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Basic conservation laws 

Energy, 
Momentum, 
Angular momentum, 
Electric charge, 
Baryon numer, 
Lepton number 
 



Range of different forces 

• Gravitational – infinite  

 

• Electromagnetic – infinite 

 

• Weak – very short ~ 10−16 m !!! 

 

• Strong (nuclear) ~ 10−15 m !!! 









Protons and Neutrons 
u charge= +2/3 d charge= -1/3 

Which is a proton; which is a neutron? 







Maxwell-Boltzmann distribution 





What does temperature mean?  

http://ncelementaryscience.files.wordpress.com/2010/07/thermometer.gif 

 

                   EQUIPARTITION PRINCIPLE   
 
All species of particles have the same average kinetic energy. 
 

According to the equipartition principle , for each kind of  
(monatomic) particle with mass mi : 
 

   

 
 

Particles of mass mi, at temperature T, have average velocity: 
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Pressure does not depend on temperature !!! 



Hydrostatic Equilibrium 
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Stellar evolution timescales 

hydrodynamical 

Kelvin-Helmholtz 

nuclear 



  Albert Einstein 
 
E= mc2  
 



Binding energy per nucleon 

Energy can be liberated 

via nuclear fusion 



Nuclear reactions 
Conservation Rules 

• Conservation of charge 

• Conservation of baryon number 

• Conservation of lepton number 

 

 Example: neutron decay  

Example: 1st step of pp cycle 

Example: particle annihilation 



1/r Coulomb repulsion 

strong nuclear potential  



Quantum-Mechanical Tunneling 

For 2 protons in the core of a star with 

a typical stellar interior temperature: 

Coulomb repulsion prevents fusion 

1/r Coulomb repulsion 

strong nuclear potential  

Heisenberg Unc. Pr.: 
 

+ small de Broglie wavelength:         
 

means that 2 protons within ~1 l of 

each other can fuse! 

  

l = h p

                 Classical Behavior 

incoming classical proton   

is repelled 
QM wave-like 

proton can tunnel 

 

                 Tunneling 











The proton-proton cycle 

http://csep10.phys.utk.edu/astr162/lect/energy/ 

You’ll calculate the details in HW problems, but for now: 

• L


= 4 x 1026 J/s 
• 1 pp cycle yields Dm(4H – 4He) = (6.68– 6.63) x 10-27  
  = 5x10-29 kg x c2 = 5x10-29 x 9x1016 m2/s2 

  = 4.5x10-12 J 
  
 every second there are ~ 4x1026/4.5x10-12 ~ 1038 cycles  



The CNO Cycle 

Why is the required temperature higher than for the pp cycle? 

Net result: 4p  He + E 

(neutrinos escape!) 





•Stellar models confirm: 

  L and T of MS stars are precisely 

what is predicted if stars fuse H into 

He in their cores 

•Most stars are observed on the MS 

precisely because the MS phase is 

the longest-lasting phase in a star’s 

life 

Significance of the  
   Main Sequence  



The virial theorem 



The Main Sequence 

90% of stars are on 

or near MS 

 

~10% WD 

tiny fraction  

L∝R2T4 



After core H is depleted 

Consider P vs. G: 

P from H core fusion now = 0, so… 

Core contracts, releasing GPE. 

Recall: General rule from Virial Theorem:  

a.   ½ released GPE heats gas 

b.   ½ released GPE is radiated  

a.  Increased T ignites H in a shell around 

core 

b.  Star’s luminosity increases 
 

He 



The star is now a 

subgiant, on its 

way to becoming a 

red giant 

 1 M

 star 



   Mass loss as a red giant 

John  Lattanzio, Monash U. 
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Note larger range in log L 

Compared with previous HRD 
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R increases dramatically on the RGB  



Broken Thermostat 
• As core contracts, HHe 

in shell around core, raising 
Tshell, accelerating fusion 
rate in shell 
 

• Lshell increases: core 
thermostat is broken: 
increasing shell fusion rate 
does not stop core from 
contracting and heating 
further 
 

• Eventually T reaches He 
fusion temperature 

based on image from 2004, Pearson Education 



“to flash, or not to flash….” 
• Lower-mass stars (< 2 M


):  

     At He ignition, core density so high, electrons are degenerate: 

• Ideal gas: P~rT      • Degenerate gas: P~rx   ⇒  P≠f(T)! 

