What is the name of the sequence of nuclear reactions that
generates the energy in the cores of main-sequence stars that
are half the mass of the Sun?
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The event separating the red giant phase from the horizontal
branch phase of stellar evolution for low mass stars is the
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Gas & dust disks observed

around young stars
IRAS 04302+2247 Orion 114-426
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Primordial Solar Nebula

The rotating solar nebula is composed of

Starts out at several thousand K, then cools:
. ->
when depends on their individual
“condensation temperatures”



The “Frost Line” (Snow line)

Rock & Metals condense when gas is cooler
than 1400-1300 K.

lce condenses when the gas cools below 200 K.
Inner Solar System:

Outer Solar System:

frost line”

Temperature is determined predominantly by
distance from the Sun!






Energy In = Energy Out implies that T=280 K (AU/D)'?




Hotter, no ices.

Cooler, ices.

Cooler still.



Dust grains form
‘planetesimals”

Grains have low-velocity collisions, stick, form
bigger grains.
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condensing ices onto the grains. Lots of H!!!

* Grow into km-size planetesimals in few thousand
years.

* Once km-sized, gravitation assists further
aggregation: gravity attracts more material.

« Rapidly accelerated growth (runaway) into planets.
« Gather H and He if available. Dichotomy.



“Frost line

Hydrogen helium
84S nebula

- Accreting rocky
planetesimals

ess mass 1o collect.
Smaller, rocky, no ice or gas.
Terrestrial Planets

Accreting rock-ice
planetesimals

More mass.
Collect more gas!
Gas and Ice Giants



Terrestrial Planets

Only rocky planetesimals inside the frost line.

It is Hotter closer to the Sun:

* Inner planets cannot capture H & He gas, and
thus do not become gas giants.

» Solar wind disperses H & He.

Result:
* Form rocky terrestrial planets with few ices.




Jovian Planets

lces augment the masses of planetesimals

These collide to form large rock & ice cores:
* Jupiter & Saturn: ~10 M_, rock/ice cores.
* Uranus & Neptune: ~1 Mc_,, rock/ice cores.

Larger masses:

 Accrete (gravitationally gather) H & He gas from the
surrounding disk.

* Planets with the biggest cores grow most rapidly.
Largest gas giants scatter or accrete the remaining

planetesimals & protoplanets (the big get bigger, the
smaller get eaten, or ejected).






Formation
Migration
Growth

What stops
growth?

Gap formation
Isolation mass




Migration with Gas

When a massive planet forms in a disk, couplings between
the disk and the planet can make the planet “migrate”
from the radius where it formed

While the details are a subject of intense research, the
close-in Jupiters (100" s of them) probably formed outside
the frost line and then migrated inwards

Some of the details are important — for example, if this
works so well, how do you keep it from sweeping all
planets into the star!



The rest

Moons & Rings: Gas gets attracted to the proto-
Jovians & forms rotating disks of material:

* Mini solar nebulae around the Jovians
* Rocky & icy moons form in these disks.

Asteroids:

 Gravity of the proto-Jupiter keeps the
planetesimals in the main belt stirred up.

* Never get to aggregate into a larger bodies.

Comets:
* |lcy remains at the outskirts of the Solar System.




Artist's debris disk of icy bodies



Images of debris disks
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Where does all this stuff come from?

‘ Periodic Table ;
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22.99 24.31 3 4 5 6 7 8 9 10 11 12 26.98 28.09 30.97 32.07 35.45 39.95

19 20| 21| 22| 23| 24| 25| 26| 27| 28| 29| 30| 31| 32 33| 34| 35| 36

K{Ca|Sc|Ti|V |Cr{Mn|Fe|Co|Ni|Cu|Zn|Ga|Ge|As|Se

39.10 | 40.08 | 44.96 | 47.87 | 50.94 | 52.00 | 5494 | 55.85 | 58.93 | 58.69 | 63.55 | 65.41 | 69.72 : 74.92 | 78.96 | 79.90 | 83.80
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45| 46 48 51
Rb|[Sr| Y |Zr [Nb[Mo|Tc|Ru|Rh|Pd|[Ag|Cd|In|Sn|Sb|Te| I

