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Abstract

A theory of the origin and evolution of the Solar System {A1fvén‘and
Arrhenius, 1975; 1976) which considered electromagnetic 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
cl'_xanged our views of basic properties of cosmic plasmas. These results can

be extrapolated both outwards in space, to interstellar clouds, and packwards

in ﬁime} 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 cosmogenic processes by extrapolation of
{rather) well-known magnétuspheric phenomena.

Pionear-Voyager observations of the Saturnian rings indicate that
essential parts of their structure are "fossils® from cosmogonic times. By
using detailed information from these space missions, it seems pessible 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 soiar

system.
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A. Introduction

This paper is 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 selar system got to its present state. Because previous
cosmogonies since Laplace considered mechanical forces alone, this was‘not
reconcilabie with the generally accepted types of cosmogonies. Certainly,
these have chanéed drasticai]y.dUrinQ the ages, but almost all of them
neglected hydromagnetic and plésma effects. Few cosmogonists had mere than a
superficial knowledge of hydromagnetics and plasma physics, with the result’
that the decisive importance of the 2:3 contraction and the Saqd structure

have not been apbreciated.

Space research has now changed the situation-hy giving us new information
about electromagnetic and plasma effects in space; From E-‘.?.‘l‘i measure-
ments in the magnetoépheres we know the propérﬁes of pia‘smas over five or
ten orders gf magnitude in density, in magneti;aféion, in temperature, etc, and
we also.i)egin to understand what processes are possiblie and which are not.
This has iﬁtroduced oi"ié introducing a pew climate in cosmical -physics which
may be more favorable for a serious discussion about the evolutionary ﬁistory

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)

(b)
{c)
(d)

The electromagnetic spectrum can now be observed outside the atmosphere,
which means that the number of octaves available has 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 astraphysica! phenomena -~ for example, in
x-ray and gamma ray astronomy -- are obviously due to plasma phenomena.

Still more important are

In situ measurements in the magnetospheres (including the heliasphere)

Laberatory studies of phenomena of interest in cosmic plasma physics
Increased understanding of how to extrapolate results obtained in one
field to other fields of plasma physics. |

A survey of some of the “"paradigm transitions® which this has caused
or is causing has been published in a monograph (Alfvén, 1681a).
Summaries of this have been presented in Aifvén, 1982, 1983a, 1983c.

The following table (Table 1, essentially the same as pubtished‘in a

Geophysics Research letter (Alfvén, 1983a}} is a catalaguerf the fields

which are up for revision.



TABLE I; MAGNETOSPHERIC RESEARCH

is causing a paradigm transition in geophysics and astrophysics for the

following reasons:
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Electric double layers are realized to be very important.

The often misleading “"magnetic merging” theories of energy transfer
should be replaced by an electric current description, including the
circuits 'in which the currents flow,

Homogeneous models often are found to be mislteading and should be
extensively replaced by inhomogerequs models.

It is realized that inhomogeneities are produced by filamentary curreats

and by surface currents, dividing space into cells,

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

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

v(p + B°/2u)) - (BV)B/u, = 0.
It is doubtful whether large-scale turbulence is of importfance in diffuse
media.
In a space plasma, electric currents may produce chemical separaiianﬂ
In dusty plasma, gravito-electromagnetic effects are oftgn‘important.
The "critical velocity" is often decisive to the interactian.nf neutrat
gas and magnetized plasma.

Cosmological consequences will not be discussed here.



A.11. Consequences for Cosmogony

' 7 For cosmogony this has led -- ﬂr is inevitably leading -- to a new
approach. MWe do ﬁot need to base cosmogonic theory on mere or less reasenable
assumptions about conditions at the time when the solar syﬁtem wgs_fdfmed |
(probably 4-5 G years ago), or on uncertain interpretétions of distant,
marginally observable phenomena. We can instead treat cdsmognﬁy as an

extrapolation of reasonably well-established processes from space research,

“often derived from in situ measurements. (see Figure 1).  The result is an

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

mechanical effects and e1ectremagnet1c {plasma) effects.

| An attempt to introduce e{ectrcmagnetac effects in cosmogony was anualiv
started long before the space age. Some of the results of 1ﬁvestigatiqn§.of
‘this Kind seem to be in agreement with the new resuiis. For thts-reaaaﬁ a
brief summary of the historical background of this approach is gfvén in
Tahlie II which could also be considered as a very condensed abstract af this

paper, The meaning of the terms will be explained in later sections of this

paper.



TABLE II: HISTORY OF THE SOLAR SYSTEM WITH LLV(‘TRCMAGNWTEC

1942

1954

1960

1974

1975, 1976
1980
1982

1983

EFFECTS INTRODUCED

It was shown that a cosmogonic mudel of th%s type rtquired that three ﬂ&ﬁhan?SﬂS
be postulated: ‘ ' ;
a.Electromagnetic transfer of anguiar momentum L

b.The existence of a phenomencn which later was called

“critical velocity" |

c.A p1asma-pianefesima1 trans?tﬁon.aﬁsociated'with a 2:3

contraction. This produced "cosmagonic shadows.”

