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   Thomas Peters 


   Dominik Schleicher 
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   formation of molecular clouds 

   on galactic scales 


   locally, in convergent flows 


   do molecular clouds loose memory of initial conditions? 


   fragmentation of molecular clouds 

   interplay between gravity and turbulence 


   star formation 

   initial mass function (models & caveats) 


   some examples  


   what‘s next? 
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 (e.g., Larson, 2003, Rep. Prog. Phys, 66, 1651;  
or Mac Low & Klessen, 2004, Rev. Mod. Phys., 76, 125) 
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This hold on all scales and applies to build-up of stars and 
star clusters within molecular clouds as well as to the 
formation of molecular clouds in galactic disk. 
 (e.g., Larson, 2003, Rep. Prog. Phys, 66, 1651;  
or Mac Low & Klessen, 2004, Rev. Mod. Phys., 76, 125) 



Ralf Klessen:  Ringberg 29.07.2008  (e.g. Mac Low & Klessen, 2004, Rev. Mod. Phys., 76, 125-194) 

 space 

de
ns

ity
 



Ralf Klessen:  Ringberg 29.07.2008 


   star formation on galactic scales 

   global correlations: Schmidt-law 

   efficiencies, rates, timescales, and long-term evolution:  

starburst vs. low surface density gal. 

   triggers of star formation on global scales 

   formation of dense cold molecular clouds 

properties of these clouds (structure, turbulence, etc.) 

   star cluster formation within clouds  


   SF efficiency and timescale 

   properties of young star clusters (structure, kinematics) 

   stellar mass function – IMF 

   multiplicity 

   effects of stellar feedback (jets, outflows, radiation, winds, ...) 
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Ralf Klessen:  Ringberg 29.07.2008 (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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(e.g. off arm) 

(e.g. on arm) 

(e.g. talk by Clare Dobbs) 

(Glover & Mac Low 2007a,b) 
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mass weighted ρ-pdf, each shifted by Δlog N = 1 

varying rms Mach 
numbers: 

(from Klessen, 2001; also Gazol et al. 2005, Mac Low et al. 2005) 
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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 10Myr, 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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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
ac Low

, &
 K

lessen, 2005, A
pJ, 620, L19 - L22) 
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€ 

ΣSFR ∝Σgas
1.5in both cases: 
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(from Dobbs, Glover, Clark, Klessen 2008) 
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(Dobbs et al. 2008) 

molecular gas fraction as function of time molecular gas fraction as function of density 
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(Dobbs et al. 2008) 

molecular gas fraction of fluid 
element as function of time molecular gas fraction as function of density 
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Tamburro et al. (2008) 
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Tamburro et al. (2008) 
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(Glover & Mac Low 2007ab:) 

t=2x1013s t=4x1013s 

t=6x1013s t=8x1013s 

H2 forms rapidly in shocks / transient 
density fluctuations / H2 gets destroyed 
slowly in low density regions / result: 
turbulence greatly enhances H2-
formation rate 
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(Glover & Mac Low 2007ab) 

here: e-, H+, H, H2 
in primordial gas we do:  
e-, H+, H, H-, H2

+, H2, C, C+, O, O+  
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L = 40 pc, n0 = 100 cm-3,  B0 = 5.85 mG, vrms = 0.0 

no UV 

643 
1283 

2563 
no gravity 

Static collapse 

(Glover & Mac Low 2007a) 
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L = 20 pc, B0 = 5.85 µG, vrms = 10 km/s 

643 

1283 2563 

turbulent flow 

5123 

(Glover & Mac Low 2007a) 
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   convergent flow studies 

   atomic flows collide 


   cooling curve (soon 
chemistry) 


   gravity 


   magnetic fields 


   numerics: AMR, BGK, SPH 

from Vazquez-Semadeni et al. (2007) see studies by Banerjee et al., Heitsch et al., 
Hennebelle et al., Vazquez-Semadeni et al. 

numerical set-up 
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   convergent flow studies 

   atomic flows collide 


   cooling curve (soon 
chemistry) 


   gravity 


   magnetic fields 


   numerics: AMR, BGK, SPH 

from Vazquez-Semadeni et al. (2007) see studies by Banerjee et al., Heitsch et al., 
Hennebelle et al., Vazquez-Semadeni et al. 

