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Introduction

Since the time of Newton the basic structure of the solar system and the laws
that govern the motions of the bodies within it have been well understood. One
central body, the Sun, containing most of the mass of the system has a family of
attendant planets in more-or-less circular orbits about it. In their turn some of
the planets have accompanying satellites, including the Earth with its single satel -
lite, the Moon. With improvements in telescope technology, and more recently
through space research, knowledge of the solar system has grown apace. Since
the time of Newton three planets have been discovered and also many additional
satellites. A myriad of smaller bodies, asteroids and comets, has been discovered
and a vast reservoir of comets, the Oort cloud, stretching out half way towards
the nearest star has been inferred. Spacecraft reaching out into the solar system
have revealed in great detail the structures of all the types of bodiesit contains—
the gas giants, terrestrial planets, comets, asteroids and satellites, both with and
without atmospheres. At the same time observations of other stars have revealed
the existence of planetary-mass companions for some of them. This suggests that
theories must address the origin of planetary systems in general and not just the
solar system. Observationsof young stars have shown that many are accompanied
by adusty disk and it is tempting to associate these disks with planet formation.

In attempting to find a plausible theory the theorist has available not only
all the observations to which previous reference has been made above but also a
knowledgeof the basic laws of physics, particularly those relating to conservation.
It turns out that finding a theory consistent with both observation of the spins and
orbits of solar system bodies and conservation of angular momentum is difficult,
and has proved to be an unresolved problem for some current theories. In this
respect it can be said that for some theories the post-Newtonian knowledge is
irrelevant since an explanation of the origin of even the basic simple system, as
known to Newton, has not been found.

This book describes the four major theories that have been under develop-
ment during the last two or three decades. the Proto-planet Theory, the Capture
Theory, the Modern Laplacian Theory and the Solar Nebula theory, and gives
the main theoretical basis for each of them. Also discussed, but not so fully, is
the Accretion Theory, an older model of solar-system formation with some pos-
itive features. These theories are examined in detail to determine the extent to

XV



XVi Introduction

which they provide a plausible mechanism for the origin of the solar system and
their strengths and weaknesses are analysed. The only theory to essay a com-
plete picture of the origin and evolution of the solar system is the Capture Theory
developed by the author and colleagues since the early 1960s. This explains the
basic structure of the solar system in terms of well-understood mechanisms that
have afinite probability of having occurred. The way in which planets form, and
the way that their orbits originate and evolve according to the Capture Theory,
suggests the occurrence of a major catastrophic event in the early solar system.
This event was a direct collision between two early planets, in terms of which
virtually all other features of the solar system, many apparently disparate, can be
explained. As new knowledge about the solar system has emerged so it has lent
further support to this hypothesis.

There is a tendency in areas of science like cosmogony for a ‘democratic
principle’ to operate whereby the theory that has the greatest effort devoted to it
becomes accepted, without question and examination, by many people working
in scientific areas periphera to the subject. These individuas, highly respected
in their own fields, swell the numbers of the apparently-expert adherents and,
by a positive feedback mechanism, they enhance the credibility of the current
paradigm—which is the Solar Nebula Theory in this case. Science writers and
those producing radio and television programmes, accepting the verdict of the
magjority, produce verbal and visual descriptions of an evolving nebula that, if
they were to illustrate any scientific principle at al, would be illustrating the in-
valid principle of the conservation of angular velocity In scientific television
programmes material is seen spiraling inwards to join a central condensation
having jettisoned its angular momentum in some mysterious fashion on the way
in. Computer graphics are not constrained by the petty requirements of science!

The ‘democratic principle’ is not necessarily a sound way to determine the
plausibility of a scientific theory and there are many examples in the history of
science that tell us so. The geocentric theory of the solar system, the phlogiston
theory of burning and the concept of chemical alchemy were all ideas that per-
sisted for long periodswith the overwhel ming support of the scientific community
of thetime.

The am of this book has been to present the underlying science as simply
as possible without trivializing or distorting it in any way. None of the important
science is difficult—indeed most of it should be accessible to a final-year pupil
at school. It is hoped that this book will enable those both inside and outside the
community of cosmogoniststo use their own judgement to assess the plausibility,
or otherwise, of the theories described. For those wishing to delve more deeply
into the subject many references are provided.

| must give special thanksto my friend and colleague, Dr John Dormand, for
help and very useful discussions during the writing of this book. Gratitudeis aso
due to Dr Robert Hutchison for providing illustrations of meteorites.



Chapter 1

The structure of the Solar System

1.1 Introduction

Before one can sensibly consider the origin of the Solar Systemiit isfirst necessary
to familiarize oneself with its present condition. Consequently this first chapter
will provide an overview of the main features of the system of planets. The treat-
ment will be particularly relevant to the study of solar-system cosmogony. Factors
relating to the origin of stars and their evolution are left to the next chapter, asis
apreliminary discussion of the structure of extra-solar planetary systems.

The salient features of the Solar System are split here into five sections,
starting with its orbital structure. This exhibits many striking relationships that
are still not fully understood but are now starting to yield to modern celestial
mechanics. Secondly, the broad physical characteristics of the planets will be
considered. The classification of planets into the major and terrestrial categories
is akey feature here.

Most of the planets are themselves accompanied by satellites, thus com-
prising mini-systems reminiscent of the Solar System itself. The study of these
smaller systems has been extremely important in the development of celestial me-
chanics and is greatly enhanced by spacecraft data from the outer Solar System.
The fourth section will be concerned with the lesser bodies of the system, ranging
from asteroids with radii up to some hundreds of kilometres down to microscopic
particles that commonly cause meteor trails on entry into the atmosphere. The
vast numbers of smaller bodies ensure frequent collisions with planets and the
scars of their impacts are notable features of al solar-system bodies without an
atmosphere.

The comets, responsible for some of the most spectacular celestial appari-
tions, will be the topic of the last section of this chapter. Inhabiting the furthest
reaches of the Solar System the population of comets is, perhaps, the least well
understood feature of the Solar System.

The conventional classification of solar-system objectsis now challenged by
recent discoveries of remote bodies inhabiting the region beyond Neptune. It is

3



4 The structure of the Solar System

likely that these bodies have much physically in common with comets and so they
are also included in the final section of this chapter.

1.2 Planetary orbits and solar spin

1.2.1 Two-body motion

The description of planetary orbits derives from the famouslaws of orbital motion
discovered by Johannes Kepler (1571-1630). These are;

(i) Panets movein eliptical orbits with the Sun at one focus.

(if) Thelinejoining a planet to the Sun sweeps out equal areasin equal times.

(iii) The sguare of the orbital period is proportional to the cube of the average
distance from the Sun (semi-major axis).

Kepler formulated these laws based on observations mainly of the planet
Mars and he did not appreciate the dynamical aspects of planetary motion. This
fundamental problem was solved by Isaac Newton (1642—-1727) who analysed
mathematically the motion of two gravitating bodies moving under an inverse
square law of attraction. Kepler's laws are perfectly consistent with this solution.

The equation of motion for the two-body problem can be written

. r

inwhich r isthe position of one body relative to the other and u = G(m 1 + ms»),
G being the gravitational constant and m 1, mo the masses involved. It may be
shown that r = |r| satisfies the equation of an ellipse (see figure 1.1) given by
_ b _ _ 2

"T1tecoss P a(l =€), (12)
where a is the semi-mgjor axis of the ellipse of eccentricity e, and p is the semi-
latus rectum. Other distances of interest in a heliocentric orbit are the perihelion
and aphelion distances, ¢ and @) respectively (figure 1.1), corresponding to the
closest and furthest distances from the Sun. Another description of the ellipseis

r=a(l —ecos E),

where E, shown in figure 1.1, satisfies Kepler's equation

E—esinE=nt, n= % (1.3)
a
The quantities F/, # and n are termed eccentric anomalytrue anomalyand mean
angular motionrespectively. The mean angular motion is the average angular
speed in the orhit.
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Figure 1.1. The characteristics of an elliptical orbit.

The second and third Kepler laws can be stated in these terms as
20 = h,

P2 — 4_7Ta3
17

where P = 27/n is the orbital periodand h = /up is the intrinsic angular
momentunor angular momentum per unit mass.

For afull specification of the orbit in space it is necessary to add to the two
dliptical elements (a, €), which define the shape of the orbit, three orientation
angles and atime fix. To define angles requires a coordinate system and, conven-
tionally, the ecliptic, the plane of the Earth’s orbit, istaken asthe XY planefor a
rectangular Cartesian system. The positive Z-axisis towards the north so all that
is required to define the coordinate system completely isto definean X direction
in the ecliptic. Relative to the Earth, during the year the Sun moves round in the
ecliptic and twice a year, in spring and autumn, it crosses the Earth’s equatorial
plane. These are the times of the equinoxes, when al points on the Earth have
day and night of equal duration. The equinox when the Sun passes from south
of the equator to north is the vernal (spring) equinox. The direction of the verna
equinox, called the First Point of Aires is taken as the positive X direction.

The first orientation angle for defining the orbit is the inclination, 4, which
is the angle made by the plane of the orbit with the ecliptic. However, this does
not define the orbit completely since if the orbit is rotated about the normal to its
plane a, e and ¢ remain the same but the orientation changes. What does remain
unchanged is the line of intersection of the orbital plane with the ecliptic. This
line is called the line of nodesthe point on the line where the orbit crosses the
ecliptic going from south to north is the ascending nodend the descending node
where it goes from north to south.
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Figure 1.2. The longitude of the ascending node, €2, and the argument of the perihelion,
w.

The other two angles that define the orbit in space are shown in figure 1.2.
The first of these is the longitude of the ascending nod@, which is the angle
between the ascending node and the first point of Aires. The second angle is the
argument of the perihelig, which is the angle between the ascending node and
the perihelionin the direction of the orbiting body. Sometimes 2 and w, which are
not coplanar, are added together and referred to as the longitude of the perihelion

To define the position of the body at any time also requires some time-
dependent information and this is usualy the time of perihelion passagd'p,
which is one of the times when the body is at perihelion. If all six quantities, a,
e, i, Q, w and Tp, are given then the motion of the body is completely defined.
Since the position, 7, and velocity, v, together with a time also completely de-
finethe orhit it is clear that transformations between the two sets of quantitiesare
possible.

1.2.2 Solar system orbits

The simple relationships listed so far are strictly true for an isolated two-body
system. Clearly thisis an idealized concept that cannot occur precisely in nature.
The Solar System contains many bodies, not just two, but with the Sun being
1000 times more massive than Jupiter, the most massive planet, the motion of
each planet is largely governed by the solar mass. The assumption of elliptical
motion for each planet—Sun pair is useful and fairly accurate. Thus the equations
of motion for the planets relative to the Sun may be written

.. 7" y
’f'i:_,ufiﬁ_‘_‘Fi, i=12,...,9, (1.4)

in which the vectors F; have small magnitudes and contain the perturbing effects
on planet i of all the other planetsand satellitesand .; = (Mg +m;). The symbol
@ indicates quantities pertaining to the Sun. These perturbations causethe elliptic
elements of the planetary orbits to vary but, as far as can be determined, only in
aperiodic fashion. As an example, the eccentricity of the Earth’s orbit, currently
0.0167, variesin the range 0 to 0.06. At one extreme the distance of the Sun will
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Table 1.1.The orbital characteristics of the planets.

Planet a(AU) e i

Mercury 0.3871 0.2056 7°00’
Venus 0.7233  0.0068 3°24/
Earth 1.0000 0.0167

Mars 15237 0.0934 1°51
Jupiter 52026 0.0488 1°18'
Saturn 9.5549  0.0555 2°29'
Uranus 19.2184 0.0463 0°46'
Neptune 30.1104 0.0090 1°46'
Pluto 395447 0.2490 17°09

1 AU (the mean Earth-Sun distance) = 1.496 x 10*! m.

vary by 12% during each year; this has important implications for the terrestrial
climate. The present-day €lliptic elements (a, e, 7) of the nine planets are shown
intable 1.1.

One of the most striking manifestations of order in the Solar Systemisin the
regular spacing of the mean orbital radii. Thiswasfirst noted in the 18th century,
when the planets known were those out as far as Saturn, and it is easy to fit a
rather smple formula to the semi-major axes of these planets. This formulais
usually called the* Titius-Bode (or just ‘Bode's') law’. Many variantsexist of this
empirical rule, but the original and simplest versionis

an=ao+03x2"t n=1,23,... (1.5)

where aq is the mean radius of Mercury’s orbit in AU and n = 1, 2, represents
Venus, the Earth and so on. Table 1.2 contains the values of orbital radii and the
corresponding Titius-Bode values. The agreement is quite remarkable and belief
inthelaw wasreinforced by the discovery of Uranusby William Herschel in 1781.
True, there was a gap between Mars and Jupiter but this was soon filled by Ceres,
the largest asteroid, discovered by Giussepe Piazzi in 1801. The importance of
this law seemed well established, but the discoveries of Neptune in 1846 (semi-
major axis 30.1 AU, ag = 38.8) and Pluto in 1930 (semi-mgjor axis 39.5 AU,
ag = 77.2) have undermined its plausibility to some extent. Unlike Kepler'slaws
the Titius-Bode rel ationship does not emerge from any strai ghtforward dynamical
considerations.

The planetary system is now known to be stable over a period greater than
its estimated age. This could not be the case in a system that permits close ap-
proaches between major bodies, as may occur in a system containing highly ec-
centric orbits.

The two extreme members of the system depart most strongly from circular
orbits and from co-planarity with the remainder of the system. Pluto, in particular,
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Table 1.2. The Titius-Bode relationship compared with the actual semi-major (s-m) axes
for planets out to Uranus plus the asteroid Ceres.

Mercury Venus Earth Mars Ceres Jupiter Saturn  Uranus

smaxis 04 0.7 1.0 15 28 52 9.6 19.2
an 0.4 0.7 1.0 16 2.8 5.2 10.0 19.6

has an orbit with aperihelion distanceless than that of Neptune. In projection onto
the plane of the ecliptic the orbits of these two planets would cross but because of
the special relationship of the two orbits the planets never come closer together
than 18 AU.

In recent years it has become technically feasible to study numerically the
evolution of orbits of the Solar System over periods of time comparable with
the age of the system. Computer simulations indicate that the planetary orbits
may well have remained essentially the same over a period of 4.5 x 10° years.
However, the injection of test particles into any of the perceived gaps aways
resultsin their gection in arelatively short time. Thisimplies that bodies, if they
existed in such orbits, would relatively quickly be absorbed by collisions with
planets or the Sun, or else be expelled from the inner Solar System following
close encounters (Duncan and Quinn 1993).

1.2.3 Commensurable orbits

Another interesting feature of the planetary orbitsis the existence of commensu-
rabilities, that is pairs of bodies whose periods, and hence their mean motions,
differ by afactor which is a simple fraction (Roy 1977). The most important of
theseisthe Jupiter—Saturn or ‘great’ commensurability which satisfiestherelation

5ng — 2ny = 0.007 127 year L.

With this near-perfect ratio of periods the mutual perturbations of the two planets
are enhanced. The period associated with this is about 900 years, over which all
mutual configurations will be repeated, as is implied by the discrepancy in their
relative periods. The repetition increases the amplitude of the mutual perturba-
tions but the two planets appear to be locked into this near resonance. All the
planets exhibit rotation (precession) in their perihelion longitudes.

Another remarkable commensurability is that between Pluto and Neptune.
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Figure 1.3. The distance from Pluto to the Sun, Neptune and Uranus over the 500 year
period 1950-2450.

In this case the current elements give
2nN — 3np = 0.000 159 year—!.

Since the perihelion of Pluto is less than that of Neptune the orbits of these two
planets approach each other quite closely, notwithstanding their different inclina-
tions and the fact that their perihelion longitudes are currently nearly 180 ° apart.
However, a close approach does not occur, even though the present discrepancy in
the resonant frequency mode implies a period of about 40000 years. It has been
established that the angle © given by

e = 3)\13 —2)\1\1 — wp,

where ) isthe mean longitude and wp isthe longitude of the perihelion of Pluto,
does not rotate but oscillates (librates) about 180° with amplitude 80° and period
approximately 20000 years (Williams and Benson 1971). In simple terms, con-
junctions between these planets occur when Pluto is close to its aphelion. Com-
puter simulations have demonstrated that this gravitational ‘evasion’ may persist
for a period greater than the age of the Solar System. Interestingly, for Pluto the
closest approaching planet is Uranus which can come as close as 11 AU. A graph
of the separations of the three outer planets over a 500 year period is shown in
figure 1.3. This special relationship is not unique since there are many commen-
surabilities which are observed between other solar-system bodies. In particular
the ratio of the period of Neptune to that of Uranus, 1.962, is quite close to 2,
although there are no ‘evasion’ processes going on between these two bodies. An
explanation for commensurabilities and near-commensurabilities between plane-
tary orbitsis suggested in section 7.1.5.
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1.2.4 Angular momentum distribution

A cosmogonically significant feature of the Solar System concernsthe distribution
of angular momentum within it. The Sun spins about an axisinclined at 6 © to the
vector representing the angular momentum for the whole of the system. The
period of its outer layers varies from 25.4 days at the equator to 36 days near
the poles. Internally the Sun appears to spin as a solid body with a period near
27 days. The spin angular momentum of the Sun has magnitude

Hg = apMoREwe = 2.5a6 x 102 kgm? s,

where M, R and wg, are the solar mass, radius and angular speed and o, is
the moment-of-inertia factor With a central density about 100 times the mean
density a, is about 0.055; for a uniform sphere « is 0.4 and becomes less as the
central condensation in the body increases. The orbital angular momentum of a
planet with semi-latus rectum, p;, is

H; = mi\/pip;i

and summing the contributions of the four major planets, Jupiter, Saturn, Uranus
and Neptune, yields atotal of 3.13 x 10*3 kg m? s~!, or more than 200 times
that of the solar spin. Thus the Sun, containing 99.86% of the mass of the Solar
System, contains less than 0.5% of its total angular momentum.

1.3 Planetary structure

1.3.1 The terrestrial planets

The basic characteristics of the planets are listed in table 1.3. With the exception
of Pluto they are usually considered to be of two types. The inner group of four,
of which the Earth is the largest member, are known asthe terrestrial planets. The
Moon is often included in any discussion of these planets. The terrestrials are
al dense rocky bodies and almost certainly have cores, consisting of iron with
a small proportion of nickel, overlaid by a silicate mantle. The interpretation of
their densitiesisin terms of the relative size of the core to that of the whole body
and also thetotal mass of the planet that will determinethe degree of compression.
Therelative sizes of the five terrestrial bodies, together with an indication of their
coresizes, areillustrated in figure 1.4.

Another common characteristic of theinner planetsisthat they al show signs
of bombardment damage in the form of craters and large depressions. Mercury
and the Moon show most damage superficially and these two bodieshave asimilar
appearance. Crater sizes vary from the smallest capable of resolution up to the
massive Caloris basin on Mercury, over 1000 km in diameter, which is almost
matched by the lunar Orientale basin.

Asaresult of continuing geol ogical processes, Venus and the Earth have gen-
eraly less ancient surface features than the smaller planets. These processes are
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Figure 1.4. Therelative orbital radii and sizes of the terrestrial planets. Planets are repre-
sented at 3000 times their natural linear dimensions relative to the depicted orbital radii.

Table 1.3. Characteristics of planetary bodies.

