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Tonight:

e The facts to e

* How sfei"ré,fb .

e How planets form

* The problems...




Humans are fascinated with the questions of origins.
Together with the question.of the origin of life, the
formation of galaxies, and the origin of the universe,
the origin of the Solar System is one of the “big
questions” in nding where we come from.

n.ﬁ"

Unfortunately, we only have one planetary system to

study in detail, so we have no real idea of the diversity
of systems which could arise in othef circumstances.
Theoretical-models have, naturally, concentrated on
trying to reproduce the variety of worlds we see in
this system. Only recently have we come to have new
data from other stars... but we’ll leave discussion of
that till later.




The Solar System, a summary

-

Let’s take a at the general features of the
Solar Syste We've spent a long time looking
at the details of the many marvellous worlds; here’s a
quick summary of the overall features, before we try

to explain them.

Any theory for the formation of the Solar System
must be:able to account for the following features.




The orbits of most planets and asteroids lie nearly in
the same plane, and this is the plane of the Sun’s
equator.

Position of the planets on | March 2005




All planets (except Pluto) have orbits which are very
close to circular. Most planets rotate in the same
direction as the planets revolve.

Inner Solar Svstem




The planets are well separated, with the distance between
planets increasing with distance from the Sun. (Bode’s Law?).
The space between planets, apart from the Asteroid Belt, is
almost completely empty.

fn=1thend=04
ifn=2 3 4. thend = (3*2"?+4)/10

Distance
((2\9))

Meglune

Planet number




Meteorites have ages of 4.56 billion years. Rocks
from the Moon and the Earth are younger, with lunar
rocks typically being 3—4.4 billion years old, and
terrestrial rocks are less than 3.9 billion years.
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The small rocky terrestrial planets and asteroids lie
closer to the Sun.The closer planets are significantly
denser than the further ones.




At larger distances, we find the giants Jupiter and Saturn and
then the somewhat smaller Uranus and Neptune. Jupiter and
Saturn are mainly composed of hydrogen and helium, while

Uranus and Neptune contain large amounts of ice and rock.

. &




Between Mars and Jupiter is a large number of minor
planets, with a total mass about 1/20 the mass of the
Moon, and a range of sizes.




There is a large, roughly spherical collection of icy bodies
circling the Sun beyond about 10,000 AU, called the Oort
Cloud. Closer in, between 35 and 100 AU, is a flattened
disk of similar bodies, known as the Kuiper Belt.
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Most planets, and all giant planets, have satellites. Most
close-in satellites orbit in the same direction as the planet’s
orbit, in the same plane as the planet’s rotation. Satellites
are all made of rock and ice, and Jupiter’s satellites have the
same density gradient

as the inner planets.

Some of the smaller,
more distant satellites
(and Triton) orbit in a
retrograde sense or
in highly elliptical or
inclined orbits.

&




All the major planets and most large moons and
asteroids are differentiated, with the heavier metals
sunk to the core and the lighter material on the
outside. This implies that all these bodies were warm
at some stage in the past.

Ouder core Inner core
Mantle  {liquid)




Most planets and satellites show large numbers of
impact craters, far more than could be produced over
the age of the Solar System at current impact rates.

The Moon, Mercury
and Ganymede







About 3 minutes after the Big Bang, the temperature
of the Universe had cooled from 100 billion degrees
to about | billion degrees.As the temperature
dropped, protons and neutrons began combining to
form a deuterium nucleus: prior to this they had too
much energy, and didn’t “stick’.

deuterium




Nearly all the nuclei with a few protons and neutrons are
unstable or easily destroyed. Helium-4 is the only really
stable one, so lots of Helium-4 was formed in the next
few seconds. But apart from tiny amounts of Lithium-7,
no other element can be easily formed. So when the era
of fusion ended, about 3% minutes after the Big Bang, the
universe consisted of lots of hydrogen, some helium, tiny
amounts of deuterium and lithium-7, and not much else.

deuterium

helium-3




-

The first stars to in'the universe would have
been very di rom our own Sun: they had no
heavy elementsWith no heavy elements, there can
have been no rocky planets (no silicon, carbon, etc.),
and any gas giants which formed would have looked
very different, without that |% heavy elements to
give them their: brilliant colours.

