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NGC 3324 (Hubble, NASA/ESA)



phenomenology
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Hubble Ultra-Deep FieldHubble Ultra-Deep Field

• star formation sets in very 
early after the big bang

• stars always form in galaxies 
and protogalaxies

• we cannot see the first 
generation of stars, but 
maybe the second one



M51 with Hubble (additional processing R. Gendler)



M51 with Hubble (additional processing R. Gendler)

• correlation between stellar 
birth and large-scale dynamics

• spiral arms

• tidal perturbation from 
neighboring galaxy



HI Maps

SFR Maps

H2 Maps

atomic 
hydrogen

molecular 
hydrogen

star 
formation

galaxies from THINGS and HERACLES survey 
(images from Frank Bigiel, ZAH/ITA)



HI Maps

SFR Maps

H2 Maps

• HI gas more extended

• H2 and SF well correlated

atomic 
hydrogen

molecular 
hydrogen

star 
formation

galaxies from THINGS and HERACLES survey 
(images from Frank Bigiel, ZAH/ITA)



da
ta

 fr
om

 T
. D

am
e 

(C
fA

 H
ar

va
rd

)

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) 



• stars form in molecular clouds

• stars form in clusters

• stars form on ~ dynamical time

• (protostellar) feedback is very 
important

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 

• strong feedback: UV radiation 
from Θ1C Orionis affects star 
formation on all cluster scales

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)
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Modern star formation 
theory is based on the 
complex interplay between 
all these processes.



Carina with HST

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



•Jeans (1902): Interplay between 
self-gravity and thermal pressure
- stability of homogeneous spherical

density enhancements against 
gravitational collapse

- dispersion relation:

- instability when 

- minimal mass: 
 

early theoretical models

Sir James Jeans, 1877 - 1946
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•von Weizsäcker (1943, 1951)  and 
Chandrasekhar (1951): concept of
MICROTURBULENCE
- BASIC ASSUMPTION: separation of 

scales between dynamics and turbulence

lturb « ldyn

- then turbulent velocity dispersion contributes
to effective soundspeed:

-  Larger effective Jeans masses  more stability

- BUT: (1)  turbulence depends on k:

          (2) supersonic turbulence              usually

first approach to turbulence

S. Chandrasekhar, 
1910 - 1995
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problems of early dynamical theory

•molecular clouds are highly Jeans-unstable,
yet, they do NOT form stars at high rate
and with high efficiency (Zuckerman & Evans 1974 conundrum)
(the observed  global SFE in molecular clouds is ~5%)
 something prevents large-scale collapse.

•all throughout the early 1990’s, molecular clouds
had been thought to be long-lived quasi-equilibrium
entities.

•molecular clouds are magnetized



•Mestel & Spitzer (1956): Magnetic
fields can prevent collapse!!!
- Critical mass for gravitational 

collapse in presence of B-field

- Critical mass-to-flux ratio
(Mouschovias & Spitzer 1976)
 

- Ambipolar diffusion can initiate collapse

magnetic star formation 
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• BASIC ASSUMPTION: Stars form from 
magnetically highly subcritical cores

• Ambipolar diffusion slowly 
increases (M/Φ): τAD ≈ 10τff

• Once (M/Φ) > (M/Φ)crit :
dynamical collapse of SIS

•  Shu (1977) collapse solution

•  dM/dt = 0.975 cs
3/G = const. 

• Was (in principle) only intended 
for isolated, low-mass stars

“standard theory” of star formation 

Frank Shu, 1943 -  

magnetic field



problems of “standard theory”

• Observed B-fields are weak, at most 
marginally critical (Crutcher 1999, Bourke et al. 
2001)

• Magnetic fields cannot prevent decay of 
turbulence
(Mac Low et al. 1998, Stone et al. 1998, Padoan & 
Nordlund 1999)

• Structure of prestellar cores
(e.g. Bacman  et al. 2000, Alves et al. 2001)

• Strongly time varying dM/dt
(e.g. Hendriksen et al. 1997, André et al. 2000)

• More extended infall motions than 
predicted by the standard model
(Williams & Myers 2000, Myers et al. 2000)

