Section 4.
Stellar evolution

4.1 Virial theorem




Let’s understand these questions
with the words of physics

® \Why are stars so luminous?

® \Why do stars show L ~ M4?

® \Why do stars evolve?

® \Why does the destiny of stars depend on the mass?
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Why do stars evolve??




Eiwot: TOtal energy
QQ: Gravitational energy
U: Internal energy

No nuclear burning
- Total energy decreases
- Contraction (gravitational energy decreases)

- Temperature rises



Contraction
=> temperature rise
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Heated iron stars
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Nuclear binding energy

Larger binding energy
= more stable
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Fe has the largest
Eb/nucleon - TR T

Number of nucleons, A (mass number)
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Then, all the stars produce Fe? => No
Stellar material does not always behave as ideal gas
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Do all the stars evolve to Fe core?? => No
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Stars can be supported by
electron degeneracy pressure

White dwarf
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White dwarf: supported degeneracy pressure

Ideal gas
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EOS Evolutionof T cand p_c
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Ssignment p. For those who have not taken stellar evolution in undergrad course

2a. Derive pressure of ideal gas from the Maxwell distribution

2b. Derive pressure of degenerate electrons
(both for non-relativistic case and relativistic case)

2c¢. Derive radiation pressure from Planck function
2d. Draw the regions where

- ideal gas pressure

- degenerate pressure of non-relativistic electrons
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ASSign ment P For those who have taken stellar evolution in undergrad course

Please attend some part of the conference
“ELT Science in Light of JWST” at Katahira from June 3-7.

Summarize the one of the invited talks you got interested in
(e.g., specification of TMT/GMT/ELT, some science cases)

about 2 pages, A4
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Summary: Stellar evolution
® Virial theorem (for ideal gas case)
® |nternal energy always relates with gravitational energy
® \Vhen stars lose energy, they contract
® Temperature rises (“negative heat capacity”)
® Evolution of density and temperature
® Rise in temperature due to contraction T ~ p1/3
® Next burning stages => Onion-like structure

® Importance of the equation of state

® Stars stop contraction if supported by degeneracy pressure
=> No temperature rise => End of nuclear burning

® The core of low mass stars become a white dwarf
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1a. H-burning (pp chain)

'H+ ' H->2H+et +v

’H+'H - 3He + y

T

SHe + °He — *He + 2 'H ‘He + “He — 'Be + y

pp] /\

Be+e” —» 'Li+v Be+'H—-°B+y
Li+ 'H — “He + *“He B — *Be + et + v

SBe — ‘He + 4He

pp2

pp3
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Energy production rate
(per gram)

q~ pTA

T~4x10°K

IHy'H S 2H+et + v

H+'H—He +y

T

3He + 3He — “He + 2 'H 3He + “He — "Be + y

"Be+e” — 'Li+v Be+'H-®B+y
"Li+ 'H — “He + “He 5B > %Be+et +v

8Be — 4He + “He
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pp3
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1b. H burning (CNO cycle) E production rate q ~ pT6
i 1.5 107 K

'

PC+H - BN +y
BN - BC+et +v
BC+H - UN+y
— " UN+'H-> P0O+y
BO - BN +et +v

15N_|_ 1H—> 12C+4H€
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2. He-burning (triple alpha)

“He + “He < SBe

8Be + “He — 12C" - 12C +y

2C + *He — '°0 + Y,

Energy production rate
(per gram)
g ~ pZT40

_1n8
T=10"K —  n(8Be) : n(*He) = 1: 10°
p=10°gcm™3

1 >1.5x108K
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3. C-burning

T~7x108K

4. Ne-burning

T21.5x10° K

5. O-burning

T~2-3x10°K




6. Si-burning (Nuclear statistical equilibrium)
T>4x10%K

High temperature => photo-dissociation

8Si (y, @) **Mg (7, @) “Ne (7, @) '°0 (y, @) *C (v, @) 2«

He capture

8Si (@, y) S (@, ) *Ar (a,y) “Ca(a,y) **Ti(a,y) ...”°Ni

(Ex.)

=> equilibrium of many reactions — ”
Si +v & ““Mg + a,

Nuclei with high binding energy tend to be produced (Fe, Co, Ni)



