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   Dominik Schleicher 


   Stefan Schmeja 


   Bernd Völkl 


   and many guests 
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   phenomenology 

   stars 


   gas 


   theoretical approach 

   what is needed to model the interstellar medium? 


   astrophysical hydrodynamics 


   modelling turbulence 
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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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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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Futher Details: Siluette Disks in Orion 

(data:  Mark McCaughrean) protostellar disks: dark shades in front of the photodissociation 
region in the background. Each image is 750 AU x 750 AU. 
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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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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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   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) 
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   continuum vs. lines 

   Monte Carlo,    
   characteristics 

   approximative  
   methods  

   combine with hydro 
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   We want to understand the formation of star clusters in 
turbulent interstellar gas clouds. 

   --> We want to describe the transition from a hydro-
dynamic system (the self-gravitating gas cloud) to one 
that is dominated by (collisional) stellar dynamics (the 
final star cluster). 


   How can we do that? 
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often replaced by artificial / 
numerical viscosity 
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   Eulerian schemes 

   classical grid-based approach 

   cartesian grid with adaptive mesh refinement 

(AMR) 

   many codes: FLASH, RAMSES, ENZO, Pluto 


   Lagrangian schemes 

   particle-based approach:  

smoothed particle hydrodynamics (SPH) 

   some codes: GADGET, Gasoline, Exeter code 
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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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 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 
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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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log E 

L-1 ηK
-1 

true dynamic range 

dynamic range 
of model 
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(movie from Christoph Federrath) 
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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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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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 (e.g. Mac Low & Klessen, 2004, Ballesteros-Paredes et al. 2006, McKee & Ostriker 2007) 
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Sedov solution of explosion 
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Two orbiting gas blobs (gravity test) 
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Ralf Klessen: IPAM, 20.04.2005 
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Ralf Klessen: IPAM, 20.04.2005 

rate of change of momentum of fluid element depends on sum 
of all forces acting on it. 
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Ralf Klessen: IPAM, 20.04.2005 
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