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

System (Aifvén, 1954). It included a dave:opment of the theory of Saturnian

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

Laberatory confirmation of critical velocity {Fahleson, 1961), essentiatly based
on a technique developed by Bratenahl {Andersen et al, 1958}

Zmuda and Armstrong (1974) {and Iijima and Potemra, 1978; for a survey, see

Potemra, 1979) map the m:gnetaspnar1c current system which gives the needed

transfer of amquiar ve]oc1ty

Cosmogonic theory systematically developed in two monographs by

Alfven and Arrhenius {1975, 1976)

Space research calls for a "paradigm transition.” A brief review is given in
Alfven, 1981, and further developed in 1982, 1983 (summarized in Table I).

Critical velocity effect in space demonstrated by space experimeni by Haerendei

(1982)

. Haiberg's treatments of Voyager results {Holberg et al, 1982) make possibie a

further confirmation of 2:3 contraction and cosmogonic shadow effect. This is

also sypported by earlier investigaticns of the astercidal belt. All together
the 2:3 fall-down ratic is found in seven cases, four in the Saturnian ring and
three in the asteroidal belt. This is an encouragement to the further pursuit of
this cosmogonic approach. '



8. State of Cosmocony in Light of Space Research

Hhar hes been summarized in Table ! and 11 leads to the evolutionary
history of the solar sysiem, which in some essential respecis is similar te
shat 15 described in the Alfven-Arrhenius meonoagraphs. This is not unexbact&d,
hecause, as seen in Tabie Il, the evolution of these theoﬁies has from the

beginning bsen conrdinated with the development in cosmic plasma physics

(R?fuéng 1983¢). A brief survey will be given here (compare Table III).
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B.I Electric Currents in Intersteiiar Clouds

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

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

the arigin and evolution of such clouds and the formation'af stars and solar
nebula is a field which must now be revised for the following reasons:

" In situ measurements in-magnetospheric piésmas“(intludiﬁg the solar wind)
have caused drastic changes in our views of the properties of cosmic
plaémas. What was consideresd sacrosanct ten or even Tive years ago is now

hopeiessly obsoiete.. This theoretical paradign transitien, which is

summarized in Table I, has penetrated as far out as in $itu measuremenis are

made: i.e., as far as spacecraft have travelled. Qutside this Timit the

paradigm transition has not yet taken place. Plasmas in interstellar space
‘are still being treated according to the old paradigm. This means in reality
that the present theories of interstellar aiouds:ahd of the formation of stars

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

of cosmic plasmas change at the ouier reach of spacecraft,

It is chvious that astrephys%cs cannot remain in this‘unstabie state
(indeeﬁ, a “universal.instabi1ity“ in plasma physicsi}. The new paradigm will
sooner of later be extended to ipcerstellar space. It will cause a
revolutionary.change in our view of the evolution of interszeiiér clouds, in
the fbiluwing respects.

{a) Accerding té 42 4n Table I, cosmic piésmas cannot ‘be desaribed‘by'
the magnetic field picture alone. This must be supplemented by an electric
current description. Astrophysicists are often reluctant to accept the . -,
existence and importance of electrin currents in interstellar space, but none
of them claims that the mégnetic fields are curl-free. As & non-curifree

magnetic field, means electric currents, -they impiicitly accept that



i1

intersteliar space is penetrated by electric currents. However, there is an
immenée difference between an implicit acceptance and an explicit description
of the phenomena in terms of electric currents. The latier description calls

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

of the dynamos which produce the currents. Such currents may transfef energy |
from one region to another, sometimes over distances comparable to thé sizé of
the whole galaxy. (With regafd_tn the circuit description, it has been
objected that “thére are no wires in space." But "circuits” do not
necessarily mean an aggregate of simple linear elements. Especiaily 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 effect. In the pressure eguation

Wp + B /2u o) - (BY) Bluy = O

the second term represeﬁts the pinch effect. If this is neglected, the sum

Ip of gas pressure p and the magnetostaltic pressure BEIZuO should be
constant. In astrophysics there seems to be a general be?ief that this is
usually the case. As_soon as we accept that there are currents in space, this

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

field are large inside the pinéh but zero outside. A typical simple Bennett

| pinch is produced when

u ]
A
= 1 > 2k (T, +T,)

=]

]

'(IZ current, ToﬁTi‘are electron and ion temperatures, N = number of
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pértic]es per unit length.) Figure 2 illustrates three typical cases of
statioﬁary and cylindrically symmetric currents (i) and magnetic field iine

(B) configurations. In most treatments of the evolution of an interstellar
gésrcioud; it is assﬁmed that electromagnetic forces oppose the contraction,
as iﬁ (a), whereas they just as well may assist or cause the contraction, as
in (c}). The intermediate case (b) may be a first approximation of a model of
filamentary currents (e.g., see Alfven, 198la, p. 95.

