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I. INTRODUCTION

The origin of the solar system is one of the topics that has been of
interest, both to astronomers and to laymen, for a considerable period
of time. Indeed as soon as men started having scientific thought, they
attempted to explain the solar system. The very first theories, for
obvious theological reasons, required the origin of the Earth and that
of the Universe to be closely related. We shall not consider such
theories but concentrate only on theories for the origin of the solar
system where formation occurs out of raw material that has already
been created, the actual creation of this material being of no con-
sequence. Among the first scientific theories were those of Descartes
(1) in 1644, Kant (2) in 1755 and Laplace (3) in 1835. Until recently,
however, very little progress had been made towards formulating a
theory, or even a type of theory, that was broadly acceptable. At the
conclusion of his Bakerian lecture on the Origin of the Solar System
in 1952, Sir Harold Jeffreys (4) said, ‘There is hardly a feature of our
system that I would regard as satisfactorily explained’. Since that date
some advances have been made. While it is the intention of this article
to review both the older theories and the newer theories, more space
will be devoted to the more modern developments.

Before reviewing the theories that have been proposed to explain
either the origin of the system as a whole, or indeed parts of the system,
it is useful to outline some of the major properties of the solar system.
If any of these properties are contradicted in a particular theory, then
that theory must fail, though, of course, it is permissible to postulate
that some of these properties exist in the initial stage considered. The
major properties of interest are as follows:

(a) There is a central condensation, the Sun, that is many orders of
magnitude (a factor of around 750) more massive than the whole of the
remaining parts of the system.

(b) The system contains eight planets in rotation about the Sun.
(According to present-day beliefs, Pluto is to be regarded as an escaped
satellite rather than as a planet.)

40
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(c) The Sun rotates at a very slow rate, the ratio of the present-day
angular momentum of the planets to that of the Sun being about 200:1.

(d) The vectors associated with the angular momenta of the con-
stituent parts are in most cases parallel, that is all the planets and most
of the satellites move in roughly the same plane while their individual
rotations are also in that plane.

(e) The four planets nearest the Sun, the terrestrial planets, are less
massive than those farther out, the major planets, by a factor of
about 100.

(f) The terrestrial planets are different in composition to the major
planets, being predominantly heavy non-volatile material as opposed
to hydrogen and helium. The major planets are similar in composition
to interstellar material and hence to the raw material from which the
Sun was formed.

It may be that planetary distance is an essential factor of the system.
An empirical law giving the planetary distances in astronomical units
is known as the Titus-Bode law and gives

r = 04403 X2"

where n = — oo for Mercury, o for Venus, 1 for the Earth and so on.
If the angular momentum and mass of the planets are specified, then
the planetary distance is determined and cannot be regarded as an
independent variable.

It is difficult to decide whether all the major properties of the solar
system have been included above, or indeed whether all the above
properties are essential properties of any system formed under the
same conditions as the solar system. This is because only one solar
system is known to exist and so it is impossible to distinguish between
phenomena that must come about as a direct consequence of some
established law and phenomena that come about as a result of unlikely
accidents. The existence of only one known system also makes it rather
difficult to disprove completely some of the more imaginative theories
that have been proposed from time to time. It is to be noted, however,
that a number of stars are known to have companions with masses
comparable to that of Jupiter. These companions have been detected
by observing perturbations in the path of the parent star. It is
impossible at the present time to detect them by any other method as
they are very small and close to the parent. An account of this aspect
of astronomy together with a list of stars with such companions is
given by Van de Kamp (5).

In compiling the review that follows, we have only considered theories
for the origin of the solar system that produce a system which is not
in conflict with any of the properties stated above. Theories which
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reproduce all these points with a minimum of assumptions and
postulates will be considered preferable.

2. CATEGORIES OF THEORIES

When summarizing the theories that have been proposed, it is
possible either to list them in chronological order, or according to
type using some classifying system. We shall adopt the second method
as it allows for easier comparison between different theories and
different categories. In 1931 Jeans (6) first divided the theories into
two categories; those where the material for the formation of the
planets came from the Sun, and those where it did not. We shall divide
the theories according to a classifying system given by McCrea (7).
In this system the theories are divided into two main categories:

(1) Theories that regard the origin and formation of the planets as
being essentially related to the formation of the Sun. The two formation
processes must either take place concurrently or consecutively.

(2) Theories that regard the formation of the planets as being
independent of the formation process for the Sun, the planets forming
after the Sun had become a normal star.

This last category can be subdivided into two sub-categories:

2(a) Where the material for the formation of the planets is extracted
either from the Sun or from another star.

2(b) Where the material is acquired from interstellar space.
We shall now summarize the main theories in all of those categories,
starting with theories of the type 2(a) as they were very prominent in
the earlier part of the century but are currently out of favour. A
number of these theories are very well known.

Theories of the type 2(a)

This type of theory is mainly associated with the names of Jeans and
Jeffreys, though both Hoyle and Lyttleton at one stage produced
theories of this type. Such theories became very popular when Jeffreys
(8) showed that it was not possible to form planets, moving as the
existing planets do, by the slow condensation of a gaseous mass moving
in any plausible way, whatever density distribution was allowed. This
conclusion is reached by considering the very unusual mass and angular
momentum distribution which the solar system possesses. The actual
distribution is given in the introduction under properties (a) and (c).
It is evident that such a system could not form directly from one cloud.

At the time this conclusion appeared to dispose of all theories of
type 1, and it is only in recent years that ways of overcoming this
angular momentum difficulty have been found. Jeffreys thus came to
the very natural conclusion that the Sun must have formed before the

© Royal Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1968QJRAS...9...40W

rIOBBQIRAS . 07 2 4DN

No. I THE ORIGIN OF THE SOLAR SYSTEM 43

slanets. In the same paper he showed, using a slight modification of
:n argument published earlier by Jeans (9), that the system cannot
;ome about as a result of the fission of one rotating body, angular
nomentum again being the overriding criterion. These negative results
ead Jeffreys to the conclusion that another star must also be involved
it the formation of the planets.

