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Introduction to ISM properties: 
from small to large scales
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astronomer

Plato's allegory of the cave*  ↔ Astronomical observations

* The Republic
  (514a-520a) Laszlo Szücs, image from criticalthinking-mc205.wikispaces.com
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Plato's allegory of the cave*  ↔ Astronomical observations
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Plato's allegory of the cave*  ↔ Astronomical observations

➔Volume density
➔Temperature
➔Velocity
➔Chemical 

composition

➔Column density
➔Excitation / dust 

temperature 
➔Line shift / 

broadening 

Projection effects
Optical depth effects

Radiative transfer
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Following Wilson et al. 2009

Intensity 
[erg cm-2 s-1 

Hz-1 ster-1]

Brightness 
temperature
[K]

I(12CO)

I(13CO)

Assumptions I.
I(12CO) is optically thick

Along a line of sight uniform Tex and 
same for 12CO and 13CO

J=1-0

115.271 GHz

110.201 GHz

I(13CO) is optically thin

LTE

Assumptions II.
Uniform N(12CO)/N(13CO) ~ 60 *

N(H2)/N(12CO) ratio ~ 6.6×103 **

*  Langer & Penzias (1990)
** Pineda et al.  (2009)

Column density
            [cm-2]

12CO/13CO ratio in GMC simulations 7

τ13(v) = −ln

[
1− T 13

B

5.3

{
exp

(
5.3
Tex

− 1

)−1

− 0.16

}−1]

(4)

Tex = 5.5 ln

(
1 +

5.5
TB,peak + 0.82

)−1

(5)

4.1 Derived column density estimates

4.2 Morphology

5 SUMMARY
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6 Szűcs & Glover

9 11.5 14 16.5 19
log(N(12CO)) [cm-2]

10

30

50

70

90

N(
12

CO
)/N

(13
CO

)

De
te

ct
io

n 
lim

it 
(G

ol
ds

m
ith

 e
t a

l. 
20

08
)

1000 cm-3
300 cm-3

1 × ZO •

1×Draine

9 11.5 14 16.5 19
log(N(12CO)) [cm-2]

10

30

50

70

90

De
te

ct
io

n 
lim

it 
(G

ol
ds

m
ith

 e
t a

l. 
20

08
)

1×ZO •

0.6×ZO •

0.3×ZO •

300 cm-3

1×Draine

9 11.5 14 16.5 19
log(N(12CO)) [cm-2]

10

30

50

70

90

De
te

ct
io

n 
lim

it 
(G

ol
ds

m
ith

 e
t a

l. 
20

08
)

10×Draine
1×Draine
0.1×Draine

300 cm-3

1×ZO •

Figure 4. CO isotopic column density ratio as the function of the 12CO

3.1 Fitting formula

4 EMISSION MAPS

To compare the real column densities of our simulated clouds
to the ones that we would derive from observations, we
performed line radiative transfer calculations. We calcu-
lated the emission in ±6 kms−1 velocity range around the
J = 1 → 0 transition of 12CO (λ0 = 2600.76µm) and 13CO
(λ0 = 2720.41µm) molecules. Then we used standard analy-
sis methods and assumptions (e.g. Chapter 15.4.1 in Wilson
2009) to derive column densities.

In the interstellar medium, the assumption of molecule
energy levels are populated according the thermal distri-
bution (i.e. local thermodynamic equilibrium (LTE)), is of-
ten invalid. To account for non-LTE conditions we used the
Large Velocity Gradient (LVG) approximation, described in
detail in Ossenkopf (1997); Shetty et al. (2011a). The non-
thermal excitation/deexitation is mainly driven by collisions
with other molecules or atoms. As the most abundant par-
ticle in the dense ISM, the hydrogen molecule is the most
probable collisional partner for CO molecules. We account
for the two spin isomers of the hydrogen molecule: using
the mixture of ortho- (75%) and para-hydrogen (25%). The
collisional rates are adopted from the Leiden Atomic and
Molecular Database2 (Schier et al. 2005; Yang et al. 2010).
In addition to the LVG approximation, in which the escape
probability of a photon emitted by a given transition de-
pends on the velocity gradient of the neighbouring cells, we
also consider the escape probability of photons due to the
finite size of the cloud. For the later the smallest column den-
sity that a given cell ”sees” must be given. Here we adopt
the constant length scale of 5pc (roughly the radius of the
cloud) trough to whole domain and calculate the column
density based on this length and the local number density.
This approach results in underestimated escape probabilities
in the high density regions of the cloud.

