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   phenomenology 


   formation of molecular clouds 

   on galactic scales 


   locally, in convergent flows 


   fragmentation of molecular clouds 

   interplay between gravity and turbulence 


   star formation: now and then 

   initial mass function at present days (models & caveats) 


   speculations about Pop III and transition to Pop II 
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(Hubble Ultra-Deep Field, from HST Web site) 



Ralf Klessen:  JAC 25.09.2008 
(from the Chandra Webpage) 
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   Star formation  
   burst in interacting      
   (merging) galaxies 

   Strong perturbation 
   SF in tidal “tales” 

   Large-scale    
   gravitational motion  
   determines SF 

   Stars form in      
   “knobs” (i.e. 
   superclusters) 
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On the night sky, you see stars and dark clouds:  
The brightest stars are massive and therefore young.  
 Star formation is important for understanding the structure of our Galaxy 
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fff 

Star  
formation  
in Orion 

•  Molecular   
  hydrogen H2  
  (radio emission --  
   color coded) 
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The Orion molecular cloud is the birth- place 
of several young embedded star clusters. 

The Trapezium cluster is only visible in the IR 
and contains about 2000 newly born stars. 

Orion molecular cloud 

Trapezium 
cluster 

Local star forming region: The Trapezium 
Cluster in Orion 
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(color composite J,H,K 
by M. McCaughrean,  
VLT, Paranal, Chile) 

Trapezium 
Cluster 
 (detail) 
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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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   star formation on galactic scales 

   global correlations: Schmidt-law 

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

starburst vs. low surface density gal. 

   formation of dense cold molecular clouds 

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

   star cluster formation within clouds  


   SF efficiency and timescale 

   stellar mass function – IMF 

   multiplicity 


   early star formation 

   Pop III.1, Pop III.2 and transition to Pop II 
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Ralf Klessen:  JAC 25.09.2008 (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) 



Ralf Klessen:  JAC 25.09.2008 

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 & Bonnell 2007) 
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(Dobbs et al. 2008) 

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



Ralf Klessen:  JAC 25.09.2008 

(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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   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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Ralf Klessen:  JAC 25.09.2008 from Banerjee et al. (2008) 



Ralf Klessen:  JAC 25.09.2008 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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Onishi et al. (1999) 
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• 10 pc 

• Distance ~ 130 pc

• Mass ~ 104 Msun

• Size 3 x 12 pc

• Star formation: Insignificant

• Extinction map: 3σ=0.5mag

• Resolution: 1’


Lada et al (2007) 
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• 10 pc 
Lada et al (2007) 



Ralf Klessen:  JAC 25.09.2008 

• 10 pc 
Lada et al (2007) 
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stellar IMF 

IMF x 3 
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• Perseus 

• Taurus • Ophiuchus 

• 10 pc 

• Pipe 

• 10 pc 
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Ralf Klessen:  JAC 25.09.2008 images from Alyssa Goodman 



Ralf Klessen:  JAC 25.09.2008 image from Alyssa Goodman: COMPLETE survey 



Ralf Klessen:  JAC 25.09.2008 image from Alyssa Goodman: COMPLETE survey 

velocity distribution in Perseus 
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Polaris flare (from Ossenkopf & Mac Low 2002) 
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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
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c 
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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) 



Ralf Klessen:  JAC 25.09.2008 

(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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(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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Federrath, Klessen, Schmidt (2008b) 

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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(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 
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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:  JAC 25.09.2008 (Jappsen et al. 2005, A&A, 435, 611)c 

with ρcrit
 ≈ 2.5×105 cm-3  

at SFE  ≈ 50% 



Ralf Klessen:  JAC 25.09.2008 



Ralf Klessen:  JAC 25.09.2008 

(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) 
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(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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400 AU 

(Clark et al. 2008, ApJ 672, 757) 
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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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(Clark et al. 2007) 

even zero-metallicity case fragments 
(although much more weakly) 



Ralf Klessen:  JAC 25.09.2008 
(Clark et al. 2007) 

even zero-metallicity case fragments 
(although much more weakly) 
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  New phase of stellar evolution driven by dark 
matter annihilation (Spolyar et al. 2008) 
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  Models suggest  masses of order 800 M_solar 
(Freese et al. 2008) 


  Very long-lived main-sequences phases  
(Iocco et al. 2008, Yoon et al. 2008, Taoso et al. 2008) 
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   Reionization very early! 


   Followed by a neutral phase? 


   Marginal agreement with observations if sudden starburst 
adopted near z=6 (Schleicher, Banerjee, Klessen 2008c) 
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  Models were more natural if dark stars 
behaved as Pop. III. 


  Dark star masses of 1000 M_solar unlikely. 

  Problem alleviated for dark matter masses 

above 100 Gev (see Iocco et al. 2008). 

   Tighter constraints from 21 cm observations 

and Planck. 
 (more discussion in Schleicher et al. 2008c) 
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 (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) 


