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example: Orion

fff

We see

• Stars (in 
   visible light)

• Atomic 
  hydrogen
  (in Hα -- red)

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

lets look at the 
Orion Nebula 
Cluster (ONC)



example: Orion

The Orion molecular cloud is the birthplace 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



example: Orion

 stars form 
   in clusters

 stars form 
   in molecular
   clouds

 (proto)stellar
   feedback is
   important

(color composite J,H,K
by M. McCaughrean, 

Trapezium 
Cluster
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!
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NGC 602 in LMC

end of formation phase: star cluster with HII region

NGC 602 in the LMC: Hubble Heritage Image



stellar mass function

Orion, NGC 3603, 30 Doradus (Zinnecker & Yorke 
2007, ARAA, 45, 481)

(Kroupa 2002, Science, 295, 82)



nearby molecular clouds
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let’s have a closer look



image from Alyssa Goodman: COMPLETE survey

image from Alyssa Goodman: COMPLETE survey
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some phenomenology

processes that influence present-day SF and 
their possible relevance for high-z SF:

turbulence plus cluster environment

thermodynamics

magnetic fields 

feedback



example: model of Orion
„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)

(calculation by Ian Bonnell & Paul Clark)



„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

(calculation by Ian Bonnell & Paul Clark)



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

in dense clusters protostellar interaction may be come important!



turbulence leads to fragmentation

this is true even for Z=0 (see talk by Paul Clark)



turbulence leads to fragmentation

this is true even for Z=0 
(see talk by Paul Clark)



turbulence leads to fragmentation

full stellar mass range 
from brown dwarf regime 
onwards? }
it could be that Pop III.2 
stars are more massive 
than Pop III.1

key questions: which 
processes could prevent or 
weaken fragmentation?

this is true even for Z=0 
(see talk by Paul Clark)
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τ = 1

102 M0
1 M0 10-2 M0

EOS as function of metallicity

(Omukai et al. 2005, ApJ, 626, 627)



τ = 1

present-day star formation

Z = 0

(Omukai et al. 2005, ApJ, 626, 627,  Jappsen et al. 2005, A&A, 435, 611,  Larson 2005, MNRAS, 359, 211)



Z = 0

τ = 1

(Larson 1985, Larson 2005)

γ = 1.1

γ = 0.7

present-day star formation

This kink in EOS is very insensitive to environmental        
conditions such as ambient radiation field 
--> reason for universal for of the IMF?
(Elmegreen et al.  2008, ApJ, 381, 365)

(Larson 2005, MNRAS, 359, 211)



IMF from simple piece-wise 
polytropic EOS
γ1 = 0.7
γ2 = 1.1

T ~ ργ−1

EOS and Jeans Mass:

p ∝ ργ        ρ ∝ p1/ γ 

Mjeans ∝ γ3/2 ρ(3γ-4)/2 

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



IMF in nearby molecular clouds
with ρcrit

 ≈ 2.5×105 cm-3 
at SFE  ≈ 50%

 
need appropriate

EOS in order to get
low mass IMF right

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



combine scale free process  POWER LAW BEHAVIOR
- turbulence (Padoan & Nordlund 2002, Hennebelle & Chabrier 2008, 2009)

- gravity in dense clusters (Bonnell & Bate 2006, Klessen 2001)

- universality: dust-induced EOS kink insensitive to radiation 
  field (Elmegreen et al. 2008)

with highly stochastic processes  central limit theorem
 GAUSSIAN DISTRIBUTION
- basically mean thermal Jeans length (or feedback)
- universality: insensitive to metallicity (Clark et al. 2010, submitted) 

IMF shape and universality

+ =



τ = 1

(Omukai et al. 2005, ApJ, 626, 627)

transition Pop III to Pop II.5
what is more relevant? metal-line cooling or dust cooling?



dependence on Z at low density

 at densities n < 102 cm-3 and metallicities Z < 10-2 
H2 cooling dominates behavior. 
(Jappsen et al. 2007)

 fragmentation depends on initial conditions
example 1: solid-body rotating top-hat initial conditions 
with dark matter fluctuations (a la Bromm et al. 1999) fragment no 
matter what metallicity you take (in regime n ≤ 106 cm-3)   because 

unstable disk builds up 
(Jappsen et al. 2009a)

example 2: centrally concentrated halo does not fragment up to densities 
of n ≈ 106 cm-3 up to metallicities Z ≈ -1 (Jappsen et al. 2009b)



transition Pop III to Pop II.5

star formation will depend on degree of
turbulence in protogalactic halo (see talk by Paul Clark)

speculation: differences in 
stellar mass function?

speculation:

low-mass halos  low level of tur-
bulence  relatively massive stars?

high-mass halos (atomic cooling halos)  high degree 
of turbulence  wider mass spectrum, peak at lower-
masses?

