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Formation of the Solar System




Clues to Solar System Formation
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Motion of Large Bodies

« All large bodies 1n
the solar system
orbit 1n the same
direction and in

a nearly the same
plane.

« Most also rotate in
that direction.

— “prograde”



Two Major Planet Types

 Terrestrial
planets are
rocky, relatively

small, and close
¢ Q to the Sun.
terrestrial  Jovian planets

lanet

p are gaseous,
larger, and
farther from the
Sun.

jovian planet




Swarms of Smaller Bodies

LUt © Many rocky
I asteroids and

iIcy comets

- { asteroid belt —-\.. ,w: / Solar SYStem.

+ . 'Neptune

L Kuiperbelt L.t




Notable Exceptions

* Several
exceptions to
normal patterns
need to be
explained.

Uranus’s ‘
odd tilt

Earth’s

relatively large moon
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According to the
nebular theory, our
solar system formed
from a giant cloud of
interstellar gas.

(nebula = cloud)

Also known as the
solar nebula hypothesis



What caused the orderly patterns
of motion 1n our solar system?
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Nebula spins up
Large, diffuse interstelar gas cloud aS it COHapSCS

:E"E It conlracts, the cloud heats, : (solar nebula) contracts under gravity
lattens, and spins faster, becoming : an lar
a spinning disk of dust and gas Sun will be born in center gu
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metal and rock.
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gravity, growing bigger still, = . | enough 10 attract
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Disks Around Other Stars

7' Nearby companion stars

central star blocked out

/

orbiting disk
of material

debris disk
encircles star

Central star
blocked out.

Observations of disks around other stars
broadly support the nebular hypothesis.



Why are there two major types of
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planets?

Iyical

Condensanon

Relative

Abundance

Examples Temperalure (by muass)
Hydrogen and hydrogen, do not
Helium Gas helium condense

Hydrogen
Compounds

in nebula

water 150K
(H,O
methane
(CHy)
ammonia
NH,

various 500
minerals 1300K

08 %

Metals

iron, nickel, 1.000
aluminum 1 600 K

‘.' .‘. ’



Within frost line, rocks and metals Beyond frost line, hydrogen compounds,
condense, hydrogen compounds rocks, and metals condense. \
slay gaseous.

Within the solar nebula,
98% of the material is hydrogen
and helium gas that doesn’t condense anywhere.

As gravity causes the cloud to contract, 1t heats up.
(The same process continues to heat Jupiter, a tiny bit.)

Inner parts of the disk are hotter than outer parts.

Rock can be solid at much higher temperatures than ice.




Within frost line, rocks and metals Beyond frost line, hydrogen compounds,
condense, hydrogen compounds rocks, and metals condense. \
slay gaseous.

Within the solar nebula,
98% of the material is hydrogen
and helium gas that doesn’t condense anywhere.

FROST LINE at about 3.5 AU
Inside the frost line: Too hot for hydrogen compounds to form ices
- only get rocky asteroids and planets

Outside the frost line: Cold enough for ices to form
- get 1Icy moons and comets
- ice 1s a major component of their total mass




Formation of Terrestrial Planets

Small particles of rock and metal were
present inside the frost line.

Planetesimals of rock and metal built up
as these particles collided.

Gravity eventually assembled these
planetesimals 1nto terrestrial planets.




Accretion of Planetesimals

e Many smaller objects collected into just a
few large ones.



Formation of Jovian Planets

Ice could also form small particles outside the
frost line.

Larger planetesimals and planets were able to
form.

The gravity of these larger planets was able to
draw 1n surrounding H and He gases.



Moons of jovian planets form in miniature disks -
like microcosms of the solar nebula.




Where did asteroids and comets
come from?
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Asteroids and Comets

e Leftovers from the accretion process
 Rocky asteroids inside frost line
e Icy comets outside frost line



Heavy Bombardment

* Leftover
planetesimals
bombarded
other objects
in the late
stages of solar
system
formation.

Cratering movie



What about the exceptions?

eVenus spins retrograde

eUranus tipped almost
perpendicular

*Why do we have a moon?

