Other worlds

“ Innumerable suns exist;
innumerable earths revolve around
these suns in a manner similar o
the way the seven planets
revolve around our Sun.

Living beings inhapit these worlds.”

Giordano Bruno
Italian monk of the sixteenth century
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sizes to
scale

Jupiter Saturn
Mercury Earth -110°C -180°C Uranus Pluto

350°C 20°C .

st A
N

S/
SUN

Venus Mars
5500°C

"
X

Neptune
-200°C

480°C -84°C



1 Format’ion of the Solar System




Formation of the Solar System

A theory must explain...

L] L] . .
v planets have nearly circular orbits -
In nearly the same plane - '

v" all orbit in the same sense
(the same sense as the Sun’s rotation)

~ “
\ .




Formation of the Solar System

A theory must explain...

. - - ' . - )
v planets have nearly circular orbits gl - |
In nearly the same plane o ,-'
- '\‘4

v all orbit in the same sense

(the same sense as the Sun’s rotatfon)
v planets close to the Sun are small, metallic and rocky
v’ outer planets are large, gaseous and icy
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A theory must explain...

: g -~ | .

v' planets have neatrly circular orbits s~ - .

In nearly the same plane - ¥4

v" all orbit in the same sense __ w‘
(the same sense as the Sun’s rotation)

v’ _planets close to the Sun are small, metallic and rocky
v’ outer planets are large, gaseous and icy

v" Sun contains 99.8% of
"~ 5., mass in Solar System
= but only a tiny

fraction of the total
angular momentum”
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Formation of the Solar System

A theory must explain...

v’ planets have nearly circular orbits
In nearly the same plane
v all orbit in the same sense
(the same sense as the Sun’s rotati'on)
v’ _planets close to the Sun are small, metallic and rocky
v’ outer planets are large, gaseous and icy

x | v" Sun contains 99.8% of
=5, Mass in Solar System

7 but only a tiny

fraction of the total
v' Solar System IS almost angular momentum”

entirely hydrogen and
helium gas

-

-




Formation of the Solar System

Dynamics
plute

v planets have nearly circular orbits \
In nearly the same plane

v" all orbit in the same sense
(the same sense as the Sun’s rotation)

~.

v planets have
nearly all the
angular momentum




mation of the Solar System
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Composition

v' planets close to the Sun are
small, metallic and rocky

v outer planets are
large, gaseous and icy

v Solar System is almost entirely
hydrogen and helium gas




Formation of the Solar System

Starbirth

.},;

Stars and their systems of planets are formed from
large clouds of gas and dust (nebulae)



Formation of the Solar System

Starbirth

Orion Nebula

R

'P'Q

Stars and their systems of planets are formed from
large clouds of gas and dust (nebulae)



Form: ",'..[.;:Ii,ff of th e Solar System
Starlulrth - |

Orion Nebula
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Stars and their systems of planets are formed from
large clouds of gas and dust (nebulae)



Formatron of the Solar System

Starbrrth ln the Orlen
v B -

' opt/cal Wavelengths

Stars and the|r systems of pIanets are formed frgm

.' ' : Iarge clouds of gas and dust (nebulae)



~f'_h;f";;f..-ormatron of the Solar System

PStarbinn inthe Orion Nebuls gy

| aghEsa

;opti'ca/-wavelengths .,

Stars and therr systems of planets are formed from
‘ ’ Iarge clouds of gas and dust (nebulae)



Formatlon caf the Solar System

Starblrth in th__,Orl.on Nebula

X-ray wavelengths

, Stars arid their s.ystems of planets are formed from
large®tlouds of gas and dust (nebulae)



Formation of the Solar System

Nebular hypothesis

Stars and their
systems of planets |
are formed from
large clouds of
gas and dust
(nebulae)




Formation of the Solar System
Nebular hypothesis

The collapsing cloud has
some initial net spin

Ro, (angular momentum)
2

/ XIg
¢ , why?

/
/




Eormatlon of the Solar System
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Eormatlon of the Solar System

Nebular hvpothems

"-

' Stérs and nebulaé — orbit"

. ot o scaley

: o" o ® . . ' ‘ .‘0.
The collapsmg cloud has® .

