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agenda

• phenomenology

• challenges

• approaches

- (magneto)hydrodynamics

- time-dependent chemistry

- coupling to radiation field

NGC 3324 (Hubble, NASA/ESA)

- turbulence

- various feedback loops

- large dynamic range



phenomenology
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M51 with Hubble (additional processing R. Gendler)



HI Maps

SFR Maps

H2 Maps

atomic 
hydrogen

molecular 
hydrogen

star 
formation

galaxies from THINGS and HERACLES survey 
(images from Frank Bigiel, ZAH/ITA)
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distribution of molecular 
gas in the Milky Way as 
traced by CO emission
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Orion

Orion Nebula Cluster (ESO, VLT, 
M. McCaughrean) 



Orion Nebula Cluster (ESO, VLT, M. McCaughrean) 



Ionizing radiation from central star Θ1C Orionis 

Trapezium stars in the center of the ONC (HST, Johnstone et al. 1998)



Ionizing radiation from central star Θ1C Orionis 

Trapezium stars in the center of the ONC (HST, Johnstone et al. 1998)



Pleiades (DSS, Palomar Observatory Sky Survey)

eventually, clusters like the ONC 
(1 Myr) will evolve into clusters 
like the Pleiades (100 Myr)
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decrease in spatial scale / increase in density 

• density

- density of ISM: few particles per cm3

- density of molecular cloud: few 100 particles per cm3

- density of Sun: 1.4 g /cm3

• spatial scale

- size of molecular cloud: few 10s of pc

- size of young cluster: ~ 1 pc

- size of Sun: 1.4 x 1010 cm

Andromeda (R. Gendler)

NGC 602 in LMC (Hubble)

Proplyd in Orion (Hubble)

Sun (SOHO)
Earth



decrease in spatial scale / increase in density 

• contracting force

-  only force that can do this compression
 is GRAVITY

• opposing forces

-  there are several processes that can oppose gravity

-  GAS PRESSURE

-  TURBULENCE

-  MAGNETIC FIELDS

-  RADIATION PRESSURE

Andromeda (R. Gendler)

NGC 602 in LMC (Hubble)

Proplyd in Orion (Hubble)

Sun (SOHO)
Earth

Modern star formation 
theory is based on the 
complex interplay between 
all these processes.
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Carina with HST

Star formation is intrinsically a multi-scale and multi-physics 
problem, where it is difficult to single out individual processes. 
Progress requires a comprehensive numerical approach.



HH 901/902 in Carina with HST

Star formation is intrinsically a multi-scale and multi-physics 
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Progress requires a comprehensive numerical approach.  



HH 901/902 in Carina with HST

• formation and evolution of molecular clouds

- combine MHD with self-gravity and time-dependent chemistry

- model the turbulent multi-phase interstellar medium

• formation of massive stars

- combining MHD with self-gravity, ionizing radiation, and sub-
grid scale models of (proto)stellar evolution

- model the collapse of interstellar gas to build a star cluster

two selected examples



HH 901/902 in Carina with HST

• formation and evolution of molecular clouds

- combine MHD with self-gravity and time-dependent chemistry

- model the turbulent multi-phase interstellar medium

• formation of massive stars

- combining MHD with self-gravity, ionizing radiation, and sub-
grid scale models of (proto)stellar evolution

- model the collapse of interstellar gas to build a star cluster

two selected examples



Orion

Perseus

TaurusOphiuchus
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study more closely   

nearby molecular clouds



mm peak (Enoch et al. 2006)

sub-mm peak (Hatchell
et al. 2005, Kirk et al. 2006)

13CO (Ridge et al. 2006)

mid-IR IRAC composite 
from c2d data (Foster, 
Laakso, Ridge, et al. in prep.)

Optical image (Barnard 1927)

Perseus



AstroMed@

3D Viz made with VolView

Perseus



Schmidt et al. (2009, A&A, 494, 127)



• 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

large eddie simulations

log k



experimental set-up
external radiation either 
with 6-ray approximation, 
or with TreeCol (a new 
approximative scheme to 
calculate column densities 
from the gravity solver)

- AMR MHD (B = 2 muG)
- stochastic forcing   
   (Ornstein-Uhlenbeck)
- self-gravity
- time-dependent chemistry 
  (DVODE, standard variable-
   coefficient ordinary differential    
   equation solver)
- cooling & heating processes

- gives you mathematically 
  well defined boundary 
  conditions 
  --> good for statistical 
       studies



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, 2010, MNRS, 404, 2)
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effects of chemistry 1
total column density

12CO column density

H2 column density

temperature

(Glover, Federrath, Mac Low, Klessen, 2010)



effects of chemistry 2
total column density

12CO column density

H2 column density

temperature

(Glover, Federrath, Mac Low, Klessen, 2010)

ratio N(H2)/N(12CO)     



example: model of Orion cloud

„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)

isothermal EOS, top bound, bottom 
unbound

has clustered as well as distributed 
„star“ formation

efficiency varies from 1% to 20%

develops full IMF 
(distribution of sink particle masses)

(Bonnell, Smith, Clark, & Bate 2010, MNRAS, 410, 2339)



example: model of Orion cloud

(Bonnell, Smith, Clark, & Bate 2010, MNRAS, 410, 2339)

„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



example: model of Orion cloud

(Bonnell, Smith, Clark, & Bate 2010, MNRAS, 410, 2339)

(Spitzer: Megeath et al.)



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

dynamics of nascent star cluster

in dense clusters protostellar interaction may be come important!



Mass accretion 
rates  vary with 
time and are 
strongly 
influenced by the 
cluster 
environment.

accretion rates in clusters

(Klessen 2001, ApJ, 550, L77;
also Schmeja & Klessen,
2004, A&A, 419, 405)
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Carina with HST

Star formation is intrinsically a multi-scale and multi-physics problem. 
Many different processes need to be considered simultaneously. 
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thanks


