
Ralf Klessen: Lecture 3: 29.12.2006

From clouds to stars

RalfRalf Klessen Klessen

Zentrum für Astronomie der Universität Heidelberg
Institut für Theoretische Astrophysik



Ralf Klessen: Lecture 3: 29.12.2006

ISM fragmentation:
from clouds to stars

o more on gravoturbulent cloud fragmentation
   and star formation
o IMF (mass spectrum of collapsing objects)

o from prestellar cores to stars
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Gravoturbulent star formation
interstellar gas is highly inhomogeneous

thermal instabilitythermal instability

gravitational instabilitygravitational instability

turbulent compressionturbulent compression (in shocks δρ/ρ ∝ M2; in atomic gas: M ≈ 1...3)

cold molecular cloudsmolecular clouds can form rapidly in high-density regions at
stagnation points of convergent large-scale flows

chemical phase transitionphase transition:  atomic atomic  molecular molecular
process is modulatedmodulated by large-scale dynamics dynamics in the galaxy

inside cold clouds:  cold clouds: turbulence is highly supersonic (M ≈ 1...20)
→ turbulenceturbulence creates large density contrast,
    gravitygravity selects for collapse

→ GRAVOTUBULENT FRAGMENTATIONGRAVOTUBULENT FRAGMENTATION
turbulent cascade:turbulent cascade: local compression withinwithin a cloud provokes collapse
 formation of individual stars stars and star clusters star clusters

 (e.g. Mac Low & Klessen, 2004, Rev. Mod. Phys., 76, 125-194)
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Star cluster formation

How to get from cloud corescloud cores  to star clustersstar clusters?
How do the stars acquireacquire massmass?

(e.g. Larson 2003, Prog. Rep. Phys.; Mac Low & Klessen, 2004, Rev. Mod. Phys, 76, 125 - 194)
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What happens to distribution
of cloud cores?

Two exteme cases:
(1)  turbulence decays, i.e. gravity

dominates: αα==EEkinkin/|E/|Epotpot| <1| <1
--> global contraction
--> core do interact while collapsing
--> competition influences mass growth
--> dense cluster with high-mass starsdense cluster with high-mass stars

(2)  turbulence dominates energy budget:
αα==EEkinkin/|E/|Epotpot| >1| >1
--> individual cores do not interact
--> collapse of individual cores
     dominates stellar mass growth
--> loose cluster of low-mass starsloose cluster of low-mass stars

Formation and evolution of cores
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Predictions of gravoturbulent theory
global properties (statistical properties)

SF efficiency and timescale
stellar mass function -- IMF
dynamics of young star clusters
description of self-gravitating turbulent systems (pdf's, Δ-var.)

chemical mixing properties

local properties (properties of individual objects)
properties of individual clumps (e.g. shape, radial profile, lifetimes)

accretion history of individual protostars (dM/dt vs. t, j vs. t)

binary (proto)stars (eccentricity, mass ratio, etc.)

SED's of individual protostars
dynamic PMS tracks: Tbol-Lbol evolution
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Examples

example 1: (numerical) models of gravoturbulent 
fragmentation and subsequent formation
of star clusters

example 2: speculations on the origin of the stellar
             mass spectrum (IMF)
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example 1
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 Structure and dynamics
    of young star clusters is
    coupled to structure ofstructure of
   molecular cloud   molecular cloud

Taurus molecular cloud

star-forming  filaments in
the Taurus Taurus cloud
(from Alyssa Goodman)
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Gravoturbulent fragmentation
Filament generated by
combination of compression
and local shear:

 “Taurus”:
   → density n(H2) ≈ 102 cm-3

   → L = 6 pc, M = 5000 M
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Goal

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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Numerical approach I

Problem of star formation is very complex. It involves many scales
(107 in length, and 1020 in density)  and many physical processes
→→  NONO  analytic solution
→→  NUMERICAL APPROACHNUMERICAL APPROACH

BUTBUT, we need to, we need to……

solve the MHD equations in 3 dimensionssolve the MHD equations in 3 dimensions

solve Poissonsolve Poisson’’s equation (self-gravity)s equation (self-gravity)

follow the full turbulent cascade (in the ISM + in stellar interior)follow the full turbulent cascade (in the ISM + in stellar interior)

include heating and cooling processes (EOS)include heating and cooling processes (EOS)

treat radiation transfertreat radiation transfer

describe energy production by nuclear burning processesdescribe energy production by nuclear burning processesIMPOSSIBLE 

IMPOSSIBLE 
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Numerical approach II

Simplify!
Divide problem into little bits and pieces….

