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Agenda

some phenomenology
what we know 
what we need to explain

turbulence in the ISM
some basic properties
statistics of turbulence (solenoidal vs. dilatational modes)
including more physics: time-dependent chemistry
---> formation of molecular clouds 
the first (strong) magnetic fields in the universe

summary

Taurus



fff

Star 
formation 
in Orion

We see

• Stars (in 
   visible light)

• Atomic 
  hydrogen
  (in Hα -- red)

• Molecular  
  hydrogen H2 
  (radio emission -- 
   color coded)



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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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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IR
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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
hydrogen       H     1            1.000.000
deuterium      1H2    1                       16  
helium           He    2                 68.000
carbon           C     6                      420
nitrogen        N      7                        90
oxygen         O      8                      700
neon            Ne    10                     100
sodium         Na    11                        2
magnesium  Mg   12                       40
aluminium    Al     13                        3
silicium        Si     14                       38                            
sulfur            S     16                       20
calcium        Ca    20                        2
iron              Fe    26                       34
nickel           Ni    28                         2

Interstellar Matter: ISM

hydrogen is by far the most 
abundant element (more than 90% 
in number). 

Taurus
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HII HI H2

A V

Phases of the ISM

AV denotes the extinction, the attenuation of radiation due to 
absorption (mostly on dust grains)density / column density increases
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-Perseus

-Taurus-Ophiuchus

-10 pc

-Pipe

-10 pc

nearby molecular clouds
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     study more closely    
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velocity distribution in Perseus
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(movie from Christoph Federrath)
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what we want
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(from AG meeting in Berlin 2002)

it is this complex 
matter cycle that we 
want to model 

feedback loops on 
virtually all scales

multi-scale and 
multi-physics 
problem
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What do we need to study ISM?

magneto-hydrodynamics
   (multi-phase, non-ideal MHD,
    turbulence)

chemistry (gas + dust, heating + cooling)

radiation (continuum + lines)

stellar dynamics 
   (collisional: star clusters, 
    collisionless: galaxies, DM)

stellar evolution 
   (feedback: radiation, winds, SN)

laboratory work
   (reaction rates, cross sections,
    dust coagulation properties, etc.)

+
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What do we need to study ISM?

magneto-hydrodynamics
   (multi-phase, non-ideal MHD,
    turbulence)

chemistry (gas + dust, heating + cooling)

radiation (continuum + lines)

stellar dynamics 
   (collisional: star clusters, 
    collisionless: galaxies, DM)

stellar evolution 
   (feedback: radiation, winds, SN)

 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, 
   Athena, Nirvana3, etc), 
   subgrid-scale models 
  (FEARLESS)

 BGK methods  

laboratory work
   (reaction rates, cross sections,
    dust coagulation properties, etc.)

+
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What do we need to study ISM?

magneto-hydrodynamics
   (multi-phase, non-ideal MHD,
    turbulence)

chemistry (gas + dust, heating + cooling)

radiation (continuum + lines)

stellar dynamics 
   (collisional: star clusters, 
    collisionless: galaxies, DM)

stellar evolution 
   (feedback: radiation, winds, SN)

 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)

laboratory work
   (reaction rates, cross sections,
    dust coagulation properties, etc.)

+
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What do we need to study ISM?

magneto-hydrodynamics
   (multi-phase, non-ideal MHD,
    turbulence)

chemistry (gas + dust, heating + cooling)

radiation (continuum + lines)

stellar dynamics 
   (collisional: star clusters, 
    collisionless: galaxies, DM)

stellar evolution 
   (feedback: radiation, winds, SN)

 continuum vs. lines
 Monte Carlo,   

   characteristics
 approximative 

   methods 
 combine with hydro

laboratory work
   (reaction rates, cross sections,
    dust coagulation properties, etc.)

+
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What do we need to study ISM?

magneto-hydrodynamics
   (multi-phase, non-ideal MHD,
    turbulence)

chemistry (gas + dust, heating + cooling)

radiation (continuum + lines)

stellar dynamics 
   (collisional: star clusters, 
    collisionless: galaxies, DM)

stellar evolution 
   (feedback: radiation, winds, SN)

 statistics: number of
   stars (collisional: 106,
   collisionless: 1010) 

 transition from gas to 
   stars

 binary orbits
 long-term integration

laboratory work
   (reaction rates, cross sections,
    dust coagulation properties, etc.)

