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   Thomas Peters 


   Dominik Schleicher 


   and many guests 
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   phenomenology 


   theoretical approach 


   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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   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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Pillars of God (in Eagle Nebula): Formation of 
small groups of young stars in the tips of the 
columns of gas and dust ….  
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Pillars of God (in Eagle Nebula): Formation of small  
groups of young stars in the tips of the columns  
of gas and dust ….  

Observations 
at optical 
wavelength 

Infrared 
observation 
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Pillars of God (in Eagle Nebula): Formation of  
small groups of young stars in the tips of the  
columns of gas and dust ….  
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Pillars of God (in Eagle Nebula): Formation of  
small groups of young stars in the tips of the  
columns of gas and dust ….  
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Sir James Jeans, 1877 - 1946 
0

222 4 ρπω Gkcs −=

02 <ω

2321
0

321
0

2325
6
1 ///// −−−−− ∝= TcGM sJ ρρπ



Ralf Klessen:  Paris 03.04.2009  (full detail in Mac Low & Klessen, 2004, Rev. Mod. Phys., 76, 125-194) 

S. Chandrasekhar, 1910 - 1995 
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  BASIC ASSUMPTION: Stars form from magnetically highly subcritical cores 


  Ambipolar diffusion slowly  
increases (M/Φ): τAD ≈ 10τff 


  Once (M/Φ) > (M/Φ)crit : 
dynamical collapse of SIS 


   Shu (1977) collapse solution 


   dM/dt = 0.975 cs
3/G = const.  


  Was (in principle) only intended  
for isolated, low-mass stars 
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   Observed B-fields are weak, at most 
marginally critical (Crutcher 1999, Bourke et al. 2001) 


   Magnetic fields cannot prevent decay of 
turbulence 
(Mac Low et al. 1998, Stone et al. 1998, Padoan & Nordlund 1999) 


   Structure of prestellar cores 
(Bacman  et al. 2000, e.g. Barnard 68 from Alves et al. 2001) 


   Strongly time varying dM/dt 
(e.g. Hendriksen et al. 1997, André et al. 2000) 


   More extended infall motions than predicted 
by the standard model 
(Williams & Myers 2000, Myers et al. 2000) 
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B versus N(H2 ) from Zeeman measurements. 

(from Bourke et al. 2001) 

→  cloud cores are magnetically  

supercritical!!! 
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 (Φ/M)n > 1  no collapse  

 (Φ/M)n < 1  collapse 

Ralf Klessen, AG Tagung 
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   Observed B-fields are weak, at most 
marginally critical (Crutcher 1999, Bourke et al. 2001) 


   Magnetic fields cannot prevent decay of 
turbulence 
(Mac Low et al. 1998, Stone et al. 1998, Padoan & Nordlund 1999) 


   Structure of prestellar cores 
(Bacman  et al. 2000, e.g. Barnard 68 from Alves et al. 2001) 


   Strongly time varying dM/dt 
(e.g. Hendriksen et al. 1997, André et al. 2000) 


   More extended infall motions than predicted 
by the standard model 
(Williams & Myers 2000, Myers et al. 2000) 
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 ZEUS SPH 

weak B strong B 

MHD 

HD HD 

MHD 


  Timescale problem: Turbulence decays on  
   timescales comparable to the free-fall time τff  
   (E∝t-η with η≈1).   
   (Mac Low et al. 1998,  
     Stone et al. 1998, 
     Padoan & Nordlund 1999) 


   Magnetic fields  
   (static or wave- 
   like) cannot  
   prevent loss  
   of energy. 

Sternwarte Bonn, 21. Jan. 2003 
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   As many prestellar cores as protostellar 
cores in SF regions (e.g. André et al 2002) 


   Molecular cloud clumps seem to be 
chemically young  
(Bergin & Langer 1997, Pratap et al 1997, Aikawa et al 2001) 


   Stellar age distribution small (τff << τAD) 
(Ballesteros-Paredes et al. 1999, Elmegreen 2000, Hartmann 2001) 


   Strong theoretical criticism of the SIS as 
starting condition for gravitational collapse 
(e.g. Whitworth et al 1996, Nakano 1998, as summarized in Klessen & Mac Low 2004) 


   Most stars form as binaries 
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Crutcher et al. (2008) 
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example: L1448 

Crutcher et al. (2008) 
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example: L1448 

Lunttila et al. (2008) 
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example: L1448 

Lunttila et al. (2008) 
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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) 
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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. 

   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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   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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Ralf Klessen:  Paris 03.04.2009 (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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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 
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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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Ralf Klessen:  Paris 03.04.2009 
(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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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 

Hydrogen is by far the most 
abundant element (more than 
90% in number).  
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HII HI H2 

A V 

AV bezeichnet die Extinktion, dh. die Abschwächung 
der einfallenden Strahlung. Dichte- / Säulendichte nimmt zu 
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• Perseus 

• Taurus • Ophiuchus 

• 10 pc 

• Pipe 

• 10 pc 
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Ralf Klessen:  Paris 03.04.2009 velocity cube from Alyssa Goodman: COMPLETE survey 

velocity distribution in Perseus 



Ralf Klessen:  Paris 03.04.2009 image from Alyssa Goodman: COMPLETE survey 

velocity distribution in Perseus 



Ralf Klessen:  Paris 03.04.2009 image from Alyssa Goodman: COMPLETE survey 
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(movie from Christoph Federrath) 
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Ralf Klessen:  Paris 03.04.2009 
(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) 



Ralf Klessen:  Paris 03.04.2009 

total column density 

12CO column density 

H2 column density 

temperature 

(Federrath, Glover et al.) 
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(Glover, Federrath, et al.) 
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(Glover, Federrath, et al.) 
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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 
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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  



Ralf Klessen:  Paris 03.04.2009 

• Padoan & Nordlund (2002) Hennebelle & Chabrier (2008)  
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log E 

L-1 ηK
-1 

true dynamic range 

dynamic range 
of model 
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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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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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   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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there is a weak log density – log Mach number relation ...  
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there is a weak log density – log Mach number relation ...  
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there is a weak log density – log Mach number relation ...  
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there is a weak log density – log Mach number relation ...  
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 (e.g. Mac Low & Klessen, 2004, Ballesteros-Paredes et al. 2006, McKee & Ostriker 2007) 