. some.initial net spin
(angular-momentum)- =

)M;nz”

areund the centre of mase.
*of the Galaxy.

so the outer part of the cloud
_Is moving at a ‘different
‘speed than the inner’



Formation of the Solar System

Nebular hypothesis Rotation axi

As the nebula collapses a < | >
under its own gravity,

It spins faster and

flattens into a disk

Rotation axis

e e

Rotatic

- -



Formation of the Solar System

Conservation of angular momentum

As the nebula collapses
under its own gravity,
It spins faster and
flattens into a disk

A figure skater
Instinctively knows
physics when s/he

performs a pirouette
onice




Formation of the Solar System

Conservation of angular momentum

As the nebula collapses L =mvr
under its own gravity,
It spins faster and
flattens into a disk

As R decreases V must increase.

A figure skater
Instinctively knows
physics when s/he

performs a pirouette
on ice




Formation of the Solar System

Anqular momentum

A mass m moving at speed Y L =mvVvr
In a circular path of radius r L ,
has angular momentum L L “~._  Minkg
i ~_oovin m/s

This equation can be usedto  * Noorinm
estimate the orbital angular - Y
momentum L, of a planet ! \

I 1
All you need are: | ‘\ !
Its mass m, its speed v \ . !
and its semi-major axisa=r /
) o ) \ \ 7 3
If the orbit is nearly circular N




Formation of the Solar System

Anqular momentum

A mass m moving at speed v L =mvVvr

In a circular path of radius r
has angular momentum L

For the angular momentum
of a spinning body or mass
distribution, you integrate
L =m(r)v(r)r over all values
of r in the mass distribution




Formation of the Solar System

Anqular momentum

In general, angular momentum L = | w L = Isphere W
where | = moment of inertia and
w = angular velocity (rad/s)

min kg
w in rad/s
rinm

The moment of inertia of a
solid sphere of mass M
and radius R is given by

Isphere = (2/5) M R?




Formation of the Solar System

Anqular momentum

In general, angular momentum L = | w L = Isphere W
where | = moment of inertia and

_ : min kg
w = angular velocity (rad/s) i rade
The moment of inertia of a rin m

solid sphere of mass M
and radius R is given by

Isphere = (2/5) M R?

This equation can be used
to calculate the rotational
angular momentum of a solid
planet like Earth, or to estimate
L, oaiion fOr gaseous bodies like Jupiter




Formation of the Solar System

Anqular momentum

In general, angular momentum L = | w L = lgisk QU

where | = moment of inertia and i -
= angular velocity (rad/s R N minvg

w 9 y( ) ¢ s winrad/s

The moment of inertia of a rinm
very thin disk of mass M

and radius R is given by
lgisk = (1/2) M R?




Formation of the Solar System

Anqular momentum

In general, angular momentum L = | w L = lgisk QU
where | = moment of inertia and - -
w = angular velocity (rad/s R T T~ m in g
J Y ( ) g \\ w in rad/s
The moment of inertia of a , Norinm

very thin disk of mass M
and radius R is given by

Idis.k - (1/2) M R?

We can use this as a first ‘\\ <R —/f
rough approximation of the N !
angular momentum L of the N e
protoplanetary disk from which S~ _ .- -7

the Solar System planets coalesced




Formation of the Solar System

Conservation of angular momentum

Rotation axis

As the nebula collapses
under its own gravity,

It spins faster and < >
flattens into a disk i



Formation of the Solar System

Protoplanetary disks

Star

L ne.

We observe the stages of nebular collapse
Into disks in knots of gas within the Orion Nebula



Formation of the Solar System

Protoplanetary disks

Light from star blocked
(occulted) by a mask

to observe the faint light
from the surrounding disk
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We observe the stages of nebular collapse
In the disk of the young star 3 (beta) Pictoris seen edge-on



Formation of the Solar System

Protoplanetary disks
Beta Pictos | N Hubble Space Telescope = C/ RC
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We observe the stages of nebular collapse
In the disk of the young star 3 (beta) Pictoris seen edge-on



