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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)

• correlation between stellar 
birth and large-scale dynamics

• spiral arms

• tidal perturbation from 
neighboring galaxy



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)



• roughly linear relation between H2 and SFR

• roughly constant depletion time:  few x 109 yr

• super linear relation between total gas and SFR

Bigiel et al. (2008, AJ, 136, 2846)

No. 6, 2008 THE SF LAW IN NEARBY GALAXIES ON SUB-KPC SCALES 2869

Figure 15. ΣSFR vs. Σgas from this paper in colored contours (compare the middle-right panel of Figure 8) and for individual galaxies from other analyses (see Figure 14).
The diagonal dotted lines and all other plot parameters are the same as in Figure 4. Overplotted as black dots are data from measurements in individual apertures
in M51 (Kennicutt et al. 2007). Data points from radial profiles from M51 (Schuster et al. 2007), NGC 4736, and NGC 5055 (Wong & Blitz 2002) and from
NGC 6946 (Crosthwaite & Turner 2007) are shown as black filled circles. Furthermore, we show disk-averaged measurements from 61 normal spiral galaxies (filled
gray stars) and 36 starburst galaxies (triangles) from K98. The black filled diamonds show global measurements from 20 low surface brightness galaxies (Wyder
et al. 2008). Data from other authors were adjusted to match our assumptions on the underlying IMF, CO line ratio, CO-to-H2 conversion factor and galaxy inclinations
where applicable. One finds good qualitative agreement between our data and the measurements from other studies despite a variety of applied SFR tracers. This
combined data distribution is indicative of three distinctly different regimes (indicated by the vertical lines) for the SF law (see discussion in the text).

Σgas. The fit of K98 depends on the contrast between normal
spirals, ΣH2 ≈ 20 M" pc−2, and high surface density starbursts,
ΣH2 ≈ 1000 M" pc−2. A power-law index N ≈ 1.5 relating
SFR to CO emission has been well established in starbursts at
low and high redshifts by a number of authors (e.g., Gao &
Solomon 2004; Riechers et al. 2007). There may be reasons
to expect different values of N in starburst environments and
in our data. Starburst galaxies have average surface densities
far in excess of a Galactic GMC (e.g., Gao & Solomon 2004;
Rosolowsky & Blitz 2005). We have no such regions in our
own sample, instead we make our measurements in the regime
where ΣH2 = 3–50 M" pc−2. In starbursts, the changes in
molecular surface density must reflect real changes in the
physical conditions being observed.

In our data, ΣH2 is likely to be a measure of the filling factor
of GMCs rather than real variations in surface density. On the
one hand, for our resolution (750 pc) and sensitivity (ΣH2 =
3 M" pc−2) the minimum mass we can detect along a line of
sight is ∼1.5 × 106M". Most of the mass in Galactic GMCs
is in clouds with MH2 ≈ 5 × 105–106 M" (e.g., Blitz 1993).
Consequently, wherever we detect H2 we expect at least a few
GMCs in our beam. On the other hand, most of our data have
ΣH2 ! 50 M" pc−2. The typical surface density of a Galactic
GMC is 170 M" pc−2 (Solomon et al. 1987). These surface
densities are much lower than those observed in starbursts and

are consistent with Galactic GMCs filling ! 1/3 of the beam.
If GMC properties are the same in all spirals in our sample,
then for this range of surface densities we expect a power-law
index of N = 1 as ΣH2 just represents the beam-filling fraction
of GMCs. Averaging over at least a few clouds may wash out
cloud–cloud variations in the SFE. A test of this interpretation is
to measure GMC properties in a wide sample of spirals. We note
that Local Group spirals display similar scaling relations and
cloud mass distribution functions so that it is hard to distinguish
GMCs in M 31 or M 33 from those in the Milky Way (e.g., Blitz
et al. 2007; Bolatto et al. 2008). If this holds for all spirals, then
we may indeed expect N = 1 whenever GMCs represent the
dominant mode of star formation. The next generation of mm-
arrays should soon be able to measure GMC properties beyond
the Local Group and shed light on this topic. In that sense,
our measurement of N = 1.0 ± 0.2 represents a prediction
that GMC properties are more or less universal in nearby spiral
galaxies.