Such theories, involving the Sun and another star, had been common
or some time. As early as 1745 Buffon (10) had suggested that the
slanets formed out of material ejected from the Sun as a result of a
sollision between the Sun and a comet. In 1880, by which time the
rue nature of comets, and thus the impossibility of Buffon’s hypothesis,
wvere known, Bickerton (11) suggested instead a collision between the
Sun and a passing star. As in Buffon’s theory, the planets formed by
lirect condensation out of the ejected material. Early in this century,
Arrhenius (12) also considered the collision between two stars, this
time head on, leading to one star and a gaseous filament, while See (13)
considered the collision between two nebulae, resulting in one nebular
protosun which subsequently captured the planets.

Jeans (14) showed that an actual collision between two stars was not
necessary in order to remove material, a very near encounter would
cause a tidal bulge to form on the Sun, with some material actually
Seing removed from this bulge. A variation of this theme was proposed
independently by Chamberlin (15) and Moulton (16), whereby the
field of a passing star served to intensify the solar activity, thus causing
gjection of matter. These authors also suggested that the ejected
material instead of being a fluid, as in most other theories, could be
made up of small solid particles. These small particles were called
planetesimals and this terminology has now become universally
accepted. These two authors were the first to suggest that the planets
could form from the agglomeration of small cold bodies rather than
from the condensation of hot fluid.

In 1929 Jeffreys (17) returned to the idea of a collision, but this time
suggesting that the Sun and the passing star would only graze each
other. In common with beliefs held at that time, both stars were
assumed to be in a fluid state and so a fluid filament would be formed
as a result of the grazing, extending from the Sun to the other star.
This filament would eventually break away from both stars and, as a
result of instabilities, would break up into droplets, some of which
remained captured by the Sun and condensed into planets. Jeffreys
showed that this method produced masses that were in tolerable
agreement with the observed masses of the planets. The break up of
a fluid filament had earlier been studied by Jeans (18) who showed
that droplets would form given a favourable filament density. In the
same discussion Jeans suggested that the filament could come about as
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a result of the tidal effects of a passing star causing rotational instabilit,
in the Sun. Material in the form of two filaments, one each end of th
rotating ellipsoid, would be thrown off from the equator. He extende:
these calculations (19) by showing that the filament would be cigar
shaped. Consequently there would be more mass near the middle o
the filament, resulting in the planets forming there, namely Jupiter anc
Saturn, being more massive than the planets forming in the other part
of the filament.

Gunn (20) revived the theory that a single star broke up as a resul
of rotational instability, forming the Sun and a companion star. Th
rotational instability comes about as a result of electromagnetic effect
in the initial star. Thermal asymmetry, one face of each of the newl
formed stars being hot while the other is cool, causes these stars t
move apart. In this way Gunn overcame the difficulty with this typ
of theory mentioned by Jeans (9) and Jeffreys (8). The method ¢
formation of planets in a filament between the two main masses, tor:
out when the stars are close, is identical to the method proposed in th
other theories. In fact, the main aim of this paper was to offer a:
explanation as to why two stars came to be very close together in orde
that a filament could be efficiently formed, Gunn having concluded tha
the grazing collision proposed by Jeffreys was too improbable.

Qualitative objections against most of the theories mentioned abov
were put forward by Luyten (21) in 1933. As a result minor change
were made, but it was to be many years before any completely nex
ideas were introduced. One change was proposed by Lyttleton (22
(23), who suggested that at one stage the Sun formed part of a binar
system. Collision between the companion and a passing star occurrec
Lyttleton demonstrated that any material escaping from the collisio
is likely to have a velocity comparable with that of the Sun and s
capture of this material by the Sun is probable. The idea of a collisio
between a binary companion of the Sun and another star had alread
been suggested, and rejected, by Russell (24) in 1935. Russell did no
however, carry out any detailed calculations on the problem.

Lyttleton (25) showed that the terrestrial planets were too small t
condense on their own and suggested that initially one very larg
proto-planet was produced. Because of rotational instability, th
broke into two major parts, Jupiter and Saturn, with a connectin
filament from which the remaining planets formed.

In 1940 Bhatnagar (26) showed that, in the two-body problem, th
formation of a planetary ribbon was impossible. This conclusio
invalidated most of the above theories. Bhatnagar also investigate
Lyttleton’s theory and concluded that the Sun’s companion star woul
have to be so close to the Sun at the time of the collision with tt
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bassing star that the Sun could hardly have avoided being involved in
his collision as well.

Before Bhatnagar’s criticisms were published, other difficulties with
lhe tidal theories had been pointed out by Nolke (27) and Spitzer (28).
NOlke showed that in order that the material torn from the Sun could
pe stable against the tidal action of the Sun, its mass would have to be
omparable with that of the Sun. Spitzer’s argument depends on the
lhermal dissipation of the filament. In order that the filament should
ontain enough mass to form the planets, matter must have been drawn
jrom the solar interior and so must be at a temperature of about 10° °K.
bpitzer showed that, at this temperature, such a filament must expand
o infinity unless it cools rapidly. He showed that the cooling time is
'ne order of magnitude greater than the expansion time and so dissipa-
ion of the filament must occur.

{ Nolke (29) and Russell (24) had also cast doubt on whether any
sisting medium could reduce the orbits of planets to ones of small
ccentricity (in most of the above theories planets form with very large
nitial eccentricity).