adopted cooling curve 
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from Banerjee et al. (2008)  
(see also studies by Hennebelle et al. and Vazquez-Semadeni et al. as well as talk by Fabian Heitsch) 

thermal instability + gravity creates complex molecular cloud structure: 
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from Hennebelle et al. (2008)              initially B = 5 µG 
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from Hennebelle et al. (2008) 

B ~ n1/2 

from Hennebelle et al. (2008)              initially B = 5 µG 
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Ralf Klessen:  Ringberg 29.07.2008 from Banerjee et al. (2008) 

relation between flow and magnetic field:  
mass flow mostly along field lines 
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relation between flow and magnetic field:  
mass flow mostly along field lines 
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   fragmentation of molecular clouds and relation to 
stellar birth 


   some questions 

   how does the turbulence generated by cloud formation 

influence cloud fragmentation? 


   how important if turbulence from internal feedback?  
(is that consistent with observations?) 


   interplay between gravity and turbulence?  
 role of turbulence for star formation 
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(from Alyssa Goodman) 
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   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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Polaris flare (from Ossenkopf & Mac Low 2002) 
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   some words on internal sources 

   molecular cloud turbulence seems to be dominated by large-scale 

models 


   jets / outflow can only work after onset of star formation  
 what about turbulence in non-star forming parts of clouds, or       
    during initial phases? 


   there is debate on effectiveness of internal sources for 
driving supersonic turbulence  
(Li & Nakamura vs. Banerjee, Klessen, Fendt) 

(Nakamura & Li 2007) (Banerjee, Klessen, Fendt 2008) 
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   individual jets cannot drive supersonic turbulence in a 
space-filling way  need additional physics 

Banerjee, Klessen, & Fendt (2008)  
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Banerjee et al. (very preliminary study)  


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

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

lo
g 

E 

log k L-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
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 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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Density structure of MC’s 

(Motte, André, & Neri 1998) 

molecular clouds 
are highly 
inhomogeneous 

stars form in the 
densest and 
coldest parts of 
the cloud    

ρ-Ophiuchus 
cloud seen in dust 
emission 

let‘s focus on 
a cloud core 
like this one 
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indeed ρ-Oph B1/2 contains several 
cores (“starless” cores are denoted by , 
cores with embedded protostars by ) 

(Motte, André, & Neri 1998) 
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(e.g. Vazquez-Semadeni et al 2005) 

(e.g. Fatuzzo & Adams 2002, Heitsch et al. 2004) 
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(e.g. Vazquez-Semadeni et al 2005) 
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What happens to distribution 
of cloud cores? 
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turbulence creates a hierarchy of clumps 
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as turbulence decays locally, contraction sets in 
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as turbulence decays locally, contraction sets in 
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while region contracts, individual clumps collapse to form stars 
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while region contracts, individual clumps collapse to form stars 
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individual clumps collapse to form stars 
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individual clumps collapse to form stars 
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α=Ekin/|Epot| < 1 
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low-mass objects may 
become ejected --> accretion stops 
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feedback terminates star formation 
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NGC 602 in the LMC: Hubble Heritage Image 
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   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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(e.g. Larson 2003, Prog. Rep. Phys.; Mac Low & Klessen, 2004, Rev. Mod. Phys, 76, 125 - 194) 
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   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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   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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   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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good fit needs 3rd and 4th moment of  
distribution! 
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   density power spectrum 
differs between 
dilatational and 
solenoidal driving! 

  dilatational driving  
     leads to break at  
     sonic scale! 


   can we use that to 
determine driving 
sources from  
observations ? 

Federrath, Klessen, Schmidt (2008b) 

compensated density spectrum kS(k) shows 
clear break at sonic scale. below that shock 
compression no longer is important in shaping  
the power spectrum ...  
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(e.g. Larson 2003, Prog. Rep. Phys.; Mac Low & Klessen, 2004, Rev. Mod. Phys, 76, 125 - 194) 
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(Spitzer: Megeath et al.) 
„model“ of Orion cloud: 
15.000.000 SPH particles, 
104 Msun in 10 pc, mass 
resolution 0,02 Msun, forms 
~2.500 „stars“ (sink particles) 

MASSIVE STARS 
-  form early in high-density  
  gas clumps (cluster center) 
-  high accretion rates,    
  maintained for a long time 