GRAVOTURBULENT CLOUD FRAGMENTATION

We try to…

solve the HD equations in 3 dimensionssolve the HD equations in 3 dimensions

solve Poissonsolve Poisson’’s equation (self-gravity)s equation (self-gravity)

include a (humble) approach to supersonic turbulenceinclude a (humble) approach to supersonic turbulence

describe perfect gas (with polytropic EOS)describe perfect gas (with polytropic EOS)

follow collapse: include follow collapse: include ““sink particlessink particles””
(this will (this will ““handlehandle”” our subgrid-scale physics) our subgrid-scale physics)

LARGE-EDDY

LARGE-EDDY

SIMULATIONS

SIMULATIONS
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Large-eddy simulationsLarge-eddy simulations

 We use LES to models 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)
more complex when processes (chemical reactions, nuclear

   burning, etc) on subgrid scale determine large-scale dynamics

 Also: stochasticity of the flow ⇒ unpredictable when
  and where “interesting things” happen

 occurance of localized collapse
 location and strength of shock fronts
 etc.
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LES with SPHLES with SPH

 For self-gravitating gases SPH is probably okay …
 fully Lagrangian (particles are free to move where needed)

 good resolution in high-density regions (in collapse)

 particle based --> good for transition from
   hydrodynamics to stellar dynamics

 BUT:
 low resolution in low-density region
 difficult to reach very high levels of refinement

   (however, particle splitting may be promising path)

 dissipative and need for artificial viscosity
 how to handle subgrid scales?
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Particle-based vs. grid-based

Each group strongly favors their own method!

Comparison between particle-based and grid-based methods:
SPH vs. ZEUS / GADGET vs. ENZO

       Klessen, Heitsch, Mac Low (2000) O‘Shea et al. (2005)
       Heitsch, Mac Low, Klessen (2001) Agertz et al. (2006)
       Ossenkopf, Klessen, Heitsch (2001)

Both methods are complementary…

   → Bracketing reality!
As a crude estimage:

         particle-based: better in high-density regions

           grid-based: better in low-density regions

future: GPM / AMR / ???
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young stars in Orion cloud
today: SPH with 
N > 107 particles

model for the Orion cloud:
M = 104 Msun, isothermal
EOS

still no chemistry, no
stellar feedback, no
radiation

(Bonnell et al. 2006)
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IRAM Observations
•N2H+ and C18O
•15 arcsecond res.

•~3000 AU
•N2H+ dense gas tracer

•Most SCUBA
•Few extinction!

(Perseus: Johnstone et al. )
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including more physics
immediate future: SPH with radiation feedback (first validation runs)
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example 2
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IMF: observations I

(Kroupa 2002)

power-law approximation to
the IMF (Kroupa, Tout,
Gillmore 1993, Kroupa 2002)
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IMF: observations II

(Kroupa 2002)

but notice possible
influence of dynamical
evolution in star cluster
on tranformation from
present-day mass
function (PDMF) to IMF.
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IMF: observations III
notice alternative functional forms for the IMF
- log-normal form (Miller & Scalo 1979):

with

- combined log-normal & power-law (Chabrier 2003):
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IMF: observations IV

system vs. single-star IMF
comparison at low-mass end

(Chabrier 2003)
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IMF

distribution of stellar masses depends on
turbulent initial conditions
--> mass spectrum of prestellar cloud cores
collapse and interaction of prestellar cores
--> competitive accretion and N-body effects
thermodynamic properties of gas
--> balance between heating and cooling
--> EOS (determines which cores go into collapse)
(proto) stellar feedback terminates star formation
ionizing radiation, bipolar outflows, winds, SN