1\ In an attempt to overcome the criticisms of Nolke and Spitzer,
Jauvillier (30), (31) proposed a theory in which the tidal filament was
“nized. He showed that electromagnetic effects would stabilize the
ilaments long enough for condensation into planetary twins to take
lace. Condensations would occur at exponentially increasing distances
rom the Sun. The twin planets usually merged while still gaseous but
he Earth-Moon system is an exception.

A

i

J_'.?_Méb

As a result of the criticisms of Bhatnagar, Lyttleton (32), (33) sug-
_ested that the Sun formed part of a triple star system, consisting of a
lose binary and the Sun. Due to accretion of interstellar matter the
sparation of the two stars in the binary system will decrease, until they
nally combine to form one mass. This mass will break up because of
otational instability. After this fission the two parts escape from the
ystem, and the filament formed between them is captured by the Sun.
'he objection of Spitzer also applies to this theory.

Hoyle (34) maintained that the Sun’s companion did not break up
s a result of rotational instability, but rather went through the normal
rocesses of evolution and became a nova. Material ejected in this
xplosion was captured by the Sun, and the planets formed from this.
1 order to produce the desired result he found that the amount of
1atter in the form of diffuse gas must be about (75)M . He modified
1is theory one year later (35) by replacing the nova explosion by a
iper-nova. When numerical values for the various quantities involved,
iken from observations of the Crab Nebula, are introduced, all the
>quirements of his theory are satisfied. In another publication, weight
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was added by Hoyle (36) to Lyttleton’s conclusion that the terrestria
planets did not form directly, but were formed as a consequence of the
rotational break-up of a protoplanet.

This was to be the last important development of theories in thi
category for a considerable time, the next being in 1960 when Lyttletor
(37) carried out detailed calculations on the orbits which small masse:
would follow under the action of two larger masses. He showed tha
in most cases the orbits either go to infinity or intersect the surface o:
one or other of the two large masses. He concluded that it is almos
impossible to form a planetary system by any of the methods describec
under the category 2(a). At about the same time, however, Woolfsor
(38) proposed that a star of mass 10 M g, approaching with a velocit;
of 100 km/s would form a tidal bulge on the Sun. Part of this bulg
breaks away to form Pluto. As the star approaches the Sun, Neptune
Uranus, Saturn and Jupiter, in turn break away. The Earth and the
terrestrial planets form as the star recedes. This theory was severely
criticized by Briggs (39) and as a result Woolfson (40) proposed ¢
considerably modified theory in 1964. In this modified theory the
approaching star is taken to be a supergiant, thus having a low densit;
near the surface. A filament is drawn out of this star as a result of the
tidal effects of the Sun. This filament breaks up into droplets as in the
theories of Jeans (18) and Jeffreys (17). The argument is numerical; by
choosing suitable initial conditions, Woolfson obtains a system that
as far as mass and angular momentum are concerned, is in very gooc
agreement with the observed values for the solar system. The objection:
of Spitzer would once again seem to apply, however.

Two other theories of this category that deserve mention because o
their ingenuity were proposed in this decade. In 1960 Egyed (41) place«
the problem against the general background of Dirac’s cosmology. Ir
this form of cosmology the gravitational constant decreases with time
Therefore, under suitable conditions, there could be an instant wher
the centrifugal force at the solar equator became equal to the surfac
gravity. It was suggested that a planetary mass escaping at this timy
would lead to a decrease in the solar radius. This process is repeate
leading to the formation of a number of planets. It is difficult to se
how this process ever terminates, and if it did the Sun would presumabl
be rotating very fast.

A theory by Banerji & Srivastara (42) published in 1963 considered :
spherical magnetic star of mass 9 M . This star is assumed to oscillat
radially with a small amplitude. Banerji & Srivastara showed that th
nearby passage of a star of similar mass increases the amplitude of th
oscillation of the magnetic star rendering it unstable. The instabilit;
leads to ejection of matter from which the planets may form. The
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concluded that the two stars need not pass very close, neither need the
velocity be high in order to produce the required angular momenta of
the planets. /

Though both are unusual ways of producing ejection of matter, the
“heories appear to be subject to the criticisms of Nolke and Spitzer.

As a result of the objections of Nolke, Spitzer, Bhatnagar and
Lyttleton, together with other objections, which we discuss in the
next section, this type of theory is not now in favour.

Theories in category 2(b)

This also is a category in which the formation of the planets is
independent of the formation of the Sun. It differs from the previous
category in that the material for the formation of the planets is obtained
from interstellar space rather than directly from another star or from
the Sun.

Most theories in this category take as their starting point the existence
of a cloud of gas and dust, called the solar nebula, in the form of a
flattened disk surrounding the Sun. Such a disk may form when the
Sun moves through an interstellar gas cloud which possesses some
rotation. Material will be accreted by the Sun, but not all will fall
into the Sun because of the effects of rotation. The formation of this
nebula has been investigated by several authors (see for example
Lyttleton (43), Hoyle (44) and Sekiguchi (45)), and it seems possible
that such a nebula may form. However, as mentioned above, most of
the authors whose theories are given below postulate the existence of
such a nebula as part of their initial conditions, the nebula being
ilattened because of angular momentum effects.

It may be argued that one of the very first theories of the origin of
the solar system, the theory of Kant (2), belongs to this category.
However, Kant did attempt to form the Sun as part of the same
process and so his theory is described in the next section. His theory
forms the basis for a theory proposed by Berlage in a series of seven
papers (46)—(52).

The basic idea in Berlage’s theory is the formation of concentric
rings in the captured nebula. The planets form from these rings by
some unspecified method. The rings are assumed to form as a result
of viscous interactions dissipating energy because all the volume
elements follow Keplerian motion. Berlage assumes that an encounter
with another star is responsible for the angular momentum distribution.
Berlage’s theory thus embodies aspects from many previous theories.

