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dynamical SF in a nutshell

interstellar gas is highly inhomogeneous
gravitational instability

thermal instability 

turbulent compression (in shocks δρ/ρ ∝ M2; in atomic gas: M ≈ 1...3) 

cold molecular clouds can form rapidly in high-density regions at 
stagnation points of convergent large-scale flows 

chemical phase transition:  atomic  molecular
process is modulated by large-scale dynamics in the galaxy

inside cold clouds: turbulence is highly supersonic (M ≈ 1...20) 
→ turbulence creates large density contrast, 
    gravity selects for collapse 

→ GRAVOTUBULENT FRAGMENTATION 

turbulent cascade: local compression within a cloud provokes collapse 
 formation of individual stars and star clusters 

 (e.g. Mac Low & Klessen, 2004, Rev. Mod. Phys., 76, 125-194)
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molecular cloud formation

star formation on galactic scales 
 missing link so far: 
    formation of molecular clouds
questions

where and when do molecular clouds form?
what are their properties?
how does that correlation to star formation?
global correlations?  Schmidt law
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molecular cloud formation

(Deul & van der Hulst 1987, Blitz et al. 2004)

Thesis:

Molecular clouds 
form at stagnation 
points of large-scale 
convergent flows, 
mostly triggered by 
global (or external) 
perturbations.
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modeling galactic SF

(Li, Mac Low, & Klessen, 2005, ApJ, 620,L19 - L22)

SPH calculations of self-gravitating disks of stars and (isothermal) gas in 
dark-matter potential, sink particles measure local collapse --> star formation
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(Li, M
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We find 
correlation 
between star 
formation rate 
and gas 
surface 
density:

global
Schmidt
law
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observed Schmidt law

(from Kennicutt 1998)
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local Schmidt law

(Li et al. 2006)

in both cases:

Gravity only:
Local Schmidt law exhibits downturn!
Global one does not.
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correlation with large-scale 
perturbations

density/temperature 
fluctuations in warm 
atomar ISM are caused 
by thermal/gravitational 
instability and/or 
supersonic turbulence

some fluctuations are 
dense enough to form H2 
within “reasonable time”
 molecular cloud

external perturbuations 
(i.e. potential changes) 
increase likelihood
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(e.g. off arm)

(e.g. on arm)
(Glover & Mac Low 2007a,b)
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star formation on global scales

probability distribution 
function of the density 
(ρ-pdf)

mass weighted ρ-pdf, each shifted by Δlog N = 1

varying rms Mach 
numbers:

M1 > M2 > 
M3 > M4 > 0

(from Klessen, 2001; also Gazol et al. 2005, Krumholz & McKee 2005)
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star formation on global scales

H2 formation rate:

mass weighted ρ-pdf, each shifted by Δlog N = 1
(rate from Hollenback, Werner, & Salpeter 1971)

3
H

H cm1/
Gyr1.

2 −
≈
n
5

τ

for nH ≥ 100 cm-3, H2 
forms within 10 Myr, this 
is about the lifetime of 
typical MC’s.

in turbulent gas, the 
H2 fraction can 
become very high on 
short timescale
(for models with coupling 
between cloud dynamics and 
time-dependent chemistry, 
see Glover & Mac Low 
2007a,b)
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star formation on global scales

BUT: it doesn’t work 
(at least not so easy):

Chemistry has a 
memory effect!

H2 forms more quickly 
in high-density 
regions as it gets 
destroyed in low-
density parts.

mass weighted ρ-pdf, each shifted by Δlog N = 1
(rate from Hollenback, Werner, & Salpeter 1971)

(for models with coupling 
between cloud dynamics and 
time-dependent chemistry, 
see Glover & Mac Low 
2007a,b)
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molecular cloud formation

(from Dobbs, Glover, Clark, Klessen 2008)
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molecular cloud formation

(Dobbs & Bonnell 2007)
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molecular cloud formation

(Dobbs et al. 2008)

molecular gas fraction as function of time molecular gas fraction as function of density
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molecular cloud formation

molecular gas fraction of fluid 
element as function of time molecular gas fraction as function of density

(Dobbs et al. 2008)
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observed timescales

Tamburro et al. (2008)
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observed timescales

Tamburro et al. (2008)
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calculated timescales

Dobbs et al. (2008)
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zooming in ...



