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Star-forming cloud:
      ~10-1000 ly

10^9 ly 10^8 ly 10^5 ly

Cluster of stars/single 
  supernovae 
  “blast region”:
      ~1 ly

Size of a 
   solar system:
  ~ 10^-5 ly

Ø Have to go “sub-grid” 
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How Do We Make Disks In the First Place?

Ø Fortunately, some simple rules apply: 
Ø Gas cools via well-understood atomic transitions
Ø Above some threshold density, gas turns into stars 

about ~1% per dynamical time � (G �gas)�1/2
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 What happened?!?!?
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 What happened?!?!?    -- Galaxy histories are violent
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 What happened?!?!?

ESA

Ø Feedback is critical
Ø Supernovae
Ø Stellar winds
Ø Ionization by starlight 
Ø Photon radiation pressure
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BHs must 
   somehow 
   self-regulate
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Ø Every massive galaxy hosts a 
                   supermassive black hole

Ø These BHs are “fossil” quasars

(scale ~ 0.1 ly)
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FEEDBACK ENERGY/MOMENTUM BALANCE

• Accretion disk radiates: 

• Total energy radiated (typical ~108 Msun system)  

• Compare to gravitational binding energy of galaxy: 

• If only a few percent of the luminous energy coupled, it would unbind the baryons!

• Turn this around: if some fraction f ~ 1-5% of the luminosity can couple, then accretion 
stops when 
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Summary
Ø Galaxy formation is a complicated, multi-scale problem

• Evolution of individual stars and black holes matters!

Ø We can understand the Universe at lowest-order quite well with a very 
   simple model of dark matter + baryons, with (mostly Newtonian) 
   gravity dominating the forces

• “Gastrophysics” messes it up, though!

Ø The order we see today is probably the product of complex “feedback loops” 
   between gravity, cosmological gas inflows, and the explosions of stars and 
   feeding of black holes

Ø Where is the field going? 
• Better direct observational tests
• More physics of star formation & stellar feedback 
• No more artificial separation of feedback from stars/quasars/galaxies

Ø Thanks! 
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