(¢) According to #3, homogeneous models of plasmas are now increasingiy
replaced by inhomogeneous models. Qheh a new field is opened, it is naturai
to approach it by making homogeneous models, in the belief that these will in
ény case be a reasonable first-order approximation to a final theery. In
plasma ﬁhysics we have the sad experience that this 15 very often not true.
wheﬁ a field has matured to such an extent that it is obvious that homogeneous
models are no longer sufficient, it is often evident that inhomogenecus wmedels
give & drasticaify different description of the phenomena. The homogeneous
model was of no use.- Instead, it led the modeling inte a dead-end trom which
it often is 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 tb #4, there is often an association between electric
currents and observed filaments. Examples of this in our ciose'vicinity are.
aurora}-rays (ﬁrebably} associa{ed with filamentary currents, the filamenténg
structure of the solar corona, and the Tilamentary currents in the ionosphere
of Venus. [Ref.] In interstellar clouds, there are often observed filamentary
structﬁre; (espetiaiiy in cqntrastmenhancad phqtegraphs).{ﬂef.} Such

observations support our conclusion that interstellar space, and not the least
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interstellar clouds, are penetrated by a network of electric currents.
Concerning clouds in which no filammentary structure is observed, it is an
open question whether this depends on an absence of them or the inadequacy
of observational metl"mds to detect them. From the geners] picture of the
new parzadigm the latter interpretation seems to be preferable,

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

) (F) #7: This has already been discussed in the beginning of this

section.

{g) #8: Turbulence is generally helieved tc be decisive for the
evoiution of interstellar clouds and the formation of the solar system. There
seems to be no convincing observational evidence for this (see Alfvén, 198la,

ES

p. 84).

B.I1. New Approach to the Fvolution of Intersteliar Clouds

As stated above, sooner or later the new parsdigm will penetrate also the
field of the evolution of interstellar clouds. The theory of interstellar

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
te predict in detail what the result will be. As a reasonable guess as %é
Qhat a future model of the formation and evoluticn of interstellar clouds
should be, we may suggest the following:

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

collecting matter by the pinch effect, so that interstellar clouds are formed.
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b, These develop under the combined action of mechanical and electro-
magnetic forces. The volume occupied by currents may constitute a very small
fraction of the total volume, so that the plasma regions are not evident in the.
averages of measurements with insufficient resolution. Still‘,‘ a network of fila-
mentary currents may be decisive to the evolution of the clouds. .It is correct
to treat the svolution of an interstellar cloud independent mf its surroundings
ounly if there is no current connecting it with the surroundings (cf. Fig. 2e).

¢c. As stated above {compare Figure 2}, the general belief 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 & dusty c¢ioud seems

possible.{compare Alfvén, 198la, Chapter V).

B. 111 Properties of the Solar Nebula

When the sun is formed it will be surrounded by a dusty plasma penetrated
by a network of currents wﬁich partially support it (Figure 3). This "solar’
nebula® is drastically different from the Laplacean nebula. It is pessible
that Oort's cometary cloud is a relic of this. The cloud is strongly

" inhomogeneous and contains regions 6? different chemical composition (compare
#9). From this primeval cloud there rains cloudiets of different composition
down tﬂﬁards the sun. Moreover, there is a rain of cosmic dust, perhaps
similar to the present rain of meteoroids from the cometary cinuﬁ.‘ For
possible models, see Alfvén and Arrhenius, 1975, 1976. |

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

sclar system enters a new phase in two respects:
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a. Up to this point we have discussed the evolution of an interstellar

cloud as a unity, even if the cloud is very inhomogensous. From

now on we have to discuss the evolution of individual cloudlets as

distinct from the evolution of the whole solar nebula. The latter
process is an integration of the processing of cloudlets, and‘
consisislessentialiy of a slow transformation of the solar nebula
fnto pianeﬁésima?s fand later plenets) Guring:a leng peﬁied of

" time.

]
b. ' The second reaﬁon why we are entering another nhase is

ana1yticai. The process of planet formation around the sun is
similar to the formation of sateliites around some planets,
especially Jupiter, Saturn and Uranus, which have wall-developed
satellite systems. Hence we should aim a2t & general theory of
formation of secondary bodies around a central gravitating,
rotating and magnetized body. This requirement has been referred
to as the “hetegonic princinie” {set Alfvén and Arrherius, 1975,

1876,  The arguments for this view are discuzsed in some detail
there). The principle 15 related to what now is usually calied
“comparative planetology,” but should inciude also the formation of
bodies around the sun. Balilen, when discevering the Jovian
satellites, already called this system a'"éclarfsystéh'én

miniatupre."

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

of development. Hence, our model for 211 four systems should start from the
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assumption that a magnetized central body was formed already and surrounded by
a dusty plasma from which cloudlets of different chemicel composition,

together with dust grains, fall in towards it.

B.IV., Basic Processes in Evolution of Solar Nebula

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

present structure of the solar system: (cf. Table II)

a) The transfer of angular momentum from the central body to the.
surrounding plasma. Theltransferred angular mementum is5 now Tound in the
orbital moment of the secondary bodies.

There fs 2 rather cbvious candidate Tor this pracéss, viz,, the auroral
current system, which is known to transfer anguiar momentum between a rotating
central body and a surrounding plasme (Figure 4). Essentially the same
process is well known from the Jupiter-iv system {Hi11 et al, 1683). One of
the processes which is claimed to account for the ioss of momentum from the
sun is turbulence, hut with reference to #8, and especially what will be
demonstrated later, this 1is not an accepiable cosmogonic process.