Mass Diameter Density
Planet (Earth units)  (km) (10% kg m™3)
Mercury 0.0553 4879 543
Venus 0.8150 12104 524
Earth 1.0000 12756 5.52
Mars 0.1074 6794 394
Jupiter 317.8 142984 133
Saturn 95.16 120536 0.70
Uranus 145 51118 1.30
Neptune 17.2 48400 1.76
Pluto 0.0021 2280 2.03

Mass of the Earth, Mg = 5.974 x 10%* kg.

dueto agreater retention of the original heat of formation and internal heating due
to the decay of radioisotopes, mainly uranium (238U), thorium (?*2Th) and potas-
sium (#°K). Conduction and convection in the mantl e are responsible for tectonics
and associated volcanism in which crustal material is being reformed from, and
is reabsorbed by, the mantle. The process causes lateral movement in the crustal
plates known as continental drift. Because of extensive cloud cover, large-scale
observations of the surface of Venus are based only on radar, but these indicate
that tectonic processes may have been important, thus implying an internal struc-
ture similar to that of the Earth. The atmosphere of Venus is very dense, mainly
consisting of CO, with a surface pressure and density of 92 bar and 65 kg m 3.
Being intermediate in mass, Mars shows surface features which might bein-
terpolated from a study of the Earth and the Moon. Despite less internal heating
from tides and radioactivity, Mars does exhibit ancient volcanic activity but thisis
now extinct. Like the Moon, Mars shows hemispherical asymmetry with heavily
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cratered uplands on one hemisphere and smoother ‘filled’ terrain on the other. On

Marsthe division is approximately north—south with the volcanoesin the north—
in contrast to the Moon whose smooth hemisphere faces the Earth. Unlike the
Moon the Martian surface has channel features which have almost certainly been
caused by running water (Pollack et al 1990). The polar caps contain substantial

permanent deposits of ice with the addition of solid CO» which comes and goes
with the seasons. Since the orbit of Mars has an eccentricity which varies with
time and may riseto 0.14 it is possible that Mars has had wet episodesin its exis-
tence. The present surface pressureis about 6 millibar (mb) and its atmosphereis
95% CO,.

1.3.2 The major planets

The four major planets differ markedly in both structure and appearance from
the terrestrials. Even a small telescope shows Jupiter as the most colourful and
dynamic planet in the system. The banded appearance of its upper atmosphere,
composed mainly of molecular hydrogen and helium, is due to the rapid rotation
of the planet and has been studied for over three centuries. There is no visible
solid surface and so no evidence of any collision history. However, the fact that
Jupiter probably has absorbed many smaller bodieswaswell illustrated by the col-
lisions of the broken-up Comet Shoemaker—Levy 9in 1994. These collisions, by
throwing up material from deep inside the planet, acted as probes for its internal
composition.

The atmospheric bands parallel to the equator contain spots or ovals of var-
ious colours whose longevity seem to be size-dependent. The largest of these is
the Great Red SpotGRS) that has persisted for more than 300 years. This huge
featureis roughly elliptical with axes some 25000 by 13000 km. Its colour is not
constant but it is a notable feature even when its red colour fades. The ovals and
spots are thought to be eddies formed between neighbouring bands moving with
relative speeds of up to 150 m s—t. Thistheory is a plausible one for application
to small ovals with alifetime of afew days but it seems not too successful in the
case of the GRS (Ingersoll 1990).

In most respects Saturn is similar to Jupiter. The atmosphere has the same
composition and the body of the planet has a banded appearance, although the dif-
ferentiation of zonesis far less prominent. With only about one-third of the mass
of Jupiter, Saturn is less compressed and its rapid rotation makes it more oblate.
Wind speedsin the upper atmosphere are greater even than those of Jupiter, reach-
ing 500 m s—!. The most remarkable feature of Saturn is, of course, its extensive
ring system (figure 1.5). It is now known that all the major planets have one or
more orbiting rings, but those of Jupiter, Uranus and Neptune are much less sub-
stantial than those of Saturn and more difficult to detect and observe. Uranus and
Neptune also have hydrogen—helium atmospheres but have a much more uniform
appearance than the two larger gas giants. Neptune does have a Great Dark Spat
astorm system similar to the GRS on Jupiter.
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Figure 1.5. Saturn from the Hubble Space Telescope.
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Figure 1.6. The relative orbital radii, sizes and internal structure of the major planets.
Planets are represented at about 5000 times their natural linear dimensions relative to the
depicted orbital radii.

Theinterna structures of the major planets are very different from those of
theterrestrial planets, asillustrated in figure 1.6. Jupiter and Saturn, mostly hydro-
gen and helium, have compositions similar to that of the Sun, whereas Uranus and
Neptune are formed from icy compounds such as water, methane and ammonia.
Itisprobablethat all the mgjor planets possess rock-plus-metal cores but thistype
of information can only beinferred from theoretical studies (Jones 1984). Theory
suggests that there is no sharp transition between gaseous and solid phases. At a
depth of 20000 km in Jupiter the atmosphere will resemble ahot liquid at 104 K;
at greater depths the hydrogen enters a compl etely ionized metallic phase. Saturn
al so contains such ametallic hydrogen mantle but Uranus and Neptune, with less
hydrogen and less compression, are unlikely to contain any of this exotic material.

Therock-plus-metal cores of Jupiter and Saturn, with perhapsiceaswell, are
variously estimated to have masses in the range 10200 4. The two outermost
major planets might have only very small cores as it has been suggested that the
higher central density could be entirely due to compression effects on the material
forming the greater part of those planets.

1.3.3 Pluto

It is now clear that the outermost ‘planet’, Pluto, does not fit into either of the
two main classes of planet. Estimates of the mass of Pluto have steadily declined
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Figure 1.7. A Hubble Space Telescope view of Pluto and its satellite Charon.

sinceit wasfirst discoveredin 1930. Prior to its discovery it was postulated that a
ninth planet should exist, of mass 6/, to explain the departures in the motions
of Uranus and Neptune from those predicted. By 1978 this estimate had been
lowered in severa stagesto 0.08 Mg but the discovery of a satellite of Pluto in
1979 (figure 1.7) gave the current estimate of 0.0021M . Since thisis one-sixth
of the mass of the Moon and gives a density less than one-half that of Marsit is
obviously not similar to a terrestrial planet. It is reasonable to suppose that its
origin might be ascribed to some process, or processes, different to that which
produced the normal planets. Recent discoveries of trans-Neptunian objects (see
section 1.7.3) makeit logical to consider Pluto as a member of such a group.

1.4 Satellite systems, rings and planetary spins

1.4.1 Classification

Most of the planets are accompanied by smaller bodies, called satellites, in orbits
around them. In the cases of the major planets these form regular systems similar
to the planetary system itself. Several of the satellites are comparablein size to,
or slightly larger than, the planet Mercury.

The only satellite known from ancient times is the Moon which, being so
massive in relation to its primary, must be classified as irregular. The first satel-
lites of another planet to be discovered were the four large Galilean satellites
orbiting Jupiter, so named because of their discovery by Galileo Galilei in 1610.
With telescope devel opmentsover the next three and ahalf centuries many smaller
satellites were discovered and a further major boost to the known satellite popu-
lation has been provided by spacecraft observation.

Many of the satellites of the major planets are relatively large and occupy
near-circular orbitsin the equatorial plane of the primary. These are termed regu-
lar satellitesand they are linked to the plausible assumption that they originate as
part of the process of planetary formation. Included in the irregular category of
satellites there are some that are small but in regular orbits and one of the larger
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Table 1.4.The satellite system of Jupiter. The spin period of Jupiter = 9 hr 55 min.

Inclination  Semi-major Average

of orbitto axis Mass diameter  Density
Satellite  equator (10* km)  Eccentricity (1022 kg) (km) (103 kg m~3)
Metis 128 40
Adrastea 129 20
Amalthea 181 0.003 190
Thebe 222 100
lo 0.0° 422 0.000 8.93 3630 35
Europa 0.5° 671 0.000 4.88 3138 3.0
Ganymede 0.2° 1070 0.001 14.97 5262 19
Callisto 0.2° 1880 0.007 10.68 4800 18
Group of 25-29°  11094— 0.102— 16-190
four 11737 0.207
Groupof ~ 147-164° 21200- 0.169— 30-50
four 23700 0.410

satellites, Triton, orbits Neptunein aclose, circular but retrogradesense. Irregular
satellites are usually interpreted in terms of some kind of capture event.

1.4.2 The Jovian system

Theimportant orbital and physical properties of the satellites of Jupiter are listed
in table 1.4. With periods measured in terrestrial days the orbital phenomena of
the Galileans are particularly convenient for dynamical research and records of
their motion cover many thousands of orbits. Thusit is confirmed that the mean
motions of the three inner members of the quartet perfectly satisfy the relation

ny — 3ns + 2nz = 0,

wherethe suffices 1, 2 and 3 indicate | o, Europa and Ganymede. Furthermorethe
respective orbital longitudes satisfy

Iy — 315 + 215 = 180,

indicating that the satellites cannot line-up on the same side of Jupiter. Allowed
conjunctions and oppositions are shown in figure 1.8. The stability of this config-
uration was proved by Pierre Laplace (1746-1827) and so it is usually termed a
Laplacian triplet

The satellite systems exhibit regular orbital spacing in a similar way to the
planetary orbits. In the Jovian system the expression

an=ap+3x2"Y, n=12734,

gives agood fit to the Galilean orbital radii where a is approximately the orbital
radius of Amalthea and the unit of distance is the radius of Jupiter; this relation-
ship should be compared to equation (1.5). The quality of this fit is shown in
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Figure 1.8. Three successive alignments of the three inner Galilean satellites which form
aLaplacian triplet. Orbits and Jupiter are drawn to scale but angles are exaggerated.

Table 1.5. Titius-Bode type relationship compared with the actual semi-major axes for the
Galilean satellites. Distances are in units of the Jupiter radius.

n

1 2 3 4
Satellite

Amalthea 1o  Europa Ganymede Cadllisto

a 25 59 94 15.0 26.4
an 3 6 9 15 27

table 1.5. Similar relationships may be constructed for the other major planet
systems.

It is easy perhaps to overstate the similarities between the magjor satellite
systems and the planetary system itself. One property of the planetary system
that is not mirrored in the satellite systems is the ratio of angular momentum for
the primary spin to that contained in the secondary orbits. Aswe have seen earlier
the total magnitude of the orbital angular momentum of the major planetsis more
than 200 times that of the solar spin. By contrast, the spin of Jupiter has angular
momentum 100 timesthat of the orbital valuefor the Galileans. Two major factors
contribute to this difference.



Satellite systems, rings and planetary spins 17

(1) The major planets are 200 times more distant from the Sun in terms of
primary radius. Thus the Galileans orbit Jupiter at 5.9-26.4 Jovian radii
whereas the major planets orbit the Sun at between 1120 and 6470 solar
radii.

(2) Jupiter rotates very rapidly compared to the Sun; its angular rateis 60 times
greater.

The mass ratios in the two systems are more similar being 600:1 for the Sun—
planets and 4000:1 for Jupiter—Galileans. The other satellite systems have similar
ratios.

None of the other satellites of Jupiter is comparableto the Galileans, the next
largest being Amalthea, an irregularly shaped body with dimensions 270 km x
170 km x 150 km. Two groups of outer satellites, one in direct and the other
in retrograde orbits (inclinations greater than 90 °—see table 1.4), are probably
captured debris from some event in the vicinity of Jupiter.

The Galilean satellites are remarkable for the diversity of their surface struc-
tures. 1o was the first body, other than the Earth, to show volcanic activity. Just
before Voyager 1 reached the Jovian system it was predicted that vol canoes should
be active on o (Pedle et al 1979) and, indeed, a volcanic plume was imaged by
the approaching spacecraft. Altogether eight volcanoes have been observed on
the satellite. The basis of the prediction was the 2:1 ratio of the periods of lo and
Europa. Because of this the nearest approach, and hence the maximum perturba-
tion, of 1o by Europais always at the same point of 10’s orbit. Thuslo's orbit is
not quite circular (e ~ 0.0001) and because of its proximity to Jupiter it under-
goes a periodic tidal stress. Hysteresis converts some of the energy involved in
this alternating stretching and compression into heat and it is estimated that the
resultant energy generation in o amounts to about 1013 W. It is this energy that
drives the volcanism. The orange-yellow colour of much of 10’s surface is due
to sulphur and sulphur dioxide emission from the volcanoes. Since the surfaceis
constantly being renewed there is no evidence of bombardment of the surface.

Europa, the next Galilean satellite, has a very different appearance. Its den-
sity is alittle less than that of the Moon and it is the only Galilean satellite less
massive than the Moon. The surface is extremely smooth, again showing little
evidence of bombardment damage and indicating an active surface. It is cov-
ered with ice, which cannot be very thick if the density is taken into account. It is
thought that water, in liquid form just below the surface of Europa, is occasionally
released and then freezes, covering any underlying surface features. Although it
isfurther from Jupiter than lo it may also have an input of tidal energy. Thiscould
contribute to the heat required to produce the liquid water. At the same time the
tidal flexing could also giveriseto the very distinctive cracked surface of Europa.

Ganymede, the next satellite outwards, is larger than Mercury and the largest
and most massive satellite in the Solar System, having twice the mass of the
Moon. It has an icy surface layer, perhaps 100 km thick, below which there is
amuch thicker layer of water or mushy ice. Older well-cratered regions are dark
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in colour, probably dueto an undisturbed layer of dust from meteorites. Thereare
also younger and brighter regions characterized by bundles of parallel grooves.

The final Galilean satellite, Callisto, has a thick icy crust that is dark and
shows alarge number of impact features. Thereisavery large‘bulls-eye’ feature,
Valhalla, inthe form of aseries of concentric rings. Thisissimilar to the Orientale
feature on the Moon and is certainly due to a very large impact.

Before Voyager | reached Jupiter in 1979 the ring system of Uranus had been
detected from Earth observation and, with two known ring systems, there was
interest in seeing if Jupiter also had aring. A single thin ring was discovered—
which then rai sed the possibility that rings were a universal feature of major plan-
ets and that Neptune too would have rings.

1.4.3 The Saturnian system

With 18 membersidentified so far Saturn has the most heavily popul ated satellite
system (table 1.6). Only Titan, dlightly larger than Mercury, matchesthe Galileans
but four others—Tethys, Dione, Rhea and | apetus—have diameters greater than
1000 km. The system has a humber of striking commensurabilities (Roy 1977)
with both Enceladus-Dione and Mimas-Tethys having mean motionsin theratio
2:1. In addition the 4:3 ratio for Titan—Hyperion ensures that this pair have con-
junctions near the aposaturnium (furthest orbital point from Saturn) of Hyperion.
The smallest separation of these two bodies is thus about 400000 km rather than
the 100000 km implied by a simple consideration of the sizes of the two orbits
Spacecraft discoveries of smaller satellites show a number of 1:1 commen-
surabilities which are really examples of special solutions in the restricted three-
body problem. It is well known that general solutions of the gravitational prob-
lem of n (>3) bodies do not exist. However, Lagrange (1736-1813) showed that
specia configurations of three bodies do satisfy the equations of motion. These
involve collinear and equilateral triangular arrangements of the bodies, as illus-
trated in figure 1.9, in which two of the bodies are placed at the points A and B
and the third (C) can occupy one of the five points, L ; to L5, known as the La
grange points. The whole system must rotate about the centre of mass. Generally
these solutions are unstable and any small displacement will rapidly destroy the
symmetry. Since no three-body system can properly be isolated from the perturb-
ing effects of other bodies, this suggests that the Lagrange solutions cannot be
achieved in practice. In certain restricted conditions the triangular solutions are
stable; they require the third body, C, to be of negligible mass and for the ratio
of the masses of A and B to exceed 25. In such cases small displacements of
body C from L, and L5 do not become unbounded and, of course, A and B ex-
ecute two-body motion. The conditions are satisfied by Saturn—Tethys—Calypso,
Saturn—-Tethys-Telesto and also by Saturn-Dione-Dione B. Effectively Calypso
and Telesto move in the same orbit as Tethys (hence the 1:1 commensurability)
but maintain a position on average 60° in front and 60° behind Tethysin its orbit.
Saturn has a single very large satellite, Titan, which is very little below
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Table 1.6. The satellite system of Saturn. The spin period of Saturn = 10 hr 14 min.

Inclination  Semi-major Average
of orbitto  axis Mass diameter Density

Satellite equator (10° km)  Eccentricity (10?2 kg) (km) (10® kg m~3)
Pan 134 20

Atlas 0.3° 138 0.002 60
Prometheus 0.0° 139 0.003 110

Pandora 0.05° 142 0.004 90
Epimetheus 0.1° 151 0.007 200

Janus 0.3° 151 0.009 60

Mimas 1.5° 186 0.020 390 12
Enceladus  0.0° 238 0.005 510 11
Tethys 1.9° 295 0.000 0.07 1060 1.0
Telesto 295 30

Calypso 295 25

Dione 0.0° 378 0.002 0.105 1120 14
Dione B 378 30

Rhea 0.4° 527 0.001 0.250 1530 13
Titan 0.3° 1222 0.029 14.22 5150 19
Hyperion 0.4° 1483 0.104 280 19
| apetus 14.7° 3560 0.028 0.188 1440 12
Phoebe  159° 12950 0.163 220

Figure 1.9. The Lagrange solutions for the three-body problem.

Ganymede both in mass and diameter. No features of the surface are visible
because the satellite has a very thick atmosphere, 90% N, with most of the re-
mainder Ar plusalittle CH,. The opague clouds consist of hydrocarbon droplets.
The surface pressure of Titan's atmosphere is 1.6 bar, greater than that of the
Earth, but the column massthe mass of atmosphere per unit area of surface, is
ten times the Earth value.
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The other satellites of Saturn have well-cratered icy surfaces and are obvi-
oudly quite old. Mimas has a very large crater, Herschel, with a diameter almost
one-third that of the satellite. It is clearly the scar of an impact that must have
been close to destroying the satellite. Iapetus, in an extended orbit with semi-
major axis morethan 3.5 x 108 km, has aleading hemispherethat is much darker
than the trailing hemisphere. The fractions of reflected light, the albedoesfor
the two sides are 0.05 and 0.50 respectively. The reason for this difference has
been the subject of much debate. lapetusis certainly an icy satellite so the dark
region must be due to something covering the ice, which is naturally white and
bright. The most favoured explanationisthat the dark material has comefrom the
interior of lapetus, although the nature of this material is very uncertain.

The outermost satellite of Saturn, Phoebe, is quite small and was not well
observed by either Voyager 1 or Voyager 2. Itsmain claimto fameisitsretrograde
orbit that suggeststhat it is almost certainly a captured object.

Thering system of Saturn isone of the most striking and structurally interest-
ing features of the Solar System. Seen from the Earth there are several prominent
bands and divisions, notably the Cassini division, but imaged by Voyager 1 (fig-
ure 1.10(a)) the ring structure is seen to be very complex. The genera structure,
seen in figure 1.10(b), has divisions between various rings that correspond to or-
bits commensurate with the more massive inner satellites. The broad Cassini divi-
sion corresponds to a period one-half that of Mimas, one-third that of Enceladus
and one-quarter that of Tethys. The division between the B and C rings corre-
spondsto one-third of the period of Mimas while the Encke division corresponds
to three-fifths of Mimas' period. When the orbit of a particle is commensurate
with one of the more massive inner satellites it tends to receive a perturbing kick
at the same point or points in its orbit which reinforces the disturbance until the
period changes to non-commensurability.

The F-ring has a peculiar braided structure that, at first, seemed inconsis-
tent with the mechanics of a Keplerian orbit. However, the particles in thisring
are influenced by the so-called shepherd satellitedPrometheus and Pandora, the
positions of which bracket the ring. Not only do these satellites cause the non-
Keplerian motions in the ring but they also lead to stability of the F-ring. A par-
ticle just inside the orbit of Pandora will overtake the satellite and be perturbed
into an orbit just outside Pandora. It is then overtaken by Pandora and perturbed
into an orbit inside Pandora and so on. Prometheus exerts a similar influence on
the particles in its vicinity and so the satellites ‘ shepherd’ the particles and keep
them within the F-ring region.

1.4.4 Satellites of Uranus and Neptune

Uranus spins less rapidly than Jupiter and Saturn and its equator is inclined at
98° toits orbital plane, thus making its spin retrograde. The 15 known satellites,
shown in table 1.7, al have orbits near the equatorial plane. The five outermost
satellites, including four with diameters over 1000 km, were known from tele-



Satellite systems, rings and planetary spins 21

himas I ¥R FOAT oA4m S 17 a5

Fncaledus, al L3 W Rl

(b)

Figure 1.10. (a) A close-up view of Saturn’s rings from Voyager 1. (b) A representation
of the major divisions in Saturn’s rings showing their commensurabilities with the periods
of Mimas and Enceladus.

scope observation from Earth, the others being found from spacecraft. They are
icy bodieswith old cratered surfaces.

