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decrease in spatial scale / increase in density

Andromeda (R. Gendler)

NGC 602 in LMC (Hubble)

•

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

-

Proplyd in Orion (Hubble)

size of molecular cloud: few 10s of pc
size of young cluster: ~ 1 pc
size of Sun: 1.4 x 1010 cm

Sun (SOHO)

Earth
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decrease in spatial scale / increase in density

Andromeda (R. Gendler)

NGC 602 in LMC (Hubble)

•
•

contracting force

-

Proplyd in Orion (Hubble)

only force that can do this compression
is GRAVITY

Sun (SOHO)

Earth

opposing forces

-

there are several processes that can oppose gravity
GAS PRESSURE
TURBULENCE
MAGNETIC FIELDS
RADIATION PRESSURE

Modern star formation
theory is based on the
complex interplay between
all these processes.
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CO-dark gas in the Milky Way
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Magnetic field amplification by gravity-driven turbulence

2.5

Mo pc−2)

1.5

2.0

2.5

log(Σmol) (Mo pc−2)

galactic
scale
star50 random
a, and gray
lines
show
NGC 602 in LMC (Hubble)
formation
relations
a (shown
together
in last panel).
(with Bigiel etc.)

ISM dynamics and
g the measured values of Σ̂SFR
chemistry
tly, as well as the Bayesian(with
fit Glover, etc.)

Figure 7. Morphology of the molecular gas in our Milky Way simulation. The greyscale background image shows the H2 column density
(c.f. Figure 4), while the purple points show the strength of the CO velocity-integrated intensity, WCO , estimated as described in the
text. Many of the clouds in the inter-arm region have no portions with integrated intensities above 0.1 K km s−1 and thus would appear
entirely ‘dark’ in CO observations.

e. The Bayesian model predicvalues of Σmol =50, 100, 150,
d in Table 1.
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near relationship, τdep
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72 where the median N =0.51,
−2
<
∼ 5 Gyr at Σmol =50 M⊙ pc ,

can be determined. If we instead average over all of the gas
in our high-resolution region, including the CO-dark clouds,
we obtain a larger value, XCO = 3.9 × 1020 cm−2 K−1 km−1 s.
3.4

total molecular gas. This definition is equivalent to that used
in Wolfire et al. (2010), but diﬀers from that used by some
other authors, who define the dark gas fraction relative to
the total gas mass (i.e. the sum of the atomic and molecular
masses).

Quantifying the dark gas fraction

To quantify the amount of CO-dark molecular gas in our
simulations, we define a dark gas fraction
MHx 2
fDG (x) =
,
MHCO
+ MHx 2
2

(4)

where MHx 2 is the mass of CO-dark H2 with emission below an intensity of x = WCO , and MHCO
is the mass of
2
CO-bright H2 above this threshold. Our dark gas fraction
therefore is the ratio of the CO-dark molecular gas to the

Clearly, in order to compute fDG , we need to be able to
distinguish between CO-dark and CO-bright gas. However,
it is not immediately obvious how to do this: how faint does
the CO emission from a cloud of gas need to be before we
call that gas CO-dark? In our analysis, rather than adopting
an arbitrary emission threshold for distinguishing between
CO-dark and CO-bright gas, we have instead computed fDG
as a function of the choice of threshold (x). The results are
plotted in Figure 9. We see from the Figure that in practice,
the value we derive for fDG is not particularly sensitive to

primordial star
formation
(with Glover,
Whalen,
Paardekooper,
ERC team)

turbulence and
magnetic fields
dynamics
(with Schober, etc.)

