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

Carina with HST

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

HH 901/902 in Carina with HST

examples
• large scales: Kennicutt-Schmidt type relations
-

how does star formation depend on galactic environment?

-

how to connect ISM dynamics to galactic dynamics?

-

what is the physical origin of the ISM?

• intermediate scales: molecular cloud formation
• small scales: star cluster formation

HH 901/902 in Carina with HST
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(images from Frank Bigiel, ZAH/ITA)

• HI gas more extended
• H2 and SF well correlated

4

109 yr

H2 dominated

-2

HI dominated

3
2

-1

1010 yr

4
y=1.17*x-3.48
y=1.17*x -2.44 (0.12)
SFGs

1

y=+1.

3

α=1 merger
α=3.2 SFG

0
-1
-2

2
1

α=3.2 m
α=3.2 SF

0
-1
-2
-3

-3
-4

-2

yr

2869

-1

108

log ( Σstar form (Msunyr kpc ) )

THE SF LAW IN NEARBY GALAXIES ON SUB-KPC SCALES

log ( Σstar form (Msunyr kpc ) )

No. 6, 2008

gas surface density bet
(see also Bothwell et al
As we have argued in
all luminous low- and h

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).
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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).
mol gas
sun
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
n 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
Figure
Molecular
surface density relation for luminous z ∼ 0 and z ∼ 1–3.5 mergers
NGC 6946 (Crosthwaite & Turner 2007)
are shown
black
filled circles.
we show disk-averaged measurements from 61 normal
spiral4.galaxies
(filled Kennicutt–Schmidt
Bigiel
et asal.
(2008,
AJ,Furthermore,
136, 2846)
Genzel et al.
(2010, MNRAS, AJ, 407, 2091)
gray stars) and 36 starburst galaxies (triangles) from K98. The black filled diamonds show global measurements from 20 low surface brightness
galaxies
(Wyder The left-hand panel shows their location in the KS plane along with the SFGs (at all z,
SMGs: red
squares).
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
conversion factors for SFGs (α = αG ) and mergers (α = αG /3.2) are chosen. The right-hand panel shows the
where applicable. One finds good qualitative agreement between our data and the measurements from other studies despite a variety of applied SFR tracers. This
factor
of α = αG for all galaxies in the data base. This was the choice in the K98a paper but leads to a sign
combined data distribution is indicative of three distinctly different regimes (indicated by the vertical lines) for the SF law (see discussion in
the text).

• standard model: roughly linear relation between H2 and SFR
• standard model: roughly constant depletion time: few x 109 yr
• super linear relation between total gas and SFR

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
ow and high redshifts by a number of authors (e.g., Gao &
Solomon 2004; Riechers et al. 2007). There may be reasons
o expect different values of N in starburst environments and
n 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 Σ
= 3–50 M pc−2 . In starbursts, the changes in

major mergers. The fits assign equal weight to all data points and uncertainties in brackets are 3σ formal fit
(statistical
are consistent with Galactic GMCs fillingtypical
! 1/3total
of the
beam. + systematic) 1σ uncertainty.
If GMC properties are the same in all spirals in our sample,
then for this range of surface densities we expect a power-law
%
C 2010 The Authors. Journal com
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
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• QUIZ: do you see a universal ΣH2 - ΣSFR relation?
Shetty et al. (2013, MNRAS submitted, arXiv:1306.2951, see also Shetty, Kelly, Bigiel, 2013, MNRAS, 430, 288)

data from STING survey (Rahman et al. 2011, 2012)
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• QUIZ: do you see a universal ΣH2 - ΣSFR relation?
• ANSWER: - probably not

- in addition, the relation often is sublinear

Shetty et al. (2013, MNRAS submitted, arXiv:1306.2951, see also Shetty, Kelly, Bigiel, 2013, MNRAS, 430, 288)

A non-universal molecular KS relationship
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Figure 1. Slope and intercept of test galaxies in Group A. Black cross shows the true values. Red and orange squares show the
OLS(ΣSFR |Σmol ) and OLS(Σmol |ΣSFR ) results, with their 1σ uncertainties, respectively. The gray circles indicate the estimate provided
by the median of hierarchical Bayesian posterior result, and the contours mark the 1σ deviation. The filled blue squares mark the bisector
estimates. The last panel on the bottom row shows the group parameters and fit estimates.