Ralf Klessen:  Spineto 09.07.09

(movie from Christoph Federrath)
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experimental set-up

6 ray approximation to 
external radiation field

- AMR MHD (B = 2 muG)

- stochastic forcing   
   (Ornstein-Uhlenbeck)
- self-gravity
- time-dependent chemistry
- cooling & heating processes
   --> thermodynamics done 
        right!

- gives you mathematically 
  well defined boundary 
  conditions 
  --> good for statistical 
       studies



Ralf Klessen:  Spineto 09.07.09

chemical model 0

32 chemical species
17 in instantaneous equilibrium:

19 full non-equilibrium evolution

218 reactions
various heating and cooling processes
(Glover, Federrath, Mac Low, Klessen, in prep)
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HI to H2 conversion rate

Ralf Klessen:  Spineto 09.07.09(Glover, Federrath, Mac Low, Klessen, in prep)



HI to H2 conversion rate
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H2 forms rapidly in 
shocks / transient 
density fluctuations / H2 
gets destroyed slowly in 
low density regions / 
result: turbulence 
greatly enhances H2-
formation rate



HI to H2 conversion rate
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compare to data from 
Tamburro et al. (2008) 
study: 

tform ~ few x 106 years



CO, C+ formation rates

Ralf Klessen:  Spineto 09.07.09(Glover, Federrath, Mac Low, Klessen, in prep)

C
C+

CO
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effects of chemistry 1
total column density

12CO column density

H2 column density

temperature

(Glover, Federrath, Mac Low, Klessen, in prep)
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effects of chemistry 2
total column density

12CO column density

H2 column density

temperature

(Glover, Federrath, Mac Low, Klessen, in prep)

ratio N(H2)/N(12CO)     
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effects of chemistry 3

(Glover, Federrath, Mac Low, Klessen, in prep)
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effects of chemistry 3

(Glover, Federrath, Mac Low, Klessen, in prep)
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effects of chemistry 3

(Glover, Federrath, Mac Low, Klessen, in prep)
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density pdf

(Audit & Hennebelle, submitted)

 12003 hydrodynamic simulation
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density pdf

(Audit & Hennebelle, submitted)

 12003 hydrodynamic simulation
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dilatational vs. solenoidal

compressive
larger structures, higher ρ-contrast

rotational
smaller structures, small  ρ-pdf

density as function of time / cut through 10243 cube simulation (FLASH)

Federrath, Klessen, Schmidt (2008a,b)
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dilatational vs. solenoidal

density pdf depends on 
“dimensionality” of driving

relation between width of pdf and 
Mach number

with b depending on ζ via

with ζ being the ratio of dilatational 
vs. solenoidal modes:

Federrath, Klessen, Schmidt (2008a)
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dilatational vs. solenoidal

density pdf depends on 
“dimensionality” of driving
 is that a problem for the
     Krumholz & McKee model
     of the SF efficiency?

density pdf of compressive 
driving is NOT log-normal
 is that a problem for the 
     Padoan & Nordlund IMF 
     model?

most “physical” sources should 
be compressive (convergent 
flows from spiral shocks or SN)

Federrath, Klessen, Schmidt (2008b)

good fit needs 3rd and 4th moment of 
distribution!
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effects of chemistry 4

deliverables / predictions:
x-factor estimates (as function of environmental 
conditions)

synthetic line emission maps (in combination with 
line transfer)

pdf’s of density, velocity, emissivity / structure 
functions (to directly connect to observational regime)