For our results to be consistent with those from starbursts,
the slope must steepen near ΣH2 ≈ 200 M" pc−2. This might
be expected on both observational and physical grounds. CO is
optically thick at the surfaces of molecular clouds. Therefore,
as the filling fraction of such clouds for a given telescope
beam approaches unity, CO will become an increasingly poor
measure of the true ΣH2 because of the optical thickness of

2100 R. Genzel et al.

Fig. 3 (and also Fig. 2) we did not attempt to assign individual errors
(unlike K98a), since in our opinion essentially all uncertainties are
systematic in nature and apply to all data equally. This slope is in
very good agreement with the spatially resolved relation for nearby
spirals in Bigiel et al. (2008, green/orange/red-shaded region in the
left-hand panel of Fig. 3). The new data do not indicate a signifi-
cant steepening of the slope at surface densities of >102 M! pc−2,
neither at z ∼ 0 nor at z ≥ 1. Within the limited statistics of the
currently available data, we do not find a break in the slope near
102 M! pc−2, as proposed by Krumholz et al. (2009). The slope of
1.33 found by Krumholz et al. (2009) in the high-density limit is
marginally larger. A steeper slope in this regime (1.28 to 1.4) was
suggested earlier by the K98a starburst sample, but that analysis
included some mergers (see below) and the combined scatter of
both data sets suggests a 1σ uncertainty of ∼0.15, which makes the
difference in slope of 0.1–0.23 only marginally significant.

Low- and high-z SFGs overlap completely, again with the obvious
exception of EGS12012083 and BX389. The data in Fig. 3 suggest
that the KS relation in normal SFGs does not vary with redshift, in
agreement with the conclusions of Bouché et al. (2007) and Daddi
et al. (2010a,b).

In the right-hand panel of Fig. 3, we analyse the data with the
‘Elmegreen–Silk’ relation (see also K98a), which relates SFR sur-
face density to the ratio of gas surface density and global galaxy
dynamical time-scale. There is a reasonably good correlation as well
with a slope of slightly less than unity (0.84 ± 0.09). The scatter in
this relation (0.44 dex) is larger than in the surface density relation,
which may in part be attributable to the larger total uncertainties
in "molgas/τdyn, which we estimate to be ±0.32 dex (74 per cent).

Here and elsewhere, we computed the dynamical time-scale from
the ratio of the radius to the circular velocity vc. For the z > 1 SFGs
and SMGs we took R = R1/2 and applied a pressure correction to
the inclination-corrected rotation velocity vrot, vc = (v2

rot + 2σ 2)1/2,
where σ is the local 1D-velocity dispersion in the galaxy. This
relation is applicable to rotation-dominated, as well as pressure-
dominated galaxies. The slope we find is close to that of K98a,
who find a slope between 0.9 and 1. High-z SFGs have somewhat
higher "star formation than low-z galaxies (by 0.71 ± 0.21 dex) but the
difference is probably only marginally significant. A fit with unity
slope yields a star formation efficiency per dynamical time of 0.019
(±0.008). This is in agreement with 0.01, the value found by K98a
when corrected to a Chabrier IMF.

4.2 KS relation for luminous mergers

Fig. 4 summarizes our analysis of the luminous mergers at both low
and high z. The left-hand panel shows the case of applying the best
single common conversion factor determined from the observations
(αmerger ∼ 1, Section 2.6), such that mergers and SFGs now have
conversion factors that differ by a factor of 3.2. The slope of the
merger relation (1.1 ± 0.2) is consistent with that of the SFGs
(1.17). Again low- and high-z mergers lie plausibly on the same
relation. Independent of whether the merger slope is fit or forced to
be the same as that of the SFGs, the difference in SFR at a given
gas surface density between the two branches is ∼1.0 (±0.2) dex
(see also Bothwell et al. 2010).

As we have argued in Section 2.6, a Galactic conversion factor for
all luminous low- and high-z mergers is almost certainly excluded
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Figure 4. Molecular Kennicutt–Schmidt surface density relation for luminous z ∼ 0 and z ∼ 1–3.5 mergers (z ∼ 0 LIRGs/ULIRGs: magenta squares, z ≥ 1
SMGs: red squares). The left-hand panel shows their location in the KS plane along with the SFGs (at all z, open grey circles) from Fig. 3 if the a priori best
conversion factors for SFGs (α = αG) and mergers (α = αG/3.2) are chosen. The right-hand panel shows the same plot for the choice of a universal conversion
factor of α = αG for all galaxies in the data base. This was the choice in the K98a paper but leads to a significant overestimate of gas fractions in almost all
major mergers. The fits assign equal weight to all data points and uncertainties in brackets are 3σ formal fit errors. The crosses in the lower right denote the
typical total (statistical + systematic) 1σ uncertainty.