Fig. 3.— a) Spherical slice of the gas density inside the Jeans volume at = 12 for our run with 128 cells
streamlines on a linear color scale ranging from dark blue (0 km s 1 ) to light gray (5 km s 1 ). c) Magnet
tangled and twisted magnetic field structure typical of the small-scale dynamo; yellow: 0.5 mG, red: 1 m
individual field lines. The green one, in particular, is extremely tangled close to the center of the Jeans volum
modulus, |⌅ ⇥ v|, showing elongated, filamentary structures typically seen in subsonic turbulence (e.g., Fri
the divergence of the velocity field, ⌅ · v; white: compression, red: expansion.
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galaxies from THINGS and HERACLES survey
(images from Frank Bigiel, ZAH/ITA)

• HI gas more extended
• H2 and SF well correlated

data from STING survey (Rahman et al. 2011, 2012)
NGC 628

NGC 772

NGC 3147

NGC 3198

NGC 3949

NGC 4254

NGC 4273

NGC 4654

NGC 5371

NGC 5713

NGC 6951

NGC 3593

NGC 4536

All Galaxies

log(ΣSFR) (Mo Gyr−1 pc−2)

2.5

2.0

1.5

1.0

log(Σ ) (M Gyr pc )
log
SFR density

0.5

2.0

o

−1

−2

2.5

SFR

1.5

1.0

0.5
1.5

2.0

2.5

) (M pc
)
1.5log(Σ2.0
2.5
mol

o

−2

3.0

1.5

2.0

2.5

log(Σmol) (Mo pc−2)

3.0

1.5

2.0

2.5

log(Σmol) (Mo pc−2)

3.0

1.5

2.0

2.5

log(Σmol) (Mo pc−2)

3.0

1.5

2.0

2.5

log(Σmol) (Mo pc−2)

3.0

1.5

2.0

2.5

log(Σmol) (Mo pc−2)

3.0

1.5

2.0

2.5

log(Σmol) (Mo pc−2)

3.0

log Σ (M⦿/pc2)

all galaxies

• QUIZ: do you see a universal
• ANSWER: - probably not

- in addition, the relation often is sublinear
Shetty et al. (2014, MNRAS, 437, L61, 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

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

claimed to be implied by the terminology of “independent”
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data from STING survey (Rahman et al. 2011, 2012)
NGC 628

NGC 772

NGC 3147

NGC 3198

NGC 3949

NGC 4254

NGC 4273

9.5

−0.5

9.0

0.0

NGC 5371

NGC 5713

NGC 6951

NGC 3593

All Galaxies

NGC 4536

9.5 10.0

NGC 4654

−1.0

9.5

−0.5

9.0

log(τCO
dep) (yr)

10.0

log τ (yr)

−1
log(εCO
ff ) (Gyr )

−1.0

9.0

−1
log(εCO
ff ) (Gyr )

log(τCO
dep) (yr)

10.0

0.0

1.5

2.0

2.5

log(Σ 2.0
) (M pc 2.5
)
1.5
log Σ (M⦿/pc2)
mol

o

−2

1.5

2.0

log(Σmol) (Mo pc−2)

2.5

1.5

2.0

log(Σmol) (Mo pc−2)

2.5

1.5

2.0

log(Σmol) (Mo pc−2)

2.5

1.5

2.0

log(Σmol) (Mo pc−2)

2.5

1.5

2.0

log(Σmol) (Mo pc−2)

2.5

1.5

2.0

2.5

log(Σmol) (Mo pc−2)

3.0

CO and surface density of STING Galaxies. Points indicate the directly measured values. Solid line is the
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 (ϵCO
) is marked on the right ordinate.
ﬀ

all galaxies

Hierarchical Bayesian model for STINGciency
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per free-fall
time decreases
with
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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

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. (2014,
MNRAS,
437, L61)with
veiled, with the outcome dependent
on those
galaxies
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maybe strong shear in dense arms (example M51, Meidt et al. 2013)...
maybe non-star forming H
densities (recall H

ciency per free-fall time decreases with increasing 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 conCO
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in addition:

•

maybe a large fraction of H
dense clouds, but in a diffuse state!
Shetty et al. (2014, MNRAS, 422, 2208)
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Fig. 3.— a) Spherical slice of the gas density inside the Jeans volume at = 12 for our run with 128 cells
streamlines on a linear color scale ranging from dark blue (0 km s 1 ) to light gray (5 km s 1 ). c) Magnet
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modeling molecular cloud formation
GMC’s

