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Outline
• Turbulence inhibits star formation, but slowly

• Interplay between turbulence & gravitational 
instability 

• Sources of turbulence: supernovae, radiation 
pressure, magnetorotational instability

• Gravitational instability in radiatively cooling gas

• Models of dwarf galaxies with feedback-driven 
turbulence



• Turbulent motions can be treated as an 
additional pressure (Chandrasekhar 1951, von 
Weizsäcker 1951) 

• Supersonic turbulence increases the mass 
supported against collapse

Turbulence Prevents Collapse
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Turbulence Promotes Collapse

• Supersonic turbulence drives shock waves 
that produce density enhancements.

• In isothermal gas, the postshock density 
increases with the Mach number M as

• Supersonic turbulence decreases the mass 
supported against collapse
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Turbulence Inhibits Collapse

• Turbulence is intermittent, so uniform 
pressure does not represent it well.

• On average, increasing velocity increases Jeans 
mass, but locally, compressions can decrease it
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Vázquez-Semadeni, Ballesteros-Paredes, & Klessen 03;    see also Klessen, Heitsch, & Mac Low 01

Even strong turbulence allows some collapse



Joung & Mac Low 2006

x 10 input SN rate

Flash (Fryxell + 00) models of 
stratified, SN-driven ISM

simulation 
result



Turbulent compression can promote local 
collapse in stable regions.



Outline
• Turbulence inhibits star formation, but slowly

• Interplay between turbulence & gravitational 
instability 

• Sources of turbulence: supernovae, radiation 
pressure, magnetorotational instability

• Gravitational instability in radiatively cooling gas

• Models of dwarf galaxies with feedback-driven 
turbulence



SNR

Ta
m

bu
rr

o,
 R

ix
, L

er
oy

, M
ac

 L
ow

 +
 0

9

Sellwood & Balbus 99, Mac Low & Klessen 04
see sims by Piontek & Ostriker 04, 05, 07

MRI

Elmegreen & Parravano 94 & Schaye 04 argue 
for UV heating maintaining outer disk KE 
=> no cold phase there. Testable!

Supernovae, Radiation, or 
MRI can Resist Gravity
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units

disk 
density
following
Kennicutt-
Schmidt
Law

Δx = 2 pc
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assuming Kennicutt-
Schmidt law for gas surface 

density.

Joung, Mac Low & Bryan 09

Milky Way SN rate

“HI linewidth”

σv,1D

σtot,1D+errorsSN feedback drives 
rather constant 
(not high) H I 

velocity 
dispersions.

cf. Monaco 04a
Ceverino & Klypin 09



Also see numerical models by 
Kim & Ostriker 07, Agertz +09

Krumholz & Burkert 10
Assume  Q = 1
and radiative 

cooling a 
function of 

crossing time

Gravitational instability in accreting disks can drive high 
velocity dispersions at high z

predicts mass 
dependent 
velocity 
dispersion at 
high-z

Mass
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Tamburro, Rix, Leroy, Mac Low + 09not evident at z = 0



Time dependent 
model by Forbes, 
Krumholz, Burkert 12

z
Tamburro, Rix, Leroy, 

Mac Low + 09

radial profiles determined by 
other mechanisms at z = 0



L/c L/vτIRL/c

Krumholz & Thompson 12

“Momentum-driven”  
Krumholz & Matzner 09

Fall + 10

Thompson + 05
Murray + 10

Andrews & Thompson 11
Hopkins + 11 b

“Energy-driven”  

How effective is radiative driving?

< <



Krumholz & Thompson 12



<<

So assumption of               far too high, 
but         too low.

τIRL/c
L/c

Krumholz & Thompson 12
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B. Elmegreen 11

Turbulent dissipation drives arbitrarily 
high-wavenumber gravitational instability

solid:    σv constant 
dashed: σv ∝ k-1/2 

δ =
tcross
tdiss

also for 
stars & gas 
together. 

(cf. Rafikov 01)

finite disk 
thickness 

stabilizes at 
large k



Gravity Competes with 
Feedback & MRI

• Gravitational or accretional driving must be 
supplemented by other energy sources at z = 0.

• Otherwise simulations and analytic models 
without stellar feedback would be sufficient to 
reproduce observed galaxies.

• Modern galaxies seem to be shaped by the 
contest between gravity on the one hand and 
stellar feedback and magnetorotational 
instability on the other.
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Bournaud + 10



Simpson, Bryan, Johnston, Smith, Mac Low + 12, in prep

ρ ρDM ρ∗ZT

z = 0

z = 9

z = 6

numerical resolution: 
10.8 pc comoving 
(1 pc at z = 10)

High resolution models of 
an isolated dwarf



No ionization

SNe + background ionization 
needed to get SF history 

consistently

No feedback

Simpson, Bryan, Johnston, Smith, 
Mac Low + 12, in prep



Simpson, Bryan, Johnston, Smith, Mac Low, + 12, in prep

pc comoving resolution

cf. 
Sawala + 10, 
Sawala + 11, 
Governato + 

12
all with ~40 
pc resolution

(all have 
feedback 

tuned to their 
lower 

resolution)
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ep Metallicity depends on 
supernova feedback
•  Model metallicities above 0.1 

suggest insufficiently energetic SN 
feedback

• Continuous energy input from 
clusters heats gas insufficiently.  

• SN by SN injection likely necessary 
(eg Joung + 06, 09)

• local ionization and even radiation 
pressure feedback could also play a 
major role by reducing peak 
densities: would also extend SF





Wise + 12

17 < z < 8
1 comoving pc res’n

radiation pressure acting with L/c



Wise + 12  ArXiv:1206.1043

SN feedback Radiation 
Pressure

Metal 
Cooling



Summary

• Turbulence inhibits star formation, but doesn’t prevent it

• Turbulent compression promotes local collapse in stable 
regions. 

• Sources of turbulence: supernovae,  magnetorotational 
instability consistent with observations at z = 0

• Accretion likely important at high z, but does not predict 
observed z = 0 velocity dispersions

• Gravitational instability in quickly radiatively cooling gas 
only cuts off due to finite disk effects

• Models of dwarf galaxies with feedback-driven turbulence 
are getting close to explaining SF & metallicity histories.

• Low-z dwarfs likely differ fundamentally from high-z 
because of importance of accretion at high-z