In 1977, during the observation of a stellar occultation by Uranus, severa
extinctions of light from the star were observed which were interpreted as being
due to the existence of a system of five rings. Later occultation observations
showed the presence of four further rings. These rings are very narrow, varying
in width from a few kilometres to about 100 km.

Prior to observation by the two Voyager spacecraft only two satellites were
known for Neptune but they were both rather remarkable. One of them, Titan,
the seventh most massive satellite in the Solar System with a mass just under
one-third that of the Moon, isin a close, perfectly circular but retrograde orbit.
The other is Nereid in adirect but very extended orbit, which has the distinction
of being the most eccentric in the Solar System for a satellite, with e = 0.749.
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Table 1.7.The satellite system of Uranus. The spin period of Uranus = 17 hr 14 min.

Inclination ~ Semi-major Average

of orbitto  axis Mass diameter Density
Satellite  equator (10° km)  Eccentricity (1022 kg)  (km) (103 kg m—3)
Nine small 50-73 40-80
satellites
Puck 0.0° 86 0.000 170
Miranda 0.0° 130 0.000 0.0075 484 1.26
Ariel 0.0° 191 0.003 0.14 1160 1.65
Umbriel 0.0° 266 0.003 0.13 1190 1.44
Titania 0.0° 436 0.002 0.35 1610 1.59
Oberon 0.0° 583 0.007 0.29 1550 1.50

Table 1.8.The satellite system of Neptune. The spin period of Neptune = 16 hr 7 min.

Inclination  Semi-major Average

of orbitto  axis Mass diameter Density
Satellite  equator (10% km) Eccentricity (10?2 kg)  (km) (103 kg m~3)
Niaid 48 60
Thalassa 50 80
Despoina 53 150
Galatea 62 160
Larissa 74 200
Proteus 118 415
Triton 160° 355 0.000 221 2705 2.07
Nereid 27.7° 5513 0.749 0.0021 340

These two, plus another six found by spacecraft observation arelisted in table 1.8.

Stellar occultation observations had indicated that Neptune should have a
ring system and, indeed, these were seen and imaged by the Voyager spacecraft.
The Earth-bound measurements had suggested that the ringswere only partia but
it turns out that they are complete but have arather lumpy structure.

The presence of rings accompanying each of the major planets suggests that
there is some common cause associated with their characteristics as large bodies
with many satellite companions. The most likely origin for aring system is that
the orbit of asmall orbiting satellite decayed to the extent that it strayed within the
Rochelimit (section 4.4.2). It would then have been tidally disrupted by the planet
to give a vast number of small fragments that would have spread out to form the
rings. Structure in the rings could then be produced by resonant perturbations by
some of the inner satellites as described in section 1.4.3.
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Table 1.9. The satellite systems of Mars and Pluto. The spin period of Mars = 24 hr
37 min; that of Pluto = 6.39 days.

Inclination  Semi-major Average
Planet of orbitto  axis Mass diameter Density
Satellite  equator (10° km)  Eccentricity (1022 kg)  (km) (103 kg m—3)

Mars
Phobos 1.1° 9.27 0.0210 23
Deimos 1.8° 23.4 0.0028 12
Pluto
Charon  0.0° 19.6 1186

1.4.5 Spins and satellites of Mercury, Venus, Mars and Pluto

Mercury and Venus have no satellites and they aso happen to be the planets with
the dlowest spin rates in the Solar System. Mercury’s spin rate, 58.64 days, is
exactly two-thirds of its orbital period and this is consistent with its proximity
to the Sun and the concomitant tidal forces. Since Mercury spins one and a half
times every orbital period it presents the same face to the Sun every alternate
perihelion passage. In the intervening perihelion passagesit presents the opposite
faceto the Sun.

The rotation of Venus is retrograde with a period of 243 days which differs
fromtheorbital period of 224.7 days. Thiscombination of spin and orbital periods
does have the curious result that Venus presents almost the same face to the Earth
at each inferior conjunction that is at closest approach of Venus and the Earth.
Thisrelationship isnot an exact one and, sincetidal effects between Venusand the
Earth are negligible, must be regarded as purely fortuitous. The very slow spin of
Venus marksit asa curiosity in the Solar System. No known evol utionary process
would lead to this condition from a primitive fast spin such as that possessed by
the Earth (McCue et al 1992).

The two satellites of Mars, Phobos and Deimos, are both small, of irregular
shape and very close to the planet (table 1.9). Their appearance is similar to
that of asteroids so they are usualy regarded as captured bodies. However, their
orbital inclinations and eccentricities are small, characteristics usually indicative
of regular satellites.

Charon, the satellite of Pluto, has the distinction of being the largest and
most massive satellite in relation to its primary. Its orbital and spin periods are
both the same as the spin period of Pluto so the pair of bodies rotate about the
centre of massas arigid system.
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Figure 1.11. A Moon-globe showing (a) the near-side (b) the far-side.

1.4.6 The Earth—Moon system

The Moon is the fifth most massive satellite in the Solar System. With a mass
of 7.35 x 10?2 kg and a diameter 3476 km it slots between lo and Europa, the
innermost Galilean satellites, in both mass and density. However, while in its
characteristicsit isanormal large satellite, its association with aterrestrial planet
clearly makesit anomal ous and an explanation of the existence of the Earth—-Moon
system is arequirement of any well-devel oped cosmogonic theory.

1.4.6.1 Surface features of the Moon

The Moon has been examined in more detail than any body, other than the Earth,
in the Solar System. It has been studied by telescopes from Earth for nearly
400 years, has been the subject of manned exploration, in the Apollo missions,
and also exploration by automated vehicles designed to collect particular kinds of
information.

The side of the Moon facing the Earth shows the full range of lunar features
(figure 1.11(a)). There are two genera types of terrain—the highlandsand the
mare basins The highland regions consist of low-density heavily-cratered old
crust. The mare basins are the result of large projectiles having struck the Moon
and excavated large basins. These then were filled up from below by molten ma-
terial by successive bouts of volcanism lasting over several hundred million years.
Eventually the molten material retreated into the interior of the Moon and was no
longer able to reach the surface. From radioactive dating of the mare basalts it
appears that the main episodes of volcanism were between about 3.96 x 10° and
3.16 x 10° years ago. The mare regions show comparatively few craters, since
they were excavated after the period of early bombardment by smaller bodies,
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Figure 1.12. A schematic cross-section of the Moon showing the difference of crust thick-
ness on the two sides and the centre-of-mass (com)—centre-of-figure (cof) offset (exagger-
ated).

which characterized the early Solar System, and all early damage was obliter-
ated. Also present on the near side are rays, radial splashes of material thrown
out of craters. The gjected material, when fresh, appears bright as is seen from
the rays coming from the crater Copernicus. Due to the effect of the solar wind
and covering by darker meteorite material the rays becomeless prominent as they
age. There are aso crack-like features known asrills probably dueto avariety of
causes but some of which may have been produced by flows of lava.

When the Soviet Lunik spacecraft photographed the far side of the Moon in
1959 it was found that it was quite different in appearance from the side facing the
Earth. The face consisted amost completely of highland regions although there
were some very small regions that could be designated as maria (figure 1.11(b)).
This observation of the Moon's hemispherical asymmetry became an important
Solar System problem. Altimetry measurements revealed that the cause of the
hemispherical asymmetry was not due to asymmetric bombardment. The lunar
far side showed severa very large basins but these had not been filled by molten
material from below. It is accepted from this, and some seismic evidence, that the
crust on the far side of the Moon is between 2540 km thicker than on the near
side so that the molten material was much further from the surface when the basins
were formed. This conclusionis also supported by the fact that the centre of mass
of the Moon is displaced from the centre of figure by about 2.5 km towards the
Earth due to the less thick, low density crust on the near side (figure 1.12).

1.4.6.2 The mineralogy and composition of the Moon

Highland rocks are al igneouswhich is to say that they are formed by the crys-
tallization of molten rock. The crystals in the rocks are large in size, so that the
rocks are coarse-grained, which indicates that the highland rocks cooled slowly.
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This contrasts with the maria basalts which cooled quickly and are fine-grained
because the crystals had little time to grow. Like the mariamaterial the highland
rocks contain particulateiron and are also deficient in water and volatile elements
but in terms of chemistry and mineral compositions the two types of material are
very different. The main metalic components of the dark lava are iron, mag-
nesium and titanium while the lighter-coloured highland materia is rich in alu-
minium and calcium. More than 50% of highland rocks are plagioclase a mix-
ture of albite (NaAlSi;Og) and anorthite(CaAl,Si, Os), with varying amounts of
pyroxene(Mg, Fe, Ca)SiOs, olivine (Mg, Fe),Si04 and some spine| a metallic
oxide. The lower-density crust material comes from differentiation of the bulk
Moon as aresult of large-scale melting of surface material early in the Moon's
history.

The common mineralsin the lunar basalt are clinopyroxene, a calcium-rich
form of pyroxene and anorthite-rich plagioclase. There can aso be up to 20%
olivine but in most basalt it is absent.

The ages of the highland rocks, that is from the time they became closed
systems, have been deduced from radioactive dating. They are usualy in the
range 4.04.2 x 10° years except for one Apollo 17 sample which has an age
of 4.6 x 10° years, close to the accepted age of the Solar System and of the
Moon itself. There seems to have been a 400 million year period when either
rocks did not form on the surface or during which the rocks which had formed
were being destroyed in some way. The ages of lunar basalts vary from 3.16
t0 3.96 x 10° years, which shows that volcanism occurred on the Moon at least
during that period. However, since older material gets covered by newer it isalso
possible that volcanism could have been earlier, even as far back as the origin of
the Moon itself.

The surface of the Moon is covered by a thick blanket of pulverized ma-
terial, described as lunar soil. A component of the lunar sail is called KREEP
on account of its high component of potassium (K) rare-earth elements (REE)
and phosphorus (P). It aso contains more rubidium, thorium and uranium than
is found in other lunar rocks. The mgjority of KREEP material is found in the
vicinity of Mare Imbrium and could be material excavated from 25-50 km below
the surface when the basin was formed.

A characteristic of the total surface is the general deficiency of volatile ele-
ments compared to the Earth. Thisisillustrated in figure 1.13 which shows the
abundance of various elements relative to the Earth as a function of their con-
densation temperatures. It can be seen that there is a general trend for a lesser
fractional abundance of the more volatile elementsin the Moon with a balancing
greater abundance of the more refractory materials. The discovery of small water-
ice deposits in some well-sheltered parts of the Moon in 1998 goes against this
trend. However, this ice was probably deposited by comet impacts long after the
Moon'’s surface had become cool.
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Figure 1.13. The relative abundance of elements on the Moon and Earth related to the
elemental condensation temperatures.

1.4.6.3 Tides and the Earth—Moon system

The Moon, and its relationship to the Earth, has been studied for avery long time
and the system providesagood illustration of thetidal mechanism which governs
the behaviour of other bodiesin the Solar System. It is the one system for which
there exists direct evidence of its evolution.

Tides are produced in any extended body by a non-uniform gravitational
field, such as might arise from a companion body. Thus the Moon produces tidal
effects on the Earth and the Earth producestidal effects on the Moon. In addition
the Earth experiences significant tidal effects due to the Sun. However, the lunar
tidal field exceeds that of the Sun by a factor greater than two because the much
smaller mass of the Moon is more than compensated by its much greater proxim-
ity to the Earth. In crude terms the attractive force of the Moon at the sub-lunar
point A (figure 1.14) is greater than at C, the centre of the Earth, which, in its
turn, is greater than the lunar force on the opposite side of the Moon at B. The
net effect is to produce a stretching force aong the Earth—Moon direction AB.
Perpendicular to this direction it is clear that the attractive forces of the Moon
a D and E have inwards components towards C thus giving a compressive force
perpendicular to AB.

Jeans (1929) gave a lucid description of the tidal phenomenon. The grav-
itational potential at the point P(z,y, z) due to the two masses Mg and m is
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Figure 1.14.The geometry of the Earth-Moon system.

—G(Mg/r + m/p), if the bodies can be regarded as spherically symmetric. The
tidal effect is due to the Moon, mass m, but part of its potential gives an accel-
eration of magnitude Gm/R? to the Earth. This arises from a force field with
corresponding potential Gmx/ R? where z is the coordinate rel ative to the centre
of the Earth in the Earth-Moon direction. The effective tide-generating potential
isthus )
T
V=-Gm (p R2> . (1.6)

The components of the tidal acceleration at P are given by the partial derivatives
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Assuming that R >> r the accelerations at points A, B and D are
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The tidal forces over apolar section of the Earth are shown in figure 1.15.

The observed physical effect of thistidal force is the semi-diurnal rise and
fall of sealevel in the oceans. There are two high tides per day because the tidal
forces cause bulges on opposite sides of the Earth rather than just on the side
facing the Moon. The differencein sealevelsin mid-oceanis around 1 m but this
can be amplified considerably by coastal effects. The highest tides, spring tides
are experienced fortnightly when the Sun and the Moon arein line with the Earth
but when the Earth—Sun and Earth—-M oon directions are perpendicular the effects
are subtracted giving the so-called neap tides
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Figure 1.15.Tidal forces on the Earth due to the Moon.
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Figure 1.16. The net effect of the forces on the Moon due to the near and far tidal bulges,
F; and F> respectively, increases the angular momentum of the Moon’s orbit.

These short-period phenomena have been known for centuries but the tides
have a slow secular effect on the Earth’s spin. Since the Earth cannot react in-
stantaneously to thetidal stress thetidal bulge is not a maximum at the sub-lunar
point. With the Earth having a greater angular spin rate than the angular speed
of the Moon in its orbit the maximum tide occurs approximately 3 ° ahead of the
Moon (figure 1.16). Thistidal bulge, which gives a departure from the spherical
symmetry of the Earth, producesaforce on the Moon with atangential component
in the direction of its motion that has the effect of increasing the orbital angular
momentum of the Moon. Thisis partially offset by the gravitational effect of the
advanced tide on the far side, which is less effective because it is further from
the Moon. The net increase in the angular momentum of the Moon in its orbit
is balanced by a reduction in angular momentum, due to a decrease in the rate
of the Earth’s spin. At the present time this effect gives an increase in the length
of the day by 1.6 ms per century. Eventually the position will be reached when
the lunar month and the day are of equal duration, about 50 present days. When
that happens the high tide will be at the sub-lunar point, the force on the Moon
due to the tidal bulges will be centrally directed and further dynamical evolution
will cease. Actually, due to the effect of the Sun, that has been ignored in our
argument, the situation will be rather more complicated.

There are several other effects on both the Earth and the Moon due to tidal
interactions. The Earth raises a tide on the Moon and, if the Moon’s spin had
not been synchronous with the orbit, the gravitational attraction of the Earth on
the Moon’s tidal bulge would act in a sense to produce synchronization. This
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Table 1.10. Characteristics of some important asteroids. The ones given are: a, the
semi-major axis; e, the eccentricity; 4, theinclination; and D, the diameter (U = unknown).

Year of a ) D
Name discovery (AU) e ©) (km)
Ceres 1801 275 0.079 106 1003
Pallas 1802 277 0.237 349 608
Juno 1804 267 0.257 130 250
Vesta 1807 258 0.089 71 538
Hygeia 1849 3.15 0.100 3.8 450
Undina 1867 3.20 0.072 9.9 250
Eros 1898 146 0223 108 U
Hildago 1920 581 0.657 425 15
Apoallo 1932 1.47 0.566 64 U
Icarus 1949 1.08 0827 229 ~2
Chiron 1977 1350 0.378 69 U

synchronization is found for all the satellites in the Solar System. Another effect
isto cause a precession of the spin axis of the Earth. The spin of the Earth does
not contribute to tides but it does create an equatorial bulge distorting it from
spherical symmetry. The equatorial radius of the Earth is about 22 km greater
than the polar radius. The spinning Earth acts like a gyroscope and the Moon
exerts atorque on it due to the differential pull on the near and far regions of the
equatorial bulge. It is this torque which gives a spin-axis precession period of
about 26 000 years.

1.5 Asteroids

It was seen in table 1.2 that to fill a gap in Bode's law it was necessary to in-
troduce a body between Mars and Jupiter. The small body Ceres, discovered in
1801, filled the gap admirably but the pattern was made more complicated by the
discovery of many other bodies, al smaller than Ceres, in the same region of the
Solar System. These bodies, caled asteroids, raise many questions as to their
origin but here we shall just consider their characteristics.

1.5.1 Characteristics of the major asteroids

In table 1.10 the data for a number of asteroids, chosen because they span the
period from the first discovery to recent times and because they illustrate different
orbital characteristics, are shown.

The sizes of asteroids are best measured by stellar occultation. By timing
an occultation and knowing the orbit of the asteroid it is possible to obtain quite
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a precise estimate of the distance across the asteroid along the line of the star's
motion acrossit.

Most asteroid orbits lie in the region between Mars and Jupiter. All known
asteroid orbits are prograde, which is to say that they orbit the Sun in the same
sense as do the planets, and most orbits have eccentricities less than 0.3 and incli-
nations less than 25°. Some notable exceptions to these general rules are shown
in table 1.10. For example, Hildago has an inclination of 42.5° but a few as-
teroids have even larger inclinations up to 64°. The eccentricity of Icarus, the
largest for any known asteroid, combined with its small semi-mgjor axis, gives a
perihelion distance of 0.19 AU, the closest approach of any asteroid to the Sun.
It has an Earth-crossing orbit. Apollo was the first observed asteroid to have this
characteristic. Intheyear of its discovery, 1932, Apollo came within threemillion
kilometres of the Earth—just seven to eight times the distance of the Moon. Since
then tens of other small asteroids, with diameters not more than afew kilometres,
have been discovered with Earth-crossing orbits and these are known collectively
asthe Apollo asteroidsAnother class of asteroidsisthe so-called Atengroup with
orbitsthat lie mostly within that of the Earth. Very few of these bodies are known
and they are small but the known ones could be representatives of a much larger
population which stay well within the Earth’s orbit. Some Aten and Apollo aster-
oids have atheoretical possibility of striking the Earth and it is possible that in its
long history the Earth has undergone collisions by asteroids from time to time. It
has been postul ated that an asteroid collision about 65 million years ago led to the
demise of the dinosaurs, which became extinct within a short period having been
the dominant living species on Earth for hundreds of millions of years.

A number of asteroids are Mars-crossing and have perihelia outside the
Earth’s orbit. Thefirst such to be discovered was Eros, in 1898, but several more
are now known. In a favourable conjunction Eros can get to within 23 million
kilometres of the Earth and in such an approach in 1975 it was studied by radar
and found to have a rough surface. Asfor most other small asteroidsit is of ir-
regular shape and it is somewhat elongated with a maximum dimension of about
25 km.

Two interesting groups of asteroids are the Trojansthat move more-or-less
in Jupiter’s orbit, one group following Jupiter and 60° behind it and the other
group leading Jupiter and 60° ahead of it. The dynamics of the Trojan asteroid
configuration was discussed in section 1.4.3 in relation to Saturn’s satellites.

It was originally thought that all asteroids were all confined to the region
between Mars and Jupiter. The existence of the Apollo and Aten asteroid groups
made it clear that this belief was not true. In 1977 the discovery of Chiron, which
mostly moves in the region between Saturn and Uranus, raised the possibility
that there were other families of asteroids in the outer Solar System that were
too small to be observed from Earth. The diameter of Chiron is unknown but it
must be at least 100 km to account for its observed brightness and may be much
larger. At perihelion it crosses Saturn’s orbit and in the 17th century it came
within 16 million kilometres of that planet—not far beyond the orbit of Phoebe,
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Saturn’s outer retrograde satellite with an orbital radius of just under 13 million
kilometres.

