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Lecture 13 

The Lives of the Stars 



A Tale of Two Forces: 

Pressure vs Gravity 



I. The Formation of Stars 



Stars form in molecular clouds 
(part of the interstellar medium) 



Molecular clouds 
Cold: temperatures 10 - 100 K 

Big: sizes up to tens of light years 



In pressure equilibrium (Pg = nkT) 
Stable against collapse… 







From dust to 
stars 

•  Small perturbations 
disturb equilibrium 

• Gravitational 
collapse ensues 

•  Angular momentum 
is conserved 

•  Star + disk forms 



Evidence for Disks 



A star is 
born! 

•  Quasi-equilibrium 
collapse 

•  Core temperature 
increases 

•  At 106K, 
deuterium fusion 
(1H + 2D  3He) 
halts collapse 
(stellar birthline) 

•  Protostars are 
cool and 
luminous 



Star Formation Timescales 
As a star collapses, it converts gravitational potential 
energy Eg into heat, which is radiated away. 
Eg = GM2/R  (E = GM2/Rinitial - GM2/Rfinal)  

The timescale to radiate this away is  
t KH = Eg/L   (Kelvin-Helmholtz timescale) 
L is the luminosity. 

For the Sun, this is 30 million years;  
for the protosun it is about the same. 



Collapse to the Main 
Sequence 

•  When deuterium is exhausted, collapse resumes. 
•  Collapse stops when the core temperature reaches 

about 107 K, and the PP reaction can start up. 
•  A new equilibrium is achieved, until core hydrogen is 

exhausted. 
•  Gas pressure balances gravitational collapse. 

This is the main sequence 



Stellar Timescales 
It takes the Sun about 30 million years to collapse from 
the birthline to the main sequence  
(the Kelvin-Helmholtz timescale) 

The nuclear timescale of ~1010 years sets the main 
sequence lifetime of the Sun 



Stellar Lifetimes. Reprise 

•  Stars generate luminosity through fusion of H into He 

•  The lifetime of a star is proportional to the amount of 
fuel it has (mass) divided by the rate at which it 
expends the fuel (luminosity) 

•  The lifetime τ ~ M/L ~ M-2 (because L ~ M3) 

•  τ ranges from 4x106 years for O stars to ~1012 years 
for M stars 



II. Main Sequence Evolution 
•  Location on the MS is set by mass 
•  Luminosity L is set by core temperature Tc 
•  Nuclear fusion acts as thermostat 
•  Tphotosphere is set by L~ R2Tph

4 
•  Core pressure balance: nkTc ~ GM/R2 
•  Result of fusion: 4H He; n decreases 
•  T increases to compensate 
•  Nuclear reaction rate increases  L increases 
•  Tph increases 
•  Stars evolve up and to left in MS (but not much) 
•  Solar luminosity has increased by 30% in 4.6 Gyr 



The Faint Young Sun Paradox 
4.6 Gya, the Sun was fainter than today. 
•  The Earth would have been even colder 

–  (see discussion of Earth’s equilibrium temperature) 

•  If frozen, it would never have melted 
–  (Water has a 
     very high 
     heat capacity) 

But there has 
been liquid 
water for Gyr 



III. End of the Main Sequence 

In a star like the Sun: 
•  After 1010 years, the core is mostly He 
• He does not fuse at 107 K 
• Core shrinks 
•  Shell outside core heats up and fuses H 
•  Large area large L 
•  Star becomes a red giant 





IV. On the Giant Branch 
•  Timescale ~ 109 years 
•  Core continues slow contraction, heats up 
•  H-burning shell expands 
•  Luminosity increases 
•  When Tc reaches 108 K, degenerate He core ignites 
•  3 4He 12C 
•  Degeneracy lifts, core expands, He core + H shell 
•  Horizontal branch star: Timescale ~ 108 years 





Asymptotic Giant Branch 
•  Inert core continues slow contraction, heats up 
•  H-burning shell expands 
•  He-burning shell expands 
•  Luminosity increases 
•  C/O core never reaches ignition temperature 
•  Shells are very luminous and unstable 
•  Timescale ~106 years 





V. Endgame 
•  High luminosity  large radiation pressure 
•  Large radius  low gravity 
•  Radiation pressure blows off outer layer of star 

–  Sun loses about 40% of its mass 

•  Planetary nebula 
•  Bare stellar core is hot, compact, and inert 



Ring Nebula - M 57  



Helix Nebula 



Hourglass Nebula 
MyCn 18 



Catseye Nebula 



The White Dwarf 

The inert cooling core shrinks under 
gravity to form a white dwarf 

– Radius of the Earth 
– Mass of the Sun 
– Composition: carbon + oxygen 

– Density ~ 106 gm/cm3 

– Cool to about 4000K, then crystallize 





Changes in 
the Sun 

• In 109 years: 
temperature of 
Earth reaches 100C 

• In 1012 years Sun 
fills Earth’s orbit 

What happens to 
Earth? 



Do White Dwarfs Exist? 
•  Sirius A: mag -1.4 A0V 
•  Sirius B: mag 8, ~B0 
•  Magnitude difference: 10 
•  Luminosity difference: 104 
•  L ~ R2T4 
•  (RA/RB)2 = (LA/LB)(TB/TA)4 
•  Temperatures ~ same 

• ∴ (RA/RB)2 ~ 104, or RA/RB ~ 100 
•  RA ~ 3 R, so RB ~ 3 REarth 



Intermediate Mass Stars 

Mass between about 1.5 
and 8 solar masses 

•  Higher mass ⇒ higher 
core temperature 

•  Higher Tc ⇒ different 
fusion path 

•  CNO cycle: 4H ⇒ 4He 
using 12C as a catalyst 

•  More efficient than PP 
Evolution similar to Sun 



Lower Mass Stars 

•  Tc never gets hot enough for He to fuse 
•  End as white dwarfs with helium cores 
•  But none exist yet! 



Brown Dwarfs 

• Mass < 0.076 M (80 Jovian masses) 
• Core becomes degenerate before TC 

reaches H ignition temperature 
• No stable H burning 
•  Just cool off 
• Radius ~ Jovian radius 



Degeneracy 
Pauli Exclusion Principle: no two electrons can have 
the same position and momentum (mv) 
• Normally, momentum is set by temperature 
• High pressure forces electrons towards the same 
position. 
• At high density, electrons attain momentum larger than 
expected from thermal temperature 
• This momentum provides pressure 
• Degenerate pressure does not depend on temperature 



The Winner 

Gravity 