Formation of the Solar System

. Protoblanetarv dISkS ' Artist's conception of B Pictoris
| | - : ' protoplanetary disk

o We observe the stages of nebular collapse ‘
|n the drsk of-i‘the young star B (beta) Plctons seen edge on



Formation of the Solar System

Protoplanetary disks

As the nebula
collapses under
Its own gravity,

It spins faster and
flattens into a disk

This is the natural
explanation why the
planets in the Solar
System orbit in nearly
the same plane, with
nearly circular orbits,
all in the same sense
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iR and some collapse under therr own gravrty N a
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Formation of the Solar System

Four principal stages in Nebular Hypothesis

1) Cool ‘cores’ of gas form in molecular clouds,
and some collapse under their own gravity

2) Protostar and disk form
at centre of core of gas
with the protostar still cloaked inside the infalling matter

— ﬂ
’ .

»



Formation of the Solar System

Four prmcu:)al staqes |n Nebular Hypothesis

1) Cool ‘cores' of gas form in molecular clouds,
‘and some collapse under their own gravi

2y . Protostar and disk form
at centre of core
with the pro_tostar_stiﬂ"(‘:

3) Star eventually becomes powerful enough to
create a 'wind' which breaks out along spin axis.
Most of the mass flows into star through disk.

’é‘"g'ﬂv"a

\\f

"-“ﬁ"gv ‘f‘" )
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Forma |p of the Solar System

FouEprincly ges in Nebular Hypothesis
"\ ‘
1) Co in molecular clouds,.

S

(

g

(o)

and sor *‘5 their own gravity

- —— - -\\
k‘o.’ < o =
o~ . N l

Protostar anddiskform
at centre of core of gas
with the protostar still dloaked inside the infalling matter

eventually pecomes powerful enough to
a ‘wind" which breaks ouit along spin &
ofithe mass flows into star through disk:

r blows away envelope,







Formation of the Solar System

Protostar

(1) The solar nebula contracts

(2) As the nebula shrinks, its motion causes it to flatten

T2 > S

(3) The nebula is a disk of matter with a concentration
near the center

Spherical wind
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Formation of the Solar System

The Cyagnus Trio of nebulae

Butterfly

Nebula Crescent
Nebula




Formation of the Solar System
Condensation in protoplanetary disk




Formation of the Solar System

Condensation in protoplanetary disk




Formation of the Solar System

e

Condensation in protoplanetary disk




Formation of the Solar System

Condensation in protoplanetary disk

N-body supercomputer simulation of condensation of planets

Terrestrial planets form in about 100 Myr (100 million years)



Formation of the Solar. System

Condensatlon in protoDIanetarv dISk

N- body supercomputer S|mulat|on of condensatlon of planets:




Formation of the Solar System

Kelvin-Helmholtz heating

As the nebula collapses
under its own gravity,

It spins faster and
flattens into a disk

It is also converting gravitational
potential energy into thermal energy
becoming hottest at the cloud centre

Egrav - GIM(r)

(1) The solar nebula contracts




Formation of the Solar System

Kelvin-Helmholtz heating

As the nebula collapses
under its own gravity,

It spins faster and
flattens into a disk

It is also converting gravitational
potential energy into thermal energy
becoming hottest at the cloud centre

The gas in the cloud is cooler with {ijinsoMEney S Collrects

Increasing distance from its core.

Only metallic and rocky materials

can condense out of the gas at the
higher temperatures in the inner cloud.




Formation of the Solar System

Condensation In the lanetary nebula

Water
condenses

to form ice
 Methane

: condenses

| to form ice
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Formation of the Solar System

Condensation In the lanetary nebula

Water
condenses

to form ice
» | Methane

: condenses

| to form ice
>
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The 'snow line' or 'frost line'
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Formation of the Solar System

Lewis Model

A sequence of chemical condensation at low pressure

» As the gas temperature T drops with distance
from the centre of the nebula,
different chemical species can condense



Formation of the Solar System

Lewis Model

A sequence of chemical condensation at low pressure

» As the gas temperature T drops with distance
from the centre of the nebula,

different chemical species can condense
» startingat T ~ 1600 K

refractory oxides and metals condense out first




Formation of the Solar System

Lewis Model

A sequence of chemical condensation at low pressure

» As the gas temperature T drops with distance
from the centre of the nebula,
different chemical species can condense
» startingat T ~ 1600 K
refractory oxides and metals condense out first
» thensilicates (T < 1200 K)