Severa tens of other bodies have been detected, with estimated diameters
in the range 150-360 km, which are close to, or further out than, the orbit of
Neptune. These are Kuiper-belt objectsand they are usually considered to be
linked to comets rather than asteroids. There is uncertainty about the relation-
ship between asteroids and comets—whether they are two manifestations of some
common source of material or represent two different types of material with com-
pletely different origins. All the objects described as asteroids are in direct orbits
and mostly have moderate inclinations and eccentricities. By contrast comets are
frequently inretrograde orbits, have awide range of inclinations and eccentricities
and also have a considerable content of volatile material. They are also associated
with regions well outside that occupied by the planets. Ideas about the origin of
various types of object in the Solar System are heavily linked with ideas of the
origin of the system itself.

1.5.2 The distribution of asteroid orbits: Kirkwood gaps

A diagram giving the frequency of asteroid periods, such as figure 1.17, indi-
cates that the distribution has prominent gaps. These were first explained by the
American astronomer, Daniel Kirkwood, in 1866. He pointed out that the two
very prominent gaps, marked A and B, correspond to one-third and one-half the
period of Jupiter, and that these gaps were a manifestation of some resonance
phenomenon. For example, an asteroid with one-half the period of Jupiter will
make two complete orbits while Jupiter is making one. Thus the two bodies will
aways be closest in the same region of the asteroid’s orbit so that the perturba
tion by Jupiter at closest approach will always be modifying the asteroid orbit
in the same direction. The asteroid’s period will steadily change in one direc-
tion until the asteroid and Jupiter are sufficiently out of resonance for the nearest
approaches, and hence maximum perturbations, to occur al round the asteroid’s
orbit with much diminished effect. Similarly, for the one-third resonance, the as-
teroid is perturbed at two points on opposite sides of its orbit. Other Kirkwood
gapsat two-fifths and three-sevenths of Jupiter’s period are also evident in fig-
ure 1.17. However, to illustrate the complexity of the resonance process there is
a small concentratiorof asteroid orbits corresponding to two-thirds of Jupiter’'s
period. The Kirkwood gap phenomenon is dynamically related to the formation
of the gapsin Saturn’s rings due to perturbation by the inner satellites Mimas and
Enceladus.

1.5.3 The compositions of asteroids

Spacecraft observations of asteroids have given new information concerning their
structure and composition. A near passage of the asteroid Gaspraby the Galileo
spacecraft gave the very detailed photograph shown in figure 1.18. It has dimen-
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Figure 1.17. A schematic representation of asteroid orbits showing the gaps corresponding
to commensurabilities with Jupiter’s orbital period.

Figure 1.18.The asteroid Gaspra taken by the Galileo spacecraft on its way to Jupiter.

sions11 km x 12 km x 10 km, is covered with craters and seems to be overlaid
with rocky dust. In common with most other asteroids it is in a tumbling mo-
tion with a period of about 4 hr. It resembles the Martian satellites, Phobos and
Deimos, that have long been thought to be captured asteroids. The pockmarked
appearance of Gaspra, and of the Martian satellites, suggests that collisions in-
volving asteroids take place and such collisions are almost certainly the source of
most of the material that reaches the Earth in the form of meteorites.

Information about asteroid composition comes from visible and near-infra-
red spectroscopy. Reflectance spectra have been measured for many hundreds of
asteroids in visible light and in the infrared range up to 1.07 ;m and these spec-
tra have been matched with those measured for meteorites in the laboratory. The
main types of meteorite are stonesconsisting mainly of various types of silicate,
irons that are mostly iron with some nickel and stony-ironscontaining intimate
mixtures of stone and iron regions. Within the stony classification is an impor-
tant subclass, the carbonaceous chondritesvhich are very dark in appearance
and contain volatile materials. The match between spectra from various asteroids
and meteorites clearly indicate the relationship between the two classes of object;
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Figure 1.19.Comparison of thereflectivity of the cal cium-rich achondrite meteorite K apo-
eta and the asteroid Vesta.

an example of a match is shown in figure 1.19. On the basis of their spectra
characteristics asteroids have been divided into six types. The two most common
types, which together account for 80% of the spectrally observed asteroids, are
designated as C, associated with carbonaceous chondrite material, and S, mostly
associated with stony irons. These asteroid types occur at al distances within the
main belt of asteroids between Mars and Jupiter but there is a distinct tendency
for the C type asteroids to have larger orbital radii.

There seems little doubt on the basis of the observational evidence that the
study of meteorites is also tantamount to the study of asteroids. The important
guestion then is the way in which asteroids are related to planets because, if they
are intimately related, the information from laboratory meteorite studies could be
directly applied to the problem of the origin and evolution of the planets. There
is no consensus on the form of this relationship. It was early thought that aster-
oids were the debris from a broken planet but this raised two difficulties. The
first concerned the source of energy which could break up a planet and the second
that of disposing of the planetary material since the total mass of known aster-
oids is much less than a lunar mass. A second theory, which assumes planetary
formation by an accumulation of asteroid-sized objects, claimsthat Jupiter exerts
considerable influence on objects in the asteroid-belt region and so preventstheir
accumulation by a continual stirring process. However, if there had been enough
material in the asteroid region to produce a planet then this again raises the ques-
tion of disposal. Certainly all observed solid bodies in the Solar System show
signs of damage by large projectiles so many former asteroids can be accounted
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for in thisway. Other projectiles could have been swept up by the major planets
without leaving any visible evidence of their former existence.

Acceptance of the relationship between asteroids and meteorites throws up
many interesting problems. Some meteorite material has come from bodieswhich
were molten and in which segregation of material by density had taken place.
An asteroid a few hundred kilometres in radius, formed by the accumulation of
smaller bodies, would not release sufficient gravitational energy to melt silicates
or metals. If the specific heat capacity of the materia is ¢ with latent heat of
fusion, L, and it had to be raised by A# to bring it to melting point then the size
of body for which gravitational energy would just produce complete melting is
given by

3GM?
5R

in which the left-hand side is the negative of the self-gravitational energy of a
uniform sphere of mass M and radius R. Expressing mass in terms of density, p,
and radius and rearranging one finds

= M(cA8 + L) (1.9)

1/2
cA9+L} ‘ (1.10)

R = {1.25 ~Cp
Inserting reasonable values, p = 3400 kg m =2, ¢ = 1100 J kg~ K=, L =
5 x 10° J kgt and A9 = 1000 K wefind R = 1675 km.

For asteroids to have been melted some other source of heating must have
been available. Thereis evidencein some meteoritesfor the one-time presence of
aradioactive isotope of aluminium, 26Al, which has a half-life of 720000 years.
If about two partsin 10° of the aluminium of the mineralsin asteroids had been
26 A| then this would have been enough to melt asteroids with diameters as small
as 10 km.

1.6 Meteorites

Somewhere between 100 and 1000 tonne of meteoritic material strikes the Earth
per day. This amounts to one part in 107 of the Earth’s mass over the lifetime of
the Solar System and would cover the Earth uniformly with a 10 cm thick layer of
material. The material isin aform ranging from fine dust to objects of kilometre
size and must enter the atmosphere at more than 11 km s—! (the escape speed
from the Earth). Larger objects are decelerated by atmospheric friction but still
strike the ground at high speed. Their passage through the atmosphere causes
surface material to melt and a fusion crust to form. They may also fragment and
form a shower of smaller objects. By contrast very tiny objects may survive the
passage to Earth almost intact. Because of the large surface-to-volumeratio they
radiate heat very efficiently, are quickly braked by the atmosphere and then gently
drift down to Earth.
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Table 1.11.Numbers of fallsand finds up to the end of 1975.

Falls Finds Totals

Stones 791 593 1384
Irons 46 610 656
Stony-irons 11 67 78

Thelargest meteorites found have masses up to about 30 tonne, most of them
being of iron. The largest known stone meteorite that fell in Jilin, China, in 1976
had amass of 1.76 tonne. Judging by what is observed on the Moon, much larger
objects must have struck the Earth from time to time. As previously mentionedin
section 1.5.1, a few-kilometre-size object may have fallen to Earth at the end of
the Cretaceous period, some 65 million years ago. Marine clays deposited at that
time have a high iridium content and iridium is a much more common element in
meteoritesthan it is on Earth. More positive evidence for the fall of larger bodies
can be seen in the craters that exist in various parts of the Earth. The largest of
these is the Barringer crater in Arizona which is more than 1000 m in diameter
and 170 m deep. Small amounts of meteoritic iron have been found in the vicinity
and it is estimated that the crater was formed by the fall of an iron meteorite with
a mass of approximately 50000 tonne—that is with a diameter about 25 m if it
was a sphere.

In 1908 there was a huge explosion in the Tunguska River region of central
Siberia. The noisewas heard at a distance of 1000 km and afireball, brighter than
the Sun, crossing the sky. The event was recorded on seismometers all over the
world. In 1927 an expedition discovered a region of about 2000 km 2 of uprooted
trees, with the direction of fall indicating that the explosion was at the centre of
the region. However, neither a crater nor fragments were found that could be
identified as of meteoritic origin. Fine fragments of meteoritic dust have been
found embedded in local soils and the current belief is that the event was caused
by the impact of a small comet with the explosion centre produced some 10 km
above the surface.

1.6.1 Falls and finds

Recovered meteorites may be classed as either falls or finds The former category
consists of those objectsthat are seen to fall and are recovered shortly afterwards.
Table 1.11 shows the proportions of falls and finds for the three major types of
meteorite—stones, irons and stony-irons.

Thedistribution of the different kinds of meteorites differsfor falls and finds
and, in particular, the proportion of irons in the finds is much larger. The pro-
portion of falls may be taken as representing the relative numbers of the different
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types of meteorites that fall to Earth. This just says that the chance of spotting
a falling meteorite of a particular type is simply proportional to the number of
that type that arrive on Earth. A ‘find’ depends on recognizing that the object,
which may have fallen tens or hundreds of thousands of years previoudly, is actu-
aly ameteorite. A stone meteorite which lands in Europe, say, will be exposed
to wesathering that will erode its surface and soon make it indistinguishable from
rocks of terrestrial origin. On the other hand we do not usually find large lumps of
iron on the Earth’s surface so that if we found avery denseiron object of blackish
appearance then we could be certain that it was indeed a meteorite. Again aniron
object would not weather in the same way as one of stone and would maintain its
integrity for amuch longer period.

Factors which assist in the recognition of stony meteorites are, first, that
it should as far as possible maintain its original appearance and, second, that it
should stand out in its environment. Two types of region where finds are often
made are deserts and the Antarctic. In arid deserts weathering is a slow process
so that meteorites retain their characteristic appearance for much longer. In the
Antarctic, where the ice layer is kilometres thick, a silicate or iron object on or
near the surface is bound to be a meteorite.

The ways in which meteorites are similar to, and different from, terrestrial
materials are avery important source of information about the origin of the Earth
and of the Solar System. A detailed description of meteorites and their properties
isgivenin sections 11.2, 11.3 and 11.4. Here, we shall restrict the discussion to
some salient features of meteorites.

1.6.2 Stony meteorites

There are two main types of stony meteorites—chondritesand achondrites—
which differ from each other both chemically and physically. Most, but not all,
chondrites contain chondrules These are glassy millimetre-size spheroids, em-
bedded in the fine-grain matrix that constitutes the bulk of the meteorite. The
chondrules were certainly formed from molten silicate rock that was in the form
of afine spray. A section of a typica chondrite is shown in figure 1.20. An
important type of chondriteisthe carbonaceous chondritd hese meteorites con-
tain carbon compounds, water and other volatile materials and tend to be rather
dark in colour. They also contain lighter-coloured inclusions consisting of high-
temperature condensates; these are known as CAl (cal cium—aluminium-rich in-
clusions).

Achondrites contain no chondrules and virtually no metal or metallic sul-
phides, and are similar to terrestrial and lunar surface rocks in many ways. The
ages of rocks, as determined by radiometric methods, gives the time from when
the rocks became closed systems, retaining all the products of processes going on
within them. For most meteorites the determined ages are about 4.5 x 10° years,
which is the accepted age of the Solar System. However, there are a few achon-
drites, called SNC meteorites, that are much younger with ages around 10° years.
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Figure 1.20. A section through a chondritic meteorite.

It has been suggested that these represent material gected from the surface of
Mars by a projectile. Mars could have been volcanically active in the sufficiently
recent past to explain the SNC ages.

1.6.3 Stony-irons

Stony-irons consist of roughly equal proportions of stone and iron. A possible
scenario for their formation is within an interface region of a cooling solid body
in which there had been separation of dense metal and |less dense stone. However,
one type of stony-iron, mesosideritescontain minerals only stable at pressures
below 3 kbar suggesting that they are not directly derived from deep within a
massive body.

1.6.4 Iron meteorites

Most iron meteorites consist of aniron—nickel mixturethat wasoriginaly inalig-
uid state. There are, however, afew iron meteorites that look as though they have
never been completely molten. Within the metal two iron—nickel alloys form—
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Figure 1.21. An etched cross-section of an iron meteorite showing a Widmanstéatten pat-
tern.

taenite which is nickel rich, and kamacite which is nickel poor. When the metal
has cooled sufficiently to become solid, but is still hot enough for the atomswithin
it to be mobile, then it separates into taenite and kamacite regions. A cut etched
surface of an iron meteorite shows a characteristic Widméanstattenpattern (fig-
ure 1.21) consisting of dark taenite rims around plates of kamacite. From the
scale of these patternsit is possible to estimate the time between when the mate-
rial became solid and when it became so cold that the atoms ceased to be mobile.
The cooling rates so deduced can be in the range 1-10 K per million years, indi-
cating that cooling was either in the interior of an asteroid-size body or close to
the surface of a much larger body.

1.6.5 Isotopic anomalies in meteorites

Most elements have more than one stable isotope and al elements have a mul-
tiplicity of isotopes, many of which are radioactive. Thus oxygen has three sta-
ble isotopes 60, 170 and '®*0 and the characteristic ratios for these on Earth
are 0.9527:0.0071:0.0401, a composition referred to as SMOW (Standard Mean
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Ocean Water). There are departures from SMOW on Earth but these are due to
mass-dependent fractionation. In any chemical or physical process dependent on
isotope mass—for example, diffusion in athermal gradient—the differencein the
diffusion rate between 80 and 19O will be twice that between 17O and 160. This
will be seen by the fractional change in the proportion of 18O being twice that of
170. Thus, although terrestrial oxygen samples may have different isotopic ratios,
they can be recognized as coming from a common source.

Samplesfrom CAIl material in carbonaceous chondrites and from some ordi-
nary chondrites give oxygen isotope ratios that can be interpreted as having been
produced by adding pure 6O to some terrestrial standard mixture of isotopes.
This has given rise to much specul ation about possible sources for the pure 160.

Ancther observation from the CAl regions involves the stable isotopes of
magnesium, 2Mg, 2°Mg and 26Mg which occur in the ratios 0.790:0.100:0.110.
In some CAI, for different grains in the meteorite, there is an excess of 26Mg
that is proportional to the amount of aluminium present. Thisis due to the decay
of 26Al that formed a small proportion of the original aluminium (for which the
only stableisotopeis 2?Al). The half-life of 26 Al is 720000 years which suggests
that the interval between some radio-synthetic event that preceded the formation
of the Solar System and the CAls becoming closed systems was a few times the
half-life, say, lessthan 10 million years.

Normal neon has three stable isotopes, 2°Ne, 2! Ne and 22Ne, in the propor-
tions 0.9051:0.0027:0.0922. Gases trapped in a meteorite can be driven out by
heating and there are some stony meteorites which are found to contain pure, or
nearly pure, 22Ne—the so-called neon E. The most probable source of thisis the
radioactive sodium isotope 22Na (only stableisotope 22Na). Thereisreluctanceto
accept 22Na as the source of neon E because the half-lifeof 22Naisonly 2.6 years
and this would imply that the meteorite rock had become a closed system within,
say, 20 years of some radio-synthetic event. Alternative origins by particle ir-
radiation of the meteorite after it formed or by neon E having come from some
unknown source outside the Solar System have al so been proposed.

A number of interesting isotopic anomalies have been found in grains of
silicon carbide, SiC, which occur in some chondrites. Silicon has three stable
isotopes, 285, 2°Si and 3°Si, but systematic variationsin the ratios are found that
cannot be related to mass-dependent fractionation or, as in the case of oxygen,
to the addition of various amounts of the dominant isotope, 28Si. The carbon in
these grains also shows avery variableratio of n(12C) /n(13C), sometimes below
20, whereas the terrestrial value is 89.9. Thisistermed ‘heavy’ carbon. Thereis
aso ‘light' nitrogen for which the ratio of n(!*N)/n(1°N) is much higher than
the terrestrial figure and some ‘heavy’ nitrogen as well. Another anomaly found
in SiC samplesis ‘heavy’ neon in which both 2! Ne and 22Ne are enhanced and a
linear relationship exists between n(?°Ne) /n(*! Ne) and n(*'Ne) /n(*?Ne) from
different grains.

There are other isotopic anomalies but those described here are important
ones and they illustrate the range and complexity of those that occur. Clearly
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these anomalies contain a message about conditionsin the early Solar System. In
section 11.6 isotopic anomalies will be described in more detail together with the
ideas which have been put forward to explain them.

1.7 Comets

The general appearance of a comet is well known—a luminous ball with a long,
often double, tail (figure 1.22). It was Edmund Halley who, with knowledge of
Newton's analysis of planetary orbits, first recognized that comets were bodiesin
orbits around the Sun. He postulated that the comet seen in 1682 was identical to
the cometsin 1607, 1531 and possibly that of 1456, that had similar orbits and he
predicted the comet’s return in 1758 athough he did not live to see his prediction
confirmed. From Newton's work Halley deduced that the semi-magjor axis of the
orbit had to be about 18 AU. That figure, combined with its close approach to the
Sun, implied a high eccentricity, and this was the first deduction that there were
bodies moving around the Sun in very eccentric orbits.

1.7.1 Types of comet orbit

The periods of cometary orbits show a very wide variation and it is customary to
divide comets into two categories. short-periodfor those with periods less than
200 years and which therefore stay mainly in the region occupied by the planets,
and long-periodotherwise. About 100 short-period comets have been observed.
Those with periods of more than about 20 years have more-or-less random incli-
nations; Halley’s comet, with a period of 76 years, has a retrograde orbit with
an inclination of 162°. Comets are significantly perturbed by planets, especially
by the major planets, and the period of Halley’s comet can vary between 74 and
78 years dueto this cause.

There are about 70 short-period comets with periods, mostly between three
and ten years, which have direct orbits and have fairly small inclinations, less
than about 30°, and modest eccentricities, mostly in the range 0.5-0.7. Their
aphelia are al about 5 AU and they form the Jupiter familyof comets. They
are presumed to have originally been long-period comets which interacted with
Jupiter either in a series of small perturbations on occasional incursions into the
inner Solar System or, possibly, in one massive perturbation. Thisis more likely
to happen for comets with small inclinations and in direct orbits, for then their
speeds relative to Jupiter during the interaction will be smaller and there will be
more time to generate a strong perturbation

Another extreme class of orbits is where the periods extend from tens of
thousands to millions of years. Such comets have very large major axes and since
comets can only be observed when they have small perihelia, usualy less than
3 AU, thisimplies that the orbital eccentricity must be close to unity. It is difficult
to measure the orbital characteristics of such comets well enough to distinguish
an extreme elliptical orbit from a marginally hyperbolic one. The characteristic
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Figure 1.22. The comet Mrkos, photographed in 1957, showing the long plasma tail and
the shorter, but thicker, dust tail (Mount Palomar Observatory).

of interest is the orbit beforeit approached the inner Solar System making it nec-
essary to correct for planetary perturbation. A comet approaching the inner Solar
System with a marginally hyperbolic orbit would have had aimost zero velocity
relative to the Sun at a large distance. This is extremely improbable and, tak-
ing the possible errors of measurement into account, it is safe to assume that al
such comets actually approach the inner Solar System in extreme elliptical orbits.
Cometswith such orbits are called new cometdmplying that the comet has never
been so close to the Sun on a previous occasion and will never do so again on
an orbit with such extreme characteristics. It isimplied from these observations
that there is a cloud of comets, the Oort cloud, surrounding the Solar System at
distances of tens of thousands of AU. This will be described in greater detail in
section 11.8.1.
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Figure 1.23.The structure of a comet in the near perihelion part of its orbit.

