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rotation curves:
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dispersion velocities:
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23 nearby galaxies



Basic idea

• Set up a simple analytical model that can
reproduce the observed radial profiles

• Extend accretion disk theory to turbulent, 
clumpy disks

• Give access to local cloud properties
• Put minimum set of free parameters
• Derive free parameters from observations
• Most important parameter: mass accretion

rate within the disk

Vollmer & Beckert (2003)



Model assumptions

• ISM = one single clumpy and turbulent gas
(multiphase)

• Turbulence is maintained by SN explosions
• Cloud properties according to local free fall, 

turbulent crossing,and molecule formation 
timescales

• Empirical calibrations (Milky Way): SFR-injected
energy by SN explosions, molecular formation 
timescale (Z dependent), relation between
turbulent driving length scale and cloud size

• Free parameters: Toomre Q, d, M
• Observables: CO, HI, SFR

°



Assumptions: ISM

• ISM = single entity
• Equilibrium between gas phases only

depends on the 1) free fall timescale 2) 
molecule formation timescale 3) turbulent 
crossing time

• Selfgravitating clouds: free fall timescale = 
turbulent crossing time

• Molecular fraction = turbulent crossing
time/molecule formation timescale



SN-driven turbulence

• Turbulent velocity > sound speed
• Driving scale length ldriv

• Turbulent velocity vturb

• Energy input directly related to SFR

S: gas surface density
n: viscosity
x: calibrated with the Milky Way

(non-standard)



Small scale properties

• Relevant timescale for star formation: local 
free fall timescale or molecule formation 
timescale

• Turbulent crossing time: tlturb=d-1 ldriv/vturb

• Volume filling factor: F V=r /r cl

• Molecular fraction: fmol=tlturb/tlmol

• Large scale properties: radial averaged
small scale properties

(closed box model)(Hollenbach & Tielens 1997)



Large scale disk structure

• Vertical disk structure: 
pturb=2r vturb

2=pGS(S+0.5S*)
• Accretion disk; transport of angular

momentum:    nS=M/(2p)  (standard)

• Viscocity:  n=vturbldriv

• Toomre Q=vturbW/(pGS)
• Star formation prescription

°



Star formation

• à la Krumholz & McKee (2005): 

r *=hr( tlSF)-1

• à la Vollmer & Beckert (2003): 

r *=F Vr (tlSF)-1

• VB03 - Vertical integration: 

S*=r *ldriv = dFVr vturb

°

°

° °

mass flux density into starforming regions

VB03

In practice: both descriptions are equivalent, because h~F V~0.01



Two part model

• Inner disk:  tlff > g tlmol:  
tlSF=tlff

• Outer disk: tlff < g tlmol:  
tlSF=g tlmol

Alternative interpretation:  
tlSF=tlff in the outer disk, but
change in volume/area 
filling factor:  VB03 
r *=F Vfmolr (tlff)-1= F Vr (tlff)-1~ Bush et al. (2008)



The star formation rate in the XUV disk of M83

Spitzer,
GALEX,
THINGS

M83

M51
Kennicutt
et al. (2007)

Thilker et al. (2005)
HI contours on GALEX NUV/FUV

Dong et al. (2008)



Comparison with observations

• Set d=2
• Calculate Q=(vdispvrot)/(pGSR)
• Calculate vdisp, SFE, fmol

• Fit by eye: derive M

• Adopt 0.05 < g< 0.2 for each galaxy for 
SFE break 

°

~ ~

in collaboration with A. Leroy



Results – NGC 3184



Results
Rotation velocity

Driving scale length

SFE

Timescales

Radial velocity

Toomre Q

Velocity disperion

Molecular fraction

Cloud free fall time

----: complete model
….: selfgravitating gas disk



The velocity dispersion

• Inner disk:  tlSF=tlff
S* >> Sgas:  decreasing
Sgas >> S*:  constant

• Outer disk: tlSF=tlmol

Sgas >> S*: decreasing



Star formation efficiency

Bigiel et al. (2008)H2

HI+H2

H2

HI+H2



Cloud free fall time estimate

Tamburro et al. (2008)

model



Mass accretion rates



Conclusions

• The observed radial decrease of vdisp can be
reproduced

• Radial break improves the fit of the outer disk for 
1/3 of the galaxies; break located at 3 times the 
disk scale length