85.47 | 87.62 | 88.91 | 91.22 | 92.91 | 95.94 | (98) | 101.07 | 102.91 | 106.42 | 107.87 | 112.41 | 114.82 | 118.71 | 121.76 | 127.60 | 126.90 | 131.29
55( 56| 57| 72\ 73| 74| 75| 76| 77| 78| 79| 80 83 86

81 82
Cs|Ba|lLa|Hf | Ta|W |[Re|Os| Ir | Pt |Au Tl | Pb| Bi | Po | At

132.91 | 137.33 | 138.91 | 178.49 | 180.95 | 183.84 | 186.21 | 190.23 | 192.22 | 195.08 | 196.97 | 200.59 | 204.38 | 207.2 [ 208.98 | (209) | (210) | (222)
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See “It's El tal: The Periodic Table”
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(223) | (226) | (227) | (261) | (262) | (266) | (264) | (270) | (268) | (281) | (272)

58| 59| 60 62| 63 66| 67| 68| 69 71

64 65 70
Ce| Pr |Nd [Pm|Sm|Eu|Gd|Tb|Dy|Ho| Er |Tm|Yb|Lu

Molecular 140.12 | 140.91 | 144.24 | (145) 150.36 | 151.97 | 157.25 | 158.93 | 162.50 | 164.93 | 167.26 | 168.93 | 173.04 | 174.97
Research 90 91 92

Institute | |Th|(Pa| U [Np|Pu|Am|Cm|Bk|Cf | Es [Fm|Md|No]| Lr

232.04 | 231.04 | 238.03 | (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (262)




Log ' O(Abu ndance)

Where does all this stuff come from?
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Where does all this stuff come from?
Answer: Nucleosynthesis

Universe starts with mostly Hydrogen & Helium.

Almost all other elements produced by stars and
stellar processes (explosions, or extreme
transformations).

Massive stars: Fuse H into elements up to. Eject into
the interstellar medium during Supernova.

Intermediate mass stars: Eject CO, He, H
Low mass stars: Eject H, He.



End of Silicon Burning Phase:

H Burning _
Shell Core Radius: ~1 R

He Burning
Shell

C Burning
Shell '
Ne Burning
Shell

urnin ‘
°° She?l \“

Si Burning
Shell Envelope: ~ 5 AU

earth




Massive star supernovae: 1 every
50-100 yrs in the Milky Way




Top Ten Most Abundant Elements

10)| Sulfur | 1) Hydrogen
9)|Magnesium
)|Iron

)| Silicon

) Nitrogen of massive star
)INeon Supernovae
)
)
)

Products

Carbon
Oxygen
Helium










Nitrogen? Massive asymptotic red
giants (AGB stars): Mix C + p’s. Eject

3urning
Shell

Burning
Shell

C Burning
Shell

Red Supergiant
Envelope



What about Gold, Platinum, Uranium? Either exotic
supernova explosions of neutron star-neutron star
mergers. Need super-high temps, lots of neutrons.

Magnetic fields

Neutron stars

Masses: 1.5 suns

Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

Simulation begins

7.4 milliseconds

13.8 milliseconds

Black hole forms
Mass: 2.9 suns
Horizon diameter: 5.6 miles (9 km)

magnetic field

15.3 milliseconds

21.2 milliseconds

26.5 milliseconds




What about other heavy elements? Some probably
produced in the super-heated wind that comes off
neutron stars at birth.




Wikipedia: WRONG!
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Summary

Massive star supernovae: O, C, some Fe

White dwarf (Type la) supernovae: Fe

ntermediate mass AGB stars: N, some heavy elements
-Heavy elements like Au: maybe NS-NS mergers.

Heavy elements like Sr, Y, Zr: maybe NS winds.

Normal stars: H, He, C, O, etc.
He fusion in intermediate mass stars makes the C.



We are star stuff.

Metal-enriched gas mixes with interstellar gas

* Goes into the next generation of stars.

e Successive generations are more metal rich.
Sun & planets & us are about 4.5 Gyr old.

« Contain lots of metals C, N, O, Si, Fe, Mg, Au ...

The Solar System formed from gas enriched by
previous generations of massive stars.

Future stellar generations will form from the gas
enriched by the Sun and stars we see today, but more

and more of the gas will get locked into WDs, NSs, and
BHs.