+
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What do we need to study ISM?

magneto-hydrodynamics
   (multi-phase, non-ideal MHD,
    turbulence)

chemistry (gas + dust, heating + cooling)

radiation (continuum + lines)

stellar dynamics 
   (collisional: star clusters, 
    collisionless: galaxies, DM)

stellar evolution 
   (feedback: radiation, winds, SN)

 very early phases (pre
   main sequence tracks)

 massive stars at late 
   phases

 role of rotation
 primordial star formation  

laboratory work
   (reaction rates, cross sections,
    dust coagulation properties, etc.)

+



Ralf Klessen:  San Diego, 15.06.2010

What do we need to study ISM?

magneto-hydrodynamics
   (multi-phase, non-ideal MHD,
    turbulence)

chemistry (gas + dust, heating + cooling)

radiation (continuum + lines)

stellar dynamics 
   (collisional: star clusters, 
    collisionless: galaxies, DM)

stellar evolution 
   (feedback: radiation, winds, SN)

laboratory work
   (reaction rates, cross sections,
    dust coagulation properties, etc.)

+

methods 
need to be 
combined!
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challenges

Problem of star formation is very complex. It involves 
many scales (107 in length, and 1020 in density)  and 
many physical processes → NO analytic solution 
→ NUMERICAL APPROACH

BUT, we need to…
solve the MHD equations in 3 dimensions
solve Poisson’s equation (self-gravity)
follow the full turbulent cascade (from galactic scales to stellar surface)
follow chemical evolution (time-dependent chemical network)
include heating / cooling processes (internal degrees of freedom) 
treat radiation transfer
IMPOSSIBLE



Ralf Klessen:  San Diego, 15.06.2010

approach

Simplify! 
Divide problem into little bits and pieces…. 
GRAVOTURBULENT CLOUD FRAGMENTATION
We try to… 

solve the HD equations in 3 dimensions
solve Poisson’s equation (self-gravity)
include a (humble) approach to supersonic turbulence
include simple chemical network & tabulated cooling functions
follow collapse: include “sink particles” 
(this will “handle” our subgrid-scale physics)
LARGE-EDDY

SIMULATIONS
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turbulence
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Properties of turbulence

laminar flows turn turbulent 
at high Reynolds numbers 
 

                                  

V= typical velocity on scale L,     ν = viscosity,    Re > 1000

vortex streching --> turbulence 
is intrinsically anisotropic 
(only on large scales you may get 
homogeneity & isotropy in a statistical sense; 
see Landau & Lifschitz, Chandrasekhar, Taylor, etc.)
 

(ISM turbulence: shocks & B-field cause 
additional inhomogeneity)

  

€ 

Re =
advection
dissipation

=
VL
ν
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what drives turbulence?

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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Turbulent cascade

log E

log k
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L-1 ηK
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energy 
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inertial range:
scale-free behavior 
of turbulence

„size“ of inertial range:
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Turbulent cascade

log E

log k

k -2

L-1 ηK
-1

transfer

energy 
input
scale

energy 
dissipation
scale

inertial range:
scale-free behavior 
of turbulence

„size“ of inertial range:

  

€ 

L
ηK

≈ Re3/ 4

S
ho

ck
-d

om
in

at
ed

 tu
rb

ul
en

ce



Ralf Klessen:  San Diego, 15.06.2010

 molecular clouds 

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

Turbulent cascade in ISM
lo

g 
E

log kL-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
e

 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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Large-eddy simulations

 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

See also talks by Norman, Kritsuk, Müller, and others
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three examples

 statistics of ISM turbulence
rotational vs dilatational modes

 formation of molecular cloud in the turbulent ISM
combining MHD with time-dependent chemistry

 the first (strong) B-fields in the universe
the turbulent dynamo in action
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statistics
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dilatational vs. solenoidal

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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dilatational vs. solenoidal

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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dilatational vs. solenoidal

Federrath, Klessen, Schmidt (2008a)

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:
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dilatational vs. solenoidal

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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dilatational vs. solenoidal

Federrath, et al. (2009)

there is a weak log density – log Mach number relation ... 
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molecular 

clouds



Ralf Klessen:  San Diego, 15.06.2010

experimental set-up

6 ray approximation to 
external radiation field

- AMR MHD (B = 2 muG)
- stochastic forcing   
   (Ornstein-Uhlenbeck)
- self-gravity
- time-dependent chemistry
- cooling & heating processes
   --> thermodynamics done 
        right!

