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And the winner is… 
 Gravity 



Stars are the result of the delicate 
balance between 

– Gravity, and 
– Thermal pressure 

Nuclear fusion acts as a thermostat to 
regulate the balance 



Stable Equilibria 

•  Planets: compression strength of rock 
• Brown dwarfs: Degenerate electron 

pressure 
•  Low mass stars: H fusion 
•  Intermediate mass stars: H fusion; He 

fusion 
• High mass stars: H fusion; He fusion; 

+ more 



Endpoints. I. 

Stars like the Sun (up to 8 solar masses) 
have enough gravitational pressure to get 
core temperatures high enough 
(about 108K) to fuse 
4He to 12C and 16O. 

The result is a CO white dwarf 



High Mass Stars 

•  Spectral types O and B 
•  Masses up to ~ 120 M 
•  Luminosities up to ~106 L 
•  Radii up to ~100 R 
•  What sets the upper mass limit? 
Radiation Pressure (L) exceeds gravity (M/R2) 

for massive stars 
Because L ~ M3, g ~ 1/M 



Core Temperatures 

•  Increased gravitational pressure  
higher Tc 

• Higher Tc  larger velocities 
•  Larger velocities overcome larger 

electric repulsion (~atomic number2) 
•  Further nuclear reactions can occur 



Alpha capture 



Onion skin model 



Binding Energy 



Unstable Stars 



Endpoints. II. 
Fusion reactions up to Fe release energy 
When the Fe core forms: 
• Tc ~ 109 K 
• M > 1.4 M 

Degeneracy pressure fails to support the star 
The upper mass limit for a white dwarf (a star supported 
by degenerate electrons) is 1.42 M. 
This is the Chandrasekhar limit 



Beyond White Dwarfs 
•  The high mass core shrinks under gravity. 
•  Temperature increases 
•  Fe disintegrates into protons and neutrons 
•  Protons and electrons combine to form neutrons 
•  This takes heat out of the star 
•  Without pressure support the core collapses 
•  Gravitational potential energy is converted to heat, 

and the outer part of the star is ejected 
•  The core may stabilize as a neutron star 



Supernovae 

Chaco Canyon NM 

Petroglyph thought 
to show Crab 
Supernova, 
4 July 1054 



Supernovae 
In a supernova, the entire gravitational potential 
energy of the star is released in a few milliseconds 

The outer envelope is ejected at high velocities 
(10,000 - 20,000 km/s). 

1% of the energy comes out as light (1051 ergs); 99% 
comes out as neutrinos 

A supernova can appear as bright as an entire galaxy. 

The star is destroyed 



Historical Supernovae 
•  Crab. July 4, 1054. Seen in Asia and America 
•  Tycho’s supernova. 1572 
•  Kepler’s supernova. 1604 
•  S Andromedae (in M31). 1885 
•  SN 1987A (in LMC). 1987 



SN 1987A 



The Debris of Stars 
•  Supernovae create 

elements up to Fe via 
nuclear fusion 

•  The high flux of neutrons 
builds up n-rich isotopes of 
all elements (the r-process) 

•  n-rich isotopes decay by β-
decay to create stable 
isotope. 

•  All known elements can be 
made this way. 



Supernova Remnants 

Crab 
(M1) 



Supernova Remnants 

Tycho 
(X-ray image) 



Supernova Remnants 

Kepler 



Supernova Remnants 

SN 
1987A 



Old Supernova Remnants 

Cygnus Loop 



Types of Supernovae 
There are 2 main ways to get a stellar core more 
massive than 1.4 solar masses 
• Massive stars (M>8M) make large cores 

–  Massive star (core collapse) supernovae are Type II 
• Adding mass to a 1.4M white dwarf 

–  White Dwarf supernovae are Type Ia 

(there are other types) 



Type II Supernovae 

•  A wide variety of characteristics 
• Core collapses into a compact object 

– Neutron star 
– Black hole  



Neutron Stars 
•  Supported by pressure from 

degenerate neutrons. 
•  Since neutrons are 2000 times more 

massive than electrons, the neutron star 
is ~2000 times smaller  

• Densities exceed nuclear density 
• Mass limit about 2.5-3 M 





Neutron 
Stars 

Concept introduced by: 

• Baade & Zwicky (1934) 
• Zwicky (1938)    
• Oppenheimer & Serber 
(1938) 



Do Neutron Stars Exist? 
The first pulsar,  
PSR B1919+21,  
was discovered in 1967  
by Jocelyn Bell Burnell. 

The pulse period is  
  1.337 seconds. 

The source? 
•  Extraterrestrials (LGM-1)? 
•  Something else? 



The Crab Pulsar 

Optical X-rays 
P=0.033 seconds 



Pulsars 



Evidence that PSRs are NS 
The Crab Nebula pulsar has a period of 0.033 seconds 
(shortest known pulsar period is ~1 msec) 

Short periods can arise from: 
• Rotation: gravitational breakup occurs at 

Pmin ~ √(r3/GM).   
P=0.033 s   ρ~1011 gm/cm3. 

• Vibration: ιν~√(Gρ) 
30 Hz   ρ~5x1011 gm/cm3. 

• Orbital motion: 
M~1M and P=0.033 s  a=150 km, or  
ρ~5x1011 gm/cm3. 

Stars have ρ~1 gm/cm3; WDs have ρ~ 106 gm/cm3 



Listening to Pulsars 
•  PSR B0329+54: A typical, normal pulsar.  

Period = 0.714519 sec, i.e. ~1.40 rotations/sec.  
•  PSR B0833-45, The Vela Pulsar: center of the 

Vela SNR, ~10,000 years old. P = 89 msec; ~ 11/sec. 
•  PSR B0531+21, The Crab Pulsar: The youngest 

known pulsar (957 yrs) ; the center of the Crab 
Nebula. P = 33 msec; 30/sec.   

•  PSR J0437-4715: a millisecond pulsar, an old 
pulsar spun up by accretion of material from a binary 
companion star. P=5.7 msec; ~ 174/sec.  

•  PSR B1937+21: second fastest known pulsar, P = 
1.5578 msec, ~ 642/sec. The surface of this star is 
moving at about 1/7 c.  



Black Holes 

•  The escape velocity from a gravitational 
potential is vesc=√(2GM/R) 

•  This comes from Newton’s formulation 
of Kepler’s laws 

• What happens if M/R is so large that 
vesc = c? (LaPlace asked this in about 1700) 

•  Schwarzchild Radius Rsch=c2/(2GM) 



Black Holes 

• Rsch=c2/(2GM) defines a surface, the 
Event Horizon 

•  If R < Rsch, you are inside the event 
horizon, and you cannot get out 

• How big are black holes: 
– Sun: ~3 km 
– Earth: ~1 cm 



Black Holes Don’t Suck 
But they have very strong tides! 
Black holes evaporate. 
Black holes have no hair. 