For the radiative transport calculations we used the
RADMC3D code. The input parameters of the calcula-
tion are the number density of the modelled species (12CO
or 13CO), the number density of the collisional partners

2 http://home.strw.leidenuniv.nl/˜moldata/

(ortho- and para-hydrogen molecules), the gas temperature,
resolved and unresolved (micro-turbulent) velocity of the
gas, and the line data (energy levels, statistical weights,
Einstein A-coefficients and collisional rate coefficients). The
SpH data of number densities, gas velocity and tempera-
ture were interpolated to a regular grid of (512 pixel)3 as
described in section 2 and used as the input. The micro-
turbulent velocities were set uniformly according Larson’s
law by vmt = 1.1 × 105 × (0.032 [pc])0.38 [cms−1] (Larson
1981), where 0.032 pc is the linear size of a pixel. The line
data was adopted from Yang et al. (2010). The two dimen-
sional intensity maps were calculated with the velocity res-
olution of 0.09 kms−s.

The outputs of the radiative transfer calculation are
the point–point–velocity intensity map and optical depths
at each considered wavelengths for both isotopic species. To
calculate the column densities from these synthetic emis-
sion maps we follow Wilson (2009) and adopt the following
assumptions:

• all CO molecules along a line of sight has a uniform
excitation temperature in the J = 1 → 0.

• the excitation temperature is the same for 12CO and
13CO

• LTE applies and the level populations follow the Boltz-
mann distribution

• the 12CO J = 1 → 0 line is completely optically thick
(τ12CO > 1)

• the 13CO J = 1 → 0 line is completely optically thin
(τ13CO << 1)

• the 12CO and 13CO lines are emitted from the same
partial of gas

These assumptions although shown to be invalid in some
situations (Molina et al. 2013) are still standards when in-
terpreting observational data (see e.g. Goldsmith et al. 2008;
Pineda et al. 2008).

N(13CO) = 3.0× 1014
Tex

∫
τ13(v)dv

1− exp(−5.3/Tex)
(3)

c© 0000 RAS, MNRAS 000, 000–000

Example: from CO emission to total column density

Laszlo Szücs et al., in prep. 
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observations



• radio:        interstellar gas 
       (line emission -> velocity information)

• sub-mm range:      dust (thermal emission)
• infrared & optical:    stars
• x-rays:       stars (coronae), supernovae remnants (very hot gas)  
• γ-rays:       supernovae remnants (radioactive decay, 

       e.g. 26Al), compact objects, merging of neutron 
       stars (γ-ray burst) 

different wavelengths provide different information.

astronomer use the full electromagnetic spectrum

multi-wavelength observations





interstellar radiation field

Figures from Draine, B. Physics and Chemistry in the ISM (2011, Princeton)

HI cloud in solar neighborhood in vicinity of massive star

• cosmic microwave background at small frequencies (mm range)
• dust at µm wavelengths 
• starlight at IR and optical frequencies (including UV and near x-rays)



gas



Abundances, scaled to 1.000.000 H atoms
element   atomic number   abundance
hydrogen       H     1            1.000.000
deuterium      1H2    1                       16  
helium           He    2                 68.000
carbon           C     6                      420
nitrogen        N      7                        90
oxygen         O      8                      700
neon            Ne    10                     100
sodium         Na    11                        2
magnesium  Mg   12                       40
aluminium    Al     13                        3
silicium        Si     14                       38                            
sulfur            S     16                       20
calcium        Ca    20                        2
iron              Fe    26                       34
nickel           Ni    28                         2

hydrogen is by far the most 
abundant element (more than 
90% in number). 

Taurus

interstellar medium (ISM) 



Because hydrogen is the dominating element, the classification scheme is based 
on its chemical state:

ionized atomic hydrogeN HII (H+)
neutraler atomic hydrogen  HI (H)
molecular hydrogen               H2 

different regions consist of almost 100% of the appropriate phase, the transition 
regions between HII, H and H2 are very thin. 

star formation always takes place in dense and cold molecular clouds.

dissociation
ionization

proton

electron

phases of the ISM



Because hydrogen is the dominating element, the classification scheme is based 
on its chemical state:

ionized atomic hydrogeN HII (H+)
neutraler atomic hydrogen  HI (H)
molecular hydrogen               H2 

different regions consist of almost 100% of the appropriate phase, the transition 
regions between HII, H and H2 are very thin. 

star formation always takes place in dense and cold molecular clouds.

dissociation
ionization

NGC 3324, Hubble Heritage Site 

phases of the ISM
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HI Maps

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



H2 Maps

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



SFR Maps

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

• HI gas more extended

• H2 and SF well correlated



radial distribution in spirals

• HI versus H2:
- H2 is restricted to the optical disk
- while the HI extends 2 - 4 x optical 
   radius