COMMENT: density pdf is NOT lognormal! 
<-- gravity (poster by Kim), driving scheme 
(Federrath et al. 2008), EOS (Hennebelle & Audit 2009) 
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initial mass function 

what is the relation between molecular cloud 
fragmentation and the distribution of stars?
important quantity: IMF
IMPORTANT CAVEAT: 
“everyone” gets the right IMF 
 better look for secondary indicators

stellar multiplicity 
protostellar spin (including disk)
spatial distribution + kinematics in young clusters
magnetic field strength and orientation 
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IMF

distribution of stellar masses depends on
turbulent initial conditions 
--> mass spectrum of prestellar cloud cores
collapse and interaction of prestellar cores
--> competitive accretion and N-body effects
thermodynamic properties of gas
--> balance between heating and cooling
--> EOS (determines which cores go into collapse)
(proto) stellar feedback terminates star formation
ionizing radiation, bipolar outflows, winds, SN

(e.g. Larson 2003, Prog. Rep. Phys.; Mac Low & Klessen, 2004, Rev. Mod. Phys, 76, 125 - 194)
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IMF

distribution of stellar masses depends on
turbulent initial conditions 
--> mass spectrum of prestellar cloud cores
collapse and interaction of prestellar cores
--> competitive accretion and N-body effects
thermodynamic properties of gas
--> balance between heating and cooling
--> EOS (determines which cores go into collapse)
(proto) stellar feedback terminates star formation
ionizing radiation, bipolar outflows, winds, SN

(e.g. Larson 2003, Prog. Rep. Phys.; Mac Low & Klessen, 2004, Rev. Mod. Phys, 76, 125 - 194)
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EOS as function of metallicity

(Omukai et al. 2005)



Ralf Klessen:  Paris 03.04.2009

EOS as function of metallicity

(Omukai et al. 2005)

τ = 1
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EOS as function of metallicity

(Omukai et al. 2005)

τ = 1
102 M0

1 M0

10-2 M0
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present-day star formation

(Omukai et al. 2005, Jappsen et al. 2005, Larson 2005)

Z = 0

τ = 1



Ralf Klessen:  Paris 03.04.2009

present-day star formation

Z = 0

τ = 1

(Larson 1985, Larson 2005)

γ = 1.1

γ = 0.7
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present-day star formation

Z = 0

τ = 1

(Larson 1985, Larson 2005)

γ = 1.1

γ = 0.7

This kink in EOS is very insensitive to environmental        
conditions such as ambient radiation field 
--> reason for universal for of the IMF? (Elmegreen et al. 2008)
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IMF from simple piece-wise 
polytropic EOS

γ1 = 0.7
γ2 = 1.1

T ~ ργ−1

(Jappsen et al. 2005)

EOS and Jeans Mass:
p ∝ ργ        ρ ∝ p1/ γ 
Mjeans ∝ γ3/2 ρ(3γ-4)/2 
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(Jappsen et al. 2005)

IMF from simple 
piece-wise EOS 

  critical density                median mass 
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IMF in nearby molecular clouds

(Jappsen et al. 2005, A&A, 435, 611)c

with ρcrit
 ≈ 2.5×105 cm-3 

at SFE  ≈ 50%

 Isothermal EOS 
 has deficite of 
 very low-mass
 objects
 --> need “better” 
      EOS!
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combine scale free process  POWER LAW BEHAVIOR
- turbulence (Padoan & Nordlund 2002, Hennebelle & Chabrier   2008)
- gravity in dense clusters (Bonnell & Bate 2006, Klessen 2001)
- universality: dust-induced EOS kink insensitive to radiation 
  field (Elmegreen et al. 2008)

with highly stochastic processes  central limit theorem
 GAUSSIAN DISTRIBUTION
- basically mean thermal Jeans length (or feedback)
- universality: insensitive to metallicity (Clark et al. 2009, submitted) 

IMF shape and universality

+ =
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dependence on Z at low density

(Omukai et al. 2005)