1.7.2 The physical structure of comets

Comets are difficult to see when they are more than about 5 AU from the Sun. At
that distance they are solid inert objects, usually with low abedo and diameters
of afew kilometres. Asthey approach the Sun their appearance changes dramat-
ically. Vaporized material, plus some dust, escapes from the solid nucleus and
forms a large, approximately-spherical gaseous comasome 105 to 105 km in ra-
dius. The coma becomes visible due to the action of sunlight on its constituents.
Outside the coma, with ten timesits dimension, thereis alarge cloud of hydrogen
that emitsno visible light but that can be detected by suitableinstruments. Finally
the comet develops atail, or often two tails, one of plasmaand one of dust, which
are acted on by the stream of particles from the Sun, called the solar wind so that
the tails point approximately in an anti-solar direction. These features are shown
in aschematic formin figure 1.23.

Current belief about the structure of the nucleusisthat it is, as Fred Whipple
once described it, a ‘dirty snowball’. The best model is of an intimate mixture
of silicate rocks and ices—perhaps similar to the composition of frozen swampy
ground on the Earth athough in the comet’s nucleus the ices would not al be
water ice. The outer parts of comets that have made several perihelion passages
would be relatively deficient in volatile material and would probably be in the
form of a frangible rocky crust. As the nucleus approaches the Sun so it will
absorb solar radiation and heat energy will eventually penetrate into the interior,
causing sublimation of the volatile material. The pressures so produced will even-
tualy fracture the crust in weaker regions and jets of vapour will escape to form
the coma. The molecules in the coma will fluoresce due to excitation by ultra-
violet radiation from the Sun, and from the fluorescent spectrum the composition
of the coma can be found.
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Figure 1.24. Characteristics of the Kuiper-belt objects.

The polarization of the reflected light from silicate grains in the dust tail
suggests that they are typically of 1 ym dimension. The gravitational attraction
of the Sun on the dust particles tend to send it into Keplerian orbits while the
action of the solar wind tendsto moveit radially outwards from the Sun. The net
effect isatail that is almost antisolar but is usually quite distinct from the plasma
tail. However, dust tails are generally much shorter than plasma tails and rarely
exceed 0.1 AU in extent. Thetwo tails show up particularly well infigure 1.22, a
photograph of comet Mrkos taken in 1957.

Although the apparition of Halley’s comet of 1986 was a rather poor one
for Earthbound observers it was well observed from space. The European Space
Agency’s spacecraft Giotto passed within 600 km of the nucleus. Photographs
were taken of the nucleus and measurements were made of the charged-particle
density, magnetic fields and the compositions of the dust particles. Many of the
particleswereclearly silicates, similar in compositionto carbonaceouschondrites,
but others were rich in H, C, N and O and were presumably grains containing
organic material. The rate of loss of icy material is of the order of 50 tonne s—!
during the perihelion passage and such a rate implies that the lifetime of Halley,
and of other comets, as vapour-emitting bodies must be limited. The expected
lifetime of comets is estimated to be in the range of hundreds to thousands of
orbits, after which they will be small, dark, inert objects very difficult to detect.
The fact that short-period comets have such a short life compared with the age
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of the Solar System indicates that somewhere there must be areservoir of comets
that constantly replenishes their number.

1.7.3 The Kuiper belt

In 1951 Gerard Kuiper suggested that outside the orbit of Neptune there would
exist aregion in which comet-style bodies orbited close to the mean plane of the
Solar System. His main argument was that it seemed unlikely that the material
in the Solar System abruptly ended beyond the orbits of Neptune and Pluto. In
addition, in the outer reaches of the Solar System, material in the form of small
bodies would be too widely separated ever to have aggregated into alarger body.

In 1992 the first such body was found, 1992 QB ; , with an estimated diameter
of 200 km at about 40 AU from the Sun. By 1997 more than 30 bodies had been
located in what is now known as the Kuiper belt All the bodies have orbits close
to the ecliptic and have semi-major axes larger than that of Neptune, although the
eccentricities of some bring them within Neptune'sorbit. Infigure 1.24 the values
of a and e for the first 32 of these discovered objects, plus Pluto, are shown; it
will be seen that there is a family of 12 objects which share Pluto’s 3:2 orbital
resonance with Neptune.

It has been suggested that the Kuiper belt could contain more than 35000
bodies with a diameter greater than 100 km. Perturbations in the Kuiper-belt
region are sufficiently small to enable most objects there to have survived for the
lifetime of the Solar System but perturbation by Neptune is sufficient to cause
a small transfer of bodies inwards. Once they have penetrated the inner Solar
System they can be further perturbed either to become short-period comets or to
be thrown outwards to regions well beyond the Kuiper belt.



Chapter 2

Observations and theories of star formation

2.1 Stars and stellar evolution

2.1.1 Brightness and distance

Evenin the most powerful telescopes stars are normally seen just as point sources
of light. Sometime in the second century BC the Greek astronomer Hipparchus
produced a star catalogue in which stars were categorized numerically according
to brightness as having magnitudesfrom oneto six, with oneindicating the bright-
est stars. Inthe second century AD this information was included by Ptolemy in
his Almagestthe 13 bookswhich contained all the astronomical knowledge of the
period. Certainly, by the 18th century, astronomers had refined the Hipparchus
magnitudes and by carefully comparing pairs of stars they were able to refine
brightness estimates, referring to a magnitude of, say, 4.4. In the 19th century
instruments became available for quantitative measurements of the brightness of
stars. It was found that the Hipparchus range from one to six (five units of incre-
ment) corresponded to a factor of about 100 in brightness, defined as the energy
received at the Earth per unit areanormal to the star’s direction. A scientific scale
was established where each unit step in magnitude corresponds to a brightness
factor of 100'/% (~2.51) and the scale was extended well outside the original
range. Thuswith modern telescopes equipped with CCD (charge-coupled device)
detectors, faint objects with magnitudes of 28 or even fainter can be picked up. At
the other end of the scal e the magnitude of the Sun, the brightest object seen from
Earth, is —26.74. The relationship between brightness, b, and magnitude, m, for
two sources so established is
by 10 2m/

b_ - 10—2m=/5 = 102(m27m1)/5' (21)
2

The brightness of a body seen from Earth is dependent both on its intrinsic
brightness, measured by its luminosityor total power output, and on its distance,
so the determination of distance is important if the intrinsic brightness or any

46
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Figure 2.1. Parallax measurements on a star from opposite sides of Earth’s orbit.

other properties of the body are to be deduced. In terrestrial surveying therelative
positions of ground features are found by the process of triangulation. A feature,
F, is observed from two ends of a baseline AB; with a theodolite the angles sub-
tended by Fand B at A and by F and A at B are found. In this way the position
of F, and hence its distance from either A or B, is found from simple geometry.
To measure distances even to the nearest stars a baselineis required that is longer
than any that could be established on Earth, but points on Earth’s orbit around the
Sun separated by six months provides a suitable baseline of 2 AU. To measure
the angle subtended by this baseline at the star, what is actually observed is the
motion of the star relative to the background of very distant stars (figure 2.1). This
observed relative motion due to motion of the observer is known as parallax and
the parallax angle, a,, showninfigure 2.1, is used to define a unit of measurement
suitable for stellar distances. If o is 1" of arc, so that 1 AU subtends 1" at the
star’s distance, then the distance of the star is 1 parsec (pc) and, in genera, the
distancein parsecsis given by

D = 1 (2.2

@
where « isthe parallax in arc-seconds. The parsec equals 3.26 light-years, 3.08 x
10'% m or 206625 AU. Ground-based telescopes can measure to about 0.005 "
S0 estimates of distances out to approximately 100 pc are possible, although with
very poor accuracy at the upper end of the range. In 1989 the astrometric satel-
lite Hipparcoswas launched by the European Space Agency and it is capable of
measurements down to about 0.001”. This extends the range of direct distance
measurement by a factor of five or so and the total number of stars within range
of direct measurement to something of the order of one million.
For astar at aknown distanceit is possible to derive the absolute magnitude

M, and absolute brightnessB, the apparent magnitude and brightness the star
would haveif it was at a standard distance of 10 pc. Since brightnessvaries asthe
inverse-square of distanceit can be found from equation (2.1) that

M=m+5—->5logD (2.3)

where m is the measured magnitude and D the distance of the star in parsecs.
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Distance measurements are greatly extended by observations of Cepheid
variables. In 1912 Henrietta L eavitt, observing Cepheid variables in two nearby
Galaxies, the Magellanic Clouds, found that their brightness and periods were
correlated. This relationship means that from the period of the variable, the abso-
lute brightness or magnitude can be found and hence, by measuring the apparent
magnitude, the distance can be deduced from equation (2.3). If a Cepheid vari-
able occursin acluster, or can be seen in a distant galaxy, then the distance of the
cluster or galaxy can be found and hence the various intrinsic characteristics of
other observable starsin the same stellar association.

2.1.2 Luminosity, temperature and spectral class

Oncethedistance of astar isknown it is possible to estimate its luminosity. If the
brightness of the star is measured as b (W m~2) then its luminosity, L, the total
rate of energy productionis given by

L =4xD%b (2.4)

for which, in this case, D isin metres.

Apart from the brightness of stars, another characteristic that could be seen
by early naked-eyeobserverswastheir colour. With modern instrumentsthe spec-
tral output of stars can be measured over a wavelength range much greater than
just the optical region and their intensity versus wavelength curves are found to
match theoretical Planck radiation curves reasonably well. These curvesindicate
the equivalent black-body temperature of the source—the Sun, for example, has
a surface temperature of ~5800 K. A selection of radiation curves for different
temperatures is shown in figure 2.2 and from these it will be seen that a good
estimate of the temperature can be obtained just from the relative intensities at
two well-separated wavelengths. The magnitude of a star as seen from light pass-
ing through a bluefilter, B, compared to that from light passing through a yellow
filter, V (V from Visible), gives the colour index B — V, from which the temper-
ature may be assessed. The colour index of a star is independent of its distance
from the observer since changing distance changes B and V' by the same amount.
A problem with very distant stars is that the light may be slightly reddened by
passage through the interstellar medium(ISM). The effect of this can be elimi-
nated by using a third magnitude measurement, U, of the light passing through an
ultraviolet filter.

From the surface temperature, 7', and luminosity, L, of a star its radius, R,
can be estimated. These quantities are linked by

1/2
L =47R?cT* or R—i L / (2.5)
- e T T2 \dno '

in which Stefan’s constant, 0 = 5.67 x 1078 Wm—2 K.
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Figure 2.2. Black-body radiation curves for arange of possible stellar temperatures.

When the spectra of stars are examined with a high-resolution spectrometer
they are found to consist of a continuous background with absorption lines cor-
responding to electron transitions in atoms and ions. The strengths of individual
absorption lines vary greatly from one star to another, and may even be absent,
and if the spectra of many stars are compared they can be arranged in a sequence
in which each varies only alittle from that of its neighbours. According to which
spectral lines are prominent, stars are assigned to one of the spectral classe®, B,
A, F, G, K or M; each class hasten subdivisionsindicated by B0, B1, B2, ..., B9,
for example. The main characteristic of a star that determines its spectral classis
its temperature where O-type stars are the hottest and M-type stars the coolest.
We can understand how temperature affects the strength of an absorption line by
taking as an example the Balmer-series hydrogen line, Hy, at 434.0 nm as seen
in figure 2.3. Absorption of radiation at this wavelength corresponds to an elec-
tron transition in the atom from the energy level n = 2, the first excited state, to
energy level n = 5. Then = 2 excited state, that is 10.2 eV above the ground
state, requires a sufficiently high environmental temperaturefor collision by elec-
trons to be able to produce such an excitation. The temperature of an M-type
star, about 3500 K, isinsufficient to excite the electrons of many hydrogen atoms
to the state n = 2, the necessary ground state to give the H~ absorption line.
Moving up the spectrain figure 2.3, for spectral class GO, corresponding to about
6000 K, a sufficient proportion of the hydrogen is excited to give an observable
absorption line and the line gets stronger with increasing temperature up to class
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Figure 2.3. A sequence of stellar spectra with the H~ absorption line identified.

AO stars, at about 11 000 K, and thereafter declines. The reason for the declineis
that at very high temperatures hydrogen atoms are excited to levelsbeyond n = 2
and even compl etely ionized so that fewer suitable ground-state atoms for the Hy
absorption become available.

2.1.3 The motions of stars relative to the Sun

To find the velocity of a star relative to the Sun, it first has to be measured rel-
ative to Earth and then transformed from knowledge of Earth’s motion relative
to the Sun. Methods are available that are able to give separately the radial and
transverse components of the velocity. When the parallax method of estimating
the distances of stars was described it was implicitly assumed that the star had not
moved between the two measurements six months apart. The transverse motion
of the star can be corrected for by making athird observation one year after the
first. The apparent movement of the star relative to the background of very distant
starsin one year enables a correction to the six-month observation to be made and
hence the correct distance to be found. With the distance known, together with
the angular shift of the star in the one-year period, the transverse component of
velocity, vy, can then be calculated.

Estimating the radial velocity component involves measuring the Doppler
shifts of spectral lines in the light from the star. If the laboratory wavelength of a
spectral lineis A and that measured in the spectrum of the star is A + 6\ then the
radial velocity, v,, comesfrom

v OA

—== (2.6)

in which ¢ is the speed of light. It is found that the relative velocities of starsin
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the solar neighbourhood have magnitudes mostly in the range 20-30 km s —* with
more or less random directions.

2.1.4 The masses of stars

About one-half of all thevisible stellar light sources are not single stars but binary
systems—which means that more individual stars belong to binary systems than
those which do not. These binaries have a wide range of characteristics from
visible binaries where the individual stars can be resolved by a telescope, to
spectroscopic binariethat cannot be resolved and can only beinferred as binaries
by spectroscopic measurements. In the following discussion, for smplicity, it will
be assumed that the sight line to the binary is in the plane of its orbit. We shall
also assume circular orbits, which is certainly true for closer binaries where tidal
dissipation effects impose near-circular motions.

In figure 2.4 the two stars, moving around their centre-of-mass, are moving
directly towards and directly away from the observer. If their speeds relative to
the centre-of-mass are v; and v, and the radial speed of the centre-of-mass is
V' then, as shown, the star radial-velocity components relative to the observer
arevy; =V —v andvys =V + ve. One-half period later the radial velocity
componentsarevs ; = V+wv; andwy 2 = V —vs. Themeasurementsof vy 1, v; 2,
v2 1 and v, » can be made by direct Doppler-shift measurements on the individual
starsfor avisual binary and from the splitting of spectral linesfor a spectroscopic
binary. The four speed measurements (actually only three are needed) enable V/,
v, and v, to be found. From the period, P, v, and v, it is then possible to infer
the masses and physical dimensions of the binary system. From P one finds the
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angular speed, w = 27 /P. This then gives the distances of the stars from the

centre-of-mass, 1 and r», from
U1 (%]
w=—=—. 2.7
r1 ra

The sum of the stellar masses then comes from

/2
(ry +7)3 !

P=2 _— 2.
7T{G(ml + mo) (@8)
and the ratio of the masses from

Z—; - :—f (2.9)

From (2.8) and (2.9) the individual masses can be found.

For the magjority of stars the mass is quite well correlated with the spectral
class so that mass estimates of many stars are available—even if the stars are not
members of a binary system. The general pattern observed is that very massive
starsarerare and that the frequency of occurrenceincreases as the mass decreases.
The mass probability density is found over arange of masses to be of the form

f(m) ccm™" (2.10)

inwhich f(m) is the proportion of stars per unit mass range and —u is the mass
index Observation suggests a mass index somewhere in the range —2.3 to —2.6
for stars between one-tenth to ten times the solar mass. Actually f(m) dipsbelow
the expected value for low-mass stars but this is probably an observational effect
since such stars have larger magnitudes and hence are more difficult to detect.

2.1.5 The Hertzsprung—Russell diagram and main-sequence stars

At the beginning of the 20th century Ejnar Hertzsprung and Henry Norris Rus-
sell independently investigated the relationship between the luminosity of a star
and its temperature and the culmination of their work is what is now known as
the Hertzsprung—Russell (H-R) diagranf\ typical H-R diagram is shown in
figure 2.5 where the horizontal axis is labelled as spectra class, which is an a-
ternative to temperature, and the vertical axis is labelled as absolute magnitude,
which is an dternative to luminosity. Most stars are seen to fall in aband running
from top left to bottom right; this band contains main-sequencstars in which
the source of energy generation is the conversion of hydrogen to helium within
the stellar core. The Sun will spend about 101° years as a main-sequence star
and is at present about halfway through this stage of its life. However, the dura-
tion of the main-sequence stage is very heavily dependent on the mass of the star.
From measurements of mass, M, and luminosity, L., of main-sequence stars it
is found that L. is approximately proportional to M/?. Luminosity is a mea-
sure of the rate of hydrogen-to-helium transformation and mass is a measure of
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Figure 2.5. A Hertzsprung—Russell diagram for stars close to the Sun.

the amount of hydrogen available. Based on this, simple analysis shows that the
lifetime of astar on the main sequence will be proportional to M*_5/2. Thusastar
with 10 times the mass of the Sun will have a main-sequence lifetime of 3 x 107
years while for one with one-tenth of the mass of the Sun the lifetime would be
3 x 10'2 years.

Not all stars are on the main sequence and their temperatures and radii may
beinferred fromtheir position on the diagram. Thereisaprominent group of stars
in the top right-hand side of the diagram corresponding to temperatures generally
less than that of the Sun but with luminosity anything from 102 to 10° greater
than the solar value. From equation (2.5) it is found that they must have very large
radii and on this account they are referred to as red giantsor, in extreme cases,
supergiants Another prominent group of stars is seen in figure 2.5 below the
main segquence. These have quite high temperatures but low luminosities between
10~2 and 10~° that of the Sun and hence must be very small stars—smaller than
the Earth in some cases. These stars are known as white dwarfsand represent one
possible final stage in the development of stars.

Returning to main-sequence stars it is found that their physical characteris-
tics are strongly related to their spectra class and these relationships are illus-
trated in table 2.1. These relationships are not precise because they are affected
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Table 2.1. Approximate properties of main-sequence stars related to their spectral class.

Spectral  Approximate Mass Radius Luminosity
class temperature (K)  (Solar units)  (Solar units)  (Solar units)
05 40000 40 18 3 x 10°
B5 15000 7.1 4.0 700

A5 8500 2.2 1.8 20

F5 6600 14 12 25

G5 5500 0.9 0.9 0.8

K5 4100 0.7 0.7 0.2

M5 2800 0.2 0.3 0.008

by differences in the composition of stars and also by how long they have spent
on the main sequence. For example over the Sun’s lifetime on the main sequence
its luminosity will change by a factor of five or six, from less than one-half of
the present luminosity when it entered the main sequence to more than twice its
present luminosity when it leaves. The values given in the table are representative
of those given by different published sources, which are not entirely consistent
with each other.

2.1.6 The spin rates of stars

A characteristic of main-sequence stars that cannot be inferred from an H-R di-
agram is the rate at which they are spinning. This can be estimated by observing
the thickness of spectral lines. If the spin axis of the star is perpendicular to the
line of sight then the equatorial material at opposite edges of the star are moving
towards and away from the observer, relative to the motion of the star asawhole.
Therewill be an average Doppler shift of a spectral line due to the whole motion
of the star and a broadening of the line due to additional Doppler shifts in oppo-
site directions from light coming from opposite sides of the stellar image. The
information given directly is the equatorial speed associated with spin and thisis
found to correlate with spectral class. The mean equatorial speed as a function of
spectral classisgivenin figure 2.6; it will be seen that late-type stars—those with
mass less than about 1.4 M ;,—have low equatorial speeds and that the maximum
average speeds are for stars of spectral class B5 or thereabouts.