Formation of the Solar System

Lewis Model

A sequence of chemical condensation at low pressure

» As the gas temperature T drops with distance
from the centre of the nebula,
different chemical species can condense
» startingat T ~ 1600 K
refractory oxides and metals condense out first
» thensilicates (T < 1200 K)
» then water ice (T < 160 K)




Formation of the Solar System

Lewis Model

A sequence of chemical condensation at low pressure

» As the gas temperature T drops with distance
from the centre of the nebula,
different chemical species can condense

» startingat T ~ 1600 K

refractory oxides and metals condense out first

then silicates (T < 1200 K)

then water ice (T < 160 K)

then ammonia ice and methane ice (T < 100 K)

YV VYV VYV




Formation of the Solar System

Condensation In the lanetary nebula

Condensation sequence

Materials in the Solar Nebula A summary of the four types of materals
present in the solar nebula, along with examples of each type and their typical condensatior

temperatures. The squares represent the relative proportions of each type (by mass).

Metals

-

S )
| &8 __‘/"

Examples iron, nickel, various water (H,0) hydrogen, helium
aluminum minerals methane (CH )

ammonia (NH )

Typical Condensation 1,000-1,600 K 500-1,300 K <150 K do not condense
Temperature in nebula

Relative Abundance

(by mass)




Formation of the Solar System

Cosmic abundances by mass

For the Sun:
X=0.73
X is the mass fraction of hydrogen (H),
Y the mass fraction of helium (He), and Y =0.25
Z the mass fraction of all other elements .
(called "metals” by astronomers) Z =0.02
Anders, E. & Grevesse, N. Meteorites:

"Abundances of the Elements:
Meteoritic and Solar" Geochim. X=0.7006

Cosmochim. Acta 53, 197, 1989
Y =0.2/5

Holt, S. S. & Sonneborn, G. (editors) _
“Cosmic Abundances” 1995 £=0.019




Formation of the Solar System

Raw materials for planets

Hydrogen For the Sun:
Helium —
o X =0.73
of l\)%%n , Y =0.25
‘1 Magnesium
lﬁx?'.l_'f:o?lron Z — 002
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Formation of the Solar System

Raw materials for planets

Hydrogen

Helium
' Carbon

[, Oxygen
o/ ,Neon
Y1 Magnesium

’%‘f:"?‘i-!'f-o 7 Iron Terrestrial planets made
“Vif, ]I Sulfur : _ ) ]
I »/'/H primarily of iron, nickel
‘ and rocky materials
cannot be massive
\A since there were few of
these elements in the

original solar nebula

©
(&
—
(1]
©
=
= |
L
©
(4})
2
©
)
C

| 4 Boron V'M"J\
'8 Lithium -
Beryllium

10 20 30 40 50
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Formation of the Solar System

™

Raw materials for planets

Small metallic rocky bodies also would have condensed
In the cold outer regions of the protoplanetary disk, but there
the temperature was low enough that the cold hydrogen and
helium could be gathered gravitationally to form gas giants



Formation of the Solar System

Gas giants form

N-body supercomputer
simulation of gases gathering
around protoplanetary “seeds”

to become Jovian planets 2

The temperature was low enough that the cold hydrogen and
helium could be gathered gravitationally to form gas giants



Formation of the Solar System

Gas giants form

N-body supercomputer
simulation of gases gathering
around protoplanetary “seeds”
to become Jovian planets

The temperature was low enough that the cold hydrogen and
helium could be gathered gravitationally to form gas giants




Formatlon of the S "iar System

Raw materlals for moons and comets

Ices could also freeze out from the gas in the cold outer- ¥
portlons of. the nebula, from which formed comets, icy moons g
of the Jowan planets Kwper Belt Objects and dwarf planets‘ ;

- e et I|ke PIuto and Erls-_" .

