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Agenda

some phenomenology
what we know 
what we need to explain

turbulence
some basic properties
formation of molecular clouds in galactic disks
(H2 & CO chemistry)

summary: basic idea of gravoturbulent SF

Taurus
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Abundances, scaled to 1.000.000 H atoms
element   atomic number   abundance
Wasserstoff   H     1            1.000.000
Deuterium    1H2    1                       16  
Helium          He    2                 68.000
Kohlenstoff    C     6                      420
Stickstoff       N      7                        90
Sauerstoff     O      8                      700
Neon            Ne    10                     100
Natrium        Na    11                        2
Magnesium  Mg   12                       40
Aluminium    Al     13                        3
Silicium        Si     14                       38                            
Schwefel      S     16                       20
Calcium       Ca    20                        2
Eisen           Fe    26                       34
Nickel           Ni    28                         2

Interstellar Matter: ISM

Hydrogen is by far the most 
abundant element (more than 90% 
in number). 

Taurus
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HII HI H2

A V

Phases of the ISM

AV bezeichnet die Extinktion, dh. die Abschwächung
der einfallenden Strahlung.Dichte- / Säulendichte nimmt zu
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(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
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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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chemical model 2
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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

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

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



CO, C+ formation rates
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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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turbulence
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Properties of turbulence

laminar flows turn turbulent 
at high Reynolds numbers 
 

                                  

V= typical velocity on scale L,     ν = viscosity,    Re > 1000

vortex streching --> turbulence 
is intrinsically anisotropic 
(only on large scales you may get 
homogeneity & isotropy in a statistical sense; 
see Landau & Lifschitz, Chandrasekhar, Taylor, etc.)
 

(ISM turbulence: shocks & B-field cause 
additional inhomogeneity)

  

€ 

Re =
advection
dissipation

=
VL
ν
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what drives turbulence?

turbulence characteristics

molecular cloud turbulence seems to be 
dominated by large-scale models

consistent with external driving

convergent flows?
 the same process that 
    creates the cloud supplies 
    internal turbulence ...

alternative mechanisms:
- gravity (spiral shocks),   
  supernovae, HII regions?
- internal sources: jets, outflows?Polaris flare (from Ossenkopf & Mac Low 2002)
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what drives turbulence?

turbulence characteristics

molecular cloud turbulence seems to be 
dominated by large-scale models

consistent with external driving

convergent flows?
 the same process that 
    creates the cloud supplies 
    internal turbulence ..
 caused by 
     - gravity (spiral shocks),   
       supernovae, HII regions?

alternative mechanisms:
     - internal sources: jets, outflows?

Polaris flare (from Ossenkopf & Mac Low 2002)
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what drives turbulence?

molecular cloud turbulence is be dominated by large-scale modes

“external” sources such as supernovae, expanding HII regions, or 
large-scale gravitational process (spiral waves, accretion, etc)

some words on “internal” sources
jets / outflow can only work after onset of star formation 
 what about turbulence in non-star forming parts of clouds, or      
    during initial phases?

debate on effectiveness of internal sources for driving supersonic turbulence 
(Li & Nakamura + Wang et al. vs. Banerjee, Klessen, Fendt)

(Nakamura & Li 2007) (Banerjee, Klessen, Fendt 2008)
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also work by 
deAvillez & Breitschwerdt
Oishi & Mac Low
Kim & Ostriker
Shetty & Ostriker
and many others...
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local feedback

individual jets cannot drive supersonic turbulence in a space-
filling way  need additional physics

Banerjee, Klessen, & Fendt (2008) 
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cluster forming cloud with jets

Banerjee et al. (very preliminary study) 

jets from cluster with self-gravity
with AMR code 
FLASH
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Turbulent cascade
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Turbulent cascade
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 molecular clouds 

σrms  ≈ several km/s
Mrms > 10
    L  > 10 pc

Turbulent cascade in ISM
lo

g 
E

log kL-1 ηK
-1

energy source & scale 
NOT known
(supernovae, winds, 
spiral density waves?)

dissipation scale not known 
(ambipolar diffusion,  
molecular diffusion?)

supersonic

subsonic

so
ni

c 
sc

al
e

 massive cloud cores 

σrms  ≈ few km/s        
Mrms ≈ 5
      L ≈ 1 pc 

dense 
protostellar 
cores 

σrms << 1 km/s         
Mrms ≤ 1   
     L ≈ 0.1 pc 
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Large-eddy simulations

 We use LES to model the large-scale dynamics 
 Principal problem: only large scale flow properties 
 Reynolds number: Re = LV/ν  (Renature >> Remodel)
 dynamic range much smaller than true physical one
 need subgrid model (in our case simple: only dissipation)
 but what to do for more complex when 

   processes on subgrid scale determine 
   large-scale dynamics 
   (chemical reactions, nuclear burning, etc) 

 Turbulence is “space filling” --> difficulty 
   for AMR (don’t know what criterion to use
   for refinement)
 How large a Reynolds number do 

   we need to catch basic dynamics 
   right?

log E

L-1 ηK
-1

true dynamic range

dynamic range
of model
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compressive vs. rotational driving

statistical characteristics of turbulence depend 
strongly on „type“ of driving
example: dilatational vs. solenoidal driving
question: what drives ISM turbulence on different 
scales?
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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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column density

projected vorticity

projected divergence
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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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density pdf

(Audit & Hennebelle, submitted)

 12003 hydrodynamic simulation
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density pdf

(Audit & Hennebelle, submitted)

 12003 hydrodynamic simulation



basic idea



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)

 space
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What happens to distribution of 
cloud cores?

Two exteme cases: 
(1)  turbulence dominates energy budget: 

α=Ekin/|Epot| >1
--> individual cores do not interact 
--> collapse of individual cores 
     dominates stellar mass growth 
--> loose cluster of low-mass stars

(2)  turbulence decays, i.e. gravity dominates: 
α=Ekin/|Epot| <1
--> global contraction 
--> core do interact while collapsing 
--> competition influences mass growth 
--> dense cluster with high-mass stars 

Formation and evolution of cores



turbulence creates a hierarchy of clumps



as turbulence decays locally, contraction sets in



as turbulence decays locally, contraction sets in



while region contracts, individual clumps collapse to form stars



while region contracts, individual clumps collapse to form stars



individual clumps collapse to form stars



individual clumps collapse to form stars



in dense clusters, clumps may merge while collapsing 
--> then contain multiple protostars

α=Ekin/|Epot| < 1



in dense clusters, clumps may merge while collapsing 
--> then contain multiple protostars



in dense clusters, clumps may merge while collapsing 
--> then contain multiple protostars



in dense clusters, competitive mass growth 
becomes important 



in dense clusters, competitive mass growth 
becomes important 



in dense clusters, N-body effects influence mass growth



low-mass objects may
become ejected --> accretion stops



feedback terminates star formation



result: star cluster, possibly with HII region