2.1.7 Evolution of stars away from the main sequence

The most massive stars get through the hydrogen-to-helium conversion stage in
the core quite quickly and thereafter they evolve away from the main sequence.
How they do so can be found observationally by looking at H-R diagrams for
stellar clusters. Many stars occur in clusters that are of two main types. The
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Figure 2.6. The variation of average stellar equatorial speed with spectral class.

first is the galacticor open clusterthat is an association of typically a few tens
to a few hundred stars. These clusters are ‘open’ in the sense that they occupy
regions of diameter from about 2 to 20 pc so that individual stars can be seen and
‘galactic’ inthat they are exclusively found withinthe galactic disc (figure2.7(a)).
The other type of association is the globular clustercontaining from 10 to 10°
stars and with diameters from 10 to 30 pc so that the stars cannot be individually
resolved in the centre of the image (figure 2.7(b)).

In figure 2.8 an H-R diagram for a typical globular cluster, M5, is shown.
Stars have left the main sequence above the turn-off pointand it is clear that the
evolutionary tracks for these stars take them towards the red-giant region. Since
mai n-segquence lifetime depends on the spectral class of the star the turn-off point
gives ameasure of the age of the cluster.

Thedetailed evolutionary devel opment of astar depends onits mass but plau-
sible scenarios have been devel oped and here we describe what happensto a star
of one solar mass. An important feature of the development processis that from
time to time the materia in the inner core becomes degenerate Degeneracy in
this context implies that the properties of the material are dominated by electrons
which, at suitable combinations of density and pressure, resist being pushed to-
gether and obey Fermi—Dirac (F-D), rather than Maxwell-Boltzmann, statistics.
Degeneracy is favoured by high density and low temperature but at almost any
temperature degeneracy can set in if the density is high enough. The mean energy
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(b)

Figure 2.7. Typical clusters(a) ‘open’ or ‘gaactic’, (b) ‘globular’.

of electrons obeying F-D statistics varies very little with temperature and, since
pressure is just a measure of energy-density, this means that pressure is virtualy
independent of temperature for a degenerate gas. The evolutionary pattern can be
followed in figure 2.9 and can be described thus:

(1) After its formation and arrival on the main sequence the star spends 1019
years on the main sequence converting hydrogen to helium, at first through
the proton—proton chain reaction but later, when the core heats up, increas-
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Figure 2.8. A Hertzsprung—Russell diagram for the globular cluster M5.

ingly through the C-N-O cycle.

The core burning is reduced due to a lack of hydrogen but hydrogen-to-
helium conversion goes on in a shell surrounding the core. This applies a
pressure both inwards, compressing the core and heating it up, and outwards,
expanding the star and cooling it down. The star becomes ared giant.
Compressing the core has made the material degenerateand it heats up while
its pressure remains constant. Eventually it reaches a temperature at which
helium is converted to carbon (the triple-a reaction). Since the materia is
initially degenerate the heat produced does not lead to pressure-induced ex-
pansion and cooling until the temperature reaches a value where the degener-
acy isremoved. While the degeneracy persists the helium burning proceeds
in an accelerating runaway fashion giving the ‘ helium-flash’ stage.

With degeneracy removed the main energy production is by helium burning
inthe core and the conditionsfor equilibrium are rather similar to those of the
initial core-hydrogen-burning stage. Consequently the star moves towards
the main sequence in the H-R diagram.

With helium becoming exhausted in the core the helium burning takes place
in ashell and conditions similar to stage 2 lead to ared-giant form again.
The core shrinks and becomes degenerate while outer material is completely
removed from the star in the form of amassive solar wind. Nuclear reactions
cease and the star becomes a degenerate white dwarf. A white dwarf of mass
1M has adiameter similar to that of the Earth.
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Figure 2.9. The evolution of a solar-mass star away from the main sequence.

In a more massive star events take place more quickly and higher temper-
atures are involved. Consequently other stages of nuclear reactions involving
carbon can take place. If the final mass of the star when nuclear reactions have
ceased somewhat exceedsthe Chandrasekhar limi¢Appendix 1), ~1.44 M g, then
the degeneracy pressure of the electronsis unableto resist pressure dueto gravity.
Instead of awhite dwarf, the final outcomeis a neutron starwhere electrons and
protons have combined to form neutrons. For more massive stars thisis preceded
by a supernovavhen the star explodes expelling a great deal of matter into in-
terstellar space and leaving behind the neutron-star core. A neutron star has the
density of anucleon and with mass 2M , would have a diameter of about 10 km.

If the mass of thefinal stellar residueis greater than alimit somewherein the
range 3-6 M -, then even aneutron star would be crushed by gravitational pressure
andit isbelieved that inthis case ablack holewould be the outcome (Appendix ).
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2.2 The formation of dense interstellar clouds

2.2.1 Dense interstellar clouds

All the condensed objects in our galaxy are formed from the material in the in-

terstellar medium (ISM). This material has density 10~21-10-22 kg m~—2 and a
kinetic temperature (measuring the random component of its kinetic energy) up

to 10* K or even higher. Most of it is gas consisting of hydrogen (~75%), helium
(~23%), with the remainder being heavier elements. A few percent of the total

mass of the ISM isin the form of dust or grains that account for its silicate and
metallic component. The ISM aso has an energy density unrelated to the matter
within it, that comes from:

(i) the galactic magnetic field (~10~'° T) giving an energy density of 3 x
10~14 JIm=3;

(i) cosmic rayswith an energy density of 8 x 104 Jm—2; and

(iii) star light with an averageenergy density of 8 x 10~ Jm~# although the
local density depends greatly on the proximity or otherwise of stars.

It is this very unpromising material which is somehow transformed into stars and
ultimately into objects with the densities of neutron stars and black holes.

Observations indicate that the first stage in the condensation process is the
formation of interstellar clouds, regions of much higher density and much lower
temperature than that of average ISM material. The densest type are dark molec-
ular clouds(DMC) which may be afactor 103-10° as dense as the mean ISM but
with typical temperatures about 10-20 K. They contain H, and other molecules
and radicals, such as CO and OH, and also afew per cent by mass of grainsthat
may be of icy materials, silicates or metal or some combinations of the differ-
ent materials. Their masses vary between a few hundred to a few thousand solar
masses with atypical radiusof 2 pc. Theway in which such cloudsformisclearly
of interest and there may be more than one process at work. A common assump-
tionisthat a portion of the interstellar medium may be subjected to shock waves
or mass flows from some violent source such as a supernova and that this trig-
gers the collapse. Here we describe another possible mechanism that depends on
heating and cooling processes that affect diffuse galactic material.

2.2.2 Heating and cooling in the ISM

It has been indicated that the ISM is pervaded by energy sources. Cosmic raysand
star radiation will be absorbed by the ISM and so act as a source of heating. Cos-
mic rays are the more penetrating form of radiation and if the medium becomes
opaque to visible light then it may be the dominant source. Heating by cosmic
raysisuncertain but probably within two orders of magnitudeof 5 x 10 ¢ W kg~!
and is not heavily dependent of the density and temperature of the ISM. However,
heating by stellar radiation could be anything from negligible to dominant, de-
pending on the proximity or otherwise of stars and on the state of the medium.
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The main effect of the galactic magnetic field is that it may influence the
way in which the ISM moves, in particular if the ISM isionized significantly and
becomes coupled to the field. Any motion of the medium, such as collapse to
a higher density, which changes the density of field lines and hence the energy
associated with the field, will be inhibited—although not necessarily prevented.

If the ISM isto bein astate of equilibrium then the heating must be balanced
by cooling processes. There are severa of these that will be discussed individu-
aly.

(1) Grain cooling

This form of cooling was described by Hayashi (1966) as part of a study of the
way in which proto-stars evolve. The grains maintain atemperature, 6, of about
15 K in equilibrium with the various sources of radiation in the galaxy and this
temperature is, in general, different from the kinetic temperature, 4, of the ISM

or of DMCs. Gas molecules which strike a grain with average kinetic energy ap-
propriate to a temperature 6 leave with kinetic energy appropriate to temperature
fg, if 6 > 6, then the ISM or DMC will be cooled. The equation for the rate of
cooling in W kg~! given by Hayashi (1966), as modified by Woolfson (1979), is

_ kngr

Qg = P

2
g n1 n2 1/2(p _

{ =Dy (- 1)\/m_2} (Brhk6) 770 = bg) (211
in which ng and r, are the number density and mean radius of the grains, p the
density of the gas, n1, m; and v, the number density, mass and ratio of specific
heats for hydrogen atoms, with subscript 2 indicating the same quantities for hy-
drogen molecules. Gausted (1963) and Hayashi (1966) gave the following typical
values: 7, = 0.2 pmand ng = 10713p/m;.

(2) lonic and atomic cooling

Interstellar material is partially ionized by the action of cosmic rays and so con-
tains energetic electrons which, because of their small mass, move with high
speed and frequently interact with the ions. Seaton (1955) showed that the ex-
citations of C*, Si™ and Fet were particularly effectivein this respect. Thebasic
mechanism is that the colliding electron loses energy by exciting one of the ion
electrons into a higher energy state. When the excited electron falls back to its
previous state it emits a photon which escapes from the local system thus remov-
ing energy from it. The equation given by Seaton, which includes an assumed
electron density, is

Q; =1.79 x 1014,01971/2 {0.58 exp (—%) + 5.0exp (—%)

+1.7exp (—5754> +2.2exp <—?> } W kg™ (2.12)
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For lower temperatures the first term within the main bracket, related to C* ex-
citation, is the dominant one. The second term relates to Si* and the last two
terms to excitation to two different levels of Fe™. The numerical coefficientsin
(2.12) depend on assumptions about the composition of the ISM and different co-
efficients have been given by Field et al (1968). McNally (1971) has expressed
the view that (2.12) may not be valid at low temperatures because the elements
giving these ions may then belocked up in solid grains.

Atomic oxygenis also an effective coolant where, in this case, the excitation
isby the callision of hydrogen atoms, an interaction with avery high cross section.
Field et al have given detailed expressions for oxygen cooling as a function of
density and temperature based on calculations by Smith (1966) for two different
excitation modes. Disney et al (1969) gave an empirical formulafor an oxygen-
to-hydrogen abundance ratio of 5.4 x 104, fitted to Smith’s analysisin the form

10g10(Qoxy) = 10.12 + log, p + 5.710g; 4 8 — 1.55(log; ) + 0.15(log; 0)*
(2.13)
where the units of @ ox, are W kg=!.

(3) Cooling by molecular hydrogen

Molecular hydrogen is adumb-bell-shaped molecul e which can go into quantized
rotational modes and can be excited by collision with hydrogen atoms. The square
of thetotal angular momentum for a particular modeis of the form

L* =1(l + 1)n? (2.14)
and the associated energy is
L2
E = 5T (2.15)

where I is the moment of inertia of the molecule which, for hydrogen, is about
8 x 1078 kg m2. The lowest possible energy for a tumbling mode, with [ =
1, isthus 1.4 x 10~2' J which corresponds to a temperature of about 100 K.
This means that this cooling process cannot set in much below that temperature.
Another consequenceisthat at temperatureswell below 100K the only degrees of
freedom for a hydrogen molecule are those of translational motion so the ratio of
specific heats, v, will then be the same for atomic and molecular hydrogen. This
leadsto a dlight simplification of equation (2.11). Field et al (1968) gave implicit
expressions for molecular hydrogen cooling dueto a series of allowed transitions.
However, asimplified cooling-rate equation for molecular hydrogen was given by
Hayashi (1966) in the form

_1.08 x 10~*pexp(—512/6)
T p+6.69 x 10-199-1/2

The form of the cooling rates per unit mass of the ISM are given for the
various mechanisms as functions of temperature in figure 2.10. These are only

Qu, (2.16)
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Figure 2.10. The cooling rates per unit mass for various mechanisms in the ISM.

of limited accuracy and contain assumptions about composition of the interstellar
medium, including the degree of ionization within it and the relative abundance
of molecular to atomic hydrogen. Although they cannot be relied on to within
a factor of two, or even more, it turns out that the results obtained by modelling
with these formulae are not very sensitive to factors of that size. The main point
is that there is an abundance of coolant and the behaviour of the ISM is greatly
influenced by this.

2.2.3 The pressure-density relationship for thermal equilibrium

To a good approximation the heating rate of the ISM, or a DMC formed within
it, is approximately constant but the cooling rates for various processes are both
density and temperature dependent. For any particular heating rate it is possible
to find combinations (p, #) which gives acooling rate equal to the heating rate and
thus a condition for thermal equilibrium. Since the low-density material behaves
like a perfect gas the pair of quantities (p, #) can be transformed to (p, p) where p
is the pressure. The genera form of the relationship between log(p) and log(p)
for thermal equilibriumisshowninfigure2.11. It will be seen that it hasasinuous
form and thereis arange of pressures for which there are three possible densities
giving equilibrium, al corresponding to the same pressure. However, the point B
correspondsto a state of unstable equilibrium since for aslight increasen density
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the pressure would have to decreaseo maintain the thermal equilibrium. Points
A and C represent conditions of stable equilibrium and show that, for a particular
pressure, two states of the medium are possible—one corresponding to low den-
sity and high temperature and the other to high density and low temperature. It is
thus possible to have a DMC embedded in the interstellar medium which is both
in thermal equilibrium and in pressure equilibrium with the ISM. This then raises
the question of how the ISM can be triggered into forming the DMC in the first
place.

2.2.4 Jeans’ stability criterion

In al the preceding discussion no account has been taken of gravitation and how
thiswill affect the stability or otherwise of aDMC. The conditions for the stabil-
ity of an isolatedgaseous cloud were first investigated by Jeans in 1902. There
are severa approaches to deriving the stability equation he gave, which give re-
sults differing by small numerical factors. Here we shall use the powerful Viria
Theorem (Appendix I1) which is a specia form of a theorem originally given by
Poincaré (1911). The general theorem saysthat for asystem of particlesfor which
the trandlational kinetic energy is £/ and the potential energy is V' then

1421
2F =—-—. 217
v 2 de? (217)
The quantity I isthe geometrical moment of inertigiven by
N

i=1

wherethereare N particles and the ith particle has mass m ; and isdistant r; from
the centre of mass of the system. The Viria Theorem has zero on the right-hand
side of (2.17) for the case when I, a measure of the total spread of the system,
does not change with time.

We now consider a uniform gaseous sphere of radius R and density p for
which the mean molecular mass is i and the temperature is §. The mass of the
sphereis

M = 4npR? (2.19)

and hence the total energy associated with trandational motion from thermal en-
ergy is

3
g 3pp o ZTPRORT (2.20)
B2 I
The gravitational potential energy of the sphereis
2
V= —§G% = —EH,)ZR? (2.21)

5 R 15
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Figure 2.11.(a) Thelog P versuslog p curve for aheating rate of 5 x 107 J kg™ s
(b) The temperature versus log p curve corresponding to (a).

Inserting (2.20) and (2.21) into the Virial Theorem and using (2.19) to substitute
for R intermsof M wefind Jeans critical mass, My as

375k%6% \'/”
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The meaning of this equation is that if the temperature and density are fixed then
any mass greater than M ; will collapse while any mass lessthan A5 will expand.
Correspondingto M thereisaJeansradius, Ry, which can be found from (2.19).

A DMC buried in the ISM is not isolated but if it is sufficiently massive it
will begin to collapse. The time for free-fall collapse to high density, just under
gravity and without taking into account pressure-gradient forces that will slow

down the collapse, is
3T
tg = . 2.23
=V 326 (2.23)

From a static start, free-fall collapse is initially very slow and only accelerates
appreciably after a considerable fraction of ¢ has passed. Hence (2.23) may be
taken as a collapse time-scal e athough the collapse may not be completely free-
fall and may be slowed down by pressure-gradient forcesin its later stages.

It is interesting to see what (2.22) gives as a critical mass under various
circumstances. For the ISM with a density of 102! kg m—3 and temperature
10* K for u = 2 x 10727 kg, somewhat higher than for atomic hydrogen, M ; =
1.8 x 1038 kg or about 108 M,. ForaDMCwith p = 10~ ¥ kgm=2 and§ = 20K
the critical mass is about 500/, which, as has been previoudly indicated, is of
the same order as the mass of a galactic cluster.

2.2.5 Mechanisms for forming cool dense clouds

It has been shown that acool dense cloud can co-exist with theinterstellar medium
in thermal equilibrium with the galaxy and also in, or close to, pressure equilib-
rium with the ISM. With a sufficiently high mass it may then collapse to form a
stellar cluster.

One possi ble mechanism which has been suggested for forming dense clouds
is through compression of the ISM either by shock waves, from supernovae or
novae, or by the ram pressure of streams of matter leaving stars at some stages of
their evolution. The shock-wave mechanism has been explored by Grzedziel ski
(1966) abeit on agaactic scale. The fragmentation of a pre-galaxy is described
in terms of the effects of random shock waves that compress material to densities
at which it will spontaneously collapse.

Another possible triggering mechanism due to a supernova is the injection
intothelocal 1SM of extracoolant material intheform of grainsand heavier atoms
giving rise to augmented atomic and ionic cooling. The affected ISM region will
cool and the pressurewithinit will fall; thisisillustrated in figure 2.12 as achange
from state A to state B. Compression of the region by the external unaffected |SM
will follow, leading to an increase in both pressure and density and the material
will move from state B to C—not precisely on the original pressure-density curve
because the extra coolant correspondsto a different pressure—density rel ationship.
This description, first given by Dormand and Woolfson (1989), is somewhat ide-
alized and assumes that during the initial cooling from A to B the density will not
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have changed. However, the mechanism has since been modelled numerically by
Golanski (1999) and his model and results will now be described.

The model has been based on the use of smoothed-particle hydrodynamics
(SPH) first implemented by Lucy (1977) and Gingold and Monaghan (1977). A
short description of SPH is given in Appendix I11. Briefly, it is aLagrangian sys-
tem in which a fluid is represented by a discrete distribution of points, each of
which is endowed with properties (mass, internal energy, distribution in space) so
that forces due to gravity, pressure gradients and viscosity may be simulated and
changes of internal energy estimated. In the present model 8441 SPH particles,
with a total mass 1000M, are placed within a sphere of radius 25.3 pc, corre-
sponding to adensity of 10~2! kg m~3, taken asthe ISM density. Theinitial ISM
temperature was 10* K. This region has coolants enhanced by a factor of two and
is surrounded by normal ISM material, the gravitational and pressure effects of
which were simulated by an envelope of SPH particles. Cooling is very slow at
first because the material is so diffuse. Asthe density of the gas increases so the
cooling becomes more efficient and the evolution speeds up. Eventually the sys-
tem starts to collapse quite quickly, the density going from 3.1 x 10 =20 kg m—3
to 5 x 10~'° kg m—3. Several condensed regions, proto-clouds develop with
avariety of characteristics. The highest density increases to 10~ '® kg m—3 and
stays at about that level unless a collision between proto-clouds occurs. Such a
collision compresses the materia in the collision interface to such an extent that
the density can increase up to 10~'° kg m=3.

Figures 2.13, 2.14 and 2.15 show sliced density plots of the cooled regions
at various times. Within each dice the velocity field, the temperature and the
density are indicated. The velocity field is represented by vectors. The scale
is given by the maximum velocity, V, the value of which is given in the figure
legends. Similarly each dlice has amaximum density which, again, isgivenin the
figure legends. Density contours correspond to increments of afactor of one-half
an order of magnitude (10'/2). Temperature variation is represented by shading
such that the darker the shading the higher is the temperature.

Two main features can be seen in the figures. First, proto-clouds form sepa-
rately from each other and second, some of them collide to give further enhance-
ment of density. A proto-cloud such as C2 (figures 2.13(c), 2.14(c) and 2.15(d))
isan example of anisolated cloud giving riseto aDMC. Once it formsit stays at
about the same temperature (17 K) and density (2 x 10 ~'8 kg m~3) but grows by
slow accretion of material from the hot diffuse ISM.

