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SPIN-STATE TRANSITION — MOLECULES AND
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Orion Nebula + OMC-1 Region
PRC97-13 « ST Scl OPO « May 12, 1997 Hubble Space T8|ESCODG
R. Thompson (Univ. Arizona), S. Stolovy (Univ. Arizona), C.R. Q'Dell (Rice Univ.) and NASA
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A STAR IS BORN...

Coronal
streamer

...OR NOT.

Brown Dwarf Gliese 2298 20-50 M,

Palomar Observatory
Discovery Image
October 27, 1994

PRC95-48 - ST Scl OPO - November 29, 1995
T. Nakajima and S. Kulkarni (CalTech), S. Durrance and D. Golimowski (JHU), NASA

Hubble Space Telescope
Wide Field Planetary Camera 2
November 17, 1995
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L-DWARF BINARY

VLT/NACO
VLT/NACO 22 Mar. 2003
18 Feb 2003
% .
- Keck/NIRC
4 Dec. 2003
HST/ACS/HRC

/ (Jﬁ*—h——h—# .L HST/STIS

. 9 Jan 2004
GEMINI/Hokupa'a ° . :
7 Feb. 2002 primary: 90 M,
- ¢ secondary: 70 M,
P
HST/WFPC2 ¢ brown dwarf cutoff:
25 Apr. 2000 75-80 MJ
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BROWN DWARFS

Sun

M-type L-type T-type Jupiter
(star) (brown dwarfs) (planet)
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SIMULATED /:z;f;i?:.zs;
STARFORMATION

Ejected stars

Star with disk
Brown dwarf 1,000 A.U.

© 2004 Thomson/Brooks Cole
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Lightweight stars

GRAVITY vs. PRESSURE 20 % _o—.

Gas and dust Main Red giant Planetary White
sequence nebula dwarf
(10 billion years (50,000 years)
for 1 solar mass)

STELLAR LIFE CYCLES
—— e

explosion

Gravity Pressure
I

-

-0 S

Gas and dust Main . Neutron star and
Contracting pre-main- Star: T> 10°K Mechanical balance: sequence Siparglart \mpe:mva remnant

{10 million years
for 15 solar
masses) Black hole with its
short-lived accretion disk

sequence star in center “hydrostatic equlibrium”

© 2004 Thomson/Brooks Cole

© 2004 Thomson/Brogks Cole
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CORE
COMPOSITION

e over billions of
years, H gets used
up in the core

¢ He increases over
time in the core

e NUCLEOSYNTHESIS is
the conversion from
one element to
another

THE LIEE OF
HE SUN R

ii . ii -
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THE SOLAR INTERIOR

e H fusion

e Concentric
shells with
different
nuclear fuels
surrond the C-
Ne-0 core near
the end of the
Sun’s life

THE SOLAR INTERIOR

continues in a
shell around the
core when there
is no more H in
the core

¢ H-burning is still

confined to high-
density, high-T
regions

¢ The sun would
really be red not
yellow
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PLANETARY NEBULAE

* not really associated
with planets

e this is Abell 39

* good spherical
symmetry in the
expanding shell

¢ the shell can look
like a ring if it is
thin
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PLANETARY NEBULAE

—»To Earth

T Expanding
shell of gas

RING NEBULA

o different
colors ->
different
atomic
emissions ->
different
energies
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® Tycho's SN
remnant

¢ Chandra x-
ray image

® SN observed
1604

*  dust

~* Barnard 68
: : ' 0.2-pc

| et Lo cloud

: : b T (~0.6
light years
across)

® Cass A

" ¢ Chandra x-ray
< image

* SN in 1680
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- CONDENSATION

e refractory
materials

e volatile

materials
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TEMPERATURE IN THE DISK

Earth Jupiter Saturn

Silicates,
rocky material

Temperature (K)

Water ice

/Ammonia ice

5 10 5
Distance from Sun (A.U.)
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TABLE
| Abundances of t r System A bundances)

Element A(EL, N(E), Element A(E), N(Ely, Element A(ED, N(EI),
H... 12 2431 = 10 Ge 370 £0.05 1206 Sm 0.2542
He. 10984 +0.02 2343 = 10 As 240 £0.05 6,089 Sm* 0.2554
Li 335 +0.06 554 Se 3.43 6579 Eu 009513
Be 148 £ 0.08 0. | 2.67 Gd ... 03321
B 285 £0.04 17 Kr 336 Th 005907
C 846 +0.04 7.079 x 10° Rb. 243 £006 6572 Dy 03862
N .90 £0.11 1950 x 107 Rb* 244 006 6,694 Ho 0.08986
Q. 8.76 +0.05 1413 x 107 Sr 299 +0.04 2364 Er 0.2554
I 153 40,06 8411 Sr 200 +0.04 ns Tm 0.03700
Ne 795 £0.10 2148 x 10° X 228 +003 4,608 Yh.