(e.g. Larson 2003, Prog. Rep. Phys.; Mac Low & Klessen, 2004, Rev. Mod. Phys, 76, 125 - 194)
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IMF

many approaches give the „right“ IMF
IMF from random sampling of fractal clouds
(Elmegreem: quasi-static approach)

IMF from stellar feedback (Adams & Fatuzzo)

IMF as closest packing problem (Richtler)

IMF from ambipolar diffusion in magnetically dominated
clouds (Shu, Li, Allen)

IMF from competitive accretion (Bonnell, Bate)

IMF from turbulent fragmentation (Padoan & Nordlund)

IMF from gravoturbulent fragmentation
(Ballesteros-Paredes, Heitsch, Klessen, Li, Nakamura, Mac Low,
Pudritz, Vazquez-Semadeni, etc.)

etc...
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beyond the IMF

many approaches give the „right“ IMF
   therefore, we may need to look for

„secondary“ parameters which could
act as better discriminants

chemical composition (mixing)

binarity (separation, mass ratio, etc.)

disks, rotational properties
dynamics
(correlation between young stars and parental gas)
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Gravoturbulent approach

Most stars form in clusters    star formation = cluster formation

How to get from cloud corescloud cores  to star clustersstar clusters?
How do the stars acquireacquire massmass?

(e.g. Larson 2003, Prog. Rep. Phys.; Mac Low & Klessen, 2004, Rev. Mod. Phys, 76, 125 - 194)
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Star cluster formation

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

Most stars form in clusters    star formation = cluster formation



Ralf Klessen: Lecture 3: 29.12.2006

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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Simple analytic formula for individual mass accretion rates: dM/dt = AtdM/dt = At••exp(-t/exp(-t/ττ))

“Empirical” mass accretion law

(Schmeja & Klessen, 2004 -- A&A, 419, 405 - 417)

time
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Dependency on EOS

 degree of fragmentation depends on EOS!EOS!

 polytropic EOS: p p ∝ρ∝ργγ
  γγ<1<1: dense cluster of low-mass stars
 γγ>1:>1: isolated high-mass stars

   (see Li, Klessen, & Mac Low 2003, ApJ, 592, 975; also Kawachi & Hanawa 1998, Larson 2003)
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Dependency on EOS

(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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How does that work?

  (1)(1)    p p ∝∝  ρργγ                ρρ  ∝∝  pp1/ 1/ γγ  

  (2)(2)    MMjeansjeans  ∝∝  γγ3/23/2  ρρ(3(3γγ-4)/2 -4)/2 

  γγ<1:<1:  largelarge density excursion for given pressure 
   〈Mjeans〉 becomes small
   number of fluctuations with M > Mjeans is large

 γγ>1:>1:  smallsmall density excursion for given pressure
   〈Mjeans〉 is large
   only few and massive clumps exceed Mjeans
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Implications

 degree of fragmentation depends on EOS!EOS!

 polytropic EOS: p p ∝ρ∝ργγ
  γγ<1<1: dense cluster of low-mass stars
 γγ>1:>1: isolated high-mass stars

       (see Li, Klessen, & Mac Low 2003, ApJ, 592, 975; Kawachi & Hanawa 1998; Larson 2003;
       also Jappsen, Klessen, Larson, Li, Mac Low, 2005, 435, 611)

 implications for extreme environmental conditions
   - expect Pop III stars to be massive and form in isolation
   - expect IMF variations in warm & dusty starburst regions 
        (Spaans & Silk 2005; Klessen, Spaans, & Jappsen 2006)

 Observational findings: isolated O stars in LMC (and M51)? 
        (Lamers et al. 2002, Massey 2002; see however, de Witt et al. 2005 for Galaxy)
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More realistic EOS

 But EOS depends on chemical statechemical state, on
  balancebalance between heatingheating and coolingcooling

 log density

lo
g 

te
m
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ra

tu
re

P ∝ ργ

P ∝ ρT
→ γ = 1+dlogT/dloρ

n(H2)crit ≈ 2.5×105 cm-3

ρcrit
 ≈ 10-18 g cm-3

γ = 1.1γ = 0.7

(Larson 2005; Jappsen et al. 2005, A&A, 435, 611)
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ΛΟΙ, C ΙΙ  ∼  nH
2 

