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Gas physics

• Physics relevant for galaxy formation. 
• Physical models at resolved scales. 

• Radiative cooling and heating 
• Star formation 
• Feedback



Equations of Gasdynamics
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Radiative cooling/heating

• Interactions of gas with radiation: 

• Uniform ionizing UV background. 

• Radiative cooling of gas.



Cosmological UV background

• Spectral shape: 

• Model of J(ν0,z) from 
Haardt & Madau 
(1996). 

• Gas self-shielding: 
– Reduced UV background 
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• Cooling of a plasma 
with a given 
metallicity. 

• Molecular cooling. 

• Tabulated cooling/heating 
rates from CLOUDY 

• They depend on the local 
conditions of the gas.

Radiative cooling

Sutherland & Dopita (1993)
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Star formation

• A complex process. 
• Global star formation law: 

star formation averaged 
over galactic scales. 

• The star formation rate is 
proportional to the mass 
in molecular cores traced 
by HCN emission (Gao & 
Solomon 2004).
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Model for star formation.

• Free parameter, τ: 

• Density and temperature 
thresholds. 

• Stellar particle ! single 
population with a Miller-
Scallo IMF. 

• The code reproduce the 
Kennicutt empirical law

Kravtsov 2003
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Stellar Feedback

• Thermal energy from stellar winds and 
supernova explosions: 

   Eth= ε* 1051 erg 
• Injection of mass and heavy elements. 
• Two different time scales: SNII & SNIa



Feedback heating vs radiative cooling



In the beginning…
Rosette Nebula

there was an  
Overheated,  
Overpressure,  
bubble 
expanding in a molecular 
cloud

Overpressure Cavity

40 pc

Expands !!



Feedback: two conditions
1) Create overpressured region:   Heating > Cooling

Difficult to satisfy this condition for Tgas > 104K; need very low 
gas density. Temperature regime 100-10000 K is crucial for initial stage of 
formation of superbubbles 

2) Pressure gradient > gravity force:   AntiJeans regime 

Limits on resolution: X < 70pc  Need balance of force resolution X and 
threshold of star formation nH



Champagne flow

Molecular  
clouds

40 pc10 pc 107 degrees gas 

X-rays from Chandra 
 (Townsley et al. 2003)

M17, Horseshoe Nebula



A piece of a galactic disk

4 Kpc

8 pc  
resolution

Projected  
density



Projection to the disk plane Projection along the disk plane 
4 kpc

Advanced stages: fully turbulent ISM

Projected density



Super-bubbles and galactic chimneys

The effect of the stellar feedback in the ISM (Ceverino & Klypin 2009):  

A multiphase medium: Cold (T<103 K) gas, Warm (103 < T < 104 K) and 
Hot ( T> 104 K) gas. 

8 pc resolution4x4 Kpc2 Slices perpendicular to the disk plane



Summary on supernovae feedback

• Stellar feedback maintains a 3-phase ISM.  
• It generates super-bubbles and galactic 

chimneys. 
• Low star formation rates. 
• Supernova-driven turbulent ISM.



Radiative feedback
Rosette Nebula

No Supernova explosion yet 
 Stellar winds 
 Thermal pressure 
 Radiation pressure  
  from ionizing photons 

40 pc

Typical resolution of our zoom-in,  
cosmological simulation: ~ 20 pc



Prad α (1-exp(-τ))

• At low column 
densities

• Optically thin 

• No effect from 
radiation 
pressure



Prad = L / ( R2 c )

• Add pressure

2R

L
 L = M* Γ

 Γ = cte for 5 Myr

• At high column 
densities

column densities >1021 cm-2

No free parameters 

+  photoionization and photoheating

+  unresolved supernovae shells
Ceverino et al. 2014



Three take-home messages

• The Interaction of gas with radiation is important


• The formation of stars is a complex process


• Feedback is a ‘melting pot’ of many diverse processes



Third Tutorial Section 



List of projects
• 1. Accretion rate onto halos and onto galaxies: DM, gas, stars 
• 2. Interaction of cold flows and Disk. 
• 3. Angular momentum: in cold flows vs disk 
• 4. Basic Structure of galaxies: Density profiles of  gas, stars, DM. f_b? 
• 5. Kinematics of gas: disk rotation curve, velocity dispersion 
• 6. Kinematics of stars: bulge/disk decomposition 
• 7. Gas outflows