One of the very first cosmogonical theories was the theory of
Descartes (1). He assumed that the Universe is filled with ether and
matter. In consequence the only possible motion is a vortex motion.
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The Universe initially was filled with circular eddies of all sizes. The
friction between the eddies would smooth down the rough shape of
the initial matter. The resulting filings would tend towards the centre
of the vortex, forming the Sun. The coarser bodies are captured in
the vortex and these form the planets.

Though this theory also strictly belongs to category 1 we have
included it here as the ideas outlined are very similar to those given
in more modern times by von Weizsdcker (53). He first showed that
a gaseous envelope surrounding the Sun, and possessing angular
momentum, will assume a disk shape which is not stable, and that the
velocities of parts of the disk closely follow Kepler’s laws, so that
viscous forces will be present which try to set up a rotation of a rigid
body; hence the outward part of the disk will accelerate and move
outwards while the inner part will decelerate and fall inwards, and in
time the disk will dissipate completely. As a result of this dissipation,
material of zero angular momentum falls into the Sun, slowing its
rotation down. In this way von Weizsidcker attempted to explain the
slow rotation of the Sun. He postulated that the matter flowing to
infinity is the lighter material and so the planets are formed out of the
heavy elements. Von Weizsdcker then considered the pattern of vortices
which would be set up in the disk. He concluded that they would tend
to form as ‘roller-bearings’ in between rings of different velocity in the
disk. He suggested that condensation could take place inside these
‘roller-bearings’ very easily and showed that the time required to form
planetary sized condensations in the disk is comparable to the life of
the disk. It was expected that the ratio of the radii of two consecutive
circles would be constant, thus giving vortices at the distances obeying
roughly the Titus-Bode Law.

Von Weizsidcker’s theory was modified and extended a few years later
by Ter Haar (54), (55). The regular eddies of von Weizsicker were
discarded and replaced by random turbulence. This leads to a very
thick nebula and so gravitational instability would not occur. Ter Haar
thus concluded that the planets must have formed by accretion. He
explained the difference in composition between terrestrial and major
planets on the grounds that the inner part of the nebula would be
considerably hotter than the outer part. Thus only non-volatile material
condensed in the inner regions. A major difficulty with this theory is
that turbulent dissipation takes place in a fairly short time of about
1000 years. Condensation into planets must thus take place in an
interval of time shorter than this.

Kuiper (56), (57), (58) also argued that the regular vortices of von
Weizsdcker would be impossible and suggested instead that large
gravitational instabilities might occur in the solar nebula, forming
condensations. The nebula could either form contemporaneously with
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the Sun or be captured by it. Depending on the density distribution
in the nebula, either a planetary system or a stellar companion to the
Sun could be formed. Thus Kuiper, indirectly, postulated the masses
and angular momenta of the planets. The separation of planets into
two types, terrestrial and major, was assumed to be due to the existence
of the Roche limit (see Jeans (18) for a definition of this limit).
Terrestrial planets, being higher in density, are the only ones that can
form inside the orbit of Jupiter. No explanation is offered for the slow
rotation of the Sun; Kuiper considered this as part of a more general
problem of explaining why most G-type stars rotate slowly.

In the same year as von Weizsidcker, Schmidt (59), a Russian
astronomer, first put forward his theory for the origin of the planets.
He assumed that the Sun passes through a cloud of dust and gas,
capturing some of it to form the solar nebula. As this cloud possesses
angular momentum, collisions will in time reduce it to a bun-shaped
disk. The mass and angular momentum of this nebula, and thus of
the planets, is postulated rather than derived, as indeed is the case with
most theories in this category.

As this disk contains dust, the parts nearer the Sun will absorb the
solar radiation and warm up, while parts farther away will remain cool.
This heating results in the dispersal of all volatile material from near
the Sun. The remaining non-volatile material then agglomerates to
form the terrestrial planets. In the cooler parts, farther away from
the Sun and its heating effects, all the material will agglomerate to
produce the major planets. Hence Schmidt’s theory offers an explana-
tion for the difference in mass and composition of the planets. It also
explains the rotation in one plane of all the planets. By a postulate,
the mass and angular momentum of the planets are also in agreement
with the requirements. The theory makes no attempt to explain the
slow rotation of the Sun. There have been extensions of this theory
by the Russian school that grew up around Schmidt. An account of
some of these is given by Levin (60).

A completely different type of theory was proposed in 1942 by Alfvén
(61)—(63) when he included electromagnetic effects in the equations of
motion of particles. Slight modifications were later published (64), (65).
Some attempt at this had already been made by Birkeland (66) as early
as 1912. In his theory, Birkeland assumed that ions were emitted by
the Sun; under the influence of the solar magnetic field these ions will
spiral out towards their limiting circular orbits. He never followed up
this idea to produce a detailed mathematical theory.

Berlage, in another three publications (in fact, prior to the seven
already discussed) (67)-(69) had also made use of the ejection of ions
from the Sun. In his proposed initial state, the Sun is surrounded by
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a flattened solar nebula. Charged particles are emitted from the Sun
into this nebula which acquires a space charge as a result. This space
charge was assumed to increase with distance. Berlage found that the
equilibrium configuration, on ignoring centrifugal forces, is a series of
concentric rings, each ring consisting of one particular element, those
of heaviest atomic weight being nearest the Sun. The planets form
from these rings. There are many invalid points in this theory; for
example centrifugal force is neglected and it is known that ionization
in a solar envelope is negligible, hence the space charge will not form.