• Most stars form as binaries
(e.g. Lada 2006)

• As many prestellar cores as protostellar 
cores in SF regions (e.g. André et al 2002)

• Molecular cloud clumps are chemically 
young 
(Bergin & Langer 1997, Pratap et al 1997, Aikawa 
et al 2001)

• Stellar age distribution small (τff << τAD)
(Ballesteros-Paredes et al. 1999, Elmegreen 2000, 
Hartmann 2001)

• Strong theoretical criticism of the SIS as 
starting condition for gravitational 
collapse
(e.g. Whitworth et al 1996, Nakano 1998, as 
summarized in Klessen & Mac Low 2004)

• Standard AD-dominated theory is 
incompatible with observations 
(Crutcher et al. 2009, 2010ab, Bertram et al. 2011)

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



• BASIC ASSUMPTION:  
 

star formation is controlled by interplay between 
supersonic turbulence and self-gravity 

• turbulence plays a dual role:

- on large scales it provides support

- on small scales it can trigger collapse

• some predictions:

- dynamical star formation timescale τff

- high binary fraction

- complex spatial structure of 
embedded star clusters

- and many more . . .

gravoturbulent star formation

Mac Low & Klessen, 2004, Rev. Mod. Phys., 76, 125-194
McKee & Ostriker, 2007, ARAA, 45, 565



 molecular clouds 

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

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
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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 

turbulent cascade in the ISM



turbulence creates a hierarchy of clumps



as turbulence decays locally, contraction sets in



as turbulence decays locally, contraction sets in



while region contracts, individual clumps collapse to form stars



while region contracts, individual clumps collapse to form stars



individual clumps collapse to form stars



individual clumps collapse to form stars



in dense clusters, clumps may merge while collapsing 
--> then contain multiple protostars

α=Ekin/|Epot| < 1



in dense clusters, clumps may merge while collapsing 
--> then contain multiple protostars



in dense clusters, clumps may merge while collapsing 
--> then contain multiple protostars



in dense clusters, competitive mass growth 
becomes important 



in dense clusters, competitive mass growth 
becomes important 



in dense clusters, N-body effects influence mass growth



low-mass objects may
become ejected --> accretion stops



feedback terminates star formation



result: star cluster, possibly with HII region



Carina with HST



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.
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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

• stellar mass function 

- distribution of stellar masses today and in the early univers

two selected examples
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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)     



Molinari et al. (2012), image HERSCHEL: ESA/NASA/JPL-Caltech



Molinari et al. (2012), image HERSCHEL: ESA/NASA/JPL-Caltech
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Figure 2. Gas (blue) and dust (red) temperatures as a function of x. The top row contains the clouds that have the fiducial setup (x is the longest axis), while the bottom
row contains the low-density clouds (those with z as the longest axis). The lines denote the mass-averaged temperature along the line of sight. The vertical bars denote
the 1σ spread.
(A color version of this figure is available in the online journal.)

Figure 3. Gas (blue) and dust (red) temperatures as a function of density in our
fiducial cloud (model “1” in Table 1).
(A color version of this figure is available in the online journal.)

in Figure 2. This can already be seen in the images in Figure 1.
However, we also show in Figure 3 how the temperatures vary
as a function of density in our fiducial case. We see that at high
densities (>106 cm−3), once the dust and gas thermally couple,
the temperatures can be relatively cold.

5. HEATING AND COOLING PROCESSES

In this section we investigate the heating and cooling pro-
cesses for the gas in more detail. The dominant processes that

govern the gas temperature are shown as functions of density in
Figure 4 for the two most extreme cases: our fiducial cloud (n0 =
3.5 × 104 cm−3), with IISRF = 1000 G0 and ICR = 1000 ICR,0,
and one of the lower-density clouds (n0 = 6.7 × 103 cm−3),
with IISRF = 100 G0 and ICR = 10 ICR,0.