- Comet McNaught |

lapetus: e /

a moon of Saturn




Formation of the Solar System

Condensation in the protoplanetary disk

Silicates and Silicates, iron compounds,
iron compounds ~_ gual._— ices and frozen gases.

Inner disk heated by young Sun.

Ices and gases cannot condense. Mercury -
Particles that condense here are

mainly silicates and iron compounds.

Cold outer disk.
Ices and gases condense here, as
well as silicates and iron compounds.




Formation of the Solar System

Condensation in the protoplanetary disk

v No direct planetesimal creation
v' 1 —100 um (micron) dust grains settle to disk mid-plane
v Grains stick together to build macroscopic

(~cm and larger) objects



Formation of the Solar System

Solids condense from gas at right temperature

triple pt (0099 OC, 0006 atrm)

|
|
20




Formation of the Solar System

Differentiation of elements

When the Earth — and the other terrestrial planets — had just
formed, they were molten. The heavier elements tended to
sink to the centre under gravity.

PV T T
20 =l

Rocky Bodies Collide

Planetismals gather together
under their mutual gravity to
build into larger bodies




Formation of the Solar System

Differentiation of elements

When the Earth — and the other terrestrial planets — had just
formed, they were molten. The heavier elements tended to
sink to the centre under gravity.
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Differentiation of elements

When the Earth — and the other terrestrial planets — had just
formed, they were molten. The heavier elements tended to
sink to the centre under gravity.




Formation of the Solar System

Differentiation of elements

When the Earth — and the other terrestrial planets — had just
formed, they were molten. The heavier elements tended to
sink to the centre under gravity.




Formation of the Solar System

Differentiation of elements

When the Earth — and the other terrestrial planets — had just
formed, they were molten. The heavier elements tended to

sink to the centre under gravity.

A Rocky Body Forms and Differentiates

(From Smithsonian National Museum of Natural History - http:/fvaw.mnh._si.edu/earth/text/S_1_4 0.html)



Formation of the Solar System

Differentiation of elements

When the Earth — and the other terrestrial planets — had just
formed, they were molten. The heavier elements tended to
sink to the centre under gravity.

Inner Core
, Outer Core
e o 1 NS 4
L. Mantle

00UG PETER
McCLURE  CUSHING sifoa 10 §

e o® - PARAMCUNT

— T UNIVERSAL




Formation of the Solar System

Asteroids and meteoroids

These smaller bodies are left over from the early history of
the Solar System. Some are remnants broken apart from
more violent collisions of planetismals. Some never gathered
together.

Eros

Mathilde

_—_— .

59 kilometers Ida



Formation of the Solar System

Asteroids and meteoroids

There are meteorites which represent material from the cores
of planetismals (iron) and the mantles and crusts ( ).
There are asteroids and meteorites which contain primordial
material.




Formation of the Solar System

Nebular Hypothesis: Correct predictions

AN

N N X

Lewis Model:
A sequence of chemical condensation at low pressure

metallic/rocky bodies closer to Sun, icy bodies farther out

Mercury (closest to Sun and centre of original nebula)
has a very large metal core

Venus and Earth have larger rocky mantles
Mars is predominantly rocky
moons of the outer planets are icy

comets and Kuiper Belt Objects, Pluto and Eris also icy




Any guestions?




Formation of the Solar System

Can we't.est and refine the model elsewhere?




The Nebular hypothesis

Can we test and refine the model elsewhere?

Until recently, we had only one example of a planetary system

Any scientist will tell you that a sample of one Our own

IS not a reliable test of any model or theory



A sample of one

Can we test and refine the model elsewhere?

Until recently, we had only one example of a planetary system

Any scientist will tell you that a sample of one Our own

IS not a reliable test of any model or theory

Imagine what our understanding
and appreciation of the world
would be like if we had

only one example

of everything




A sample of one

Architecture

The
Stata Centre




A sample of one

Fashion sense




A sample of one

Food

Betcha can't eat just one!



A sample of one

Music videos

e T,

1980’s Finnish pop stars, Danny & Armi, and their mega-hit
‘Il Wanna Love You Tender”




A sample of one

...mmdm




A sample of many

Searching for exoplanets

To fully understand the process of Solar System birth
and evolution, we need to have other examples