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 407, 2091–2108

Genzel et al. (2010, MNRAS, AJ, 407, 2091)
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Orion

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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approach



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



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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•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

222
rmscc cc σ+

)(krms
2σ

22
srms ck >>)(σ

C.F. von Weiszäcker, 
1912 - 2007

eff



Properties of IMS turbulence

ISM turbulence is:
Supersonic   (rms velocity dispersion >> sound speed)

Anisotropic   (shocks & magnetic field)

Driven on large scales  (power in mol. clouds always   
                                       dominated by largest-scale modes)

          Microturbulent approach is NOT valid in ISM

No closed analytical/statistical formulation known 
--> necessity for numerical modeling



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)



B versus N(H2 ) from Zeeman 
measurements.
(from Bourke et al. 2001)
 

→  cloud cores are 
magnetically 
supercritical!!!

column density

ob
se
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 (Φ/M)n > 1  no collapse 
 (Φ/M)n < 1  collapse

observed B-fields are weak



(Mac Low, Klessen, Burkert, & Smith, 1998, PRL)

 ZEUS SPH

weak B strong B

MHD

HD HD

MHD

• Timescale problem: Turbulence decays on 
   timescales comparable to the free-fall time τff 
   (E∝t−η with η≈1).  
   (Mac Low et al. 1998, 
       Stone et al. 1998,
       Padoan & Nordlund 1999)

• Magnetic fields 
   (static or wave-
   like) cannot 
   prevent loss 
   of energy.

molecular cloud dynamics



Crutcher et al. (2009)



Crutcher et al. (2009)

Field reversal in the outer parts. 
This is incompatible with “standard” 
ambipolar diffusion theory!



example: L1448

Crutcher et al. (2009)



example: L1448

Lunttila et al. (2008)

Mass-to-flux ratio in turbulent cores 3167

Figure 3. Logarithmic column density map computed along the LoS in the y-direction for an initial plasma β of β0 = 0.01 (i.e. for a very strong field, left-hand
panel) and β0 = 100 (i.e. for a very weak field, right-hand panel) at t = 2.0T . For β0 = 0.01, one can see the outstanding z-direction of the magnetic field,
while for β0 = 100, the magnetic field is so weak that turbulence can easily tangle the magnetic field lines, such that the overall density structure is rather
isotropic. Also labelled are the positions of 40 density peaks (dot in the middle of each circle), which fulfil our threshold condition and the maximum diameter
of the envelopes (circles).

Table 2. Mean, median and standard deviations in all directions of
the magnetic field component and |R| for 2563 cells for β0 = 0.01
and 100 for the PPP case, computed with our first analysis method
described in Section 2. From the top to bottom (separated by a line
space): values for different times, t = 2.0, 2.4 and 2.8T , respectively.
All values of B are given in µG and time in T .

Time LoS |BLoS| |B̃LoS| σ |B| |R| ˜|R| σ|R|

β0 = 0.01

x 10.3 9.3 7.5 4.0 2.2 6.4
2.0 y 7.1 5.7 5.6 3.8 2.6 3.9

z 46.2 46.0 7.6 2.8 2.7 1.1

x 7.5 5.8 5.9 4.2 2.2 6.3
2.4 y 8.4 7.8 6.3 4.9 2.5 8.3

z 46.0 46.0 8.1 2.8 2.7 1.2

x 8.5 8.0 6.2 4.4 2.0 9.5
2.8 y 8.1 7.0 6.5 4.3 2.6 9.6

z 46.0 46.4 9.5 2.7 2.5 1.1

β0 = 100

x 2.7 1.9 2.4 1.3 0.8 2.0
2.0 y 3.2 2.2 3.0 2.5 1.0 7.2

z 3.1 2.1 3.4 1.9 0.9 3.6

x 3.4 2.8 2.9 1.1 0.9 1.0
2.4 y 3.4 2.4 3.2 2.4 1.0 6.4

z 3.0 2.7 2.4 1.7 1.0 2.5

x 2.5 1.9 2.2 1.9 0.8 4.3
2.8 y 3.0 2.4 2.5 2.5 1.0 5.8

z 2.6 2.2 2.2 2.1 0.8 6.3

the four clouds from Crutcher et al. (2009), L1448CO, B217-2,
L1544 and B1, which fit into our general trend of increasing R
with increasing BLoS. However, the observed values are at the lower
end of our distribution. We do not find any significant differences
between the PPP and PP measurements. We also varied the number
of cells of core and envelope, as described in Section 2.2, but could
not find any significant change in the distribution of the clumps.