HeatingHeating and  and CoolingCooling  ProcessesProcesses
n < 104 cm-3

• cosmic rays

p+ + H        H+ + e- +
p+
p+ + H2        H2

+ + e- +
p+

• collisionally excited line
emission from OI and CII

• photoelectric emission
  from dust grains
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HeatingHeating and  and CoolingCooling  ProcessesProcesses

n > 104 cm-3

cloud cores optically thick to heating radiation and
atomic line emission

cooling by molecules limited because of freeze out on
the surface of dust grains
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IMF in nearby molecular clouds

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

 “Standard” IMF of 
  single stars
  (e.g. Scalo 1998, 
  Kroupa 2002)

with ρcrit
 ≈ 2.5×105 cm-3 

at SFE  ≈ 50%
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peak of mass spectrum
depends on EOS details
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peak of mass spectrum
depends on EOS details

owe can relate stellar mass spectrum to
universal quantitiesuniversal quantities
 atomic and molecular parameters for
  balance of heating and cooling &
 universal scaling relations for supersonic
  interstellar turbulence and gravity

cause of universal IMF? what about extreme
environmental cond.?
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Supersonic turbulence is scale free process

  POWER LAW BEHAVIORPOWER LAW BEHAVIOR

But also:But also: turbulence and fragmentation are
highly stochastic processes  central limit
theorem

 GAUSSIAN DISTRIBUTION GAUSSIAN DISTRIBUTION

Plausibility argument for shape

+ =
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IMF in starburst galaxies

Nuclear regions of starburst galaxies are extreme:
hot dust, large densities, strong radiation, etc.

Thermodynamic properties of star-forming gas differ
from Milky Way --> Different EOS!
(see Spaans & Silk 2005)

 log density
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IMF in starburst galaxies

Different EOS --> different IMF
(see Klessen, Spaans, Jappsen, in prep.)

note the different mass scale...

starburst region solar neighborhood



Ralf Klessen: Lecture 3: 29.12.2006

Remarks

What is the lowest mass in IMF?
How do you get it? Do BD‘s form just like stars?

„normal“ gravoturbulent fragmentation?
(opacity limit)

disk fragmentation?
failed stars (say by ejection in dense clusters or by
external irradiation)?
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& binaries
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Phases of star formation

1 lightyear

prestellar cores in dark clouds

10 000 AU

gravitational collapse: class 0 object

t = 0
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Phases of star formation

100 AU

classical T Tauri star: class 2

t = 105 - 106 years5 000 AU

embedded protostar: class 1

t = 104 - 105 years
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Phases of star formation

100 AU

pre-main sequence star, debris
disks, visible at optical wavelengths

t = 106 - 107 years 50 AU

star on main sequence (nuclear 
fusion) with planetary system

t > 107 years
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Angular momentum problem
Specific angular momentum vs. Size scale

(from R. Launhardt, see also Bodenheimer 2000)
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Angular momentum problem
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Question

How does the system loose angular momentum
during collapse and star formation?

from clouds to cores:
● magnetic breaking
● tidal angular momentum redistribution

from cores to disks
● outflows / winds
● spreading of disk (and possible truncation in cluster)

from disk to star(s)
● binary formation / planet formation
● disk locking
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Distribution of ang. mom.
generation of local vorticity
in oblique shocks:
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Example

distribution of specific angular
momentum in observed cloud cores
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Example

distribution of specific angular
momentum of protostars and

protostellar systems in
gravoturbulent models,

compared to j distribution of
binaries in nearby G dwarves.

(from Jappsen & Klessen 2004)

conversion used:
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Angular momentum evolution
 Angular momentumAngular momentum

   evolution    evolution during
   protostellar collapse
   determines disk sizesdisk sizes
   (and possible binarybinary
   fraction   fraction)

Examples of the
time evolution of j
(actual plot j vs. M)

(Jappsen & Klessen, 2004)j

M/Mfinal
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Angular momentum evolution

 Statistical dependence of ang. mom.ang. mom. on massmass

j ∝ M2/3

corresponds to
rigid rotation of
homogeneous
sphere ...