For the OLS(Σmol |ΣSFR ), the fit slope is the inverse of the
desired quantity in Equation 2, so that:

Shetty et al. (2013, MNRAS, 430, 288)

claimed to be implied by the terminology of “independent”
and “dependent” variables. However, the different slope esti-
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data from STING survey (Rahman et al. 2011, 2012)
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Figure 2. Depletion time τdep
CO =2 Gyr. The efficiency per free
median of the Bayesian estimate, and thin lines mark the 2σ interval. The red dashed line indicates τdep

fall time (#CO
) is marked on the right ordinate.
ff

all galaxies

Hierarchical Bayesian model for STINGciency
galaxies
indicate
varying
depleting
per free-fall
time decreases
with
increasing CO luminosity.
times.

As with the KS relationship itself in Figure 1, there is
CO
no single τdep
that holds for all galaxies. Further, for those
CO
galaxies with a strongly sub-linear relationship, τdep
clearly
increases with increasing gas surface density.
For instance, for NGC 772 where the median N =0.51,
CO
<
the median τdep
varies from ∼
5 Gyr at Σmol =50 M! pc−2 ,
>
to ∼
9 Gyr at Σmol =200 M! pc−2 . Altogether, a constant
CO
value of τdep
=2 Gyr can be ruled out for all Σmol ! 50 M!

These results stand in contrast with the idea of a conCO
stant τdep
≈2 Gyr. There are two primary reasons for the
discrepancies. As we discussed in SKB13, by pooling all
data together intrinsic variations between galaxies may be
Shetty et al. (2013,
arXiv:1306.2951)
veiled, with the outcome dependent
on those
galaxies with
the tightest KS relationship, and with the largest number of
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data from STING survey (Rahman et al. 2011, 2012)
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physical origin of this behavior?

fall time (#CO
) is marked on the right ordinate.
ff

all galaxies

...
• maybe strong shear in dense arms
• maybe non-star forming H gas becomes traced by CO at high

(example
M51,
Meidtwith
etincreasing
al. 2013)
ciency per
free-fall time
decreases
CO lumiAs with the KS relationship itself in Figure 1, there is
CO
nosity.
no single τdep that holds for all galaxies. Further, for those
CO
galaxies with a strongly sub-linear relationship, τdep
clearly
These results stand in contrast with the idea of a con2
CO
increases with increasing gas surface density.
stant τdep
≈2 Gyr. There are two primary reasons for the
For instance, for NGC 772 where the median N =0.51,
discrepancies. As we discussed in SKB13, by pooling all
CO
−2
<
the median τdep varies from ∼ 5 Gyr at Σmol =50 M! pc ,
data together intrinsic variations between galaxies may be
−2
>
Shetty
et
al.
(2013,
MNRAS
submitted,
arXiv:1306.2951,
see also
Shetty, Kelly,
Bigiel, 2013,
430, 288)with
to ∼ 9 Gyr at Σmol =200 M! pc . Altogether, a constant
veiled, with
the outcome
dependent
onMNRAS,
those galaxies
CO
value of τdep
=2 Gyr can be ruled out for all Σmol ! 50 M!
the tightest KS relationship, and with the largest number of

column densities (i.e. high extinctions)...

c 2013 RAS, MNRAS 00
!
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Table 1. Bayesian estimated parameters for the STING galaxies
Subject

# Datapoints

A

2σA

N

1. NGC 0337
2. NGC 0628
3. NGC 0772
4. NGC 1637
5. NGC 3147
6. NGC 3198
7. NGC 3593
8. NGC 3949
9. NGC 4254
10. NGC 4273
11. NGC 4536
12. NGC 4654
13. NGC 5371
14. NGC 5713
15. NGC 6951