• Heating does not expand the gas in the core, but merely     

raises T, increasing reaction rates. 

• Explosive reaction ensues - “Helium Flash” - core briefly 

reaches ~1011 L
 

(though none reaches surface; 

expansion). 

•  Degeneracy removed and “normal” He-burning follows. 

• Higher mass stars (> 2 M


): At He ignition, core is 

sufficiently low-density to be non-degenerate (radiation 

supplies pressure). 



Triple-Alpha Process 

•The intermediate product 8Be is very unstable, and will 

decay if not immediately struck by another 4He.  Thus, this 

is almost a 3-body interaction, as shown. 

•There is a very strong temperature dependence.  A 

10% increase in T increases the energy generation by 

a factor of 50! 

 
http://cecelia.physics.indiana.edu/life/stars/nuclearrxn/he4.mpg 





Horizontal Branch (core He fusion) 

4He12C (and 16O) 

Globular cluster HRD 

After the He flash, star 

fuses He quiescently in 

its core; star now on the 

horizontal branch 



What we mean by  
“branches” on the HRD 

• Red Giant Branch stars have a contracting core and a hydrogen-

burning shell. 
 

• Horizontal Branch stars have a helium-burning core and a hydrogen-

burning shell. 
 

• Asymptotic Giant Branch stars have a contracting core, a helium-

burning shell and a hydrogen-burning shell. 



AGB Star Core 



http://www.strw.leidenuniv.nl/~woitke/AGBchaos.gif 

Region Around an AGB Star 



 • More convective    

dredge-up, this time 

of C, s-process  

• Superwind & shell 

ejection 

Planetary Nebula Gallery 

Results of AGB Thermal Pulsing 

http://www.williams.edu/Astronomy/research/PN/nebulae/


Summary: 1 𝑀ʘ  Evolutionary Track 

http://outreach.atnf.csiro.au/education/senior/astrophysics/images/stellarevolution/hrsunplannebwd.jpg 





  White Dwarfs on the HR Diagram 

• small 
• hot 
• faint 



 

 
Sirius B is the closest white dwarf (d~2.4 pc) 

Chandra X-Ray Observatory 

= 4.0 x 109 kg/m3 water at STP=103 kg/m3 
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atomic number, Z 

  

r = AmpnZ  

nuclear mass mass density of Z  

Degeneracy Produces Gas Pressure 

x 

vx 

vxt 

  

ne = ZnZ
number density of atom Z 

 We know all atoms are completely ionized: 

 We also know : 
(We are ignoring me and the  

 p-n mass difference.)  
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...and we saw that Pdeg ~
ne

5 3

me

for a non-relativistic 

degenerate gas 

  

  i.e.,   Pdeg µ r5 3



Origin of the WD Mass-Radius Relationship 

From hydrostatic equilibrium:  

Let DP=P and DR=R, and               so we have:  
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For a degenerate non-relativistic gas we saw            (back a few slides)  

  

Pµ r5 3

Equating these:  

   

M 2

R4
µ
M 5 3

R5
,  which yields    R µM-1 3

This is the Mass-Radius relation for white dwarfs… 



…but it can’t be true for all masses: 

When electrons become relativistic, EOS changes. 

For a degenerate relativistic gas: 

  

Pµ r4 3

So we get:  

   

M 2

R4
µ
M 4 3

R4
which has no solution for R 

With the appropriate coefficients, this represents the maximum WD mass: 
 

  the Chandrasekhar Limit (~1.44 M


) 

This is the maximum mass that degenerate electron pressure  

         can support against gravity. 

(not 5/3)  