Alfvén, without being aware of either Birkeland or Berlage’s theories,
considered the Sun to be surrounded by an interstellar gas cloud. The
atoms of this cloud will fall towards the Sun, thus increasing their
velocity. At some stage this velocity will become high enough for the
energy released at a collision to cause ionization of the falling atoms.
When this takes place the ion is forced to follow the lines of magnetic
force to an equilibrium position in the equatorial plane, thus generating
a high density in this plane. Condensation in this plane now accounts
for the major planets. However, the process of capturing ions cannot
explain the formation of the terrestrial planets, as the radius at which
ionization occurs is much greater than the mean terrestrial planetary
distance from the Sun. Alfvén thus considered interstellar grains.
These will follow the same general history as the ions but in this case
the mass to charge ratio is much higher. As a result the equilibrium
position will be much nearer the Sun. The terrestrial planets condense
from this material. The mass of the planets is once again a matter of
postulate but now the angular momentum distribution is explained and
so is the composition difference.

These are the major theories under this category. As can be seen,
some of them do explain the very slow rotation of the Sun. None,
however, explains how an initial gas cloud could rotate slowly enough
to allow the Sun to form without encountering rotational instabilities.

Theories of type I

In all of the following theories the formation of the planetary system
must come about as a direct consequence of the formation of the Sun.
The nebular theories of Kant (2) and Laplace (3) are theories of this
type. In the theory of Kant the Universe is assumed to be roughly
uniformly filled with gas. Regions of slightly higher density act as
nuclei for condensations to form. A contraction process occurs in these
condensations and protostars are formed. As the condensations were
assumed to be initially rotating, conservation of angular momentum
required all the protostars, in particular the protosun, to flatten. In the
resulting disk, secondary condensations form, and the planets originate
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at the centre of these. The major difficulty with this theory is to explain
ihe distribution of angular momentum in the present system.

In Laplace’s theory, the Sun is formed out of a large diffuse gas
cloud possessing a small amount of angular momentum. As this
condenses its angular velocity must increase and so the cloud takes up
a lens shape. At some later stage, the gravitational attraction will
clearly be balanced by the centrifugal force, and further contraction
can now proceed only after the ejection of a ring of material. In time
ihe same effect will repeat itself, resulting in the ejection of another
ring. This process is repeated until the Sun reaches its present-day
form. A planet forms in each of the ejected rings and so a planetary
system is formed. This simple theory also clearly breaks down on a
number of points, notably because the Sun would still be rotating on
the verge of rotational instability today; also it cannot explain the
observed mass and composition of the planets. However, some of the
ideas of Laplace’s theory are incorporated in more modern theories,
especially the idea that material first forms into rings and then into
planets. The most recent of Hoyle’s theories is of this type. This
theory was proposed in qualitative form in 1955 (70) and with more
mathematical detail in 1960 (71).

Like Laplace, Hoyle starts with a cloud of gas possessing angular
momentum, its numerical value being roughly what it would be if the
cloud rotated with the general galactic rotation, that is 4 x10% cgs
units. For a star of mass M, rotational instability sets in when the
radius of the star is 3 X 10'2 cm, or roughly equal to Mercury’s orbital
radius. A ring of material is ejected, allowing the star to contract
further. Hoyle differed from Laplace in that he postulated that a
magnetic torque comes into existence between the disk and the star.
This must come into effect immediately, otherwise more and more
matter is ejected resulting in a planetary system comparable in mass
to the Sun. The existence of the torque depends on the lines of magnetic
force from the Sun being frozen into the disk. (This is a consequence
of a well-known theorem on frozen-in lines of force. See any book on
magneto-hydrodynamics, e.g. Ferraro & Plumpton (72), for more
details.) For the torque to be effective Hoyle finds that the magnetic
field strength has to be of the order of 1 gauss, while ohmic decay will
not cause uncoupling provided that the conductivity of the disk is at
least 10 cgs units, requiring 1 atom in 107 at the edge of the disk to
be ionized.

These numerical values are reasonable and so Hoyle concluded that
the existence of the proposed mechanism of magnetic coupling is
possible. The effect of the torque is to transfer angular momentum
from the Sun to the disk, resulting in the disk moving outwards from
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the central condensation while the condensation itself contracts further,
now with roughly constant angular velocity.

Edgeworth (73) in a short note, proposed a slightly different coupling
method which also depends on the existence of a magnetic field and
would require the disk to be highly conducting. The proposed
mechanism requires that the lines of magnetic force are frozen in the
disk, the torque being similar to the one generated when a metal object
is moved through a magnetic field. This does not differ substantially
from Hoyle’s method but it indicates further that coupling is possible.

The temperature of the solar condensation at the epoch when the
disk was ejected, could not be much in excess of 1000 °K and so a
number of non-volatile materials must be in solid form, probably as
fine smoke particles. These particles will grow in size as a result of
further condensation and accretion. Hoyle showed that these particles
will be swept outwards with the disk only if their diameter at the Earth’s
orbit is less than 100 cm. Thus as the main disk moves out, a subsidiary
disk consisting only of non-volatile material remains behind. Hoyle
suggested that the formation of the terrestrial planets naturally takes
place in this subsidiary disk. The terrestrial planets are therefore
different in composition from the Sun.

When the disk reaches the Jupiter-Saturn region, the gravitational
field of the Sun is weaker, hence particles of diameter less than 10 m
are now swept along. However, the temperature is now much lower
and ice particles can form. By the time the condensations here are
large enough to capture the gas by their own gravitational field most
of the gas will escape from the system. Hence Jupiter and Saturn,
forming first, each have a large amount of gas, whereas Uranus and
Neptune do not. Hoyle thus obtained very good agreement with
observations for the mass and composition of the planets. The slow
rotation of the Sun is also explained. In fact, all the features mentioned
in the introduction are explained provided the idea of magnetic coupling
is acceptable. It should be mentioned that the method of magnetic
coupling adopted by Hoyle is somewhat similar to one proposed in a
slightly different context by Liist & Schliiter (74). In a study of nucleo-
synthesis during the early history of the solar system by Fowler,
Greenstein & Hoyle (74a) it is shown that the DLiBeB abundances
lead to a requirement that 10 per cent of the terrestrial material must
be irradiated with a thermal-neutron flux of 107 n/cm2s for an interval
of 107 years. It is shown that Hoyle’s model for the origin of the solar
system meets this requirement.