3
131
217
47
298
18
141
27
308
103
67
168
65
220
135

0.33
0.05
0.14
0.18
0.36
0.05
−0.28
0.02
0.40
0.06
0.15
−0.06
0.01
−0.04
−0.27

[−0.16, 0.91]
[−0.23, 0.38]
[−0.08, 0.34]
[−0.12, 0.59]
[ 0.10, 0.60]
[−0.39, 0.47]
[−0.51, 0.07]
[−0.39, 0.53]
[ 0.20, 0.59]
[−0.17, 0.25]
[−0.13, 0.40]
[−0.42, 0.16]
[−0.36, 0.45]
[−0.20, 0.12]
[−0.42, 0.11]

1.08
0.67
0.51
0.61
0.43
0.93
1.02
0.51
0.57
0.89
0.90
0.83
0.58
0.94
0.91

Group Parameters

1948

0.07

[−0.11, 0.27]

0.76

1

2σN
[0.68,
[0.46,
[0.40,
[0.34,
[0.31,
[0.69,
[0.91,
[0.14,
[0.49,
[0.78,
[0.77,
[0.70,
[0.28,
[0.85,
[0.83,

1.45]
0.86]
0.64]
0.82]
0.57]
1.20]
1.14]
0.79]
0.67]
1.02]
1.05]
1.05]
0.82]
1.01]
0.99]

[0.60, 0.92]

σscat

CO
τdep
(Σmol =50)1

CO
τdep
(Σmol =100)1

CO
τdep
(Σmol =150)1

CO
τdep
(Σmol =200)1

0.09
0.04
0.04
0.05
0.03
0.07
0.08
0.06
0.04
0.05
0.06
0.04
0.05
0.13
0.08

0.1, 0.3, 0.9
2.6, 3.3, 4.1
4.0, 4.9, 6.0
2.2, 3.0, 4.2
3.3, 4, 4.8
0.7, 1.2, 1.8
1.1, 1.8, 2.7
4.4, 6.7, 10.0
1.7, 2.1, 2.5
1.1, 1.4, 1.7
0.8, 1.0, 1.4
1.8, 2.2, 2.7
3.9, 5.1, 6.8
0.8, 1.4, 2.5
1.8, 2.6, 3.9

0.1, 0.3, 1.1
3.2, 4.4, 6.2
5.6, 6.9, 8.4
2.6, 4.0, 6.3
5.0, 6.0, 7.2
0.7, 1.2, 1.9
1.1, 1.7, 2.6
5.3, 9.4, 17.2
2.4, 2.8, 3.4
1.1, 1.5, 1.9
0.8, 1.1, 1.5
1.9, 2.5, 3.2
4.8, 7.0, 10.1
0.8, 1.5, 2.7
1.9, 2.8, 4.1

0.1, 0.3, 1.2
3.5, 5.2, 7.8
6.7, 8.4, 10.5
2.8, 4.7, 8.5
6.2, 7.6, 9.4
0.7, 1.2, 2.1
1.1, 1.7, 2.6
5.9, 11.6, 24.1
2.8, 3.4, 4.0
1.2, 1.6, 2.1
0.8, 1.1, 1.6
2.0, 2.6, 3.4
5.4, 8.4, 13.0
0.8, 1.5, 2.7
1.9, 2.9, 4.3

0.1, 0.3, 1.2
3.8, 5.8, 9.3
7.6, 9.7, 12.5
2.9, 5.3, 10.1
7.1, 8.9, 11.4
0.7, 1.3, 2.2
1.1, 1.7, 2.6
6.2, 13.3, 30.4
3.2, 3.8, 4.6
1.2, 1.6, 2.2
0.8, 1.2, 1.6
2.1, 2.8, 3.8
5.8, 9.6 , 15.5
0.9, 1.6, 2.8
2.0, 3.0, 4.4