Another process fn account Tor the loss qf solar momentum is the solar
wind. This is an intereﬁting and perhaps partiaily correct suggestion.
However, it is not clear how it can incérparate the band struciufe and iheA
cpsmogunic shadow effects.

With our present knowledge there seems to be no sarious objection fo

accepting this electromagnetic transfer gualitatively as the basic process.

When we come to a quantitative evaiuation of the process there seems %o be no

serious objection to the view that the satellite systems were formed by such a
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transfer from the mother planet. However, for the planetary system ths
situation Tooks more difficult.

If we assumed that the formation of the =olar system was a very rapid
chactic process with a time constant of less than a million years, we would
rua into difficulties. The magnetic field must first support ail the matter
and then transfer anguiar momenium to it. This would require an enormousty

strong sclar magnetic field. We can avoid such a difficulty by assuming that

the planetary system was formed by cloudiets going through the momentum

transfer process with a short time contant T. while this processing led ¢ a

stow buildup of planetesimals and planet with a time constant T; which may be

many orders of magnitude larger tha Yoo The result is that the density p of
the plasma supported at & certain moment by the magnetic field need only be'a
small fraction of the total smeared-out density psﬂf the produced
planetesimals: p = P chTé£
The distinction between the rapid processing of cloudiets and the siow
integrated buildup means that p was so small that the momentum transfer
processes rould take place in a low-density plasma (cotlisionless 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 extrapsiatien af'nresentmdag

magnetospheric results {for details, see Alfven and Arrhaﬁ?usﬁ 1976).

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

is the critical velocity.

when'dEUeieping a tentative early theory of the possibTe importance “of
eiectromagnetic processes in seolar system evolution, it was necessary io

postulate the existence of “the critical, v&?ocity“ in order to explain the
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pand structure of the solar system {See Table Il}). Such a process was unknown

it

-3
&Y

at that time, but the cosmogonic evidence fo existence was considersd 50
campe!iing that laboratory experiments to demonstrate it were started as soon
as possible. These were successful, and there exists now a literature of some
hundred papers regarding this phencmenea (Axnas et al, 1982 ;.

“The existence of such a process in space is now confirmed by space
experiments {Haerendel, 1987). As there are very few phenomena which have
been discovered from 2 cosmogonic theory, this gives some-coniidence that this
is the process responsible for the band structure.

However, in spite of all this, the problem of planetary formation remains
difficuit.,  The critiﬁa1 velocity #s a pﬁenemenan in pure gases, bul how a
dusty plasma behaves is not clear, . The most sericus probiem is to understand
'how the planets and satellites heve acquirad their present chemical
cempostion. Possible chains of processes have ueen discussed but a convincing

sglution has not yet been Tound,

B.Y Scenario of the Cosmegonic Procuss

The general scenaric of the cosmegonic processes is shown in Table 3.
Plasma effects were of consicerabia importance for the evoiutionary history of
the solar system from the formation and evolution of cesmic clouds to the
formation of tha sun and a surrounding selar nebula. In the solar nebula the

slasma effects were of decisive imporiance in twe respects:

a) They transferred angular momertum from the sun to the piasma out of

which later the plansts (and asteroids) were fermed.

b} The critical velocity produced the band structure of the seiar
system. The basic plasma processes which Cause the critical velocity are

stiil not very well clarified theoratically, but the phenomenon is extensively



studied -in the labaratory, and space experiments have demonstrated its

importance for cosmic plasma physics.

.+

{cj After the plasma phase of the sol

P

ir nebuia came the plasma-

planatesimal transition (PPT). This was not a sudden and violent turbulent
transition, but a siow, continuous process working for & very long time,
perhaps 10-100 miilion years, which continuously transformed in-falling matter
in a dusty plasme state into a planetesimal §taﬁe. {However, the processing
of individual zloudlets was a rapid process; see BIV{(z), This érgcess worlked
net only in the planetary system, but at a later period {when the planets were
formed) it worked arcund the planets, producing "satellitesimals.®

(d) The mass of matter in the p?anetésimal state increased slowly, untiil

the planetesimals began to aggregate to planets., Later, similar processes led

the "satellitesimals™ to aggregate to sateilites. Plasme processes are of

negligiblie importance for these processes.

In one region in the planetary sysisu, viz., the astariodal region, and
in one region in the satellite systems, viz,, the Saturnian ring, the
aggregation to planats or satellites has not token nince. The reasons for
this are the low density in the asteroid regicn and the location of the
Saturnian ring inside the Rocse lait {Alfven and Arrhenlus, 1575)j. Hence,
at least in certain respacts, tihe state in thess recions rapresents the
planctesimal state. This mekes than of decisive importance for our attemphs
to reconstruct the plasma-planetesimel transition. Eecause rouch -« or rather most
-= 0¢ the cosmogonic information initially stored in the planetesimal state is
obliterated in the planetesimalepianct transition, they ave of unique value
for clarifying the evolulionary history o7 the solar cystem.

-Zn ihe follewing, cur approcch to coswegony is to a targe extent brsed on

a study of the plasme~planeiccims? tram=ition. It turne out that the



20

Satupnian ring and the asteroidal belt contain information which is decisive
for our re;ﬁhétructinn of the history of the solar system; In this papér we

concentrate our attention on the Saturnian ring.

