Section 4.
Stellar evolution (l)

4.1 Virial theorem




Goals of this lecture

® Standard properties of stars
Stellar structure and properties
Stellar evolution

® Origin of the elements in the Universe

Nucleosynthesis in stars and supernovae




Section 4.
Stellar evolution (l)

4.1 Virial theor




Stellar life

Planetary Nebula

Small Star Red Giant

White Dwarf

> ®

Red Supergiant

Large Star

N

Stellar Cloud
with
Protostars

IMAGES NOT TO SCALE (C: Essay Web) * Black Hole



1. Massive stars M > 10 Msun

~ 10 Myr

i

B i Supernova |
A Red Supergiant /
| b 5 | L SFgESEa . Neutron Star
Stellar Cloud
with
Protostars

ROKXESEFREOKES E—HULTVEEA (C: Essay Web) Black Hole



y
N

Images are not to scale




Why do stars evolve??




Eiot: TOtal energy
Q: 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 : 100 150 200

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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Summary: Stellar evolution (I)

® Virial theorem (for ideal gas case)
® Internal energy always relates with gravitational energy
® When 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

® Do all the stars produce Fe?? => No.
Equation of states plays an important role



Let’s understand these questions
with the word of physics Knowing % Understanding

® Why do some stars explode?
® Why don’t normal star explode?
® Why do stars show L ~ M4?

o stars evolve?




Thermodynamics

Classical
mechanics

Astrophysics

Electromagnetism

Statistical
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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

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

SBe — ‘He + 4He

pp2

pp3

Textbook by Pols




Energy production rate
(per gram)

q~ pT*

T~4x106K

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

pp2

pp3

Textbook by Pols

Textbook by Prialnik




1b. H burning (CNO cycle) E production rate q ~ pT26
T~1.5x107K

'

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

15N_|_ 1H—> 12C+4H€
|

—>16O+)/
16O+1H—>17F+’y

"F-170+et +v

70 + 'H —» “N + *He
|

Textbook by Pols Textbook by Prialnik



2. He-burning (triple alpha)

“He + “He < SBe

8Be + “He — 12C" — 12C + Yy

2C + *He — '°0 + Y,

Energy production rate
(per gram)
q ~ p2T40

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

T~1.5x108K
Textbook by Prialnik



3. C-burning

T~7x108K

4. Ne-burning

T~1.5x10°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 7% e 04
Si +v & ““Mg + a,

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



