
Stellar	  Evolu,on	  













Proto-‐stellar	  path	  in	  H-‐R	  diagram	  



Protostars	  



Pre-‐main-‐sequence	  evolu,on	  



Pre-‐main-‐sequence	  evolu,on	  

Ignition of H → He 
fusion processes 



Protostars	  with	  
Planetary	  disks	  



Interior	  Structure	  



Nuclear	  Power	  Genera,on	  



The CNO Cycle 

In stars slightly 
more massive 
than the sun, a 
more powerful 

energy generation 
mechanism than 

the PP chain 
takes over.  

The CNO 
Cycle  



He	  burning	  





The Life of Main Sequence Stars 

Stars gradually 
exhaust their 

hydrogen fuel. 

In this process of 
aging, they are 

gradually 
becoming brighter, 

evolving off the 
zero-age main 

sequence. 



•  Requires temperatures 
above 108 K (8.6 keV) 

•  8Be is unstable -> αα! 
Only at high 
temperature are there a 
few 8Be in equilibrium 
with 4He (energy sink!) 

•  8Be + α -> 12C would 
be too slow if not for 
12C excited state 

•  Predicted by Hoyle! 
•  Remaining α get eaten 

by 12C -> 16O admixture  

Helium Burning 



• Expansion onto the Giant Branch 

Expansion and 
surface cooling during 

the phase of an 
inactive He core and 

a H- burning shell 

The Sun will expand 
beyond Earth’s orbit! 





•  Red Giant Evolution 

He-core gets denser 
and hotter until the 

next stage of nuclear 
burning can begin in 

the core:  

He fusion 
through the 

“Triple-Alpha 
Process”: 

H-burning shell keeps 
dumping He onto the core. 

The onset of this process is 
termed the  

Helium Flash. 



Fusion into Heavier Elements 

Fusion into heavier 
elements than C, O:  

requires very high 
temperatures; occurs 
only in very massive 
stars (more than 8 

solar masses) 



SuperGiant;	  M=20M¤,	  R	  =	  1200R¤	  =	  5.5	  AU(!),	  10-‐8	  g/cm3	  	  



 Super Giant Stars 
•  Last stage of 

superheavy (>10 M¤) 
stars after completing 
Main Sequence 
existence 

•  Initially: Very hot, UV 
radiation 

•  Move mostly 
horizontally on H-R 
diagram (decreasing 
temperature, constant 
luminosity 
–  Heaviest (100M¤) 

never go beyond blue 
SG stage 

–  Others: red SGs 



High-mass stars 
evolved onto the 

giant branch 

Low-mass stars 
still on the main 

sequence 

Turn-off point 

•  HR Diagram of a Star Cluster 



The Final Breaths of Sun-Like Stars: 
Planetary Nebulae 

The Helix Nebula 

Remnants of stars with ~ 1 – a few Msun 

Radii: R ~ 0.2 - 3 light years 

Expanding at ~10 – 20 km/s (← Doppler shifts) 

Less than 10,000 years old 

Have nothing to do with planets! 



Final Stages of Giants (≈M¤) 
•  Final  C core collapse 
•  Shock wave 
•  Outer layers ejected 
•  “Planetary” Nebulae 