In both clouds, the dominant heating processes follow a
broadly similar pattern. At the lowest densities, which represent
the outskirts of the clouds in these simulations, the dominant
heat source is photoelectric emission from dust grains. This
falls off sharply as we move to higher densities as a result of
the increasing extinction as one moves into the cloud’s interior.
At slightly higher densities, the heating caused by CRs starts to
dominate the thermal balance. In the case of the hotter, denser
cloud, this process remains the main heating source until we
reach a number density n = 108 cm−3, corresponding to our
resolution limit. In the lower density cloud, embedded in the less
extreme environment, shock heating becomes the main source
of heat input to the gas at densities above n ∼ 105 cm−3. Note
that since neither compression nor shock heating is dominant
in the high CRIR case, the temperature of the cloud cannot be
used to determine its age.

When we compare the main cooling processes, we also find
some similarities. In the low-density outskirts, where the gas
is warm and there is little CO, we find that C+ and neutral
oxygen emission are the main coolants, as in the low-density
interstellar medium. Given the high densities and temperatures
of the cloud’s skin, and the fact that we start with the hydrogen in
molecular form, we also find that H2 can be an effective coolant
at the outskirts.

As we move into the cloud, however, the gas temperature
drops and the C+ recombines to form C and then CO. The
identity of the dominant coolant therefore changes. In the low-
density cloud, CO cooling dominates in this slightly denser

4
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Figure 4. Processes responsible for heating and cooling the gas in two very
different cloud models (clouds 1 and 4 from Table 1). The heating processes
are shown in red and orange and the cooling processes are represented in
blue. Two processes—pdV work and gas–dust thermal coupling—can produce
either heating or cooling depending on the circumstances. Heating and cooling
associated with compression and expansion are denoted by ΓpdV and ΛpdV ,
respectively, while the transfer of energy from the gas to the dust is denoted by
ΛGD and that from the dust to the gas by ΓDG. The plotted quantities represent
the median values at each density.
(A color version of this figure is available in the online journal.)

regime, just as is the case in local molecular clouds. In the
denser cloud model, however, CO never dominates; instead,
atomic oxygen becomes the main coolant. This difference in
behavior is a result of the CRIR in these two clouds. In the
higher density cloud, the much higher CRIR creates many He+

ions that react destructively with the CO molecules:

CO + He+ → C+ + O + He. (1)

It also keeps the gas warm enough to excite the fine-structure
lines of atomic oxygen. In the lower density cloud with the much
lower CRIR, both of these effects are less important, and hence
atomic oxygen never becomes the dominant coolant. Since we
need a large CRIR to explain the observed gas temperatures,
the implication is that the cooling of gas in G0.253+0.016 (and

probably also in other GC clouds) is dominated over a significant
range in densities by emission from atomic oxygen.

At very high densities, dust becomes the most effective source
of cooling. However, this does not occur until the gas density
is more than an order of magnitude higher than the mean cloud
density, and hence we expect that Tgas = Tdust only in the
densest gas within G0.253+0.016, with most of the volume of
the cloud having Tgas "= Tdust. As already noted, this expectation
is supported by the available observational data on the gas and
dust temperatures.

The effect of the clouds’ environment on the chemical balance
is summarized in Table 1. We see that strong ISRFs and CRIRs
have little effect on the H2 fraction, and so we would expect the
true molecular state of the cloud to be relatively independent of
the environment. However, the CO fraction varies by around an
order of magnitude in the models, implying that its ability to
trace the molecular state of the gas is a strong function of the
environment. Since the clouds initially have all of their carbon in
the form of C+, one might argue that we have simply ended our
simulations too soon to pick up all of the CO. However, we see
that in the clouds with smaller CRIRs, over half of the carbon
is in CO, suggesting that there is sufficient time available for it
to form in large quantities. As such, the low CO abundances in
the clouds with high CRIR are due to real differences in their
chemical evolution.

6. DISCUSSION

Our results suggest that the CRIR and ISRF around
G0.253+0.016 should be 1000 times the solar neighborhood
values, in order to obtain temperatures consistent with the val-
ues derived from observations. Such radiation and CR fields
could be produced by enhanced star formation activity, higher
stellar densities, or some combination of both. Yusuf-Zadeh
et al. (2009) measured the star formation rate (SFR) in the GC
to be 50–100 times the local SFR. If the CRIR and ISRF are set
solely by star formation, our results suggest that the local SFR
near G0.253+0.016 is about an order of magnitude higher than
the mean SFR of the central molecular zone (Morris & Serabyn
1996; Yusuf-Zadeh et al. 2009).