Na 637 =003 5751 x 1O Zr 267 £0.03 11.33 Lu 003572
Mg. 7.62 £0.02 1.020 x 10 07554 Lu' 0.03580

Al 6,54 £0.02 2,601 HI . 01699
Si 7.61 +0.02 1.900 HI* 0.1698
P 554 £0.04 [ Ta 002099
s 7.26 +0.04 1435 W 0.1277
l 533 +0.06 04913 005254
Ar.. 662 +0.08 1.584 0.05500
K 3692 0.1810 0.6738
{ 06713
Ca 0.6M8
Sc
Ti 2422 09975
v 2884 5391 123 018

1.286 x |0¢ 03671 088 +0.04
9168 4351 213 £004
0.03 8380 x 10 04405 212 004
0.03 2323 1169 0.76 +0.03 0.1388
0.03 4.780 x 10° 0.1737 0.16 £0.04 0.03512
£ 0,06 5270 08335 0.26 +0.04 0.04399
0.04 1226 08343 | —0.42 £0.04 9306 x 10
Ga., £ 0,06 3597 ur 0.01 £0.04 24631 x 1077
Note. — Values for elements marked with an asterisk are abundances 4.55x 10" yr ago. Mass fractions for proto-Sun: X, = 0.7110, ¥, = 0.2741,
Zo = 00149, 3 Zy=00210. The astromomical log scale and the cosmochemical abundance scale by number are coupled by
A(El), = log + 1614,
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Substance Formula Temperature of condensation? (K)

PLANET FORMATION

corundum ALO;

perovskite CaTiO; 7
spinel MgALO, CONDENS' - coagulation
nickel-iron metal Ni, Fe :

pyroxene (diopside)  CaMgSizO5 ATION T ; ; planetesimals

olivine (forsterite) Mg»Si0y 1444 = gl'aV'ltat'lOﬂal

alkali feldspars (Na)AISisO5 <1000 SE QUENCE % , focusing begins

: planetary
hydrated minerals® (variable) 550-330 ; y em b ry 0S

troilite FeS 700

molecular substances

water H,0 (as an ice) . 180 g13nt 'ImpaCtS

— NH B0 (ic0) 120 '_ e and planets
methane CH,4.6H,0 (ice) 70 3
nitrogen Nz.6H;0 (ice) 70

“The temperatures of condensation given are those that would occur if the pressure
in the nebula had been about 10-3 bar (102 Pa). At lower pressures, the condensation
temperatures would have been reduced slightly.

b 4 2 e : L =
Hydrated minerals are chiefly silicates with OH or H,O in their formulae. S 8 <P 6481 2008-07-29 54
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final embryo masses
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escaped
satellite *

-
/Incoming ‘rogue’ planet

PLANET BUILDING

e GRAINS -- dust, o P
form by 3
condensation, grow P
by sticking,

coagulation

PLANETESIMALS --
grow by accretion,
gravitational
focusing becomes P
important for large o
planetesimals

1893

2058
Pluto,
a Nopu
Neptune pne
Neptune — MNeptuna Pﬁlutn
Pluto

1 Neptune orbit after 1893 2 Neptune orbits after 1893
/3 of a Pluto orbit after 1893  1Y/3 Pluto orbits after 1893

LANETARY
MBRYOS or PROTO-
LANETS -- grow by

giant impacts,
gravitational
focusing is very
important, can

erturb each others’
rbits
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1978

Neptune —

Pluto

3 Neptune orbits after 1893
2 Pluto orbits after 1893
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IMPACT ON THE EARLY
EARTH

GIANT IMPACTS

during the planetary
embryo accretion stage

MOON-FORMING IMPACT

| A B - £ M@" 9
e 6-day simulation * iron: ~8 g/ cm?

* o~ 3
¢ colors represent density : :::kl 93/9':{“ (3:m

e Earth average: 5.5 g / cm?
e Moon average: 3.3 g / cm?
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MOON-FORMING IMPACT

a2

e 24-hour
simulation

* colors
represent
temperature

LUNAR METEORITES
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COMPOSITION:EARTH vs MOON MARE IMBRIUM
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CI chondrite Moon Ratio of trace element

(primitive meteorite) (crust +mantle)  (crust+ mantle) abundance Moon/Earth
Volatile? elements il
K (ppm) 545 180 83 0.46 i
Rb (ppm) 232 0.55 0.28 051
Cs (ppb) 279 18 12 0.67
Moderately volatile
Mn (ppm) 1500 1000 1200 1.20
Refractory elements
Cr (ppm) 3975 3000 4200 1.40
Th (ppb) 30 80 112 1.40
Eu (ppb) 87 131 210 1.60
La (ppb) 367 551 900 1.63
Sr (ppm) 726 178 30 1.69
U (ppb) 12 18 33 1.83
Siderophile® elements
Ni (ppm) 16500 2000 400 0.200
Mo (ppb) 1380 59 14 0.024
Ir (ppb) 710 k] 0.01 0.003
Ge (ppb) 48000 1200 35 0.003




ORIGIN OF TERRESTRIAL
PLANET ATMOSPHERES

PRIMARY ATMOSPHERE

e composed of e light gases (H & He)
whatever gases would have rapidly
available at time of escaped
formation

- hydrogen

= helium

- methane (CH,)
- ammonia (NH,)
- water (H,0)

ORIGIN OF TERRESTRIAL
PLANET ATMOSPHERES

SECONDARY ATMOSPHERE

¢ produced by outgassing e also delivered by

- gases released from impacts of asteroids
melts in the interior and comets

- volcanically introduced - mainly water

- water (H,0) - impacts also REMOVE
- sulfur dioxide (S0,) atmosphere

- carbon dioxide (CO,) e interactions with

— nitrogen compounds surface

PLANETARY EMBRYO
ACCRETION

Raymond et al. 2006

PLANETARY EMBRYO
ACCRETION

Raymond et al. 2006