- gives you mathematically 
  well defined boundary 
  conditions 
  --> good for statistical 
       studies
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chemical model 0

32 chemical species
17 in instantaneous equilibrium:

19 full non-equilibrium evolution

218 reactions, 17+ heating / cooling processes
operator-split, implicit method: DVODE 
(Brown, Byrne & Hindmarsh 1989)

extension of consistent multi-fluid advection scheme 
(Plewa & Müller 1999)
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HI to H2 conversion rate
H2 forms rapidly in shocks / 
transient density fluctuations / 
H2 gets destroyed slowly in 
low density regions / result: 
turbulence greatly enhances 
H2-formation rate

(Glover, Federrath, Mac Low, Klessen, 2010, MNRS, 404, 2)



CO, C+ formation rates

C
C+

CO

(Glover, Federrath, Mac Low, Klessen, 2010, MNRS, 404, 2)



effects of chemistry 1
total column density

12CO column density

H2 column density

temperature

(Glover, Federrath, Mac Low, Klessen, 2010, MNRS, 404, 2)



effects of chemistry 2
total column density

12CO column density

H2 column density

temperatureratio N(H2)/N(12CO)     

(Glover, Federrath, Mac Low, Klessen, 2010, MNRS, 404, 2)



effects of chemistry 3

deliverables / predictions:
x-factor estimates (as function of environmental conditions)

synthetic line emission maps (in combination with line 
transfer)

pdf’s of density, velocity, emissivity / structure 
functions (to directly connect to observational regime)

COMMENT: density pdf is NOT lognormal!
--> implications for analytical IMF theories 



the x-factor

(Shetty, Glover, Dullemond, Klessen, in prep.)



the x-factor

(Shetty, Glover, Dullemond, Klessen, in prep.)



different metallicities



line ratios
ratio of CO(J=2-1) to CO(J=1-0) line

(Shetty, Glover, Dullemond, Klessen, in prep.)
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how to make strong B-fields

we know the universe is magnetized (now)
knowledge about B-fields in the high-redshift 
universe is extremely uncertain

inflation / QCD phase transition / Biermann battery / 
Weibel instability

they are thought to be extremely small 
however, THIS MAY BE WRONG!



Ralf Klessen:  San Diego, 15.06.2010

small-scale turbulent dynamo

idea: the small-scale turbulent dynamo can 
generate strong magnetic fields from very small 
seed fields
approach: model collapse of primordial gas ---> 
formation of the first stars in low-mass halo at 
redshift z ~ 20 
method: solve ideal MHD equations with very 
high resolution

grid-based AMR code FLASH
resolution up to 1283 cells per Jeans volume 
(effective resolution 655363 cells) 
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small-scale turbulent dynamo

(Sur, Schleicher, Banerjee, Federrath, Klessen, in prep)

density, xy-velocity B-field amplitude, xy-component



Ralf Klessen:  San Diego, 15.06.2010

*S
ur, S

chleicher, B
anerjee, Federrath, K

lessen, in prep)

de
ca

y 
of

 tu
rb

ul
en

ce

(S
ur, S

chleicher, B
anerjee, Federrath, K

lessen, in prep)



Ralf Klessen:  San Diego, 15.06.2010

de
ca

y 
of

 tu
rb

ul
en

ce
gravitational collapse,
accretion driven turbulence

(S
ur, S

chleicher, B
anerjee, Federrath, K

lessen, in prep)



Ralf Klessen:  San Diego, 15.06.2010

de
ca

y 
of

 tu
rb

ul
en

ce
gravitational collapse,
accretion driven turbulence

(S
ur, S

chleicher, B
anerjee, Federrath, K

lessen, in prep)



Ralf Klessen:  San Diego, 15.06.2010

small-scale turbulent dynamo

small-scale turbulent dynamo can generate 
dynamically significant B-fields in the during first 
star formation!
expected saturation level ~10% - 20% of 
equipartition value (Subramanian & Brandenburg 2005)

needs very high resolution to be seen:
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summary
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summary

modeling ISM turbulence and star formation is 
feasable

more physics is needed (chemistry, radiation field, 
realistic sources of turbulence, etc.)

caveat: all LES of ISM turbulence model 
“crude oil” not interstellar gas
examples

statistical properties of the turbulence
molecular cloud formation
generation of the first dynamically significant 
magnetic fields in the universe
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thanks