- Arepo

(Smith et al., 2014, MNRAS, 441, 1628)

moving mesh code (Springel 2010)

-

time dependent chemistry (Glover et al. 2007)
gives heating & cooling in a 2 phase medium

-

two layers of refinement with mass resolution down to
4 M⦿ in full Galaxy simulation

-

UV field and cosmic rays

-

TreeCol (Clark et al. 2012)

-

external spiral potential (Dobbs & Bonnell 2006)

-

no gas self-gravity, SN, or magnetic fields yet

CO-dark gas in the Milky Way

total column density

(Smith et al., 2014, MNRAS, 441, 1628)

5

CO-dark gas in the Milky Way

5

HI column density

ure 2. Map of total column density of hydrogen nuclei for the highly resolved section of the disc in the Milky Way simulation. The
has a range of morphologies, from dense spiral arms, to filamentary spurs, to diﬀuse inter-arm regions.

As an example of the results we obtain from our stand grid, we show in Figure 2 a map of the total column
sity in the high-resolution section of the Milky Way simtion. We see from the map that the gas exhibits very
erent morphologies, ranging from dense spiral arms, to
mentary spurs, to diﬀuse inter-arm regions. Each of these
ions has a diﬀerent degree of shielding to the ambient ration field and consequently a diﬀerent molecular hydroabundance.
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re 4. Map of H2 column density for the highly resolved section of the disc in the Milky Way simulation. H2 is predominantly found
spiral arms and in long filaments in the inter-arm regions.

tic disc which will have higher column densities than in
ace-on disc. The observations of Gillmon et al. (2006)
sight-lines perpendicular to the disc (shown by the
diamonds in Figure 3) are in good agreement with our
This gives us confidence that the small-scale galactic
ture is suﬃciently resolved to accurately describe its
ical makeup.

Figure 4 shows the column density of molecular hydron the highly resolved disc segment. Molecular hydrogen
dominantly present in the spiral arms, but there is also
cular gas in inter-arm spurs and in the inner regions of
isc. In the inter-arm regions molecular hydrogen is often
d in long filaments that were originally spurs connected
e spiral arms but that were sheared oﬀ as the disc ro. Figure 5 shows the ratio of H2 to CO column densities
e gas. There is considerable variation in the abundance
O. In particular, the long inter-arm filaments, which

are so apparent in Figure 4, are much less visible in CO.
This can be attributed to their narrow filamentary geometry being ineﬃcient at shielding the gas from the ambient
radiation field. Due to the low abundance of CO in these
regions, the molecular gas there is likely to appear ‘dark’ in
observations of CO emission.

3.2

The relationship between CO and H2 column
densities

Although our simulations provide us with information on the
full 3D distributions of the H2 and CO abundances, in general these are not observable quantities. For comparison with
observations, it is more useful to examine the correlation
between the H2 and CO column densities, and the columnaveraged abundance of CO relative to H2 , ZCO = NCO /NH2 .
The left panel of Figure 6 shows the relation between

(Smith et al., 2014, MNRAS, 441, 1628)
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H2 fraction vs. column density N

CO col. density vs. H2 col. density

H2 forms above column densities of 1020 cm-2
CO columns jump after NH2 ~ 1021 cm-2

(Smith et al., 2014, MNRAS, 441, 1628)

details of CO emission

(Smith et al., 2014, MNRAS, 441, 1628)

relation between CO and H2

(Smith et al., 2014, MNRAS, 441, 1628)

relation between CO and H2

Filamentary molecular clouds in inter-arm regions are
likely only the observable parts of much larger structures.

dark gas fraction

jump due to
shielding

46% molecular gas below CO column densities of 1016 cm-2
42% has an integrated CO emission of less than 0.1 K kms-1
fDG = 0.42
(Smith et al., 2014, MNRAS, 441, 1628)

Xco=2.2 × 1020 cm-2K-1km-1s

dark gas fraction
Observational estimates:
Grenier et al. (2005)

fDG = 0.33-0.5

Planck coll. (2011)*

fDG = 0.54

Paradis et al. (2012)*

fDG = 0.62

(inner fDG = 0.71, outer fDG = 0.43)

Pineda et al. (2013)

fDG= 0.3

Roman-Duval et al.
(in prep.)

fDG ~ 0.5

* dust methods have large uncertainties.