Proto-clouds C1 (figure 2.13(b)) and C3 (figure 2.13(d)) have densities about
10~1% kg m—2 when they form. The velocity field shows that they are moving to-
wards each other and they are also accreting material. In figure 2.14(c) C1 and
C3 dtart colliding. The density at the interface has gone up to 10~ '8 kg m—3 and
the temperature is about 14 K. The Mach number of the collision is about 5.4
and, according to the model presented by Woolfson (1979), such a combination
of Mach number and density should lead to star formation. Figure 2.15(c) shows
the collision region when the density has reached about 10 ~® kg m~3. The com-
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Figure 2.12. (a) The idealized path of material from low density, high temperature to
high density, low temperature after the addition of coolant material. (b) The path from
low density, high temperature to high density, low temperature as computed by Golanski
(1999). Times are given from the beginning of the simulation. The final stage, from L to
M, represents collapse under gravity.
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(b)

(f)

Figure 2.13. Sections for various values of z through the collapsing region at time
8.65 x 10™ s,

z (m) Pmax (kg m73) Vmax (km Sil) gmin (K) emax (K)
(@ 3.03x10'7 222x107*2 7.50 x 10? 3.27 x 10> 1.17 x 10*
(b) 1.90 x 107 5.60 x 10~ ° 2.15 x 102 2.01 x 101 1.07 x 10*
(© O 1.35 x 107 '8 2.93 x 10° 1.96 x 10! 1.02 x 10*
(d) —1.38 x 10*" 499 x 107° 3.19 x 10° 2.05 x 10*  1.04 x 10*
(e —2.07 x 10" 518 x 10720 2.01 x 102 4.29 x 10} 1.07 x 10*

(f) —6.17 x 10'7  7.72 x 107> 3.76 x 10? 9.63 x 10>  1.25 x 10*
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Figure 2.14. Sections for various values of z through the collapsing region at time
1.02 x 10" s.

z (m) Pmax (kg mf?’) Vinax (km sfl) Bmin (K) Omax (K)
(@ 1.38x10" 1.15x107"° 1.60 x 10* 4.03 x 10> 1.18 x 10*
(b) 957 x 10 5.25x10°1° 2.15 x 10° 2.05 x 101 1.17 x 10*
(€ 3.48x10'® 3.29x107'® 4.82 x 10® 1.44 x 10 1.44 x 10*
(d) —2.52 x 10" 1.28 x 1078 3.24 x 10° 1.77 x 10" 1.12 x 10*
(e —1.12 x 10" 1.28x 107 '® 2.10 x 102 2.31 x 101 1.12 x 10*

(f) —2.77 x 10'7  1.90 x 10~ 7.11 x 102 3.35 x 10°  1.21 x 10*
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Figure 2.15. Sections for various values of z through the collapsing region at time
1.08 x 10" s.

z (m) Pmax (kg mf?’) Vinax (km sfl) Bmin (K) Omax (K)
(@ 2.69x107 1.33x107* 6.31 x 102 512 x 10®  1.22 x 10*
(b) 8.70x 10 5.09x10°'° 2.64 x 10° 2.05 x 101 1.15 x 10*
(¢ o0 1.31 x 107'° 3.44 x 10° 4.80 x 10° 1.12 x 10*
(d) —2.50 x 10*®  1.11 x 1078 4.82 x 10° 1.72 x 10" 1.11 x 10*
(e —1.21 x 10" 7.32x10°%° 2.12 x 102 1.91 x 10! 1.12 x 10*

(f) —2.25 x 10'7  1.80 x 10~ 8.93 x 10? 3.06 x 10> 1.17 x 10*
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Figure 2.16. The temperature histogram for the ISM collapse simulation at four times.

bination of the two proto-clouds has produced a DM C of mass 2.15 x 1032 kg or
about 1081 ,. At this stagethe DMC C2 has, by accretion, reached about 551/ ;.
In addition the vel ocity field shows that clouds C1/3 and C2 are heading for acol-
lision at a relative speed of about 3 km s~! corresponding to a Mach number of
about 6.2. Thiswould result in a very high density cloud of total mass 163 .
The resultant DMC is extremely turbulent and the Jeans critical mass within it
will be of the order of a solar mass. Collisions between gas streams within the
cloud can then lead to form either single stars (Woolfson 1979) or perhaps binary
or other multiple-star systems (Turner et al 1995). The latter workers started with
much more massive colliding clouds, each afew hundred M ,, and with densities
between 10~'8 to 10~'2 kg m~3. Their collision occurred with a Mach number
of 5.6—very similar to that found here. Proto-clouds such as C4 (figures 2.13(e),
2.14(e) and 2.15(e)) and C6 (figures 2.14(b) and 2.15(b)) will probably join the
existing DMC, augmenting both its mass and its density. The final mass of the
DMC would then be about 300 M ,, more in keeping with what was suggested by
Turner et al (1995).

The progression of log P versus log p for the highest density regions, as
found by Golanski, is shown in figure 2.12(b), with times from the beginning of
the simulation, and differs markedly from that assumed by Dormand and Woolf-
son (1989). Figures 2.16 and 2.17 show temperature and density histograms for
the SPH points at four times. These enable the development of the high-density,
low-temperature regions to be followed in more detail.
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Figure 2.17.The density histogram for the ISM collapse simulation at four times.

The impregnation of the ISM by supernovamaterial over the collapsing vol-
ume of the ISM would take of the order of several hundred to one thousand years,
judging by the size and age of the Crab Nebula.

2.3 The evolution of proto-stars

2.3.1 The Hayashi model

Hayashi (1961) calculated the evolution of a star of 1M ¢, from the state of be-
ing a diffuse proto-star to the time of joining the main sequence and the evolu-
tionary path is shown on a H-R diagram in figure 2.18. The initial proto-star
state is at point A where the temperature and density are approximately 25 K and
4.5 x 107! kg m~2 and where its luminosity is little more than one-tenth that
of the Sun. It slowly collapses towards B but the gravitational energy released by
the collapse does not appreciably heat up the proto-star because it is diffuse and
transparent to infrared radiation so that most of the energy is radiated away. As
the collapse progresses so it becomes faster, as happens in free-fall collapse, but
at the same time the proto-star becomes more opague. At point B the opacity in-
creases to the point where released gravitational energy is retained, heating up the
proto-star and slowing down the collapse as pressure gradients build up within it.
The collapse continues to point C where a bounce occurs as the proto-star moves
through an equilibrium position and back again. This bounce, which lasts about
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Figure 2.18. The path of a proto-star on to the main sequence. The broken lines give the
radiusin solar units.

100 days, is accompanied by an increase in luminosity; in 1936 Herbig observed
an increase in luminosity of the young evolving star FU-Orionis by a factor of
over 200 in a period of less than one year followed by a slow decline in lumi-
nosity. This could be related to the evolution at the bounce stage predicted by
Hayashi’'s analysis.

The final descent of the star to point D, on the main sequence, is the slow
Kelvin-Helmholtz (K-H) stage of contraction which is when the star isin a state
of quasi-equilibrium. As the star radiates energy so it slowly contracts to restore
equilibrium and in the process it increases in temperature. Eventually, at D, the
internal temperature rises to the level where thermonuclear reactions involving
hydrogen set in and a state of very slow evolution beginswhich maintainsthe star
on the main sequence for about 10'° years.

The lifetime on the main sequence of a star of mass M, was shown in sec-
tion 2.1.5 to be proportional to M 2>, Another time-scale of interest for anewly
forming star is the time taken for the K—H contraction and its dependence on mass
isgivenintable 2.2.

The K—H stage of development has also been independently investigated by
Ezer and Cameron (1965) and by Iben (1965). The evolutionary tracks cal culated
by Iben are shown in figure 2.19 for various stellar masses. They differ in detail
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Table 2.2. Times spent by model stars on the Kelvin-Helmholtz stage of evolution.

Mass (solar units)  Time (10° years)

15 0.062
9 0.15
5 0.58
3 2.5
2.25 5.9
15 18
1.25 29
1.0 50
0.5 150

lag [LiLgd

-2 | | | 1 | 1 1
4.6 4.4 42 4.0 38 35 34

log d(K3

Figure 2.19.The Kelvin-Helmholtz contraction stage for stars of different mass.

from the results of Hayashi (1961) and Ezer and Cameron (1965) but the general
form of the tracksis similar.

It has been shown in section 2.2.5 how a DMC could form and be massive
enough to go into gravity-induced collapse and the work of Hayashi and others
shows clearly how a proto-star evolves towards the main sequence. To fill the
gap in the process of star formation from ISM materiad it is now necessary to find
the process by which proto-stars could be produced within a collapsing cloud.
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Before considering this matter further we shall see what can be observed about
the processes of star formation.

2.4 Observations of star formation

2.4.1 Infrared observations

When stars are in the early stages of their evolution they are at temperatures for
which the main part of the electromagnetic-radiation output is in the infrared. It
is possible to observe from the surface of the Earth in the near infrared, at about
1 pm or so, asis done by the United Kingdom Infrared TelescogeKIRT) situ-
ated at the Mauna Kea observatory in Hawaii. However, due to absorption by the
atmosphere, to get information at much longer wavel engths requires observation
from space and NASA's Infrared Astronomical Satellitd RAS) and, later, ESA's
Infrared Space ObservatorySO) and the Hubble Space TelescoeST) have
enabled very detailed infrared maps of the sky to be produced. In the context of
star formation well-defined infrared sources, emitting radiation in the 30-100 xm
region, have been located within nebulae—for example, in the Orion nebulawhich
isarich source of newly-forming stars.

2.4.2 Radio-wave observations

The structure of the galaxy has been mainly explored by the radio emission at
1421 MHz due to hyperfine transitions in atomic hydrogen. Althoughitisanin-
trinsically weak source there is so much hydrogen in the galaxy that it is easily
recorded by radio telescopes. Other fine-structure transitions giving radio fre-
quencies occur for other atomic species but cannot be picked up because the
amount of radiating material istoo small.

A property of DMCs, as their name implies, is that they contain molecules
such as H,O, CO and CO, and also freeradicals, such as CH and OH which read-
ily react but which have along lifetime in very diffuse material. Molecules have
vibrational modes and rotational modes with quantized energies and transitions
between different vibrational modes and between different rotational modes give
electromagnetic radiation at discrete frequencies. The frequenciesassociated with
transitions between vibrational states liein the infrared but those associated with
rotational state transitions may have radiofrequencies. The energies associated
with these latter states are of the form

J(J + 1)k
E; = i (2.24)
where J isaninteger and I the moment of inertia of the molecule about an appro-
priate axis. For heavier diatomic molecules (e.g. CO) or poly-atomic molecules,
with larger moments of inertia, transitions between lower rotational states corre-
spond to energies small enough to fall in the microwave or radio region of the
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Figure 2.20. The water spectrum of the maser source W49 (Sullivan © 1971 The Univer-
sity of Chicago). The aerial temperature (K), proportional to intensity, is plotted against
Doppler shift asavelocity (km s™1).

spectrum. However, the rotationa or vibrational state may be split into two or
more levels by internal interactions and transitions between these levels for less
massive molecules, such as OH, may also fall into the microwave or radio part of
the spectrum.

Strong radio-emission has been detected, particularly at wavelengths corre-
sponding to emission by OH and H»O and radiation from several tens of other
kinds of molecules has also been picked up. It is clear from the character of the
radiation—its state of polarization and the width of the spectral lines—that it has
not been produced by spontaneous emissidérom agasin thermal equilibrium but
rather that it is stimulated emissigrsimilar to that occurring in alaser. The radi-
ation is probably produced in narrow beams and we observe just what happensto
be coming in Earth’s direction. The exact mechanism that produces these masers
(lasers for microwaveradiation) is not precisely understood but for our purposeit
is enough to know that these maser sources come from active regions where there
is an abundance of molecules—which is consistent with what would be expected
in star-forming regions.

The radial velocity of the source can be found from Doppler shifts of the
maser frequencies; for hydroxyl radiation at 1650 MHz a velocity of 1 km s—!
corresponds to a frequency shift of 5.5 kHz, which is easily measured. Some
emitting regions show a velocity spread of 500 km s—! and consist of several
discrete sources each with its own Doppler shift. In figure 2.20 the water spec-
trum from the source region W49 is shown as found by Sullivan (1971) and it is
clear that it consists of many individual sources moving at different radial speeds
relative to Earth. The structure of the moving sources changes with time on a
fairly short time-scale, as is illustrated in figure 2.21 by the water spectrum for
the source region W3,

By the use of two or more radio dishes in interferometric mode the size of
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Figure 2.21. Changes over a 13-month period of the water source W3. (Sullivan © 1971
The University of Chicago).

the maser source regions can be found. The overall dimensions range typically
from 10'! km to severa times 10'2 km while the discrete sources within them
have diameters between 108 and 10'° km.

A detailed account of maser sources has been given by Cook (1977). He
suggests that the maser radiation comes from star-forming regions. An obvious
interpretation of theresultsisthat individua stars, the discrete sources of diameter
103-10'° m, are being formed within a region of overall size ~10'2 km, within
which there are turbulent motions with characteristic speeds 20 kms—".

2.5 Observation of young stars

2.5.1 Identifying young stellar clusters

From sections 2.1.7 and 2.3.1 it is clear that stars evolve towards the main se-
quence from the right-hand side of the H-R diagram and also evolve away from
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the main sequencein the same direction. If an isolated star was observed at some
genera position in the H-R diagram, fairly close to the main-sequenceline but to
its right, then there would be no way of knowing whether it was approaching the
main sequence or moving away fromit. However, if it were amember of acluster,
particularly ayoung galactic cluster, then the uncertainty would be removed. If a
cluster contains O and B stars on the main sequence then one can be absolutely
certain that the cluster is young since, as stated in section 2.1.5, the lifetime of an
O-type star on the main sequenceis only ~107 years. Thus, for such a cluster, if
astar is located off the main sequence, but not far from, say, the G spectral class
region of the main sequence, theniit is certain that it is evolving towards the main
sequence and not away fromit.

2.5.2 Age—mass relationships in young clusters

The evolutionary tracks of stars during the K—H stage of their evolution are shown
in figure 2.19. An important feature of these theoretically derived tracks is that
those corresponding to different masses do not cross each other. That means that
any particular position on the H-R diagram for a star in this part of its evolution
can be identified with a unique stellar mass and a unique age, where age is the
time from the beginning of the K—H stage. Of course the actual estimate of mass
and age will depend on the particular model being used and the results of Hayashi
(1961), Ezer and Cameron (1965) and Iben (1965) are similar in form but different
indetail. Asitturnsout the conclusionsthat are drawn by analysis of young stellar
clustersin terms of the different models are very similar.

The K—H evolutionary curves have been used by Iben and Talbot (1966) and
Williams and Cremin (1969) to find the masses and ages of starsin several young
stellar clusters. Here the results of the latter workers will be examined. They
examined four clusters, NGC2264, NGC6530, 1C2602 and 1C5146 but here we
shall givetheir resultsjust for NGC2264, which are quite typical.

In figure 2.22(a) the mass—age relationship is shown. With the exception
of the group of 12 stars older than 107 years, the pattern is that star formation
began about 8 x 10° years ago with stars that were of somewhat morethan 1M .
Thereafter stars of lesser masswere produced but 5 x 106 years ago another stream
of development began where the stars became more massive with the progress of
time. This pattern isindicated in figure 2.22(a) by the shaded bands which take
in most of the stars although, clearly, there is some scatter outside the bands.

From figure 2.22(a) the way in which the rate of star formation changed with
time can befound as giveninfigure 2.22(b). The patternisthat star formation was
slow at first but then accel erated to the present time in almost exponential fashion.
The fluctuations in the rate-of-formation curve are not believed to be significant.

Thefinal relationship which can be extracted from figure 2.22(a) is the mass
distribution function. From eguation (2.10) it will be seen that, for stars in gen-
eral, plotting log{ f (M)} against log(/) should give astraight line of slope —p.
Figure 2.22(c) shows such a plot, where the masses are expressed in solar-mass
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Figure 2.22. Observational data for the young stellar cluster NGC 2264. (a) Stellar mass
against age. (b) Variation of rate of star formation. (¢) The mass distribution function.

units. A line of slope —2.7 is drawn on the plot and is in reasonable agreement
with the observed curve except for smaller masses where there are fewer stars
than expected—probably due to observational limitations.

These investigations by Iben and Talbot (1966) and Williams and Cremin
(1969) provide a model with which the results from any theoretical investigation
of star formation in a galactic cluster may be compared.

2.6 Theories of star formation

2.6.1 Stars and stellar clusters

It is estimated that our galaxy contains about 101! stars and we observe that some
of these exist in clusters. More than 130 globular clusters have been observed,
each containing anything from 50000 to 50 million stars. From their turn-off
ages (section 2.1.7) they are found to be the oldest entities in the galaxy and the
material within them is representative of the original product of the ‘big bang'.
Because they are so old they havelittle to contribute observationally to knowledge
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about the processes of star formation. On the other hand there are more than 1000
known galactic clusters, each containing typically several hundred stars, and some
of these are very young with stars still evolving towards the main sequence. They
consist of material containing dust and heavier atoms that are the product of one
or more cycles of reprocessing within stars, similar to the material of the Sun.

Only atiny fraction of the stars of the galaxy are known to occur in clus-
ters yet it is obvious from the existence of so many of them that there must be
something conducive to star formationin clusters. A star formed in a cluster will
not stay within it indefinitely. The stars within a cluster are constantly interacting
and exchanging energy and occasionally a star near the edge of the system will
be moving outwards with enough energy to escape. This evaporation process will
continue until the system is left in some stable configuration—abinary system or
some other simple system containing a few stars. The characteristic time-scale
for the dispersal of acluster, which can be defined as the time for which afraction
1/e of the original population of stars will remain, is of the order 108-10° years
for agalactic cluster and 10'° years for aglobular cluster.

This raises the question of what proportion of stars originate in clusters and
it isaquestion that cannot be confidently answered. It is difficult to envisage that
an individual star is produced from original 1ISM materia just because the Jeans
mass for the material is so high. Some degree of pre-condensation of the ISM is
necessary to produce stars and condensations must be much more massive than
that required for just asingle star. Globular clusters consist of Population |1 stars,
which isto say stars formed from the primordial material resulting from the big
bang. It is, therefore, not possible for the Sun to have originated in a globular
cluster. Large-scaleregions of Population | star formation, that is of stars like the
Sun consisting of processed material, are giant molecular clouds. These are dense
clouds hundreds to thousands of times as dense as the ISM with temperatures
~10 K, diameters which can be up to 100 pc and with total mass up to 106 M.
An example of such a star-forming region is the Orion nebula. However, we also
have evidence from the existence of young galactic clusters such as NGC 2264
that star formation is actually going on within isolated regions with total mass
1000M g, or less. Whileit is not certain, it is probable that many, if not most, field
stars similar to the Sun began their existence as members of a galactic cluster
from which they eventually escaped.

2.6.2 A general theory of star formation in a galactic cluster

Up to the late 1970s most work on star formation (e.g. Larson 1969, Black and
Bodenheimer 1976) had been concerned with the evolution of isolated spherical
proto-stars without regard to the way in which such entities might be produced in
the first place. Work by Hunter (1962, 1964) had shown that any small density
perturbationin acloud would grow and later work by Disney et al(1969), who nu-
merically studied the linear wave flow collapse of an interstellar cloud, supported
that conclusion. The idea was thus established that a cloud would be unstable to
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small perturbations and would spontaneously fragment into Jeans mass conden-
sations so that it was only necessary to follow the evolution of the condensations.
This model of proto-star origin could only be sustained if the cloud was non-
turbulent. Spontaneous fragmentation would be a slow process with a free-fal
time-scale and unless the cloud was very static the incipient fragment would be
stirred back into the cloud long beforeit took on a stable separate existence. From
maser and other observationsit is clear that star formation takes placein a highly
turbulent environment and any theoretical approach to star formation must take
account of this.