τ = 1
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dependence on Z at low density

 at densities below n ≈ 102 cm-3 H2 cooling 
dominates the behavior. (Jappsen et al. 2007)

 fragmentation depends on initial conditions 
then

 example: solid-body rotating top-hat initial 
conditions with dark matter fluctuations (a la 
Bromm et al. 1999) fragment no matter what 
metallicity you take (in regime n ≤ 106 cm-3) 
  because unstable disk builds up 
 (Jappsen et al. 2008a)
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dependence on Z at low density

Z = 0

Z = -4

Z = -3

Z = -2

Z = -1
(Jappsen et al. 2008a, 
 see also Clark et al. 2008)

rotating top-hat 
with dark matter 
fluctuations 
fragments, no 
matter what
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dependence on Z at low density

 fragmentation depends on initial conditions 
then

 example: centrally concentrated halo does not 
fragment up to densities of n ≈ 106 cm-3 up to 
metallicities Z ≈ -1
 (Jappsen et al. 2008b)



Ralf Klessen:  Paris 03.04.2009

implications for Pop III

star formation will depend on degree of
turbulence in protogalactic halo
speculation: differences in stellar mass 
function?
speculation:

low-mass halos  low level of turbulence 
 relatively massive stars
high-mass halos (atomic cooling halos)  high
degree of turbulence  wider mass spectrum
with peak at lower-masses?
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 (Greif et al. 2008) 
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transition: Pop III to Pop II.5

(Omukai et al. 2005)

Z = - 5

τ = 1
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dust induced fragmentation at Z=10-5

t = tSF - 67 yr t = tSF - 20 yr t = tSF

t = tSF + 53 yr t = tSF + 233 yr t = tSF + 420 yr

400 AU (Clark et al. 2007)
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dust induced fragmentation at Z=10-5

dense cluster of low-
mass protostars builds 
up: 

- mass spectrum 
  peaks below 1 Msun

- cluster VERY dense
  nstars = 2.5 x 109 pc-3

- fragmentation 
  at density 
  ngas = 1012 - 1013 cm-3

400 AU

(Clark et al. 2008, ApJ 672, 757)
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dust induced fragmentation at Z=10-5

dense cluster of low-
mass protostars builds 
up: 

- mass spectrum 
  peaks below 1 Msun
- cluster VERY dense
  nstars = 2.5 x 109 pc-3

- predictions:
* low-mass stars    
   with [Fe/H] ~ 10-5

* high binary fraction 

400 AU (Clark et al. 2008)
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dust induced fragmentation at Z=10-5

dense cluster of low-
mass protostars builds 
up: 

- mass spectrum 
  peaks below 1 Msun
- cluster VERY dense
  nstars = 2.5 x 109 pc-3

- predictions:
* low-mass stars    
   with [Fe/H] ~ 10-5

* high binary fraction 

(Clark et al. 2008)
(plot from Salvadori et al. 2006, data from Frebel et al. 2005)

2 extremely metal deficient stars 
with masses below 1 Msun.
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summary
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conclusions

chemistry and thermodynamics are important:
for molecular cloud formation
for statistical properties of the ISM (turbulence, density 
distribution, pressure distribution, etc)
for star formation

and therefore for the Schmidt law.
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conclusions

chemistry and thermodynamics are important:
“YES WE CAN!!”
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conclusions

chemistry and thermodynamics are important:
YES WE CAN!!
postdictions:
- global Schmidt law (from gravity)
- molecular cloud properties (morphology,
  kinematics, etc.)
- IMF (at least roughly)
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conclusions

chemistry and thermodynamics are important:
density pdf influenced by Mach number, 
but also by EOS (wider for softer EOS) 
and modes of driving (rotational / compressive)
 --> SFR, IMF
observational implications/predictions:
- variations of x-factor (location, Fe/H) 
- molecular cloud formation times
- density pdf not log-normal
- (local) universality of IMF
- ultra-low metallicity stars 
  with masses below Msun
  and high binarity
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Thanks!