SO0 where did the heavy elements come from!?




The heavy must have formed inside the first
stars, where thefusion of hydrogen into helium, then
helium into carbon, oxygen, neon, and other elements

all the way: up to iron, produces the energy which
keeps stars burning.

But how did they get out!?




The Death of Stars

When stars die, they often die messily. Sometimes they
blow large amounts of their outer layers into space, which

become visible as planetary nebulae, some of the most
beautiful objects in the sky.







When really massive stars die, they expire in a titanic
explosion called a supernova. For a few weeks, the
exploding star can outshine a whole galaxy.




The star is destroyed in the explosion. The central core
collapses to form a neutron star or black hole, but most
of the mass of the star is thrown out into space at high
speed.As it expands, it becomes visible as a supernova
remnant, like the Crab Nebula.
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In addition




In addition, the elements heavier than iron are actually
produced during the supernova explosion itself. A flood of
neutrons produced by the collapsing core slams into the gas
in the stars interior, and produces all the heavy elements,
including gold, lead and uranium.

L EIHEHE
3 1‘

produced in HE 16 :5:
stars

20 21 22 23 2d 23 20 a0 A 32 33 3d 33 36

K Ca|5c|Ti | ¥ |Cr|Mn|Fe Cu Hl Cu fn |Ga|Ge |As | 5e | Br | Kr
d di S i M CH Cl| LS 4.5 CE| 2 hi] an a1 a4
O ERERERREELELLLE
SUPEINOvVa G proamm b1 I 73 56
B . " [ [ [ o [ | [ [3o]

a7 24 104 106 109
(er R |-ac| ar [ a 5o [1s [ s [ fito i1 iz 115

I O [ B ] fifs f1 i 71
5 L[ m[sn e[ [ [ e [
1 01 g3 0 05 25 Y L
T [ [ o o [




first stars have yielded their heavy elements back into

interstellar space, we have the conditions for building
planets like are own.

But how does this expelled gas form itself into stars!?




The gas swirls around in space and collects in dense
clouds. These clouds mix with the remaining
primordial gas, and are known as giant molecular clouds.
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These clouds are the sites of star formation. Here you can
see the new-born stars in NGC 281 lighting up the wispy
remnants of the cloud which gave them birth.The dark blobs
are Bok globules, small sub-clouds which are currently forming
stars.




These stars will in their turn age, die, and release their gas

back to the interstellar clouds, in a giant cycle of stellar
birth and death.

gas clouds collapse to
form stars

which collects in
gas clouds

which die and release
gas back into space

T




This is how molecular clouds form. How do they collapse
to form stars!?

Gravity, which att leverything to everything else, tries
to make the w ud collapse. But this inward force is
resisted by gds @'e e, which pushes outward against
gravity. r

It turns out the cloud will only collapsé if its mass
exceeds a critical mass called the Jeans mass, which
depends on the density and type of gas. Low density
clouds with large mass may collapse to form galaxies,
while smaller but denser clouds cellapse to form star
clusters or single stars.




As the cloud contracts, its speed of rotation increases.
The law of conservation of.@hgulagimomentum says that
as rotating things get smaller, they rotate faster.

A

i momentum is equal to
eIty x distance from axis

If no outside forces act on the body, this quantity
remains the same, so if the distance gets smaller, the
velocity must increase.




Conservation of angular momentum is what ice
skaters use when they speed up a spin.




By bringing her arms and legs into line, the skater
reduces the average distance of her mass from the
axis of rotation, so the rate of spin must increase.