B.V1 Structure of the Saturnian Ring according to the Pioneer-ioyager

Observations

The Pioneer and Voyager exploration of the Saturnian rings has gi&en us
most valuable matefia] about its structure. For reasons given in Aifven,
1983¢c, we councenirate our attention here on the bulk structure, which szems to
give'information of decisive value for clarifying the origin of the rings.
fhat paper relied on Holberg's curves {(Holberg et al, 1982; Holberg, 1983).
Now siﬁilar curves by Esposito et al (1983) have also been published. In the
points that are of interest to us the newly published curves agree very well

with those we have used.

C. Scenario of the Saturnian Ring Formation

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

formation of the rinc system (see Aifven and Arrhenius, 1375, 1976; Alfven,

1283¢,d).
1. Saturn was already formed, with approximately 1tfs present mass and present
spin. Its magnetic field may alse have had the present shape {close to 2

dipole field) but we do not know its strength.

2. Cloudlets of gas and dust from interplanetary space 7ell in towards
Saturn. They became ionized, which led to.currents of the same type as

mapped in the giaﬂetary'magnetugpheve by Zmuda and Armstrong {1974} and



fater by Iijime and Potemra (1978). (The Jupiter-lo circuit is similar
(see B.I1V(a)). This current system transferred anguiar momentum from the
planet to the plasma (Alfven and Arrlenius, 1876, Chapter 16; Aifven,

1981a; 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 Tield; 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 geometry of Saturn's

magnetic dipole field; see Figure 5). [arly VYoyager results have already
demonstrated that there is strong evidance for this process in the present

structure of the Saturnian ring {Alifven, 1983e)
\ 2

C.I. Hegative Diffusion and Stability

The first auestion we have to answer must be: 1Is it reasonable that

essential parts of the present ring structure are & “fossil" from cosmogonic

times (4-5 billion years ago)?

Baxter and Thompson (1971, 1873) have demonstrated that under certain
conditions the diffusion in a population of grains in Kep}er 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. Figure 7). This indicates that the negative diffusion mechanism is

active today. There seems to be no obvious objection to the assumption that



the same mechanism was active in the past. This means that the present
‘struﬁfure may derive from cosmogonic fimes {Aifuén, 1983c). Hence, it is
meaningful to try to reconstruct assential events in the evoiutienary history
from “"fossils” stored in the Saturnian ring. There are reasons to believe

that this holds also for the asterpidal belt.

€.11. Non-Catastrophic Formation

The general scenario must be, consequently, that the Saturnian satellites
and ring'system were formed not_as a_resulﬁ of a sudden event, but by a slow
injection of diffuse matter during a pericd of millions of years. Very early

during this period a ring-satellite system was already formed which was

s

qualitatively similar to the preseat one, bu with only a small fraction of
its present mass. When more mass accumulated the bodies became more massive,
but the same structure was retained. Hence, during most of the time of

accretion shadow-producing bodies were Tocated at the same pilaces as today.

€.1I1. Cosmogonic Shadow

in the cosmogonic model we discuss it 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 p1asma§.sd that a
"hole" -~ in reality an empty ring -- was produced.

Duriﬁg.the Pioneer mission, Fillius and Mcllwain {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
a?thmugﬁ more narrow and shallower "hole®. The shepherd sateliites and the A

ring gave an almost compiete cut-off in the plasma density. Hence, actual

o

™
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measurements have shown that the "hole" formstion is not an ad hoc assumption
of a new process, but was actaully observed in ihe magnetospheres. (Other
observations in different energy region show similar phenomena, although
sometimes blurred, presumadbly by radial electric field drifts.

ﬁhen, at the plasma-planetesimal transition the 2:3 contraction takes
place, the hole should be iransferred to 2/3 of the distance of Mimas. This
1s indeed the location of Cassini's division. Simitariy, Janus should produce
a marked minimum which now should be Tfound at 2/3 of their distance. This can
be identified with the Holberg minimum’ 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 3o far out thal it joins the shadow
produced by the shepherd sateilites.

The result of the combined action of the shepherd satellites and the A

4]

ring (and perhaps also of the F ring} it an extended region of iow intensity

P

which accounts for the T ring. Hence the rapid decrease in intensity at the

1

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 thz inner edge of the C ring,
which 15 loceted at 2/3 of the outer limit of the B8 riég.
The combined actions of these fuur cosmogonic shadows give the bulk
structure of Ehg saturnian ring. {See Figure %; for deiails seerﬁ}fvéﬂ,
1983%¢).

When the ring particles produce the shadows, it implies that they absorb
plesma with 2 smaller angular mementum. This leads Lo a decresase in their

distance. Hence, the contraction factor T = 2/3 = 0,657 should decrease by a

58 Saturnian radii, motivated by the fact -

™ . = B 4
A proposed name for minimum ai 1.
ion tn its importance in this connaction.

that J, MHolberg has drawn abtent



TABLE 1V

Cosmopenic ehadows

Snturaizn ring from Holberg's data

a &
Mimus 3075 s,
Co-orbitals 2.510 - 0&16
Shepherds 2.3462
. me}\-<< o
Cassini Center 1,584 - > 0.655 (0.650-0.650)
Quter B 1943 "}»
Holbery min 158 0.635
tnner B 1.525 f ?