0.09

1.0, 2.2, 4.8

1.1, 2.6, 6.2

1.1, 2.9, 7.3

1.2, 3.1, 8.2

CO (Gyr) at given values of Σ
−2 ).
Entries indicate the 2.5%, 50%, and 97.5% quantiles of τdep
mol (M! pc

slope of KS relation
depletion times
Shetty et al. (2013, arXiv:1306.2951)
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molecular cloud formation
Idea:
Molecular clouds form at
stagnation points of largescale convergent flows,
mostly triggered by global
(or external) perturbations.
Their internal turbulence is
driven by accretion, i.e. by
the process of cloud
formation

•

molecular clouds grow in
mass

•

this is inferred by looking at
molecular clouds in different
evolutionary phases in the
LMC (Fukui et al. 2008, 2009)

re where significant CO emission is detected for Type I (blue), Type II (yellow), and Type III (red)
erent regions—Bar,
North,
Fukui et al.
(2009) and Arc—which are indicated in the right panel.

correlation with large-scale perturbations
density

(e.g. off arm)

density/temperature
fluctuations in warm atomar
ISM are caused by thermal/
gravitational instability and/
or supersonic turbulence
some fluctuations are dense
enough to form H2 within
“reasonable time”

space

density



molecular cloud

(e.g. on arm)

external perturbuations (i.e.
potential changes) increase
likelihood
space

star formation on global scales
H2 formation rate:

τ H2

1.5 Gyr
≈
nH / 1cm −3

for nH ≥ 100 cm-3, H2 forms
within 10 Myr, this is about
the lifetime of typical MC’s.
in turbulent gas, the H2
fraction can become
very high on short
timescale
(for models with coupling
between cloud dynamics and
time-dependent chemistry, see
Glover & Mac Low 2007a,b)

mass weighted ρ-pdf, each shifted by ΔlogN = 1
(rate from Hollenback, Werner, & Salpeter 1971)

star formation on global scales
BUT: it doesn’t work
(at least not so easy):

Chemistry has a
memory effect!
H2 forms more quickly
in high-density regions
as it gets destroyed in
low-density parts.

(for models with coupling
between cloud dynamics and
time-dependent chemistry, see
Glover & Mac Low 2007a,b)

mass weighted ρ-pdf, each shifted by ΔlogN = 1
(rate from Hollenback, Werner, & Salpeter 1971)

molecular cloud formation

(from Dobbs et al. 2008)

molecular cloud formation

(Dobbs & Bonnell 2007)

molecular cloud formation
molecular gas fraction of fluid
element as function of time

(Dobbs et al. 2008)

molecular gas fraction as function of density

ND ATOMIC GAS IN THE LMC. II.
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zooming in ...

image from Alyssa Goodman: COMPLETE survey

(movie from Christoph Federrath, see his talk tomorrow)

Large-eddy simulations
• We use LES to model the large-scale dynamics
• Principal problem: only large scale flow properties
- Reynolds number: Re = LV/ν (Renature >> Remodel)
- dynamic range much smaller than true physical one
- need subgrid model (in our case simple: only dissipation)
- but what to do for more complex when
processes on subgrid scale determine
large-scale dynamics
(chemical reactions, nuclear burning, etc)

log E

- Turbulence is “space filling” --> difficulty

dynamic range
of model

true dynamic range

for AMR (don’t know what criterion to use
for refinement)

• How large a Reynolds number do
we need to catch basic dynamics
right?

L-1

ηK-1

d
le
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e
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in ch

chemical model
32 chemical species
17 in instantaneous equilibrium:
19 full non-equilibrium evolution

218 reactions
various heating and cooling processes

long series of publications by Simon Glover and collaborators, e.g. Glover & Mac Low (2007ab), Glover, Federrath, Mac Low, Klessen (2010),
Glover & Clark (2012, 2013), Clark & Clover (2012, 2013)

chemical model

(Glover et al. 2010)

chemical model

(Glover et al. 2010)

HI to H2 conversion rate
H2 forms rapidly in shocks /
transient density fluctuations /
H2 gets destroyed slowly in
low density regions / result:
turbulence greatly enhances
H2-formation rate

(Glover et al. 2010)