Thought to be due to

the last big collision.
odd tilt

Uranus’s

Earth’s

relatively large moon




Captured Moons

Phobos (fear) Deimos (panic)

e The unusual moons of Mars and some
other planets may be captured asteroids.

e left over planetesimals?



Earth’s moon: Giant Impact?




Odd Rotation

* (Giant impacts
might also
explain the
different
rotation axes
of some

Uranus's "
e . planets.




Large, diffuse interstellar gas cloud

As it conlracts, the cloud heals, (solar nebula) contracts under gravity

flattens, and spins faster, becoming

a spinning disk of dust and gas Sun will be born in center

/ / Planets will form in disk,

Warm temperatures allow only
melalfrock “seeds” lo condense
Hydrogen and helium remain gaseous,
but other malterials can condense into

in inner solar system.
solid “seeds” lor building planets.

Lot o] Cold temperatures
allow "seeds” to
contain abundant ice
in outer solar system.

Terrestrial planets are built from
metal and rock

The seeds of jovian
planets grow large
enough 1o attract
hydrogen and helium
gas, making them into
giant, mostly gaseous
planets; moons form in
disks of dust and gas
that surround the planets

Solid “seeds” collide and stick together.
Larger ones attract others with their
gravity, growing bigger still.

Terrestrial planets remain
In INner solar system.  jovian planets remain
in outer solar system

Solar wind blows remaining gas
into interstellar space

*Leftovers” from the
y formation process

become asteroids

(metal/rock) and

Nol lo scale comets (mostly ice).

* Nebula spins up
as 1t collapses
(angular
momentum
conserved)

Solid particles
condense out of
gas

Particles collide;
form ever larger
objects

Most mass
eventually swept
up into planets




When did the planets form?

We cannot find the age of a planet, but we
can find the ages of the rocks that make it
up.

We can determine the age of a rock

through careful analysis of the proportions
of various atoms and 1sotopes within it.



fraction of isotope

1.00

0.75

0.50

O
N
o,

Radioactive Decay

* Some 1sotopes
decay into
other nuclei.

E 1half-life e A half-life 1s
| the time for

half the nuclei
1n a substance

,__.
-
o
-

A
W
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to decay.

time since rock formed (billions of years)



Dating the Solar System

Age dating of meteorites
via radio-1sotopes tells
us that the solar system
1s about 4.5 billion years

old.

A similar age 1s found
for the oldest moon

rocks returned by
Apollo.




Solar System Formation

The solar system formed about 4.5 billion
years ago from the collapse of an
interstellar gas cloud (the solar nebula).

The planets formed by coagulation of
smaller particles (planetesimals).

Planets all line 1n the same orbital plane,
all orbit in the same direction, and mostly
spin in the same direction because the
angular momentum of the solar nebula
was conserved.

The exceptions may record the lasting
effects of the last enormous collisions.



Other stars have planets:
Exo-planets

* The planet around 51 Pegasi has a mass similar to
Jupiter’s, despite 1ts small orbital distance.



Other stars have planets:
Exo-Planet Detection

* Direct: Pictures or spectra of the planets
themselves

* Indirect: Measurements of stellar
properties revealing the effects of orbiting
planets



sun halt an

center of mass

Gravitational Tugs

upiter

——) ——————————— ——

upiter hali

an orbit later

e The Sun and Jupiter
orbit around their
common center of
mass.

 The Sun therefore
wobbles around that
center of mass with
the same period as
Jupiter.



Gravitational Tugs

e Sun’s motion around
solar system’s center
of mass depends on
tugs from all the
planets.

center ol

e Astronomers who
measured this motion
around other stars

0,000 arcsecond could determine
radius of Sun masses and orbits of
all the planets.




First Extrasolar Planet Detected

* Doppler shifts of star
51 Pegasi indirectly
reveal planet with 4-
day orbital period

* Short period means

small orbital distance

 First extrasolar planet

to be discovered
(1995)



Transits and Eclipses

* A transit 1s when a planet crosses in front of a star.

» The resulting eclipse reduces the star’s apparent brightness and
tells us the planet’s radius.



Planets around other stars

STAR PLANETS
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