Inner C

Avcrage 064243 %,

Asizsoidel reging

Jupiter
Main belt
cuter limit
High density
outer fimit
High density
inner Hinit
Main beht
wnner fimit
Theoretical value

SR e,

”"“"’Ma 0676

i ‘m-\-—.-_h? __T:,,«""'
P e 0,683
136"

{AlTvén, 19810}

24a
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few percent. Theoretically we should expect the I value to go down to 0.63-
0.65 (Alfven, 1954; 1981b). (In Figure S the value 0.64 is used instead of
0.67. .This 4% difference is theoretically motivated, but since we never claim
a higher accuracy than a few percent, it is not very impartant for the main

discussion.)

C.IV Comparison with the Asteroidal Belt

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

A similar analysis of the asteroidai belt has given three identifications
of cosmogonic shadows (see Table 4b). The small correction to © should not
be applied to the asteroidal beit {see Alfveén 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 Eadius is sméii campared to the relevani size parameter. However, we

have changed the model from the early simple picture of an electron-fon plasma



[ 5
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to a ﬁreatmént of the behaviour of & charged dust in a dusty plasma. The dust
grains have éjm (charge to mass) ratios, which are orders of magnitude smaller
than for electrons or protonsu In fact, their Larmor periods'may exceed the
Kepler period and their lLarmor radii may be large compared to the
characteristic parameters of the dipoie field. This seems to make it
difficult to treat their motions as we have done. However, this difficulty is
often fictitious, as i5 shown by the following simpie model.,

In a plasma atmosphere consisting of electrons and ions with mass M, and
m;, the scale-height

KT )
: (1)

h = e
ETI“E *ng J

is a compromise between the large-scale height of alectrons and the small-
scale height of fons. This compromise is produced by an electric field E,
called the Rosseland field, whichk supporis ihe ions and presses down the
electrons. The total burden of the atmosphere is carried by the surface which
suppo%ts the aumosphera.

We aow return to the cosmogonic casa:

Consider a cloudlet containing N grains m-3 .. a1l of them having the
same mass M -- in & homogeneous magnetic field Ey, We irradiate the grains
sith ultraviolet light, so that each emits n electrons, which gives them a
positive charge g = ne. The eleciren density 1s Ne =N -nm3, This
produces a plasma with the Debye distance

| 1/2
< (KT /80 N 0 &%) (1)

Ry
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We apply a gravitational force f, = g m on each grain. If x, is very

g
large, this would put the grain in motion with the guiding center velocity

gg = B xm alq B2 (23

in the x-direction, corresponding fo a kinetic energy

1 2 1.3 <2 =2 "
ug = Fm Vg = E‘M g B (3)
When the force is aﬁpiied, the grain is displaced
pz = = Jwgqgte? (4)
g

hence producing &

If Ad > bz all the grains will move with velocity vga

current with density
i, = Nguv (5)

The cloudlet will be brevented from falling by the foirce per volume from the

grains:
o= ﬁ x i . (6)

Because of their small mass, the electrons will net be displaced noticeably.
This is the same result as if we had only one proton and one eiectron.
However, the picture is surprisingly different -if instead we consider a

dusty plasma, which is characterized by AH {{ 2z, Then the falling of the
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grains will produce & positive charge at the bottom and & negative charge at
the top of the cloud, producing an electric field £ which is so strong that it
compensates gravitation,

qE = Mg ' {1

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

producing é current with density
= Nagvy ‘ (8}

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

1f grains in an ion-electron plasma get negatively charged Dby absorbing
all -- or a considerable part of -- the eiectrons; the same phenomenon takes
place, but instead of the electrons the ions will carry the cioud. Hence, if

in 2 magnetized dusty plasma a gravitational field is apptied,

a) the plasma will be electrically polarized
{b) the grains remain al rest

{c) gravitation is compensated by an electron (or ion) current which
carries the cloud
{d) the force is transmitted from the electrons (fons) 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 a-disturﬁing force will Egg_necessarily produce any mbtion of the
grains perpendicular to the magnetic field: the grains are protected
from the perturbatioﬁ by motions of the electrons and ions. The grains can
oscillate free}j along the magnetic field 1jnes as if they were locked on
,certaih field }iﬁes. A small Larmor period or Larmor radius is nol 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.

Roplication to the 2:3 Contraction mechanism A grain which is acted upon

by gravitation and centrifugal force can remain "iocked" to a certain magnetic
field by means of the mechanism we have studied, The vector sum T, of the
gravitation force and the centéifugai force produces an electric current f
according to (8), which gives a force

i

—-5 - g -l‘
= Byxi : 9

ey

, -
perpendicular to the field B. For the grain to remain at rest, f must equal
f. This means that T must be perpendicular to B. which defines the size of

the ﬂentrifugai force, and hence the rotational velocity of the grain.