CO, C+ formation rates
CO
C
C+

(Glover et al. 2010)

effects of chemistry
total column density

12CO

(Glover et al. 2010)

column density

H2 column density

temperature

effects of chemistry
total column density

12CO

(Glover et al. 2010)

column density

H2 column density

ratio N(H2temperature
)/N(12CO)

XCO factor
•

conversion rate between H2 column density and CO
emission (equivalent
width W)
through a constant
‘X factor’ (e.g. Dickman 1978):
NH2
(cm−2 K−1 km−1 s).
X=
W

•
•
•

of Galactic
most massCO
H2observations
determinations
dependclouds
on X! have resulted in estimat

−2 −1
−1
K
km
s (hereafter X Gal ; e.g. Solo
X ≈ few × 1020 cm
22
-2
-1
-1
in Milky Way
~ fewYoung
x 10 &cm
K km
~ const.
et al.X1987;
Scoville
1991;s Dame,
Hartmann & Thad
how does2001).
it varyObservations
with environmental
of diffusecondition?
gas in the Galaxy have also res
in similar estimates of the X factor (e.g. Polk et al. 1988; Liszt,
- metallicity
& Lucas 2010, hereafter LPL10).
density,
radiation
field, etc.
However,
extragalactic observations of systems with diff
(“normal” gal.
vs star burst)
physical characteristics, such as metallicity or background U
diation, have found variations in the X factor. Interestingly
servational investigations employing different methodologies
resulted in vastly discrepant estimates of the X factor. For exam

Modelling CO emission from MCs

log CO equivalent width

log H2 column density

log X in each pixel

(Shetty, Glover, Dullemond, Klessen 2011)

log CO column density

9

Figure 4. Images of (a) N CO , (b) W, (c) NH2 and (d) the X factor of model n300-Z03. Each side has a length of 20 pc. In (a) and (b), solid contours indicate
log(N CO ) = 12, 14 and log(W) = −3, −1; dashed contours are log(N CO ) = 16.5 and log(W) = 1.5 (see the text and Fig. 2d).

by ≈1 order of magnitude. Since the X factor directly depends on

5 × 1021 cm−2 , the X factor varies from ∼1020 to 1023 cm−2 K−1
−1

observed x-factor

Tacconi et al. (2008)

derived x-factor

1. Compilation of estimated X factors from a range of systems, shown as a function of surface density. Figure reprodu
t al. (2008).

low CO opacity

high CO opacity

2. Mean X factor
binsDullemond,
of gas surface
density2011)
Σgas for 5 models. The X factor is averaged in different Σgas bins. T
(Shetty,in
Glover,
Klessen, MNRAS,
lotted on the midpoint value of Σgas of each bin. Each model is identified by different colors and symbols (and labele

some applications
• large-scale galaxy simulations (work by Rowan Smith )
• ISM simulations (SILCC collaboration, lead by Steffi
Walch)

• molecular cloud formation (work by Simon Glover and
Paul Clark)

Modelling the galactic ISM dynamics

•
•

use Arepo (Springel 2012)
full-fledged H2 and CO
chemistry (Glover et al.
2010)

•

external potential with 4arm spiral (e.g. Dobbs et al.
2008)

(Rowan Smith et al. in preparation)

•

resolve down to 4 Msun!

•

produce synthetic maps in
CO, HI, H2, etc.

•

include feedback

Modelling the galactic ISM dynamics

H2 formation in a spiral
potential

(Rowan Smith et al. in preparation)

Modelling the galactic ISM dynamics

velocity

density
deviation from
galactic rotation

strong shear
in spiral arm

(Rowan Smith et al. in preparation)

Modelling the ISM on 1 kpc scale:

•
•

SILCC project (42 million CPU-h on Super-MUC,
PI: Steffi Walch, MPA soon Cologne)
model 1 x 1 x 4 kpc3 region of Galactic ISM
as consistently as possible

-

•

-

extremely high-resolution AMR
MHD simulations (FLASH4)
SN driven turbulence
resolve star formation
down to 500 AU
radiative + mechanical
feedback from stars
time-dependent chemistry
Galactic potential

goal is to better understand
- formation and evolution of
molecular clouds
- larger-scale SF relations
- Galactic fountains
- Galactic matter cycle