 (Greif et al. 2008, MNRAS, 387, 1021) 
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see also talk 
by Thomas Greif



turbulence developing in an atomic cooling halo

tangential velocity

radial velocity tangential velocity

 (Greif et al. 2008, MNRAS, 387, 1021) 
see also talk 
by Thomas Greif



transition: Pop III to Pop II.5

log Z = - 5

τ = 1

(Omukai et al. 2005, ApJ, 626, 627, also Schneider et al. 2006, MNRAS, 369, 1437)

on the dust-induced cooling dip: 
see also poster by Gustavo Dopcke



t = tSF - 67 yr t = tSF - 20 yr t = tSF

t = tSF + 53 yr t = tSF + 233 yr t = tSF + 420 yr

400 AU (Clark et al. 2008, ApJ, 672, 757)

dust induced fragmentation at Z=10-5



dust induced fragmentation at Z=10-5

dense cluster of low-mass 
protostars builds up: 

- mass spectrum 
  peaks below 1 Msun

- cluster VERY dense
  nstars = 2.5 x 109 pc-3

- fragmentation 
  at density 
  ngas = 1012 - 1013 cm-3

400 AU

(Clark et al. 2008, ApJ, 672, 757,
see also Machida et al. 2009, 399,1255)



binary fragmentation (Z=10-4)

(Machida et al. 2009, 399,1255)



dust induced fragmentation at Z=10-5

dense cluster of low-mass 
protostars builds up: 

- mass spectrum 
  peaks below 1 Msun
- cluster VERY dense
  nstars = 2.5 x 109 pc-3

- predictions:

   * low-mass stars    
      with [Fe/H] ~ 10-5

* high binary fraction 

400 AU
(Clark et al. 2008)

(Clark et al. 2008, ApJ, 672, 757)



dust induced fragmentation at Z=10-5

dense cluster of low-mass 
protostars builds up: 

- mass spectrum 
  peaks below 1 Msun
- cluster VERY dense
  nstars = 2.5 x 109 pc-3

- predictions:

   * low-mass stars    
      with [Fe/H] ~ 10-5

* high binary fraction 

2 extremely metal deficient stars with 
masses below 1 Msun.

(plot from Salvadori et al. 2006, data from Frebel et al. 2005)
(Clark et al. 2008, ApJ, 672, 757)



caveats / questions

how good is EOS approach?
time to reach chemical + thermal equilibrium shorter than dynamical time?

how does EOS depend on dynamics? (e.g. 1D collapse with large-gradient 
approx. versus complex 3D turbulent flows)

how important is heating from stars?
accretion luminosity may heat gas and reduce degree of cloud 
fragmentation (cluster formation vs. high-mass SF)

how can we model that best?
full radiation transfer vs. approximate schemes



effects of accretion heating

how important is heating from stars?
accretion luminosity may heat gas and reduce degree of cloud fragmentation 
(cluster formation vs. high-mass SF)

HOWEVER: the effect is NOT large (see poster by Rowan Smith)

fragmentation of Pop III disk (Z=0) without 
accretion heating 
--> fragmentation radius 10.4 AU

fragmentation of Pop III disk (Z=0) with 
accretion heating
--> fragmentation radius 18.9 AU



Evolution of the protostellar disc

With stellar feedback

No stellar feedback

66 au
t ~ tSF

t ~ tSF t ~ tSF + 230yr

t ~ tSF + 150yr



metall-free star formation

Z = - ∞

τ = 

(Omukai et al. 2005, ApJ, 626, 627)



metall free star formation

first disks are expected to fragment!

halos have large angular momentum --> disk forms 
around first protostar --> roughly isothermal disk 
are known to be unstable (see talk by Paul Clark)
(see also Turk,  Abel. & O’Shea 2009, Science, 325,601, Stacy, Greif, & Bromm,  
2010, MNRAS, in press, Clark et al. in preparation)

also turbulence may lead to fragmentation!
(see talk by Paul Clark)

do first all first stars form in small clusters?
what is the IMF?
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effects of magnetic fields

magnetic fields can 

suppress disk fragmentation 
(Ziegler 2005, A&A, 435, 385, Hennebelle & Fromang 2008, A&A, 477, 9 , Hennebelle & 
Teyssier 2008,  A&A, 477, 25)

drive jets and outflows (Machida et al. 2006, ApJ, 647, L1)

induce additional turbulence (MRI / dynamo)
(Balbus & Hawley 1998, RMP, 70, 1, Brandenburg & Subramanian 2005, Phy. Rep. 417, 1) 

maybe present even in Z=0 gas
(either as primordial fields or generated by dynamo action)
see talk by Dominik Schleicher on Thursday

need to be taken into account !!



effects of magnetic fields
394 U. Ziegler: Self-gravitational adaptive mesh magnetohydrodynamics with the NIRVANA code

Fig. 10. Barotropic collaps with magnetic field: resulting structure for (M/Ψ) = 2 · (M/Ψ)crit (left) and (M/Ψ) = 1.2 · (M/Ψ)crit (right).
Corresponding evolution times are t = 1.444 and t = 2.057 in units of the free-fall time.

density contours along the coordinate directions (the x−z plane
and y − z plane is shifted) together with the block distribution
of grid levels 5−7 in the x − y plane.