An earlier theory by Edgeworth (75) also proposed that the planets
formed out of a rotating disk ; however, the disk in this case is formed
in a very different manner to that of Hoyle. In an earlier publication
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the same author (76) had demonstrated that direct condensation of the
Sun and planets was not possible. This was much the same conclusion
as Jeffreys (8) had reached earlier, but Edgeworth considered more
possibilities. In his second paper he therefore had to form the planets
and the Sun by other methods, methods that did not involve direct
condensation of a gas cloud. He postulated that during the formation
of the Sun, some material is captured in orbit around the Sun and does
not actually fall into the Sun. Because of collisions between different
parts of the captured material, it will eventually form into a disk
surrounding the Sun. Edgeworth recognized the need for transfer of
angular momentum in order to slow the rotation of the Sun, but at the
time he decided that the use of magnetic fields was too speculative;
instead he used viscous forces for the transfer process. As a result he
concluded that eddies will form in the disk and these will grow as a
result of the viscous effects at their edges. Collisions between these
eddies will also cause an increase in the mean size. He estimated the
time required for a mass of planetary size to be formed by this process
as 10° years near the Earth’s orbit, increasing to §x 10°% at Neptune’s
orbital distance. He suggested two planetary sequences, one containing
the planets from Mercury to the asteroids and the other containing the
planets from Jupiter to Pluto. The tail of each sequence did not contain
enough mass to form a planet and so gave rise to the asteroids and the
comets. The theory thus obtains the difference in the terrestrial planets
and the major planets by postulate rather than by calculation. Also,
viscous friction can only be effective if the disk touches the Sun at all
times, hence we would expect material to be found closer to the Sun
than Mercury. It is also doubtful how effective viscosity would be in
diffuse media even if it did touch the Sun. Consequently grave doubts
must be cast on this theory. However, it has many points in common
with a more recent theory, first proposed in 1960 by McCrea (77), (78).

McCrea envisaged the formation of the Sun as taking place at the
same time as the formation of a number of other stars, these stars
eventually forming a stellar cluster. Consequently he envisaged an
initial cloud of several hundred solar masses. This is taken to be at
a relatively high density of about 4 x 1012 g/cm?, having followed a
process of contraction described by him (79) in 1957, its temperature
being about 50 °K and composed mainly of molecular hydrogen. At
this stage McCrea diverged from the usual treatment assuming
homogeneity and isotropy by taking this cloud to consist of small
deformations, so that it is broken up into many cloudlets or ‘floccules’
as he calls them, these being in random motion amongst themselves
with a mean speed of about Ikm/s, their mean free path being
R=5x10"cm. He assumed that about 10° floccules occur in a sphere
of radius R. When two of these floccules collide the parts directly
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concerned will coalesce while the other parts will proceed as smaller
floccules. A larger than average floccule may thus result from a
collision. By a series of such favourable collisions minor condensations
are formed throughout the cloud. Some of these may survive, some
clearly do not. A reasonably large condensation will have a gravita-
tional field which attracts further material, resulting in a growing
condensation. Material entering this condensation must initially have
been travelling towards this region and so material joins the conden-
sation from all directions, ensuring that very little angular momentum
is carried into the condensation.

McCrea argued that what occurs inside a region of radius R is likely
to be duplicated in other such regions and each such region develops
more or less independently. With the adopted numerical values, the
mass inside a radius R is about a solar mass. Most of this will form
one major condensation in this region, but McCrea showed that about
1000 floccules will be captured in orbit about the major condensation.
He also estimated that the time taken for 9o per cent of the material to
form in the major condensation is less than 10° years and that the
space requirement for this condensation is less than half the orbit of
Mercury. Hence in this theory there is no difficulty in forming a planet
at Mercury’s distance from the Sun.

The remaining 1000 floccules orbiting the Sun will tend to flatten
towards the invariable plane defined by the angular momentum, the
time taken being only about 5000 years. At the same time as the
flattening process occurs there will be a tendency for collisions. In
this way floccules orbiting in opposite directions will lose all their
angular momentum and fall into the Sun. By this mechanism the Sun
obtains the last 10 per cent of its mass. There remains about 200
floccules, all orbiting in the same direction; these will tend to condense
in the same manner as operated in the formation of the Sun. As a
condensation must be about 20 floccule mass in order to hold together,
about the correct number of planets will be formed by this process.
All the protoplanets will be roughly similar, having about the same
mass and composition as the present-day Saturn and Jupiter. Near
the outer edge of the system the gravitational field is weak and some
mass loss thus occurs, resulting in the proto-Neptune and proto-Uranus
being smaller than the other protoplanets. The major planets now form
out of these protoplanets by direct condensation. Another process,
that of separating the heavy elements from the hydrogen, must now
play a part in the formation of the terrestrial planets. In his original
paper McCrea showed that, with the assumed density of 4 X 10712 g/cm?,
the major planets are outside the Roche limit and can condense while
the terrestrial planets are inside the limit and so will be torn apart. He
suggested that a heavy element core is formed in all the protoplanets.
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Inside Roche’s limit the core is all that remains after the tidal action
of the Sun has torn away the outer layers. This forms the planets of
the same mass and composition as the terrestrial planets.