(Smith et al., 2014, MNRAS, 441, 1628)

fDG = 0.42

is there CO-dark H2 gas?

• 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

further evidence form detailed
colliding flow calculations
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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 ov
be traced by CO, a
fast flow, the HH08
from low to high C
1, although for gas
with T ∼ 50 K and
4.1 General chemical evolution of the flows
Similar results wer
Bergin et al. (2004)
An overview of the chemical state of the gas can be found in Fig. 6.
AV,mean ∼ 2 for CO
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 fo
hydrogen that is in the form of H2 and the fraction of the available
provided
by the stud
carbon that is in the form of C+ , C or CO. The fraction of the total
strated that in unifo
carbon that is incorporated into other molecules, such as HCO+ , is
abundant in regions
always very small and is not plotted. The right-hand plots show the
the
van Dishoeck &
maximum abundances of H2 and CO within the simulation, which
inhomogeneities
in
tells us whether there are any molecular-dominated regions within
complicating
the
re
the flow. Note that in this plot, the abundances are given with respect
to the overall number of hydrogen nuclei (a conserved quantity),
visual extinction (s
such that gas in the form of pure H2 will have a fractional abundance
therefore implicitly
of H2 that is 0.5, whereas gas in which all of the carbon is in the
T < 50 K is dense
form of CO will have a fractional abundance of CO that is 1.4 ×
see in Fig. 7, this is
10−4 .
the relationship bet
We start by looking at the evolution of the H2 in the cloud in Fig. 6.
of the gas with AV
The left-hand plot shows that the gas goes from being completely
hence although it is
atomic – as in our initial conditions – to having around 10 per cent of
its hydrogen in molecular form by the point at which star formation
diffuse to have a hig
sets in (∼7 per cent in the case of the slow flow and ∼12 per cent in
around 1000 cm−3
the case of the fast flow). The initial rise in the amount of H2 is also
models (see e.g. Mo
sharp, going from essentially zero to around a per cent over a period
One can see by ju
of less than 2 Myr in each flow. Such a rapid rise can be understood
be
overestimated by
by looking at the density evolution in Fig. 4. We see that for each
temperature
distribu
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 o
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
of star
formation.
McKee 1979),
where
n is the number density of the gas, we see
mean
visual extinct
Clark
et al. (2012,MNRAS,
424, 2599)
time required
to
that once the gas density exceeds 100 cm−3 , the
as shown in Fig. 7,
convert a largeIn
fraction
of the hydrogenthe
to molecular
form becomes
our calculations,
visual extinction
is calculated during
in inferred ‘m
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
is simply a developed
consequenceTREECOL
of the structure
that is(Clark,
formed Glover
in the flows.
algorithm
& KlessenClark et al.
Nevertheless, it i
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

further evidence form detailed
colliding flow calculations
Molecular cloud formation time-scales
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slow flow

CO-dark
H2 phase

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,MNRAS, 424, 2599)

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).

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
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earlier time

later time

slow

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,
MNRAS, 424, 2599)

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),

summary
• the global SF relation may not be universal and linear,

instead there seem to be galaxy-to-galaxy variations and
often ΣSFR vs. Σgas is sub-linear

• there is a considerable diffuse and extended component
of CO emitting gas in the Milky Way as well as in other
disk galaxies

• in addition, there is a substantial fraction of CO-dark
molecular gas typical L★ spirals
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… also to Chong Li for bringing me up here!