2.6.2.1 The turbulent-cloud model

The first approach to following the evolution of a collapsing cloud with turbu-
lence, including a mechanism for producing proto-stars, was described by Woolf-
son (1979). While there were a number of simplifications in the model, al the
important features in the evolution of a cloud were included. The spherical cloud
was taken as having some initia turbulence and it was assumed that the cloud
remained of uniform density during the collapse. The Virial Theorem, intheform
(2.17), was applied to the collapsing cloud in which there were three sources of
translational energy:

(i) Thethermal energy of the material

_ 3MKf

By = (2.25)

2m

in which M is the mass of the cloud, 8 its temperature and m the average
molecular mass for the cloud material.

(ii) The energy of linear-wave flow, for which each element of the cloud moves
radially in such away asto give a homologous collapse. Thisis of the form

E = ZM(R)? (2.26)
ip which R is the radius of the cloud and E the speed of the boundary mate-
(iii) 'rllﬁe turbulent energy of the cloud, due to randomized motions of cloud ele-
ments superimposed on the linear-wave flow. Thisiswritten as
E, = IMe (2.27)
wheree = (u?) isthe mean-square turbulent speed.
For a uniform sphere the geometrical moment of inertiais

I=3MR? (2.28)
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and the gravitational potential energy is

V="5"%

Inserting (2.25)—2.29) into the general theorem (2.17) gives an equation for the
acceleration of the boundary

.. ko 5¢ GM

R=5T R 3R "

The model used for turbulence in the cloud was to take it as consisting of

roughly spherical elements, each of mass equal to a Jeans critical mass, moving

with a combination of linear-wave flow and random motion. The linear-wave

motion was radial and at a speed, v(r), required to give homologous collapse, i.e.

(2.29)

(2.30)

T -

v(r) = RR (2.31)
in which r is the distance of the centre of the element from the centre of the
cloud. The turbulent speed of each element was made the same, /2, but in a
random direction. A proper description of turbulence would be that the motion
of neighbouring elements would be correlated but beyond a certain distance, the
coherence length., the correlation would break down and relative motions of
material separated by such distances would be random. From general considera-
tions the coherence length was taken as a Jeans diameter. Therefollows from this
acoherence timgt., which is the time required to traverse one coherence length
at the turbulent speed, u. The coherencetimeisan expression of how long it takes
for acomplete redistribution of matter within the cloud. Vel ocities of correspond-
ing regions of the cloud at the beginning and end of an interval much less than a
coherencetime will be correlated; if the interval is much more than a correlation
time they will be uncorrelated.

The gravitational energy released by the cloud collapse is transformed into
other forms of energy. It leads to enhancement of £, and E; and some of it
goes into heating the cloud. Another form of heating, other than by cosmic rays
and external starlight, is the radiation from stars forming within the cloud. An
eguation was devel oped giving the rate of change of temperature within the cloud.
Because of the effectiveness of the cooling mechanisms, which were just taken as
grain cooling according to (2.11) and ionic cooling according to (2.12), it was
found that the temperature of the cloud changed comparatively little during the
cloud collapse. In addition it turned out that the outcome of the model was very
little affected by the cloud temperature, which was varied between 8 and 30K in
various simulations. For these reasons the temperature was kept constant during
the collapse.

For most of the simulation period the collisions between turbulent elements
were supersonic and the elements were compressed by collisions quickly and al-
most adiabatically to adensity p,, then cooled due to the action of cooling agents
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and subsequently expanded more slowly and isothermally to the original density
p1. For thecollision of apair of elements colliding head-on, each moving at speed
u, theloss of thermal energy per unit massin the collision plus re-expansionis

ko[ 1 v\2 2uv P2
Eoon = — {ﬂ {(E) + c—z} “In <E>} (2.32)

where
1/2
v 3—7\ u v+1 2 2
Z=-_(21) = L) = 2.
c ( 4 >c+ < 4 > 2t ’ (233)
pr v (2:34)
p1 v

and c is the speed of sound in the uncompressed material. The time between
collisions was taken as the coherence time, ¢, giving a rate of loss of thermal
energy per unit mass as E.op/te. If al turbulent elements collided head-on in
pairs at the suggested rate then this would be the rate of loss of turbulent energy
but there would actually be oblique collisions and multiple collisions taking place.
To allow for uncertaintiesin time-scale and the pairing-off assumption the rate of
loss of turbulent energy was written as

Qy = ﬂEcoll/tc (235)

in which 3, avariable parameter of order unity, was taken as unity in most simu-
lations.

A further part of the released gravitational energy goes into compressing the
cloud material and, for homologous collapse, the rate of doing work on the gas
per unit massis found to be

k6 .
Q= —3—R. (2.36)
mR
The equation for energy conservation can be written in the form
V+E+E+MQ+Q)=0
which reducesto
2¢e .
= —— R — 2Q. 2.3
5 7 R —2Q; (2.37)

Simply interpreted, the first term on the right-hand side of (2.37) isthat part of the
released gravitational energy that feedsthe turbulence; aslong as someturbulence
existsin thefirst place, then it can grow. The second term represents the reduction
in the turbulence due to interactions of the turbulent material.
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2.6.2.2 Conditions for star formation

When two turbulent elements collide they form a compressed region of high den-
sity. Sinceeach of the elementsjust satisfies the Jeans criterion it might be thought
that just merging two of them, however gently, would produce an aggregation of
material able to collapse to form a star but this is not so. For a star to be pro-
duced it would be necessary for the density to be enhanced to the point where
the free-fal time (2.23) is appreciably less than the coherence time—otherwise
the material of the combined elements is re-stirred into the cloud before it can
actually produce a star. This sets a minimum compression and hence a minimum
velocity for ahead-on collision. On the other hand if the compression istoo large
then the combined elements will take on athin disc, or pancake, form which is
unfavourable to condensation. When these two conditions are considered in the
light of the free-fall time, the coherencetime for the cloud and the Jeans stability
condition, it was found that, to produce a star for a head-on collision required the
compression factor, ¢, to satisfy the condition

3.5 < ¢ < 4.0. (2.38)

The upper limit of ¢ was found to be dependent on the geometry of the coallision.
In figure 2.23(a) an oblique collision is depicted of two turbulent elements where
the total amount of compressed material, shown shaded, is a fraction n of the
whole. The upper limit of (2.38) islessthan 4.0 for n < 1 and for = 0.86 the
upper limit equals the lower limit, 3.5. The range of values of ¢ which can give
rise to star formation is shown in figure 2.23(b).

2.6.2.3 The rate of star formation

If two spherical turbulent elements are considered with turbulent velocities u
and u» of equal magnitude then the approach velocity of their centres can be
calculated as can 7, the proportion of the material of the elements which will be
compressed. If n < 0.86 then no star can form and if » > 0.86 then a star will
formonly if 3.5 < ¢ < dmax Where ¢nax isasindicated in figure 2.23(b). Thus
for any pair of directions of u; and us the probability of a star forming can be
found. By integrating over all combinations of directions the overall probability
that any pair of colliding elements will give a star will be found. From (2.33)
and (2.34) it is clear that this probability will depend on the Mach number of
the turbulent velocity and can be written in the form P(u/c), which is shown for
~ = 5/3 infigure 2.24. The time-scale associated with each collision of turbulent
elementsist. so therate of star formation can be written as

ds _ N P(u/c)

2.
dt 2t (2:39)

inwhich IV is the number of turbulent elementsand 3’ is afactor, similar to 5 in
(2.35), which alows for departures from the assumption of paired-off el ements.
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Figure 2.23. (a) The oblique collision of two turbulent elements each of mass M.. The
shaded material, of mass 2n M., is compressed. (b) The values of ¢ and n that can give

star formation are within the thick-line enclosed region.

nle—

j

(23

Figure 2.24. The probability function, P(u/c), for star formation for v = 5/3,
¢min =3.5 and ¢max =4.0.

2.6.2.4 Numerical calculations

The solution of the differential equations(2.30), (2.37) and (2.39) enablesthe evo-
lution of the cloud and the rate of formation of stars with their masses to be fol-
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lowed. Theinitial radiusis chosen to give the mean density about 10 =20 kg m—3
and the initial dR/dt asthat which makes E, = E;. The pattern of eventsis not
critically dependent on the starting conditions as long as the Mach number of the
initial turbulence is not too low; in the simulations reported by Woolfson (1979)
theinitial values of u/c were between 0.66 and 1.24. |n all the cases reported the
mass of the cloud was 1500 M ,. For thefirst 47 million years of the simulation no
stars were produced because turbulent speeds were not sufficiently high (see fig-
ure 2.24). Starswere then formed at an ever-increasing rate with the average mass
of the stars being formed decreasing with time. The simulation was terminated
when no stars were produced with masses greater than 0.07M ), the observable
minimum mass, or when the total number exceeded some preset limit in the range
400-1000 athough thislimit was hardly ever invoked. For areal cloud theforma
tion of stars would be terminated by dispersion of the cloud material by radiation
from the already-formed stars (Herbig 1962).

Since the results of many different simulationswere all very similar in char-
acter just one of them is shown here in figure 2.25 corresponding to the starting
conditionsin table 2.3. Figure 2.22(a) shows the build-up of « /¢ and the density
and the fall in radius as the collapse proceeds. Because of the steady increase
in turbulent energy the collapse is controlled and does not display the runaway
feature of afree-fall collapse. After about 47 million years u/c has become large
enough for star formation to begin at which stage the mean density of the cloud
has become greater than 10~ 18 kg m=3.

In figure 2.25(b) the number of stars and their mass range for intervals of
2.5 x 10° years backwards from the present timeis shown. The general patternis
seen that the mass of the stars diminishes with the passage of time while the rate
of star formation increases amost exponentialy. Finally, the mass distribution is
shown in figure 2.25(c) and the straight line indicates amass index of —2.6, close
to the observed value for starsin general.

Many features of the Williams and Cremin observations of young stellar
clusters are reproduced by these results with the notable exception of the devel-
opment stream of larger mass stars seen in figure 2.22(a). What is seen is the
lower stream, which is referred to as the primary streamwhich starts at a mass
of 1.4M, about 4.5 x 10° years ago down to the lower limit of 0.07M ¢, at the
present time.

2.6.2.5 Massive stars by accretion

When aproto-star isfirst produced it has density ¢p, where p; isthe background
density and ¢ the compression produced by the turbulent collision. The proto-star,
collapsing in approximately free-fall fashion at first, will become progressively
denser relative to the cloud density since the cloud collapse is inhibited by the
turbulence. While the star iswithin the cloud it can accrete material and there are
two types of accretion process which can operate. Thefirst of these was described
by Eddington (1926) and assumesthat all the cloud material that falls onto the star
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Figure 2.25. The collapse of a cloud and star formation. The characteristics of the cloud
are: mass 3.0 x 103 kg; initial density 1.2 x 1072° kg m~2; initid R = —492 ms™";
initial temperature 20 K; initial u/c = 0.71. (a) Variation with time of radius (R) —,
turbulence (u/c) ———, density log(p/kg m™2) — - —. () Number of stars formed per
2.5 x 10° years with the mass range of stars formed. (c) Frequency of star formation

against mass (slope of line —2.7) (Woolfson 1979).

isaccreted. If the star hasaradiusr then its accretion cross-section is greater than
712 because of deflection of material by the star’s gravitational field. If the star
moves relative to the cloud material at a speed V' then the rate of gain of massis

found to be
dM

- =+ 2GM V)2V p. (2.40)
This corresponds to an accretion radius of
ra = {r(r + 2GM/V?)}1/2. (2.41)

The second mechanism additionally takes as accreted materia that which
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Table 2.3.Initial parameters for the cloud collapse and star formation results displayed in
figure 2.25.

Temperature (K) 20

vy 5/3

Mass of cloud (kg) 3 x 1033

m (kg) 2.5 x107%7
¢min : ¢max 3.5:4.0
B:8 1.0:1.0

Initial density (kgm™3) 1.2 x 1072
Initidd dR/dt (ms™')  —492
Initial w/c 0.71

interacts along the line of motion of the star relative to the medium and forms
an accretion column along the downstream axis. Bondi (1952) suggested for this
type of accretion amodification of an expression given by Bondi and Hoyle (1944,
Appendix IV). Thisgives

dM  22GM2p,
T =T (2.42)

inwhich ¢ is the speed of sound in the gas. The accretion radiusin this caseis
9 1/2
rm, =GM <V> (V24?34 (2.43)

Inany particular situation the larger of , and ry, should be chosen asthe accretion
radius.

It might be thought that when proto-stars were newly formed then, because
of their large size, they would accrete material very rapidly but this is not so.
Materia striking the star would do so at more than the escape speed from the
surface of the star, in general at a speed (V2 + V.2)!/2 where V, is the escape
speed. Initialy V, is small compared with V' so material striking the star shares
its energy with proto-star surface material some of which will escape. When the
star isvery diffusethe ‘ accretion” mechanismisactually an ‘ abrasion” mechanism
and the star will lose mass. The abrasion |oss becomes negligible when the radius
of the proto-star issuch that V, ~ V' and thereafter accretion will commence. The
imposition of this condition for accretion as against abrasion made r, > r, in al
the cases considered.

Another factor that affects the rate of accretion is turbulence in the cloud.
Equations (2.40) and (2.42) have the built-in assumption that the star is moving
through a quiescent cloud. An estimate can be made of the distance from the star
over which the motion of the cloud material is correlated with that of the star,
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Figure 2.26. Accretion lines for stars starting with those on the primary stream. The
conditions for the accretion lines are given in table 2.4 (Woolfson 1979).

which involves an arbitrary numerical parameter, a;, and the accretion radius is
taken as somefraction, g, of that distance. The accretion radius, taking turbulence
into account, then becomes

R;V? 16GMu\"?

in which Ry, the Jeans radius, comes in as a measure of the coherence length in
the cloud. In numerical work o and g were taken as 0.1 and 0.6 respectively but
results were not sensitive to this choice of parameters. When turbulence is low
then (2.44) can giver. > 1}, in which case the accretion radius used is r.

One more factor must be taken into account in considering accretion and that
is the fact that a more-realistic non-homologous model of cloud collapse could
give adensity in the central region of the cloud up to one hundred times the av-
erage density (Disney et al 1969). An accreting star would be moving through
cloud material of ever-changing density and without a knowledge of the actual
motion there is no way of calculating the overall effect of this on accretion. The
procedure adopted by Woolfson was to assume that accretion took place at a con-
stant factor, f, of density enhancement over the average density throughout the
accretion period. The values of f taken for illustration of possible accretion pro-
cesseswere 1, 10/2, 10 and 10%/2 together with five valuesof V/u —3~1,371/2,
1, 3'/2 and 3. It was found in practice that only the smaller values of V/u gave
appreciable accretion.

Various accretion lines are shown in figure 2.26 corresponding to the entries
in table 2.4. Under favourable conditions the final mass can be more than 6/
corresponding to the largest mass starsin figure 2.22(a).
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Table 2.4. Accretion lines for various initial times and parameters f and V/u. M isthe
initial mass and M is the final mass.

Line Mo/Ms M¢/My f V/u

AB 135 1.65 100 3°1/2
AC 135 2.50 1042 3-1/2
DE 097 3.89 10 3-1/2
FG 080 1.50 10 3!

FH 0.0 3.00 10 3-1/2
1 0.71 6.64 10%/2  3~1/2
KL 042 1.01 10%/2  371/2

In area cloud the accretion pattern for an individual star on the mass/time
diagram might be quite complex. For example, a star that had accreted along AX
and suddenly entered a dense region could then continue along XJ.

While it is evident that the upper development stream in figure 2.22(a) can
be accounted for, this cannot be done quantitatively so the effect on, say, the mass
distribution is unpredictable. Another factor that complicates the comparison be-
tween the model and observation is the estimation of the age of a star that has
accreted. The path of such a star on the H-R diagram is unknown although von
Sengbusch and Temesvary (1966), considering rapid accretion, concluded that
Hayashi’s treatment of the evolution of a proto-star would need to be consider-
ably modified.

Despite its limitations, the theory described by Woolfson does indicate the
genera way in which a cluster of stars can be formed in a DMC and reasonable
agreement with the observationsis found.

2.6.2.6 Angular momentum

In figure 2.6 the mean equatorial speed as a function of spectral class is shown.
For stars with masses less than about 1.4 M, (spectral class F5) equatorial speeds
are low and, on the whole, this is the mass range corresponding to the primary
stream of development. Most stars in this mass range would have acquired their
mass by the collision of two turbulent streams of material without much further
accretion. We shall now see why this mode of formation should lead to a star with
little angular momentum.

The head-on callision of two streams of gas with equal densities and speeds
is shown in figure 2.27(a). If the speed of the gas is fairly uniform across the
streams then the compressed region, which isto form the star, will have compara
tively little angular momentum. However, the star will have only severa timesthe
density of the background material and will be strongly coupled to that material
through abrasion and, until it reaches a density such that interchange of material
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Figure 2.27. (a) Head-on collision of two gas streams with similar densities and speeds.
(b) An offset collision. All angular momentum is associated with the uncompressed ma-
terid. (c) Two streams with non-parallel motions. (d) The situation in (c) referred to the
centre of mass of the gas streams.

with the medium is negligible, it will not collapse with conservation of angular
momentum. At the time that the star becomes decoupled from the environment,
abrasion and accretion would be in balance and the expected angular momen-
tum of accreted material would then be that of material in the outer parts of the
star. With an estimate of the velocity gradient in the cloud material asu/R ;, the
angular momentum per unit mass of accreted material is found to be

dH _ GM?u

I SRV (2.45)

If thisis the intrinsic angular momentum of stellar equatorial material which ap-
plies when the star has collapsed to the main sequence radius r, then the final
equatorial speed will be

G%M?*u

S‘RJTT;* - (2.46)

V;eq =

For themodel which gavefigure 2.25, when M = M, thenu = 1.65 kms™!

and Ry = 8 x 10*2 km. Withr, = R, and V = 4 kms~! the value of V,, is

2.6 km s~! which is not much above the value for the Sun. However, it will be

seen from (2.46) that V,,, depends very sensitively on V and for V.= 2 km s=!
the value of Ve, increasesto 41 kms~'.

Various mechanisms have been suggested from time to time to explain the

slow rotation of the Sun or, more precisely, how late-type stars lose angular mo-

mentum during their collapse. A review of suggested mechanisms is given in
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chapter 6 but for now we may take it that modestreductions in angular momen-
tum are possible and that the head-on collision of two streams can lead to the
small equatorial velocities which are observed for late-type stars.

The previous discussion has been in relation to the head-on collision, cen-
tre to centre, of two streams of gas of similar characteristics. If the streams are
moving in anti-parallel directions but with an offset, as shown in figure 2.27(b)
then the combined streams will have net angular momentum but none of it will
be associated with the compressed material, which may form a star if it satisfies
the necessary conditions. An oblique collision, as shown in figure 2.27(c), is re-
depicted relative to the centre of massin figure 2.27(d) and is seen to be ahead-on
collision with some offset and perhaps with different speeds and densities for the
two streams but the conclusionis still that the compressed material will havelittle
angular momentum.

Stars that have had an appreciable gain of mass by accretion would have
crossed many turbulent regions during the mass-gain process and in each region
the gain of angular momentum, considered vectorially, will be in a different di-
rection. The calculation of thetotal gain of angular momentum takes the form of
arandom-walk problem and the expected magnitude of the final angular momen-

tumis given by
e rdHN? (dM N P
H_{ / b (m) (W) dt} (2.47)

where ¢, is the mean time spent within a turbulent region, taken as 4R ;/3V,
dH/dM isgiven by (2.45) and d M /dt isthe rate of gain of mass as described in
section 2.6.2.5. For an accreting star thisintegral can be evaluated numerically.

The known characteristics of area star are its mass, M., radius, R, and
equatorial speed, Veq.. To use these observed quantities to estimate angular mo-
mentum requires a knowledge of the moment-of-inertia factor, « ., which then
gives the a