• HI hole or depression in the centers, 
   sometimes compensated by H2

• often H2 is exponential like stars, 
   HI does not follow in most cases

H2HI
H2

HI
total

total
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Figure 4. Histograms of the pixel-averaged H i brightness temperature where significant CO emission is detected for Type I (blue), Type II (yellow), and Type III (red)
GMCs. Histograms are shown for the whole LMC, and for three different regions—Bar, North, and Arc—which are indicated in the right panel.
(A color version of this figure is available in the online journal.)

envelopes each GMC. The associated H i is often elongated
along the GMCs and the region of intense H i emission is usu-
ally <100 pc wide. The CO emission typically extends over a
velocity range of ∼5 km s−1; beyond a few times this veloc-
ity range, the associated H i emission generally becomes much
weaker or disappears.

3.2. Physical Properties of the H i Envelope

In general, it is a complicated task to derive reliable physical
properties of the H i gas associated with a GMC because the
H i profiles are a blend of several different components along
the line of sight, making it difficult to select the H i gas that is
physically connected to a GMC. Another obstacle is that the H i
emission is spatially more extended than the CO emission and
has a less clear boundary than the CO.

For our analysis, we first selected GMCs with simple single-
peaked H i profiles from the Fukui et al. (2008) catalog. The
resulting sample consists of 123 GMCs in total. Their catalog
numbers and basic physical properties, taken from Fukui et al.
(2008), are listed in Table 2. For these GMCs, we tested
whether there was a bias in their location with respect to
the kinematic center of the galaxy, in their CO line width or
in their molecular mass. The histograms in Figure 6 indicate
that there is no particular trend for these properties of the
selected GMCs compared to GMCs in the complete catalog,
suggesting that there is no appreciable selection bias. We
applied a Kolmogorov–Smirnov test to the three histograms
and calculated maximum deviations of 0.031, 0.061, and 0.117,
respectively, for the three parameters. These values are less than
the critical deviation, 0.129, for a conventional significance level
of 0.05, confirming that there is no selection bias.

Next, we made Gaussian fits to the H i and CO profiles
toward the CO peak of each GMC. This procedure yields a

peak intensity, peak velocity, and half-power line width for each
line profile (a summary is given for each GMC type in Table 1).
Figure 7 shows the relation between the CO line width and the
difference between the CO and H i peak velocities. We find the
H i and CO peak velocities to be in good agreement, showing
only a small scatter of less than a few km s−1. Figure 8 shows
two histograms of the H i and CO line widths. We see that the
H i line width is typically 14 km s−1, roughly three times larger
than that of CO. Figure 9 shows a correlation between H i and
CO line widths. The two quantities show a positive correlation
with a correlation coefficient of 0.39. The correlation coefficient
is determined using the Spearman rank method throughout this
paper. The kinematic properties of H i and CO, as illustrated in
Figures 7 and 9, lend further support to a physical association
between the H i and CO.

In order to estimate the size of the H i envelope surrounding
each GMC, we construct an H i integrated intensity map of
each GMC. First, we find the local peak in the H i intensity cube
surrounding the CO emission, and then integrate the H i intensity
over the velocity channels corresponding to the FWHM of the
H i line profile at this peak position. Next we estimate the area,
S, where the H i integrated intensity is greater than 80% of the
value at the local H i peak. We then calculate the radius of the
H i envelope, R(H i), from its projected area, S = πR(H i)2.
The H i integrated intensity is calculated for all the pixels
with detectable CO emission; the spatial distribution of the
H i emission generally shows a peak and a reasonably defined
boundary. The 80% level was chosen after a few trials using
different levels; it is the maximum value for which a reasonable
H i size is obtained for 116 of the 123 envelopes. While 80%
seems to be rather high for such a definition of a cloud envelope,
the H i size can be unrealistically large compared to the CO
cloud size along a filamentary H i distribution if we use a lower

transition between H2 and HI

Idea:

Molecular clouds form at 
stagnation points of large-
scale convergent flows, 
mostly triggered by global 
(or external) perturbations. 
Their internal turbulence is 
driven by accretion, i.e. by 
the process of cloud 
formation

Fukui et al. (2009)

• 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)

• accretion driven turbulence 
(Klessen & Hennebelle 2010)
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Figure 4. Histograms of the pixel-averaged H i brightness temperature where significant CO emission is detected for Type I (blue), Type II (yellow), and Type III (red)
GMCs. Histograms are shown for the whole LMC, and for three different regions—Bar, North, and Arc—which are indicated in the right panel.
(A color version of this figure is available in the online journal.)

envelopes each GMC. The associated H i is often elongated
along the GMCs and the region of intense H i emission is usu-
ally <100 pc wide. The CO emission typically extends over a
velocity range of ∼5 km s−1; beyond a few times this veloc-
ity range, the associated H i emission generally becomes much
weaker or disappears.