(Jappsen & Klessen,
2004)
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Angular momentum evolution

Distribution of j similar to that
of observed G-dwarf binaries

(Jappsen & Klessen, 2004, A&A, in press)

Weak dependency of j on Mach number
Angular momentum loss
by gravitational torques in
turbulent environment
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correlation of ang. mom. vectors at different times (obs.:
look for outflow alignment  in multiple systems)
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binarity
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Stellar multiplicity

(Lada 2006)

O B FA
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(Preibisch et al. 1999, Harvin et al. 2002)
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(Garcia & Mermilliod 2001)

(Apai et al. 2007)
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Massive binaries
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Theoretical models



Ralf Klessen: Lecture 3: 29.12.2006
(from Bally & Zinnecker 2005)
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Bonnor-E
bert

spheres
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Alves, Lada, Lada (2001)
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cores
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Prestellar cores

Prestellar cores are the direct progenitors of
individual star(s)

L723-
VLA2
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L723-
VLA2

CB230

BHR71

3400
AU

many multiple prestellar
cores are discovered
(Launhardt et al.)
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L723-
VLA2

CB230

BHR71

3400
AU

many multiple prestellar
cores are discovered
(Launhardt et al.)

 78% of  78% of star-formingstar-forming  corescores in  in globulesglobules  areare
multiple (multiple (samplesample of 23  of 23 studiedstudied))

 Range of  Range of scalesscales:  500 AU - 20.000 AU (0.1:  500 AU - 20.000 AU (0.1
pcpc))

  → → FragmentationFragmentation and  and starstar  formationformation  areare
inherentlyinherently  coupledcoupled, , eveneven in simple  in simple BokBok  globulesglobules!!
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What do we know about binaries?
Mathieu 1994;
Brandner; Duquenoy; Ghez; Mayor; Patience;
Richichi

Mayor et al. 2001; Halbwachs et al. 2003

PMS
stars

MS stars

Separations:            Mass ratios:
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Real object 1:  BHR12 (CG30)
• d = 200 pc

• λ  = 0.85 mm
• HPBW = 14´´

 Separation ≈ 4000 AU
 Mass ratio ≈ 0.5
 More massive component

more evolved? (or
projection effect?)

• d = 200 pc

• λ  = 0.85 mm
• HPBW = 14´´

 Separation ≈ 4000 AU
 Mass ratio ≈ 0.5
 More massive component

more evolved? (or
projection effect?)
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Real object 2:  L723-VLA2

Launhardt et al. 2003

• d = 300 pc

• λ  = 3mm
• HPBW = 1.7´´

• d = 300 pc

• λ  = 3mm
• HPBW = 1.7´´

 Separation = 950 AU
 Mass ratio ~ 0.8

 Missaligned accretion disks
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Real Object 3:  IRAS 03282+3035

Launhardt et al. 2003

• d = 300 pc

• λ  = 3 and 1.3mm

• HPBW = 2´´ and 0.7´´

 Separation = 420 AU

 Mass ratio ~ 0.2

 Unequal masses
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Real object 4:  NGC1333 IRAS4A-C

Looney et al. 2000

• d = 350 pc

• λ  = 3mm

• HPBW = 5...0.6´´

 Separation  10000 AU

                          3700 AU

                            600 AU

 Mass ratios ~ 0.3

                         (~0.2)

 Hierarchical system
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summary
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Summary: MC fragmentation & SF
interstellar gas is highly inhomogeneous

thermal instabilitythermal instability
gravitational instabilitygravitational instability
turbulent compressionturbulent compression (in shocks δρ/ρ ≈ M2; in atomic gas: M ≈ 1...3)

cold molecular cloudsmolecular clouds form rapidly in high-density regions

chemical phase transitionphase transition:  atomic atomic  molecular molecular
process is modulatedmodulated by large-scale dynamics dynamics in the galaxy

inside cold clouds:  cold clouds: turbulence is highly supersonic (M ≈ 1...20)
→ turbulenceturbulence creates density structure, gravitygravity selects for collapse
→ GRAVOTUBULENT FRAGMENTATIONGRAVOTUBULENT FRAGMENTATION

turbulent cascade:turbulent cascade: local compression withinwithin a cloud provokes collapse

individual stars stars and star clusters star clusters  form through sequence of highly stochastic
events:

collapsecollapse of cloud cores in turbulent cloud (cores change during collapse)
plus mutual interactioninteraction during collapse (importance depends on ratio
of potential energy to turbulent energy) (buzz word: competitive accretioncompetitive accretion)