• For galaxies with log(M*)<10 the viscous
timescale is comparable to the SF timescale

• Less massive galaxies can balance their gas
loss due to SF by radial gas inflow

• More massive galaxies have to wait for external
infall with low angular momentum

~



Disk formation

• Assume external mass accretion rate 
(cosmology)

• Assume quasi equilibrium disk at all 
timesteps

• Q=1 at all timesteps (« all you can eat
disk »)

• d=const.
• Mass flux conservation equation: 

Mext=M*+M+(DM/Dt)gas
° ° °



Star formation breaks

• Kennicutt Q break (« cosmological
cutoff »)

• minimum pressure break (cold HI; 
Elmegreen & Parravano 1994)

• Metallicity-dependant break (tlff > tlmol)



Example – molecular break

halo mass
accretion rate
(Msol/yr)

gas mass 
accretion rate
(Msol/yr)

lookback time radius

rotation
curves
(km/s)

initial

final

150

10 200

input

constant baryon fraction



Results I

lookback time

break 
radius
(pc)

disk mass
accretion
rate
(Msol/yr)

total gas
mass
(Msol)

total stellar
mass
(Msol)

3 101013 kpc

1.2 5 1010



Results II

a~ 1/Z

vdisp
(km/s)

lookback time

SFR
(Msol/yr)

gas
surface 
density
(Msol/pc2)

4

20



Results III

radius                 25kpc                                   radius                  25kpc

rotation curve evolution (km/s)            stellar surface density evolution (Msol/pc2)

exponential disk



Solar circle

SFR

lookback time (Gyr)



Simulations

• Sample: vrot=100, 150, 200, 250km/s
• Spin parameter l =0.03, 0.06, 0.2
• Different shape of cosmological infall
• Molecular break:

Galaxies with bulges: 7 simulations
Galaxies without bulges: 10 simulations

• Minimum pressure break:
5 simulations

in collaboration with S. Boissier



Surface brightness profiles
Z-dependent break                     Minimum pressure break

I
R
V
B

I
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Color profiles
Z-dependent break                     Minimum pressure break

B-K
B-I
B-R
B-V

B-K
B-I
B-R
B-V



Comparison to observations
Bakos et al. (2008)

Type I: pure exponential
Type II: downbending break
Type III: upbending break



Integrated properties I
Tully-Fisher

L

observations:
Courteau et al. (2007)

vrot

Z-dependent break                  Minimum pressure break



Integrated properties II
luminosity - radius

L

observations:
Courteau et al. (2007)

R

Z-dependent break                  Minimum pressure break



Integrated properties III
rotation velocity - radius

vrot

observations:
Courteau et al. (2007)

R

Z-dependent break                  Minimum pressure break



Disk evolution I
Tully-Fisher

L

observations:
Courteau et al. (2007)

vrot

Z-dependent break                  Minimum pressure break



Disk evolution II
luminosity - radius

L

observations:
Courteau et al. (2007)

R

Z-dependent break                  Minimum pressure break



Disk evolution III
rotation velocity - radius

vrot

observations:
Courteau et al. (2007)

R

Z-dependent break                  Minimum pressure break



Size evolution with redshift

• Take all snapshots of all simulations from
z=1.5 to today

• Establish mass-size 
relation for redshift
bins

• Establish general
mass-size  relation



Size evolution with redshift - results

Z-dependent break                  Minimum pressure break

Observations: Trujillo et al. (2006) for galaxies with M* > 3 1010 Msol
the simuilated galaxies are in general less massive



Conclusions

• A running break with a Q=1 disk leads to an 
exponential disk without explicit care about the 
angular momentum of the infalling material

• Z-dependent versus minimum pressure break

• No difference in Tully-Fisher
• The difference lies in the L-R and V-R relations

• Different size evolution with redshift testable with
observations



Future improvements

• Disks are too blue
V-I OK, but B-R not

• Sgas >> S* for all timesteps
• Q=1 for all timesteps
• LSB galaxies

L

V-I