The collapsing cloud will be rotating slightly, even if only
due to Galactic rotation.The cloud shrinks by a factor of
10,000 or more, so any slight rotation is greatly amplified
and the cloud will end up rotating rapidly.

Rolalion

What’s more, it will end up N
as a disk, because while -
angular momentum makes it v

hard to collapse to the
centre, there is nothing to
stop the gravitational

collapse to the plane. -

Centrifugal
force

Echiptic /

plane




We can actually see these disks around newborn stars.




The cloud collapses from the inside out, with the interior
caving in more quickly than the outer regions. This

collapse raises the temperature of . S e
the gas, as the gravitational kinetic Higk
energy is converted into heat. For a
while, this thermal energy can be

radiated away, and the collapse can

continue, but as the density

increases, the heat gets trapped, and
the temperature of the central core
rises until it reaches | million
degrees, when hydrogen can begin
fusing into helium.This produces
enough energy to stop the collapse:
a star has been born.




Here are some plctdrﬁs from
HST The Eag]e Ne'hula showsx_j
a region of star formatlon .
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The Orion Nebula, another famous star-forming region,
shows these strange objects called “proplyds”, which
appear to be infant solar systems in the process of forming.




Planet formation

So we have formed a star. But what about the
planets!?

Clearly the planets form in the disk of gas and dust
surrounding our newborn star. But how!?




We have some clues about when the planets must have
formed.You recall from our. discussion of meteorites that
there are several types, some showing they came from

differentiated bodi '$c7.me more primitive.

se types can be measured, with
surprising results. The parent bodies of meteorites began
to form very Soon after the formation of primitive grains:
within | million years. Differentiated meteorites have ages
which are only 10 million years younger than the oldest

grains.

The giant planets must have formed within 10 million
years, before the new Sun swept‘away the gas.




There are several stages to forming planets:

: First dust forms from the

interstellar gas'

-
s dust then starts sticking

together

: Gravity becomes important as the
protoplanets grow

: Theslast few collisions have
planet-shattering effects




Phase |: Coagulation

The disk starts out with the same elements which were in
the molecular cloud. It consists almost entirely of gas, with a
tiny amount of dust.Which molecules form depends on local
conditions in the disk. Different molecules have different
temperatures at which they can “freeze out” of the disk.




-

The disk is hot ‘the centre, close to the
protostar, s nt materials condense out at
different radi

At high temperatures (< 2000K) rocky minerals and
metals like iron condense.

Below about 270 K water ice condenses, as well as
ammonia and methane.




The distance at which water can freeze out is called
the ice line. Beyond that distance there is much more
mass available.

& Protosun




The condensing materials stick together by colliding and
sticking together using normal chemical forces. They form
loose fractal aggregates, described as “fluffy dustballs”.

(left) Simulation of a molecular aggregate formed
by collisions; (above) Electron microscope image of
a typical cosmic dust particle




But how were they
melted? No-one
knows for sure:

perhaps passage
through shocks in
the disk, or lightning
in the disk (seen in
volcano plumes)

Recall that many meteorites contain
chondrules, which are the oldest objects
in the Solar System.They have been
melted and rapidly cooled, so the fluffy
dustballs turned into smooth spheres.




Phase 2: Accretion

The next phase is the formation of planetesimals (bodies up
to about | km in size) through accretion.

The dust-ball aggregates settle to the plane of the disk,
growing through collisions all the time.Within 10,000 years,

the particles have grown to a centimetre or more in size.




-

experience substantial drag in
the disk.Thj_s e particles orbit slower than
their Keplerian vélocity, and a rock of about Im in size
would spiral in'to the Sun in only 100 years or so.

The planetesimals must grow very quickly to kilometre
size, by which size the drag is less (because the surface
area to mass ratio drops).




Phase 3: Runaway growth

Once the particles reach about | km in size, gravity starts
becoming important. The larger planetesimals can sweep up
more material, so the biggest bodies grow much faster than
smaller ones — a process known as runaway growth.