We might expect that the average values of the mean magnetic
field of the clumps shown in Fig. 4 should scale like BLoS,i/BLoS,j =√

β0,j /β0,i because β∝B−2, where i and j denote simulations with
different initial plasma β. Table 3 gives an overview of the average
values of the magnetic field, R, and their standard deviations and
medians. If we consider the z-direction, we should always obtain a
constant ratio of BLoS,i/BLoS,j =

√
10 ≈ 3.2, if i and j correspond

to β0 = 0.01 and 0.1, 0.1 and 1, and so on. Therefore, the ratio from
i = 0.01 to j = 0.1 is BLoS,0.01/BLoS,0.1 = 46.2/15.8 ≈ 3, which fits
well to our theoretically predicted value of 3.2. For the other ratios,
we get values of 1.7, 1.7 and 1.8. This discrepancy comes from the
fact that the magnetic field is amplified by the small-scale dynamo
(Brandenburg & Subramanian 2005) in cases of high initial β0, that
is, β is a function of time, as is the Alfvénic Mach number (see
Fig. 1).

3.4 Effect of field reversals on R

Let us now analyse the consequences of field reversals in our clumps
on the behaviour of our statistical quantity R for our first analysis
method. Fig. 5 shows the corresponding amount of field reversals for
each clump plotted in Fig. 4. Besides the fact that the distribution
of clumps in Fig. 5 qualitatively moves to lower magnetic field
strengths as we go to higher values of plasma β, we notice that
the standard deviation of B and |R| observed in the z-direction is
getting bigger for lower magnetic field strength, that is, for a higher
plasma β. This is caused by the fact that a weaker field cannot resist
as well against turbulence as strong magnetic fields; we therefore
measure more field reversals as we go to higher plasma β0 in the z-
direction. We also observe that for small magnetic fields in the LoS
(independent of any direction) we can identify more field reversals,
which means clumps with values of X ≈ 0.

3.5 Comparison of two different methods of computing R

In Section 2.3, we have described two different methods of com-
puting R for getting a statistical distribution of clumps in the B–R
scatter plot. Depending on how we average our values, we find
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example: L1448

Lunttila et al. (2008)

3168 E. Bertram et al.

Figure 4. Distribution of clumps in different LoS directions for (i) PPP and (ii) PP measurements and observed cores by Crutcher et al. (2009). From the
top to bottom: different values of β0 (β0 = 0.01, 0.1, 1, 10 and 100). From the left-hand to right-hand side: different time-steps (t = 2.0, 2.4 and 2.8T). The
initial magnetic field strength for β0 is marked with a vertical line. Plotted is the absolute value of R against the absolute value of the average of the magnetic
field components for a given LoS. In general, we observe a small value of |R| for small magnetic field strengths that might be caused by field reversals. The
stronger the magnetic field lines, the higher the value of |R|. For PPP and PP configurations, as well as for the three different times, we get statistically the
same distribution.
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Also numerical models of prestellar 
cores forming in turbulent MHD 
simulations of ISM dynamics show 
a large number of field reversals.



• 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



Ralf Klessen: Lecture 2: 27.12.2006

interstellar gas is highly inhomogeneous
thermal instability 

gravitational instability

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

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

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

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

⎯⎯⎯⎯→         GRAVOTUBULENT FRAGMENTATION 

turbulent cascade: local compression within a cloud provokes collapse  
formation of individual stars and star clusters 

 (e.g. Mac Low & Klessen, 2004, Rev. Mod. Phys., 76, 125-194)
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gravoturbulent star formation
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energy source & scale 
NOT known
(supernovae, winds, 
spiral density waves?)

dissipation scale not known 
(ambipolar diffusion,  
molecular diffusion?)

turbulent cascade in the ISM

• scale-free behavior of turbulence 
in the range

• slope between -5/3 ... -2
• energy “flows” from large to small 

scales, where it turns into heat
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L
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transfer



 molecular clouds 

σrms  ≈ several km/s
Mrms > 10
    L  > 10 pc
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log kL-1 ηK-1

energy source & scale 
NOT known
(supernovae, winds, 
spiral density waves?)

dissipation scale not known 
(ambipolar diffusion,  
molecular diffusion?)
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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



dynamical SF in a nutshell

interstellar gas is highly inhomogeneous
gravitational instability

thermal instability 

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

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

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

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

⎯⎯⎯⎯→ GRAVOTUBULENT FRAGMENTATION 

turbulent cascade: local compression within a cloud provokes collapse  
formation of individual stars and star clusters 

 (e.g. Mac Low & Klessen, 2004, Rev. Mod. Phys., 76, 125-194)
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Density structure of MC’s

(Motte, André, & Neri 1998)

molecular clouds 
are highly 
inhomogeneous

stars form in the 
densest and coldest 
parts of the cloud   

ρ-Ophiuchus cloud 
seen in dust 
emission

let‘s focus on 
a cloud core 
like this one



Evolution of cloud cores

How does this core evolve?
Does it form one single massive star or 
cluster with mass distribution? 