The problem of the formation of a heavy element core has been
investigated by McCrea & Williams (80). They concluded that the
time taken for both gas molecules and normal interstellar grains to
settle to the centre under the gravitational field of the condensation is
very large (greater than 10° years in all cases). As this time is com-
parable to the age of the Sun, no appreciable core formation in the
condensation can take place as a result of the settling of interstellar
grains. However, if some grains accrete all other grains that collide
with them, then the time scale is considerably shortened (less than 10*
years in all cases of interest). The final size of the grains in this case
is about 100 cm, very similar in size to the grains required by Hoyle
for his formation of the terrestrial planets. If this mechanism of
growing grains is feasible, then a heavy element core can be formed
and the formation of the terrestrial planets may come about as
suggested. McCrea & Williams also indicated that the energy released
by the core-forming process is of the same order as the energy required
to disperse the surrounding hydrogen. This also presumably helps
towards leaving only the heavy core as a planet.

We thus see that if the initial values for the floccules, together with
the idea of a growing grain are acceptable, then McCrea has proposed
a method that produces all the features of the solar system.

The methods of Hoyle and McCrea both recognize the need to
remove angular momentum from the Sun. The methods advocated
for doing this both result in the formation of a planetary system about
the Sun. On the other hand Whipple (81), (82) suggested that the
solar system formed out of one cloud in the Galaxy that had very
little angular momentum, much less than it would have due to galactic
rotation. This cloud is assumed to have a radius of about 3 x10*a.u.
The planets form in a stream in this cloud, and so by postulate they
have the correct angular momentum. They accrete the surrounding
gas which has zero angular momentum and so they must spiral inwards,
towards the Sun. This clearly is in conflict with the observed solar
system as the more massive planets would have accreted more gas and
so would be nearer the Sun. The theory postulates the correct mass
and angular momentum—consequently it explains hardly anything.

This completes the survey of theories for the origin of the solar
system; we must now compare them and select the theory or theories
that are most likely to be correct. Valuable information, which is of
assistance in making this selection, can be gained from some recent
scientific advances, not all directly concerned with the problem, which
we summarize in the next section.
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3. RECENT SCIENTIFIC DEVELOPMENT

In the introduction we have given a number of basic facts with which
any model of the solar system must conform. Recent developments in
astronomy have given us much more information about certain aspects
of the problem, thus giving far more rigid constraints on some points.
This allows us to reject certain theories and renders other theories
unlikely.

A number of authors, notably Urey (83), Latimer (84), Chamberlain
(85) and Brown (86), have shown that some of the elements and com-
pounds found both on the Earth and in meteorites are not compatible
with the Earth having condensed out of a hot gas cloud of solar com-
position. The compounds include water, chlorine, nitrogen, carbon,
sulphur, cadmium, zinc and oxidized iron. All these are either gaseous
or are reduced in the presence of oxygen and hydrogen at any tem-
perature higher than about o °C. Ringwood (87) has investigated
thermal properties of the Earth and has concluded that it is not
impossible for the Earth to have had a cold origin. The evidence of
these authors thus suggests strongly that we must consider as incorrect
any theory of the origin of the solar system that involves direct con-
densation of the terrestrial planets from hot gas. The separation of
the elements of the Earth from the surrounding hydrogen must have
taken place at low temperature.

Geological evidence (see Mathers (88)) also suggests that the
terrestrial planets came about by an aggregation of planetismals.

Small diamonds of good crystalline form are found in iron meteorites
but production of such material was marginal and so was its destruction
(see Urey (89)). In view of this, Urey concluded that temperature,
pressure and time were barely sufficient to produce and destroy
diamonds. It is to be noted that in the above paper Urey also
proposed a model for the origin of the solar system. We have not
included it in our survey above as it is a theory where he works back-
wards from the given solar system, deducing from the available
evidence what the state of the system must have been at different
epochs. His postulated theory is as follows.

A disk of gas and dust is formed around the primitive Sun. As no
geochemical evidence of this can be found, Urey did not concern himself
with its formation. Using stability equations given by Chandrasekhar
(90) he obtained the density distribution in the solar disk. In order that
volatile elements like mercury could be retained by the terrestrial
planets, Urey postulated that a halo of dust and gas of moderate
thickness must have been present in the plane of the disk so as to
shield the planets from the Sun. In order to form diamonds, approxi-
mately lunar sized objects must now form in the disk (the mass of
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these to be about 6 x10%® g, that is the present lunar mass plus the
solar gas). At a later stage, the gas and dust cloud between these
objects and the Sun was dissipated. The pressure fell as gas was lost
and diamonds were converted to graphite, while the gas became
tlluminated by the Sun. Under these conditions considerable ionization
would be present and the gas would be accelerated by magnetic fields;
hence angular momentum could be transferred from the Sun.

As the lunar sized objects are no longer present in the solar system
they must have been destroyed. Collision seems to be the only possible
mechanism for this. The smaller fragments resulting from these
collisions could be driven far out into space while the larger fragments
stayed behind; accretion of these fragments into planets then occurred.

Another cosmochemist, Anders (91), proceeding in the manner of
Urey, has suggested that the following stages must have occurred. The
material in a solar nebula must have cooled rapidly leading to the
formation of chondrules, metal grains and other solid particles. This
nebula was irradiated by charged particles, the level of irradiation
varying with distance from the Sun. The planets and meteorite parent
bodies accreted at low temperature, fractionation of metal and silicate
particles took place and the gases were lost. The meteorite parent
bodies were heated to a varying degree by a transient heat source of
unknown nature and after final cooling some redistribution of the
noble gases took place.

Each stage in the above theories are postulated to exist in order to
explain some phenomenon found in the solar system today. In general
no reason is given for the development from one stage to the next.
Strictly they are not therefore theories but rather a table of events that
must occur. We have therefore included them in this section for they
serve as a test for the correctness of other theories, at least in as far as
other theories for the origin of the planets must have stages whereby
all the effects mentioned by Urey and Anders must come about.

