

an axial magnetic Tield leading to a force opposing contraction., (b}

A force-free configuration with 1 ond £ pers.lel, (¢) The Beanett

pinch with an axial current and & torexdol wiynolic Ficid. o gl}‘wf((;

Electromagnetic effects aid and cven start coatrrciion,

After the formation of the sun ond its oagnetic Tield, rawcants of the
(non-Laplacean) sotar nebula (torizi aceording to B.11 and B.IID) fall
towards the sun in cioudlets of duse cnd ges, When a 7aiting cioudiet
reaches its cpitical velocity, it %é stopped. Currents from the
Spinning sun support the cloudiet for & short period of time and
transfer angular momantum to it.' At thz plasma~planetesimal
transition, grains in Kerlar orbit are produced and piasma processes

are then no longer impartant.



Fig., 4

Fig. &

Simplified picture of the auraral circuft trgpsforring angular
ementum between a magretized rorating Lody A and o surrounding plasmd

cloud C. Current 1 may produce deosble lavers D,

(a) Charged particles {plasma, charged dust, or cloudlets) in an
axisymnetric magnetic dipole field around a gravitating rotating
body. If their motion i5 magnetic-ficld dominated, a quasie
stationary motion requires that the vector sum of gravitation and
centrifugal force be perpendicular to the magnetic field Hne, As
shown by Aifv8p and Arrhenius (1975, 1576}, this means

Vg © E%ﬂ}/z Vi vhere v, is the utgtioﬁa% velocity and vy is the
Kepler volocity.
(b} Vanishing mapgnetic foreces give o trausier into elliptic orbils,
If the maguetic field or the particie charge suddenly digappears, the
particles at the central distance N will orbit in ellipses with serni-
major axis a :% g and ecceatricity e -:'% . They will collide
mutually when they reach the nodes in the equatorial plane with

2
a =3 a,, ond after collisions move in & eircle at a =T a, with

T =2:3,



Fig, 6

Fig, 7

Fig. 8
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Interaction of a Yarge auabor of particies in Kepler orbits. In the
discussion of collisions botween partisleos in interplanctory spaco
(e.g¢, evolution of the asteroidal belt or weseor streams) it 4s
usually taken for granted that state o will evolve into state b
(positive diffusion). This i wsudlly not correct. Collisfons
between the particles will fot spread the orbits since the diffusion
coefficient is negative (Baxter and Thompzon, 1971, 1973). Instead,
collisions will lecad to equalization of the orbita) elements, leading

from state b to state ¢ <u that a jet stream is forped.

This photo of the Saturnian Ring shows some of its fine <cructure. In
order to maintain a lerge aumber of ringlets, « negative diffusion

process 1s indicated,

Comparison between present macneworphorie plasma distribution and mass
distribution in the rings. Present-day charged narticle distribution
in the Satteafan magnetuspbere often shows void regions produced by
absorption by the satellites. The upper curves are obtained by
Fillius and McIlwain (1980).c 1% is argued that the piasma
distribution was qualitatively th2 same in cosmogonic times. TYhe
contraction by a factor I' = 2:3 at the transition from plasma to
planetesimal should result in a somewhat similar mass distribution at

a Saturnian distance of 2:3 of the plasma distribution. The lower

~curve shows the present mass distribution in the Saturnian rings

(Holberg, 1983), It is compared with the Filljus-Mcllwain curve

reduced by a factor P = 0.64. The "cosmogonic shadows” of Mimas, the



Fig. 9

Fig., 10

Fig. 11

Diagram
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co-orbital satellites and the Shepherds ara jeonsivied with Cassing's

division, the deepest minimum in the O ring, ond the inner limic 6?

the B ring.

Bulk Structure of the Saturrian Ring as a Product of the 2:3
Contraction at the Plasmc/Fianetesimal Transition
The cosmogonic shadow

of Mimas produres the Cassini divigion

&

of Janus produces the ¥olbarg minimui

H

of +he sherierds (and the outer A limit) sroduces the B«C

]

intensity drop

of the outer B Timit produces the inner limit to C

The normal optical denth of the rings from Voyager 2 UYS ring
occultation date. Below ie ¢ha brighiness of the rings in transparent

Tight (Holbery et al, 1807}

Asteroid bzlt

of Mass Disiribution (logarithnic scale)

At the top: Jupiter's gravitational resonances produce very strong Kirkwood

gaps {and the Hilda maximum at a = 3.9).

More than 69% of the tutal mass is containeq in a

passive

sécﬁivn {darkly shaded area) with a sharp inner limit at 2.36

ard a sharp outer limit at 3.22

" The whole pain belt has a sharp fnner limit at 2,20

and a sharp outer limit at 3,50

Interpretatioi
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EVOLUTION OF BODIES MOVING IN KEPLER

ORBITS AND INTERACTING
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TRITA=EPr~-84-02 TSN (348-7539

Royal Institute of Technology, Departuant of Plasia Physies,
$~100 44 Stcckholm, Sweden

COSMOGONY AS AN EXTRAPOLATION DF MAGNEL iNSPHERTC RESLARCH

Ho Alfvin '
March 1984, 53 pp. dnkl. i1lus., 11 knglioh

A theory of the oricin and evoluticn of the Solor System (B1fvén ang
Arrhenius, 1975; 1976) which considered 2ieciromapaetic Vorces and plasma
effects is revised in the Tight of now invurmation supplied by space
research, It situ measuremgnts in the magnetosphares ang solar wind have
changed our views of basic propecties of cosmic pinsw
be extrapolated both vutwerds in space, to incersteliar ‘clouds, and backwards
in time, to the formation of s cwli» svsten. Tie ficse extrapoiation leads
to a revision of somu clows prenepoie wiviet 2o essentiol for the early
phases in the formation of stars am’ s0ler nifsige. Tie latter extrapolation
makes possilie to approccn the so3mG mnin processas by extrapolation of
(rather) wall-%nown ragnesospheric pienomed.

Pioncer-Yoyager obseryvetiens of tae Saturaian rings indicate that
agssential parts of {heir structore are “foés%i,“ irom cosmogonic times. By
using detaiied invormuting Feom these space missions, it seems possible to
reconstruct certain events 4-5 billion years ego with an accuracy of a few
percent. This will cause 2 change in our vieus of the evolution of the solar

sYS Lo,

Key words: Asteroid belt, Cosmic plazmes, Cosmogony, Magneicspheves,
Plaretesimals, Saturnian vinde. Solar system history
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