Modelling the ISM on 1 kpc scale:

(Philipp Girichidis et al. in preparation)

are there “dark” clouds?
• there is increasing evidence, that a significant fraction
of the H2 gas in galaxies is not traced by CO
(e.g. Pringle, Allen, Lubov 2001, Hosokawa & Inutsuka
2007, Clark et al. 2012)

• 3D simulations of colliding HI gas forming molecular
clouds at the stagnation region performed by Paul
Clark in Heidelberg
-

SPH (also with FLASH)
full fledged CO chemistry
TREECOL for calculating extinction
‘standard’ dust model
sink particles to account for local collapse (star formation)
two models: slow and fast flow

are there “dark” clouds?
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cloud in each case – i.e. one that would be seen by an observer
via CO emission. We then go on to look at how the post-processed
CO maps of HH08 compare to our fully self-consistent and timedependent treatment of the cloud chemistry. Finally, we look at how
the observable properties of the CO vary with time as the clouds
(and star-forming regions) are assembled.

would lead to an overestimate
be traced by CO, and thus id
fast flow, the HH08 approach
from low to high CO abunda
1, although for gas with a tem
with T ∼ 50 K and AV,mean
4.1 General chemical evolution of the flows
Similar results were found in
Bergin et al. (2004), who foun
An overview of the chemical state of the gas can be found in Fig. 6.
AV,mean ∼ 2 for CO to form e
The left-hand plots depict how the global chemical state of the gas
evolves as the flow advances. They show the fraction of the available
The motivation for the extin
hydrogen that is in the form of H2 and the fraction of the available
provided
by the study of van D
carbon that is in the form of C+ , C or CO. The fraction of the total
strated
that
in uniform densit
carbon that is incorporated into other molecules, such as HCO+ , is
abundant in regions that have
always very small and is not plotted. The right-hand plots show the
the van Dishoeck & Black (1
maximum abundances of H2 and CO within the simulation, which
inhomogeneities in the gas, w
tells us whether there are any molecular-dominated regions within
the flow. Note that in this plot, the abundances are given with respect
complicating the relationship
to the overall number of hydrogen nuclei (a conserved quantity),
visual extinction (see e.g. Glo
such that gas in the form of pure H2 will have a fractional abundance
therefore implicitly assumes t
of H2 that is 0.5, whereas gas in which all of the carbon is in the
T < 50 K is dense enough to
form of CO will have a fractional abundance of CO that is 1.4 ×
see in Fig. 7, this is not the ca
10−4 .
the relationship between AV,m
We start by looking at the evolution of the H2 in the cloud in Fig. 6.
of
the gas with AV,mean ∼ 1
The left-hand plot shows that the gas goes from being completely
atomic – as in our initial conditions – to having around 10 per cent of
hence although it is relatively
its hydrogen in molecular form by the point at which star formation
diffuse to have a high CO abu
sets in (∼7 per cent in the case of the slow flow and ∼12 per cent in
around 1000 cm−3 is also fou
the case of the fast flow). The initial rise in the amount of H2 is also
models (see e.g. Molina, Glo
sharp, going from essentially zero to around a per cent over a period
One can see by just how m
of less than 2 Myr in each flow. Such a rapid rise can be understood
be
overestimated by looking
by looking at the density evolution in Fig. 4. We see that for each
temperature distribution in ter
flow, the sudden rise in the H2 fraction is accompanied by a rapid
rise in the amount of gas with a density above 100 cm−3 . Since the
is around an order of magnitu
Figure
5.2 The
distribution in
is ofgas
thetemperature–density
order of 109 /n Myr (Hollenbach
&the flows at the onset
formation time
of H
range 20 < T < 50 K than a tem
of star
formation.
McKee 1979),
where
n is the number density of the gas, we see
mean
visual extinction of gas
that once the gas density exceeds 100 cm−3 , the time required to
Clark et al. as
(2012)
shown in Fig. 7, we see th
convert a largeIn
fraction
of the hydrogenthe
to molecular
form becomes
our calculations,
visual extinction
is calculated during
in inferred ‘molecular
also
Pringle,
(2001),
Hosokawa
& Inutsuka result
(2007)
of thesee
orderthe
of atree
few
Myr.
theLubov
sudden appearance
of
H2using our recently
walkTherefore,
to Allen,
get the
gravitational
forces,
massive than those predicted
is simply a developed
consequenceTREECOL
of the structure
that
is
formed
in
the
flows.
algorithm (Clark, Glover & KlessenClark et al.
Nevertheless, it is clear tha
Fig. 6 also shows that some pockets of gas can become almost
2012), as described in Section 2.1. This yields a 48-pixel map of