28



e Cenc?usiqns about the ?IasmauPTQnetpsimai Transition

atures oF tha bulk structure of the

LT}

We have shown that essentiz] fe

-

Saturnian rings can be understood as a rosult of the cosmogunic shadow effect
produced by a 2/2 contracticn which probabiy took place at the transition from
the plasma to the planetesimsl phase (PPT), presumably 4-5 billicn years

ago. The 2:3 ratio appears in four cases. Adding %o this the three cases
. o : ‘ :

from the asteroidal belt, we have no less than seven identifications. This

means that we can state with considerable confidence that the cosmogonic

shadow effect must have been essential at the formatlon of the solar system.

Besides the cosmogonic shadow effect, gravitational resonances were
important, especially in the asteroid beit, where tney produce the ¥irkwood
gaps. Due to the very small ratic of wimas/Saeturn in comparison to

turnian rings are smaill

fur

Jupiter/Sun, corresponding resonance effects in the &
but clearly identifiable (Holberg et al, 1962). (Also, some other effects are
important (see Alfvén, 1983c¢)). Hence a 2:3 centraciion should be
characteristic for the plasma-planetesima’ transition (FPT). It seems
difficult to interpret the above results as being due to any other effect.

The surprisingiy high degree of agreemeni between the observational and

theoretic values means that we 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 straighiforward development of
the theoretical model shows that the "holes” produced by plasma absorption by
the satellites must be associated with radial electric Tields bs@h at the
inside and outside of the depleted region. These electric fields will change
the "~vaiues so that both the Cassini dﬁéisian and the Hoiberg minimum should
exhibit "wails" {i.e., maxima) both inside and outside of the minima. Such

structures are actually visibie in the Holberg curves (Figures 8§ and 10).
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Further, iﬁ};ﬁortani; features in the bulk'stru;:hir’e of the rings (discussed in
Alfve'r:_t. ;,98 c) are analyzed, inciuding why the center of the B ring is so massive,
why there is a structure inside the Cassini division, and how the severa}. maxima
in the C ring are produced. Also, the importance of the Nortbr'ep and Hill (1983)
inatability anﬁ the possibility of explaining the Encke division as produced by an
adiabatic circularization of the initial orbite of the grains are being studied. In
this way it may be possible to reconstruct the state of the Saturnian environment
at cosmogonic times.

With a similtar analysis of the asterpidal region, we will have the
possibility of recons;ructﬁné how the planetesimal state developed into
p]anets[sate]iites.

Furthers we can conclude:

Since the PPT, the structure of the Saturnian rings and the asteroid belt
cannot have undavgcne any viclent iarqemSCcTe disruptio A stow evolution,

resu]t1ng in concentration of mass in a few bodies, is nd1caled There could

have been no “splar gale" strong enouga to disrupt the basic pattern. During

this time, inciuding the PPT epoch, there could not have been any strong,

large-scale turbulence.

Viglent events Defore the PPT cannot be excliuded, ‘but so far there seems
to he hu decisive arguments in favor of such phenomena. On thé‘contrary, what
has been said in Section B-speaks against it. The large-scale evolution of
the solarrsystem, from an interplanetary cloud to the present structure, coutd
very well have been a slow, uuxet process (but coﬁssst1rg of rapid,
consecut1ve process1ng of cloua?ets) which, dur!ng ma nv millions of years,

built up the present structure.



E. Summary of the Processes Mecessary 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 phenemenon 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. When
- elaborating the theory in different respecic it was found necessary to

introduce two more processes:

(d) Local pinch effects in the intersteliar source cloud is
required to form a non-lLaplacean solar nebula of & kind which could
glve the required initial cordition for the cosmogonic processes,

This has been discussed in B.I.

{e)}A "Rosseland mechanism" for support of the grains, even if
~ their Larmer 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

Trom the cosmogonic theory, whereas {a) and {d) have been discovered



(£
[

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 earlier
unknown phenomena it predicts. I we apply this creterion to the iatroduction
of electromagnetic effects in the cosmagonic pfecesues, the electromagnetic

approach seems to be not too bad.
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Magnetospheric research has matured te such an extent that it is
possible to treat esseatial 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 jaboratory
results contribute to a revision of our view of interstellar clouds,
and hencé influence also the way in which we gpproach cosmogony.

The transfer of information from one fieid to another is shown in

the figure.

Three special cases of stationary and cylindrically symmeiric current
(i) and magnetic field {B) configurations. d) A torpidal current and

E

an axial magnetic fisid leading fe & force opposing contraction. (b)

P

A force-free configuratd

onwith 1 and B para’lei. (¢} The Barnett
pinch with as axial current and & leroidal magneric Tietad

Electromagnetic affects zid end zven scul contraciion.

BFter the formetion of the ses end fur 7agaelic Tield, remnants of the

(non-laplacean) salar nebeld to 8,11 and B.111) fall
towards the sun it cloudleis of dust znd gas. Uher a falling cloudizt
reaches {ts critical velecily, ii iﬁ stapper. Currents from Lhe
épinnfng sun support the cloudiet fov 2 short peviod of time and
transfer anguiar momentum to ﬁt,‘ At the plasma-pianetesimal

transiticn, grains in Keplev orbit are produced and plasma procnsses

are thes no Yonger 1aporiani,

g

o A G

Lf.