Runaway growth
ends when the
planetesimal (now
called a planetary
embryo) has
consumed nearly
everything within its
reach.




The runaway growth phase ends with massive
protoplanets fairly well spaced, since each has

accreted everything within its gravitational sphere of
influence.

& Protosun




The giant planets appear to have
formed by first accreting a core
of several Earth masses. This core
was more massive than the
proto-planets in the inner Solar
System because the proto-Jovian
planets were beyond the ice line.
Once this solid mass had

accumulated, the planet starts
accreting gas more and more
efficiently, in a runaway gas
accretion phase. Jupiter and
Saturn grew much larger because
they formed further in, where the
disk was thicker.




In fact, Uranus and Neptune probably

wouldn’t have had enough time to grow as

big as they did in the thin outer regions of

the Solar System. It is possible that all four

giant planets formed quite near the ice

line, and Uranus and Neptune have
migrated outwards by gaining

angular momentum from

planetesimals and the
protoplanetary disk.




Satellites must have formed from a disk around their primary,
just like miniature planetary systems. This disk was heated by

the forming planet, leading to gradients of composition just
like those we see in the planets.

The irregular satellites are
captured planetesimals,
captured by the
gravitational field and/or
the extended atmospheres
of the proto-planets.

The Earth’s moon and
Charon have a different
origin.




Phase 4: The era of carnage

Once the protoplanets have reached the size of the Moon
or larger, the final stages of planet
formation begins, where the

hundred or so protoplanets are | ’
reduced to the current handful. ' A

The planetary embryos perturb
each other into crossing orbits,
leading to giant impacts. This last
handful of impacts has left
permanent scars on nearly every
member of the Solar System.




The evidence for this late stage
bombardment is all over the Solar
System: every old surface bears
witness to having been battered by
impacts of all sizes.

(from left) Mercury, Mathilde, Callisto and
Mimas







Since the last few impacts were so violent, the last stage
of planetary accretion was far from orderly.The random
nature of the impacts means we can’t expect to find
general, predictive laws which explain the current states
of the planets.

We now think that the

following oddities are the
result of giant impacts in
the very last stages of
planet formation.

0 Mark & Gosllick
rmarkgarick.com




:it is thought that the Moon was formed
when a protoplanet the size of Mars struck the proto-
Earth. A large amount of debris was blown off, and a

fraction entered Earth orbit and
coalesced into the Moon. This
explains the lack of heavy
elements in the Moon (the Earth

was already differentiated so only
mantle material was ejected) and
the lack of volatiles (they were
vaporised and escaped into
space), as well as the evidence
that the moon’s surface was
molten at some stage.




Here is an animation showing a computer simulation of a
Mars-sized object striking the proto-Earth. This animation
covers only 24 hours, ending with the Earth surrounded
by a disk of debris, from which the Moon will coalesce.




The impactor must have struck at quite a low (relative)
velocity, and have formed at a similar distance from the
Sun.

A recent suggestion is that the impactor formed at one of
Earth’s Lagrange points, and then drifted into a chaotic
orbit that would impact the Earth

with a suitably low velocity.

Animation of the impactor forming in Earth’s L, point, and
then drifting into impact.







was probably also formed in a giant impact: it
is hard to explain the enormous mass ratio of Pluto/
Charon in any other way. This impact probably also
tipped Pluto’s spin axis all the way over.




: Mercury’s giant iron core may also be the
remnant of a giant impact. An off-axis collision with a
proto-planet of comparable size may have vaporised the
silicate-rich mantle of the proto- Mercury, leaving behind an

iron-rich core.




: Venus may have acquired not only its tipped axis
but also its slow rotation from a giant impact.