Similarly, the CRIR that we require is significantly higher
than the values found for local dense clouds. However, there
is considerable observational evidence that the ionization rate
is higher in the GC. For example, Oka et al. (2005) estimate
a value of 2–7×10−15 s−1 in diffuse gas along several GC
sight lines, while Yusuf-Zadeh et al. (2007) infer a value of
2–50 × 10−14 s−1 within GC clouds, based on observations
of the fluorescent 6.4 keV Kα iron line. Our required value of a
few times 10−14 s−1 is compatible with these values, given the
large uncertainties.

Our models also suggest that the neutral oxygen emission
coming from G0.253+0.016 should be significantly higher than
that seen in typical molecular clouds. This could provide an
independent test of the models presented in this Letter.

The authors thank Katharine Johnston and Elizabeth Mills for
their enlightening discussions on G0.253+0.016. We acknowl-
edge financial support from the DFG via SFB 811 “The Milky
Way System” (sub-projects B1 and B2), and from the Baden-
Württemberg-Stiftung by contract research via the programme
Internationale Spitzenforschung II (grant P- LS-SPII/18).
P.C.C. and S.E.R. are supported by grants CL 463/2-1 and RA
2158/1-1, respectively, which are part of the DFG-SPP 1573.
The simulations presented in this Letter were performed on
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row contains the low-density clouds (those with z as the longest axis). The lines denote the mass-averaged temperature along the line of sight. The vertical bars denote
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Figure 3. Gas (blue) and dust (red) temperatures as a function of density in our
fiducial cloud (model “1” in Table 1).
(A color version of this figure is available in the online journal.)
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However, we also show in Figure 3 how the temperatures vary
as a function of density in our fiducial case. We see that at high
densities (>106 cm−3), once the dust and gas thermally couple,
the temperatures can be relatively cold.

5. HEATING AND COOLING PROCESSES

In this section we investigate the heating and cooling pro-
cesses for the gas in more detail. The dominant processes that

govern the gas temperature are shown as functions of density in
Figure 4 for the two most extreme cases: our fiducial cloud (n0 =
3.5 × 104 cm−3), with IISRF = 1000 G0 and ICR = 1000 ICR,0,
and one of the lower-density clouds (n0 = 6.7 × 103 cm−3),
with IISRF = 100 G0 and ICR = 10 ICR,0.

In both clouds, the dominant heating processes follow a
broadly similar pattern. At the lowest densities, which represent
the outskirts of the clouds in these simulations, the dominant
heat source is photoelectric emission from dust grains. This
falls off sharply as we move to higher densities as a result of
the increasing extinction as one moves into the cloud’s interior.
At slightly higher densities, the heating caused by CRs starts to
dominate the thermal balance. In the case of the hotter, denser
cloud, this process remains the main heating source until we
reach a number density n = 108 cm−3, corresponding to our
resolution limit. In the lower density cloud, embedded in the less
extreme environment, shock heating becomes the main source
of heat input to the gas at densities above n ∼ 105 cm−3. Note
that since neither compression nor shock heating is dominant
in the high CRIR case, the temperature of the cloud cannot be
used to determine its age.

When we compare the main cooling processes, we also find
some similarities. In the low-density outskirts, where the gas
is warm and there is little CO, we find that C+ and neutral
oxygen emission are the main coolants, as in the low-density
interstellar medium. Given the high densities and temperatures
of the cloud’s skin, and the fact that we start with the hydrogen in
molecular form, we also find that H2 can be an effective coolant
at the outskirts.

As we move into the cloud, however, the gas temperature
drops and the C+ recombines to form C and then CO. The
identity of the dominant coolant therefore changes. In the low-
density cloud, CO cooling dominates in this slightly denser
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Comparison of all relevant heating and 
cooling processes.
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