Fig. 4 Simplified picture of the auroral circeit transferring angular
omentum between a magnetized rotating body A and 3 surrounding plasma

cloud C. Current I may produce double layers D,

Fig. & (a} Charced particles {plasma, charged dust, or cloudlets) in an
axisymmetric magrnetic dipole field around & gravitating rotating
body. If their motion is magnetic-field dominated, a quasi-
stationary motion requires that the vector sum of gravitation and
centrifugal force be perpendicular to the magnetic field line. As

shiown by AlfvEn and Arrhenius (1975, 1976), this means

i/2
vy = §%¢ Vys where v 15 the otational velocity and vy is the

kepler velocity.

{b) Vanishing maguetic forces give a transfer into elliptic orhits,

If the magnetic {ield or the particle chaige suddenly Jdisan ears, the
4 b2 PP

B

particles at the central distance B4 will orbit in ellipses with semni-

]
i

: : 3 i i -
major axis a =7 2., and ecceatricily e = 3 They will collide

e

mutually when they reach the nodes in the equatorial plane with

a_, and after collisions move in a circle at a =T a.. with

G



Fig. 6

Fig. 7

Fig. 8

Interaction of & large number of particles in Kepler orbits. In the

discussion of collisions betwezn particies in interplanetary space

©

{e.g.. evolution of the astercidat belt or meteor streams; it is
usually taken for granted thatl stateui‘wiiﬁ evoive into state b
(positive diffusion). This is wsually net correct. Collisions
hetween the particies will not spread the orbits since the diffusion
coefficient is negative (Baxter and Thompson, 1971, 1673). Instead,

collisions will lead to egquaiization of the orbital elements, leading

from state b to state ¢ so that a jet stream is formed.

This phote of the Saturnian Ring shows some of its Tine structure. In
order to maintain e targe number of ringlets, & negative diffusion

process 1s indicated.

Comparison between present magretospheric plasma distribution and mass
distribution in the rings. Present-day charged particle distribution
in the Saturnian magnetosphere often shows void regions produced by
absorption by the satellites. The upper curves are obtained by
Fillius and Mcllwain (1980).- It is argued that the plasma
distribution was qualitatively the same in cosmogonic times. The
-ontraction by a factor T = 2:3 at the transition from piasma 10
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 Fi11ius-Mc llwain curve

reduced by a factor I = J.64. The “cosmogonic shadows” of Mimas, the
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co-orbital satellites and the Shepherds are fdentified with Cassini’s

i
division, the deepest minimum in the B ring, and the inmner limit of

the B ring.

Fig. 9 Bulk Structure of the Saturnian Ring as a Product of the 2:3
Contraction at the Plasma/Planetesimal Transition

The cosmogonic shadow

of Mimas produces the Cassini division

of dJdanus produces the Helberg minimum

of the shepherds (and the outer A 1imit) produces the B-C

]

intensity drop

of the outer B Yimit produces the inner iimit to C

The normal optical denth of the rings from Vovaager 2 UVS min
b » s

-t}
pr’
[Lia]
°
]
o

gecultation data. 3Below is the brightness of the rings in transparent

Tight (Yoiberg et al, 1%02)

Fig. 11 Asteroi ! belc

Diagram of Mass Distribution {logarithmic scale}

At the top: Jupiter's gravitational resoneznces produce very strong Kirkwood
gaps (and the Hilda maximum at a = 3.9).
Yore than 98% of the total mass is contained in a

massive section {darkly shaded area) with a sharp inner Vimit at 2.36

and a sharp outer limit at 3.2¢
The whole main belt has & sharp inner Timit at 2.20

and a sharp outer Timit at 3.50

Interpretation
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EVOLUTION OF BODIES MOVING IN KEPLER
- ORBITS AND INTERACTING
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JRITA-EPP-84-02 ISSN 0348-7539

Rayal Institute of Technology. Department of Plasma Physics,
S-100 44 Stockhoim, Sweden

COSMOGONY AS AN EXTRAPOLATION OF MAGNCTOSPHERIC RESEARCH

H. Alfvén

March 1984, 53 pp. inkl. iTlus., in English

A theory of the origin and svoiution of the Solar System {A‘fvén ana
Arrhenius, 1975; 1976) which considered electromagnetic forces and plasma
effects is revised in the light of new information suppiied by space
research. In situ measurements in the magnetospheres and salar wind have
c}}anged sur views of basic properties of cosmic plasmas. These results can

be extrapolated both ouiwards in space, te intersteliar clouds, and backwards

R

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 soiar nebulae. The latter extrapolation
makes possilbe to epproach the cosmoyonic processes by extrapolation of
{rather) well-known magnetospheric phenomena.

Pianear-Yoyager observations of the Saturnian rings indicate that
essential parts of their structure are “fa§5i¥s“ ~om cosmogonic times. By
tailed information from these space missions, it seems possible to

usin
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reconstruct certain events 4-5 bilifon years age with an accuracy of a few
percent. This will cause & change in our views of the evolution of the sclar

SYSTem,

Key words: Astercid belt, Cosmic plasmas, Cosmogony. Maghetospheres,
Planetesimals, Saturrian rings. Solar system history