: Uranus’ extreme tilt (98°) is thought to have
been caused by a giant impact.A body of at least 2 Earth
masses hit the proto-Uranus at an oblique angle, tilting
the spin axis. A large amount of material spun off the
equator left a disk in orbit from which the current
system of moons eventually assembled. In contrast, if the

final impact on Neptune was nearly straight down, it
would heat the planet but

not leave a disk, explaining
the absence of regular
satellites around Neptune.




: Triton, with its retrograde and
highly inclined orbit about Neptune, is
most likely a Kuiper belt object which
wandered close to Neptune.There, it
was captured into orbit, possibly
colliding with (and destroying) one of
Neptune’s regular satellites. The initial
orbit would have been highly
eccentric, but tidal interactions with Neptune would have
circularised it, taking about a billion years. This tidal energy
would have acted as a major heat source.

Neptune’s original satellite system would have been
destroyed by mutual collisions when Triton induced chaotic
perturbations in their orbits. was almost ejected
from the system, but not quite.




The giant planets acquired their atmospheres during
their formation.The much smaller terrestrial planets,
however, couldn’t hold on'to much gas during their

formation,. mosphere they had was
probably Ic ng the major bombardment.

As the impact rate dropped and the planets started
to cool,atmospheres accumulatedraround Venus,
Earth and-Mars, from volcanic outgassing and comet
impacts.




ECCENTRICITY

Here is a numerical model of the accumulation of the
terrestrial planets. Planetary embryos in orbits which
started out circular collide and perturb each other so
the orbits become much more eccentric.

TIME= 1.2 M.Y.
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As accumulation continues, the largest bodies get larger

and smaller ones disappear, being gobbled up or flung out
of the system.
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The final swarm of moderate-sized bodies finally
coalesces to form “Mercury”. Of the three potential
“Mars” objects, none survive: two were ejected and one
collided with “Venus”.

TIME= 879 M.Y.
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The distribution in size of the last few impacts on
“Earth” for ten different simulations. On average, one
object more massive than Mars impacts, and two
more massive than Mercury.
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: There is evidence that the Earth and the Moon
underwent a brief but cataclysmic episode of
bombardment about 3.9 billion years ago: the late heavy
bombardment. These were the impacts which produced
the great basins on the Moon, and may also be related
to the emergence of life on Earth.
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One suggestion is that this period of “late heavy
bombardment” was related to the formation of Uranus
and Neptune.

The standard planetary formation has great
difficulty in formi ranus and Neptune in a reasonable
amount of time: they do not accrete planetesimals fast
enough to grow.

Recent work suggests Uranus and Neptune formed
much closer in, and migrated outwards due to
interactions with Jupiter and Saturn.




The following is a simulation of such a process.The cores
of the four giants formed at similar distances from the

Sun, about | >l Be)'ond them was a disk of
planetesimals. =8 -~

The orbits of e Ehplanets slowly expand, until after
about 700 My Saturn comes into 1:2 resonance with
Jupiter. This makes the orbits of Uranus and Neptune

unstable, and their orbits scatter intorthe disk. This sends
a large amount of material into the inner Solar System,
producing the late heavy bombardment of the Earth and
Moon. and possibly contributes to the atmospheres of
the terrestrial planets.







A bit more slowly:

t=909 Myr

Saturn

Uranus




So we believe we have a general understanding of the
formation of the Solar System.The planetesimal
hypothesis explains the composition of the planets, their
relative sizes, the shapes and directions of their orbits,
and their satellite systemes. |

How does this theory stack up
when confronted with the new

evidence reaching us about
extra-solar planets?

Not well....




Andrew Prentice and the “Modern Laplacian Theory”




Further reading

Most books about planets, including the ones I've recommended to you so far, discuss the
formation of planets in greater or lesser detail.
& -~ -

e | found one lovely boo you about yet: “The Story of the Solar
System” by Ma%' bridge, 2002) is by that rarest of creatures, an artist who
is also a scientist. The'book itself is at a reasonably elementary level, describing the birth,
life and death of the Sq'gr System, but the paintings he has done to go with each page are
wonderful.