slow flow

fast flow

Figure 3. Evolution with time of the maximum density (blue, solid line)
and minimum temperature (red, dashed line) in the slow flow (top panel) and
the fast flow (bottom panel). Note that at any given instant, the coldest SPH
particle is not necessarily the densest, and so the lines plotted are strictly
independent of one another.

owing to the fact that in this case, star formation begins before all
of the low-density, unshocked gas has had time to cool sufficiently

are there “dark” clouds?
Molecular cloud formation time-scales
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slow flow

fast flow

Figure 6. Chemical evolution of the gas in the flow. In the left-hand column, we show the time evolution of the fraction of the total mass of hydrogen that is
in the form of H2 (red solid line) for the 6.8 km s−1 flow (upper panel) and the 13.6 km s−1 flow (lower panel). We also show the time evolution of the fraction
of the total mass of carbon that is in the form of C+ (green dashed line), C (orange dot–dashed line) and CO (blue double-dot–dashed line). In the right-hand
column, we show the peak values of the fractional abundances of H2 and CO. These are computed relative to the total number of hydrogen nuclei, and so the
maximum fractional abundances of H2 and CO are 0.5 and 1.4 × 10−4 , respectively. Again, we show results for the 6.8 km s−1 flow in the upper panel and the
13.6 km s−1 flow in the lower panel. Note that the scale of the horizontal axis differs between the upper and lower panels.

Clark et al. (2012)

resulting maps are hence those that would be seen by an observer
sitting at positive x (i.e. one who is looking along the flow).
The images in Fig. 9 show the results from the radiative transfer

see also Pringle, Allen, Lubov (2001), Hosokawa & Inutsuka (2007)
In both cases, the extent of the CO emission reflects the column
density distribution in the gas. In general, however, it seems that at
these early times the CO is confined to regions that are undergoing

Molecular cloud formation time-scales

slow

2609

slow

H2 column
CO emission

fast

fast

slow

slow

fast

fast

fraction of CO
dark gas will
also change
with
metallicity and
with ambient
radiation field
Clark et al. (2012)

Figure 9. The images show the evolution of the column number density, N, and the velocity-integrated intensity in the J = 1–0 line of 12 CO, W CO (1–0),
for the region in which the first star forms in each of the flows. Four times are shown: 2 Myr prior to star formation (upper left-hand panels), 1 Myr prior to
star formation (upper right-hand panels), the point of star formation (lower left-hand panels) and 0.8 Myr after the onset of star formation (lower right-hand

are molecules needed for star formation?

• it has been proposed that molecule formation (H2,
CO, etc.) is a prerequisite for star formation

(e.g. Schaye 2004; Krumholz & McKee 2005; Elmegreen 2007; Krumholz et al. 2009)

• the idea is that CO is a necessary coolant for collapse
• however, also C+ and C are very efficient coolants
• see what is needed for star formation, by artificially
‘switching’ of certain chemical pathways
(Glover & Clark 2011, 2012)
-

no shielding
no chemistry, gas remains atomic
H2 chemistry, but no CO
H2 and CO chemistry, hydrogen initially atomic
H2 and CO chemistry, hydrogen initially molecular

-

SPH (and FLASH) simulations of isolated,
gravitational bound molecular cloud
column densities for H2 self-shielding, dust
shielding determined using TreeCol (Clark
et al. 2011)

are molecules needed for star formation?
•

Glover & Clark (2011)

presence of molecular gas has only
very minor influence on ability of
cloud to form stars

are molecules needed for star formation?
no molecule formation,
only atomic gas

•

presence of molecular gas has only
very minor influence on ability of
cloud to form stars