Other valuable information concerning the origin of the solar system
has come from the study of interstellar gas. In particular, a great deal
of information is now available about the behaviour of interstellar
grains. Investigations on the possible growth of such grains was first
started by Lindblad in 1935 (92). Such investigations were later carried
out by van de Hulst, Oort and others. Useful references on this subject
are given by McCrea & McNally (93). One important development is
that it is now generally accepted that under suitable conditions these
grains can agglomerate and form into larger bodies. Donn & Sears (94)
have brought crystallographic techniques to bear on this problem and
have concluded that the formation of such large grains can easily come
about. This clearly makes theories involving planetesimals and the
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growth of large bodies from small grains seem more feasible now than
it did at the time tidal theories were popular.

The search for planetary systems other than our own, as mentioned
in the introduction, and the discovery of objects with planetary mass
must make it fairly likely that planetary systems are commonplace, thus
making it more difficult to justify theories that involve unlikely collisions
and accretions.

In recent years the advances made in the field of stellar evolution
allows astronomers to follow the evolution of a star with great certainty.
The model of Hayashi (95) for the contraction of a star from a gas
cloud, and the very good agreement it has with the observations of
Walker (96), (97) and others, has given us a very good idea of the time
scale involved in forming a star. It also indicates that while the star is
in the early phases of contraction the luminosity decreases very rapidly
while the temperature remains almost constant. This is in contrast
with the previous picture of Henyey, Le Levier & Levée (98) where the
luminosity remains almost constant.

Other evolutionary models by Faulkner, Griffiths & Hoyle (99) and
Ezer & Cameron (100) confirm the general picture outlined by Hayashi
for the early contraction phase. The work on evolution has also con-
firmed that stars are found in clusters, each star in a particular cluster
being of the same age. Stars must thus form at the same time in groups,
they must also form under conditions that can be observed today. Very
recently Neugebauer, Martz & Leighton (101), in an infra-red survey
of the sky have discovered objects that are so young that they may well
prove a useful test between theories relating to the origin of stars in
general and to the origin of the solar system in particular when more
information is known about them.

Williams & Cremin (102) have shown that these results are consistent
with the model of Henyey, Le Levier & Levée, and so there may be an
initial low luminosity stage followed by the high luminosity phase
predicted by Hayashi.

Finally, there have been great developments in mathematics and
mathematical techniques. The use of modern computers has meant
that many a problem that used to be considered insoluble can now
be solved. In particular, rates of cooling of gas clouds have been
accurately determined. The equations of motion of bodies under many
different force fields can also be solved, an example of this being the
work of Lyttleton (37) showing that collisional and tidal theories lead
to orbits that intersect the parent body.

Though a large number of the theories which we have listed above
do in fact produce a solar system in agreement with the general
description mentioned in the introduction, we now see that in order
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to be acceptable they must satisfy many more conditions. It is also
evident that of the theories that remain after these conditions have been
imposed, it is likely that at least one must be very near to the truth.

4. DISCUSSION AND CONCLUSIONS

The conclusion that stars are forming in the Galaxy under conditions
that exist today, in particular under the general rotation of the Galaxy,
means that the problem of removal of angular momentum from the
Sun is a real one. It cannot be overcome by allowing the formation
of the system to take place at an epoch when there was no rotation.
There must therefore exist a mechanism for the slowing down of the
rotation of stars and the only ones in evidence result in the formation
of a planetary system. Thus the lack of a slowing down mechanism
must count against theories that postulate a steady star before the
planetary system is formed.

Taking this conclusion together with the work of Lyttleton (37) and
the fact that planetary companions are expected to exist with other
stars, we must regard the theories in category 2(a) with the gravest of
doubts. When we also take into account that all of these theories
produce the planets by direct condensation from material of solar
composition, in direct contradiction of the conclusions of the last
section, and consider the work of Spitzer and Nolke, we must conclude
that this type of theory does not offer a satisfactory solution to the
problem of the origin of the solar system.

Of the theories in category 2(b), the theory of von Weizsicker is in
many ways qualitative, not making exact predictions, but it is doubtful
if sufficient slowing down of the Sun would come about, and as most
of the other points suggested by him are incorporated and improved
upon in other theories, we must reject his theory. Schmidt has
postulated the angular momenta and masses of the planets, hence his
predictions are in some ways rather insignificant. Separation of the
heavy and light elements comes about by a process of evaporation and
some of the elements found on Earth must be lost, and so his theory
1s also doubtful. Of this category of theories there thus remains only
the theory of Alfvén. From category 1 we must retain only the latest
of the theories in two types of work, that of Hoyle and that of McCrea.
We are left with these three theories for the origin of the solar system.
Clearly none of them is perfect, but neither can any of them be instantly
dismissed. ,

The theory of Alfvén does not account for quite so much as the other
two, the ratio of the terrestrial planet mass to the major planet mass
comes about essentially as a postulate. It is also not clear that very
violent collisions of smoke particles would lead to ionization, fragmen-
tation would be a far more likely effect. He also has the difficult task
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of building planets out of charged particles that repel one another. We
are thus left with the theories of Hoyle and McCrea as the two most
satisfactory theories. They both produce a solar system in agreement
with the introduction; they both account for the low angular momentum
of the Sun. Planets are formed out of material that segregated when at
a relatively cold stage; in fact, apart from their initial postulate and
mechanism, the resulting solar system is almost identical in both cases.
The amount of evidence we have available at present does not permit
us to distinguish between these theories but it is likely that the correct
theory for the origin of the solar system will be somewhat similar to
one or other of these.
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