There’s a beautiful illustrated timeline of the Solar System at The Lunar and Planetary
Institute’s “Evolution of Our Solar System: A Journey through Time” at
http://www.lpitisra.edu/education/timeline/

There’s a nice article about the possible connection between the formation of Uranus and
Neptune and the bombardment of the Moon at PSRD Discoveries: “Uranus, Neptune
and the Mountains of the Moon”, $
REEpYAWWW.psrd.hawaii.edu/Aug0 | /bombardment.html
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° .NGC 281:from Astronomy Picture of the Day 2003 Apr|I 7 http: //antwrp gsfc.nasa. gov/apod/ap030407 html
® Rotation and collapse: from STARS AND'GALAXIESA Hypertext Course by Richard McCray
shttp://cosmos.colorado. edu/cw2/courses/astr | I20/text/chapter9/|99'3 Ktm
® FEagle Nebula: from Astronomy Picture of the Day 2004 August 12- http /lantwrp.gsfc.nasa.gov/apod/ap010812 html
® |arger view: CFHT picture, from Astronomy Picture of the Day 2003. February. |3
http://antwrp.gsfc.nasa.gov/apod/ap0302 | 3.html
® Proplyd: from Astronomy Picture of the Day 1996 October |7, http: //antwrp gsfc.nasa. gov/apod/ap% |0F7shtml
® Protostellar disk: from "MIRLIN Star/Planet Formation Page" http://cougar.jpl.nasa. gov/HR4796/an|m html
® |ce line: from Windows to the Universe
http: IIwww. windows.ucar.edu/tour/lifk=/jupit&r/atmosphere/|_evolution_3.html
® Fractal aggrégates: from Random Walk Visualization by Robert Lipman http:/cic.nist. gov/llpman/scmz/random html
® Cosmic dust particlé:from “A new type of stardust”, http://www.psrd.hawaii. edu/Aug03/starddst html
® :Chondrite: from Metéorites et formation du systeme solaire .
http://www.ens-lyon,fr/Planet Teire/Infosciences/Planetologie/Meteorites/origine.htm
Runaway growth: from
http://www.usm.uni-muenchen.de/people/gehren/vorleSung/4.1, Himmelsmechanik/kosmogonie/dia_10.html
+ ®*Newly formed Neptune: by Don Dixon, frofn Scientific American, September 1999 issue 4
http://www.sciam.com/article.cfm?articlelD=00050729- BAAC |C73-9B81809ECS588EF21
® Moon origin paintipgs: from Astronomical Artwork of William K. Hartmann Pietorial Catalog
http://www.psi.edu/hartmann/pi¢-cat/index. Fltml




Stagés in the formation of the Moon: painting by Mark Garlick,
http://www.space-art.co.uk/markgarlick/articlesé_articles2.htm?an_moon
Moon formation animation: from "SwRI, UCSC researchers identify the Moon-formlng |mpact
http IIwww.swri.edyggress/impact.htm
,Eormatlon of the impactor in the Lagrangian point: From Wlklpedla Giant impact theory, _
http://en.wikipedia.otg/wiki/Giant_impact_ theory :
® Mergury: from Views of the Solar System by Cafvmj Hamilton httB:/www.sblarviews, com/cap/lndex/mercuryI.html
® |unar cataclysm: from The Lunar Cataclysm Hypothesis, .
http [Iwww.lpl.arizona.edu/SIC/impact_cratering/lunar_cataclysm/Lunar_ Cataclysm Page

.Scatterlng of Uranus and Neptune: from “The Early Dynamical Evolution of the Outer Solar System A Fairy TaIe
by Hal Levinsen, http://www.boulder.swri%edu/~ hal/talks.htrg

® Extrasolar image: artlsts |mpre55|on of the Tau Gruis system, by Davrd A Hardy
htep://www.hardyart:demon.co.uk/html/p-extral .htnil . :