Turbulent cascade „goes through“ cloud 
core
--> NO scale separation possible 
--> NO effective sound speed  
Turbulence is supersonic!
--> produces strong density contrasts:
     δρ/ρ ≈ M2

--> with typical M ≈ 10 --> δρ/ρ ≈ 100!
many of the shock-generated fluctuations 
are Jeans unstable and go into collapse
-->  expectation: core breaks up and 
      forms a cluster of stars



Evolution of cloud cores

indeed ρ-Oph B1/2 contains several 
cores (“starless” cores are denoted by , cores 
with embedded protostars by )

(Motte, André, & Neri 1998)



Formation and evolution of cores

protostellar cloud cores form at  
stagnation point in convergent 
turbulent flows

if M > Mcrit ∝ρ-1/2 T3/2:       collapse & star formation

if M < Mcrit ∝ρ-1/2 T3/2:          reexpansion after end of 
           external compression

typical timescale: t ≈ 104 ... 105 yr

(e.g. Vazquez-Semadeni et al 2005)



What happens to distribution of 
cloud cores?

Two exteme cases: 
(1)  turbulence dominates energy budget: 

α=Ekin/|Epot| >1
--> individual cores do not interact 
--> collapse of individual cores 
     dominates stellar mass growth 
--> loose cluster of low-mass stars

(2)  turbulence decays, i.e. gravity dominates: 
α=Ekin/|Epot| <1
--> global contraction 
--> core do interact while collapsing 
--> competition influences mass growth 
--> dense cluster with high-mass stars 

Formation and evolution of cores



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



NGC 602 in the LMC: Hubble Heritage Image



• energy balance

- in molecular clouds: 

- kinetic energy ~ potential energy ~ magnetic energy > thermal energy 

- models based on HD turbulence misses important physics

- in certain environments (Galactic Center, star bursts), energy density 
in cosmic rays and radiation is important as well

• time scales 

- star clusters form fast, but more slowly than predicted by HD only
(feedback and magnetic fields do help)

- initial conditions do matter 
(turbulence does not erase memory of past dynamics) 

• star formation efficiency (SFE)

- SFE in gravoturbulent models is too high (again more physics needed) 

some concerns of simple model



• stars form from the complex interplay of self-gravity and a large number of 
competing processes (such as turbulence, B-field, feedback, thermal pressure)

• the relative importance of these processes depends on the environment

- prestellar cores --> thermal pressure is important
molecular clouds --> turbulence dominates

- massive star forming regions (NGC602): radiative feedback is important 
small clusters (Taurus): evolution maybe dominated by external turbulence  

• star formation is regulated by various feedback processes

• star formation is closely linked to global galactic dynamics (KS relation)

current status

/(Larson’s relation: σ    L1/2)}

Star formation is intrinsically a multi-scale and multi-physics 
problem, where it is difficult to single out individual processes. 
Simple theoretical approaches usually fail.  



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 theoretical approach.

Carina Nebula, NGC 3372

This image is a composite of many separate exposures made by the ACS instrument on the Hubble Space 
Telescope along with ground-based observations. In total, three filters were used to sample narrow 
wavelength emission. The color results from assigning different hues (colors) to each monochromatic image. 
In this case, the assigned colors are:

CTIO: ([O III] 501nm)
blue
CTIO: (H-alpha+[N II] 658nm)
green
CTIO: ([S II] 672+673nm)
red
HST/ACS: F656N (H-alpha+[N II])
luminosity*



HH 901/902 in 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 theoretical approach.  



theoretical approach
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.)

+

ISM dynamics 
and SF



theoretical approach
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, Nirvana3, etc), 
   subgrid-scale models 
  (FEARLESS)

 BGK methods  



theoretical approach
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)



theoretical approach
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



theoretical approach
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



theoretical approach
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  



theoretical approach
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!



end



Carina with HST