 (Larson 2003, PRP; Mac Low & Klessen 2004, RMP, 76, 125-194, Ballesteros-Paresed et al. PPV)
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Some further remarks…
GRAVOTURBULENT STAR FORMATION:
This dynamic theory can explain and reproduce many features
of star-forming regions on small as well as on large galactic
scales.

Some open questions:

role of magnetic fields?

role of thermodynamic state of the gas?

what drives turbulence?

how are small scales (local molecular clouds) connected to large-scale
dynamics?

what terminates star formation locally?
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Where to go next?
magneto-hydrodynamicsmagneto-hydrodynamics
   (multi-phase, non-ideal MHD,
    turbulence)

chemistrychemistry (gas + dust, heating + cooling)

radiationradiation (continuum + lines)

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

stellar stellar evolution evolution 
   (feedback: radiation, winds, SN)

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

++

ISM dynamics 
and SF
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magneto-hydrodynamicsmagneto-hydrodynamics
   (multi-phase, non-ideal MHD,
    turbulence)

chemistrychemistry (gas + dust, heating + cooling)

radiationradiation (continuum + lines)

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

stellar stellar evolution 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, Nirvana3, etc), 
   subgrid-scale models 
  (FEARLESS)

 BGK methods  

Where to go next?
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magneto-hydrodynamicsmagneto-hydrodynamics
   (multi-phase, non-ideal MHD,
    turbulence)

chemistrychemistry (gas + dust, heating + cooling)

radiationradiation (continuum + lines)

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

stellar stellar evolution 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)

Where to go next?
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magneto-hydrodynamicsmagneto-hydrodynamics
   (multi-phase, non-ideal MHD,
    turbulence)

chemistrychemistry (gas + dust, heating + cooling)

radiationradiation (continuum + lines)

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

stellar stellar evolution evolution 
   (feedback: radiation, winds, SN)

 continuum vs. lines
 Monte Carlo,

   characteristics
 approximative

   methods
 combine with hydro

Where to go next?
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magneto-hydrodynamicsmagneto-hydrodynamics
   (multi-phase, non-ideal MHD,
    turbulence)

chemistrychemistry (gas + dust, heating + cooling)

radiationradiation (continuum + lines)

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

stellar stellar evolution evolution 
   (feedback: radiation, winds, SN)

 statistics: number of
   stars (collisional: 106,
   collisionless: 1010)
 transition from gas to

   stars
 binary orbits
 long-term integration

Where to go next?
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magneto-hydrodynamicsmagneto-hydrodynamics
   (multi-phase, non-ideal MHD,
    turbulence)

chemistrychemistry (gas + dust, heating + cooling)

radiationradiation (continuum + lines)

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

stellar stellar evolution evolution 
   (feedback: radiation, winds, SN)

 very early phases (pre
   main sequence tracks)
 massive stars at late 

   phases
 role of rotation
 primordial star formation  

Where to go next?
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Where to go next?
magneto-hydrodynamicsmagneto-hydrodynamics
   (multi-phase, non-ideal MHD,
    turbulence)

chemistrychemistry (gas + dust, heating + cooling)

radiationradiation (continuum + lines)

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

stellar stellar evolution evolution 
   (feedback: radiation, winds, SN)

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

++

methods methods 
need to be need to be 
combined!combined!
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example
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(Lada et al. 2003)
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Barnard 68
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MHD model
with proper
heating and

cooling terms
(EOS)

chemical
model

line
radiative
transfer+

synthetic
images of

model cores

observations

theory
compare

(e.g. Semenov & Pavlyuchenkov)

(3D core structure: Steinacker)
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Thanks!