•

C+ is equally efficient coolant in
atomic phase as CO in molecular

•

shielding is important at high
densities: photoelectric emission from dust
grains is not longer dominant heating process

with full network,
starting fully molecular

median heating and cooling
rate as function of density
Glover & Clark (2011)

are molecules needed for star formation?
no molecule formation

with full network

•

presence of molecular gas has only
very minor influence on ability of
cloud to form stars

•

C+ is equally efficient coolant in
atomic phase as CO in molecular

•

what is crucial is the ability of cloud
to shield itself from interstellar
radiation field

•

but clouds that are big/dense
enough to shield themselves will be
molecular!
this suggests that the correlation
between H2 and star formation is
a coincidence

Glover & Clark (2011)

are molecules needed for star formation?
no molecule formation

with full network

•

presence of molecular gas has only
very minor influence on ability of
cloud to form stars

•

C+ is equally efficient coolant in
atomic phase as CO in molecular

•

what is crucial is the ability of cloud
to shield itself from interstellar
radiation field

•

but clouds that are big/dense
enough to shield themselves will be
molecular!
more important is extinction
(this introduces metallicity
dependence)

Glover & Clark (2011)
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metallicity
dependence
Star formation in metal-poor gas clouds
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Figure 1. Upper panel: mass in sinks, plotted as a function of time, for runs
Z1-M (solid line), Z03-M (dotted line), Z01-M (dashed line), Z003-M (dot–
dashed line) and Z001-M (double-dot–dashed line). In these runs, hydrogen
was initially in fully molecular form. Lower panel: the same quantity, but
for runs Z1-A (solid line), Z03-A (dotted line), Z01-A (dashed line), Z003A (dot–dashed line) and Z001-A (double-dot–dashed line). In these runs,
hydrogen was initially fully atomic.
Table 1. Star formation time-scales in the
different runs.
Run

tSF (Myr)

t200 (Myr)

Z1-M
Z1-A

2.21
2.00

2.67
2.76

Z03-A

2.78

2.79
3.22

Glover & Clark
(2012)2.11
Z03-M

Figure 5. Maps of column density (first and third columns) and integrated intensity in the J = 1–0 rotational transition of 12 CO (second and fourth columns)
for each of the simulations. The maps show a region of side length 16.2 pc that includes roughly 80 per cent of the total cloud mass, but almost all of the CO
emission. The CO integrated intensity maps were produced using the RADMC-3D radiative transfer code, as described in the text.

Therefore, in order to establish the extent to which the conclusions that we draw in this paper depend on our assumptions

where n denotes the metallicity, as before)3 and simulations in which
ζ H was increased or decreased by a factor of 10 (hereafter referred

BUT: at low metallicities, H2 and HD cooling may indeed matter!
6 Glover
Molecular cooling in the diffuse interstellar medium
5 & Clark
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Figure 1. Gas temperature at t = tff , computed as a function of the number density of hydrogen nuclei, n, and the strength of the
interstellar radiation field in units of the standard value, G0 , for a set of runs covering a range of metallicities between Z = Z! and
Z = 10−4 Z! . In these runs, the effects of H2 and HD cooling were not included.
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Figure 2. As Figure 1, but for a set of runs that included the effects of H2 and HD cooling.

Glover & Clark (2013)

Carina with HST

Star formation is intrinsically a multi-scale and multi-physics problem.
Many different processes need to be considered simultaneously.

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

• thermodynamic properties of the gas (heating vs cooling) play a key role
in the star formation process

• detailed studies require the consistent treatment of many different

physical processes (this is a theoretical and computational challenge)

• star formation is regulated by several feedback loops, which are still
poorly understood

• primordial star formation shares the same complexities as present-day
star formation

Carina with HST

Star formation is intrinsically a multi-scale and multi-physics problem.
Many different processes need to be considered simultaneously.
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