The situation is quite different if a magnetic field is present.
Here, I consider only the case of a vertical magnetic field of
uniform strength i.e. the magnetic field is oriented along the
rotation axis. The initial magnetic field strength is chosen like
in the isothermal case with a mass-to-flux ratio twice the crit-
ical mass-to-flux ratio and the magnetic field is supercritical
from the beginning. The final outcome at t = 1.444tff with
log(!max) = −7.73 is illustrated in the color-coded represen-
tation of Fig. 10 (left panel) similar to Fig. 9. In the very be-
ginning of the collaps the overdense regions initiated by the
initial perturbation again fall towards the center and merge. In
contrast to the non-magnetic case, however, there is a rebound
leading again to two separate overdensed objects. These ob-
jects are the seed for binary formation. Indeed a binary system
is formed. The oblate cores separated a distance ≈0.06·Rcl from
each other are connected by a less dense bar. Each core is sur-
rounded by a thin disk-like structure with a gap tied up by the
bar. As expected the magnetic field is dragged with the infall
and builds a hour-glass morphology around each of the density
cores. The magnetic field lines in Fig. 10 show a perceptible
amount of twist emanating from a differentially rotating flow
field along the vertical direction.

For a stronger magnetic field with mass-to-flux ratio 1.2 ·
(M/Ψ)crit the situation again drastically changes. The solution
at t = 2.057tff and log(!max) = −8.55 is illustrated in Fig. 10
(right panel). In this case only one core has been formed em-
bedded in an extended disk. The magnetic field near the core
again has a hour-glass structure but is significantly less twisted
than in the previous case. This can be explained by efficient
magnetic braking which removes angular momentum from the

collapsing material and which tends to equalize differential ro-
tation. The effect gets more pronounced as the magnetic field
gets stronger.

4. Conclusions

I have presented a powerful new version of the NIRVANA code
suitable for the simulation of multi-scale gravitomagnetohy-
drodynamics problems in three space dimensions. A state-of-
the-art Godunov-type central scheme for divergence-free MHD
has been combined with a multigrid-type Poisson solver both
operating within an adaptive mesh refinement framework. This
new code has then been applied to the gravitational collapse
of a solar-mass uniform cloud subject to different gas equa-
tion of states and for various initial conditions: isothermal and
barotropic, non-magnetic and magnetic, non-rotating and rotat-
ing, with and without binary perturbation. In particular, it has
been demonstrated that the code was able to robustly model
the magnetodydrodynamical collapse and the related issue of
fragmentation – a problem of high complexity which just be-
gins to become explored in more depth. It has been shown that
in the models with barotropic equation of state and an initial
m = 2 mode perturbation fragmentation is controlled by mag-
netic fields. Without magnetic field the final outcome is a sin-
gle core surrounded by a ring-like structure. In case of a strong
vertical field with mass-to-flux ratio close to the critical value
again a single core is formed but embedded in an extended disk.
For a weaker field with mass-to-flux ratio twice the critical one
a binary system is produced connected by a bar.

The results presented in this paper are very encouraging
and give strong motivation for further studies in this research
field. To get more insight in the fragmentation process during
protostellar core collapse the effects of ambipolar diffusion and

Article published by EDP Sciences and available at http://www.edpsciences.org/aa or http://dx.doi.org/10.1051/0004-6361:20042451

(protostellar collapse with m=2 perturbation and B-field: Ziegler 2005, A&A, 435, 385, 
 for further discussion, see Hennebelle & Teyssier 2008,  A&A, 477, 25

weak field: binary formation sufficient field strength: single star
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disk edge on disk plane

 single star: HII region and outflow

(Peters et al. 2010,  ApJ,  711, 1017)



multiple protostars: dynamics of HII 
regions

disk edge on disk plane

(Peters et al. 2010,  ApJ,  711, 1017)



Accretion History
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total accretion rate does not change with accretion heating

expansion of ionized bubble causes turn-off

no triggered star formation by expanding bubble

accretion history

• ionizing radiation cannot stop accretion
• however,  fragmentation of disk can stop mass growth 

of the central star 
--> fragmentation induced starvation (Peters et al. 2010,  ApJ,  711, 1017)



feedback in Pop III star formation

we expect feedback during PopIII protostellar 
collapse

NOT to stop fragmentation (but possibly reduce 
number of fragments)

NOT to prevent mass growth 
(if at all fragmentation induced starvation stops 
further mass growth)

we expect the effects of magnetic fields to be 
potentially more important. 



summary



summary

just like in present-day SF, we expect 
turbulence
thermodynamics
magnetic fields 
feedback

to influence Pop III/II star formation.
masses of Pop III stars still uncertain (expect surprises from new 
generation of high-resolution calculations that go beyond first collapse)

disks unstable: Pop III stars should be binaries or part of 
small cluster
effects of feedback less important than in present-day SF



thanks!