LOW-MASS STARS 
-  form later as gas falls into  
  potential well 
-  high relative velocities 
-  little subsequent accretion 

Bonnell & Clark  2008 
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Trajectories of protostars in a nascent dense cluster created by gravoturbulent fragmentation  
(from Klessen & Burkert 2000, ApJS, 128, 287) 

in dense clusters protostellar interaction may be come important! 
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Mass accretion 
rates  vary with 
time and are 
strongly  
influenced by 
the cluster 
environment. 
(Klessen 2001, ApJ, 550, L77; 
also Schmeja & Klessen, 
2004, A&A, 419, 405) 
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(e.g. Larson 2003, Prog. Rep. Phys.; Mac Low & Klessen, 2004, Rev. Mod. Phys, 76, 125 - 194) 
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(from Li, Klessen, & Mac Low 2003, ApJ, 592, 975) 

γ=0.2 γ=1.0 γ=1.2 

for γ<1 fragmentation is enhanced  cluster of low-mass stars 
for γ>1 it is suppressed  formation of isolated massive stars 

Ralf Klessen: UCB, 08/11/04 



Ralf Klessen:  Ringberg 29.07.2008 



Ralf Klessen:  Ringberg 29.07.2008 

below 10-18 gcm-3: ρ                    T  

above 10-18 gcm-3: ρ                    T  

(Larson 1985, Larson 2005) 

P ∝ ργ 

P ∝ ρT 

→ γ = 1+dlnT/dlnρ 

γ = 1.1 

γ = 0.7 
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γ1 = 0.7 
γ2 = 1.1 

T ~ ργ-1 

(Jappsen et al. 2005) 
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(Jappsen et al. 2005) 

  critical density                median mass  



Ralf Klessen:  Ringberg 29.07.2008 (Jappsen et al. 2005, A&A, 435, 611)c 

with ρcrit
 ≈ 2.5×105 cm-3  

at SFE  ≈ 50% 
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+ = 
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(Omukai et al. 2005) 
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(Omukai et al. 2005) 
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(Omukai et al. 2005) 

102 M0 
1 M0 

10-2 M0 
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(Omukai et al. 2005, Jappsen et al. 2005, Larson 2005) 



Ralf Klessen:  Ringberg 29.07.2008 



Ralf Klessen:  Ringberg 29.07.2008 

(Omukai et al. 2005) 
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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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(Omukai et al. 2005) 


    slope of EOS in the density 
range 5 cm-3 ≤ n ≤ 16 cm-3 is 
γ≈1.06. 


    with non-zero angular 
momentum, disk forms. 


    disk is unstable against frag- 
mentation at high density 
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(Omukai et al. 2005) 
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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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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. 2007) 
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Ralf Klessen:  Ringberg 29.07.2008 (Clark et al. 2007) 

γ > 1 
(heating) 

γ < 1 
(cooling) 
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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. 2007) 
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Ralf Klessen:  Ringberg 29.07.2008  (e.g. Mac Low & Klessen, 2004, Ballesteros-Paredes et al. 2006, McKee & Ostriker 2007) 
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 (e.g. Mac Low & Klessen, 2004, Ballesteros-Paredes et al. 2006, McKee & Ostriker 2007) 
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   massive parallel codes 

   particle-based: SPH with 
   improved algorithms (XSPH 
   with turb. subgrid model, GPM,  
   particle splitting, MHD-SPH?) 

   grid-based: AMR (FLASH,  
   ENZO, RAMSES, Nirvana3, etc),  
   subgrid-scale models  
  (FEARLESS) 

   BGK methods   
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   ever increasing chemical 
   networks 

   working reduced networks 
   for time-dependent chemistry 
   in combination with hydro- 
   dynamics 

   improved data on reaction 
   rates (laboratory + quantum 
   mechanical calculations) 



Ralf Klessen:  Ringberg 29.07.2008 


   continuum vs. lines 

   Monte Carlo,    
   characteristics 

   approximative  
   methods  

   combine with hydro 
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(Lada et al. 2003) 
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Barnard 68 

(Bergin et al.) 
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MHD model 
with proper 
heating and 
cooling terms 

(EOS) 

chemical 
model 

line 
radiative 
transfer  + 

synthetic 
images of 

model cores 

observations 

theory 

compare 

“Taste Testing Initiative  special discussion  
round lead by Alyssa Goodman 
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