3.2. Physical Properties of the H i Envelope

In general, it is a complicated task to derive reliable physical
properties of the H i gas associated with a GMC because the
H i profiles are a blend of several different components along
the line of sight, making it difficult to select the H i gas that is
physically connected to a GMC. Another obstacle is that the H i
emission is spatially more extended than the CO emission and
has a less clear boundary than the CO.

For our analysis, we first selected GMCs with simple single-
peaked H i profiles from the Fukui et al. (2008) catalog. The
resulting sample consists of 123 GMCs in total. Their catalog
numbers and basic physical properties, taken from Fukui et al.
(2008), are listed in Table 2. For these GMCs, we tested
whether there was a bias in their location with respect to
the kinematic center of the galaxy, in their CO line width or
in their molecular mass. The histograms in Figure 6 indicate
that there is no particular trend for these properties of the
selected GMCs compared to GMCs in the complete catalog,
suggesting that there is no appreciable selection bias. We
applied a Kolmogorov–Smirnov test to the three histograms
and calculated maximum deviations of 0.031, 0.061, and 0.117,
respectively, for the three parameters. These values are less than
the critical deviation, 0.129, for a conventional significance level
of 0.05, confirming that there is no selection bias.

Next, we made Gaussian fits to the H i and CO profiles
toward the CO peak of each GMC. This procedure yields a

peak intensity, peak velocity, and half-power line width for each
line profile (a summary is given for each GMC type in Table 1).
Figure 7 shows the relation between the CO line width and the
difference between the CO and H i peak velocities. We find the
H i and CO peak velocities to be in good agreement, showing
only a small scatter of less than a few km s−1. Figure 8 shows
two histograms of the H i and CO line widths. We see that the
H i line width is typically 14 km s−1, roughly three times larger
than that of CO. Figure 9 shows a correlation between H i and
CO line widths. The two quantities show a positive correlation
with a correlation coefficient of 0.39. The correlation coefficient
is determined using the Spearman rank method throughout this
paper. The kinematic properties of H i and CO, as illustrated in
Figures 7 and 9, lend further support to a physical association
between the H i and CO.

In order to estimate the size of the H i envelope surrounding
each GMC, we construct an H i integrated intensity map of
each GMC. First, we find the local peak in the H i intensity cube
surrounding the CO emission, and then integrate the H i intensity
over the velocity channels corresponding to the FWHM of the
H i line profile at this peak position. Next we estimate the area,
S, where the H i integrated intensity is greater than 80% of the
value at the local H i peak. We then calculate the radius of the
H i envelope, R(H i), from its projected area, S = πR(H i)2.
The H i integrated intensity is calculated for all the pixels
with detectable CO emission; the spatial distribution of the
H i emission generally shows a peak and a reasonably defined
boundary. The 80% level was chosen after a few trials using
different levels; it is the maximum value for which a reasonable
H i size is obtained for 116 of the 123 envelopes. While 80%
seems to be rather high for such a definition of a cloud envelope,
the H i size can be unrealistically large compared to the CO
cloud size along a filamentary H i distribution if we use a lower

zooming in ...

Fukui et al. (2009), Perseus cloud (COMPLETE survey)



COMPLETE Collaborators, 
Summer 2008:

Alyssa A. Goodman (CfA/IIC)

João Alves (Calar Alto, Spain)

Héctor Arce (Yale)

Michelle Borkin (IIC)

Paola Caselli (Leeds, UK)

James DiFrancesco (HIA, Canada)

Jonathan Foster (CfA, PhD Student)

Katherine Guenthner (CfA/Leipzig)

Mark Heyer (UMASS/FCRAO)

Doug Johnstone (HIA, Canada)

Jens Kauffmann (CfA/IIC)

Helen Kirk (HIA, Canada)

Di Li (JPL)

Jaime Pineda (CfA, PhD Student)

Erik Rosolowsky (UBC Okanagan)

Rahul Shetty (CfA)

Scott Schnee (Caltech)

Mario Tafalla (OAN, Spain)

COordinated Molecular Probe Line Extinction Thermal 
Emission Survey of Star-Forming Regions=



mm peak (Enoch et al. 2006)

sub-mm peak (Hatchell
et al. 2005, Kirk et al. 2006)
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• laminar flows turn turbulent at high Reynolds numbers 
 

                                  

V= typical velocity on scale L,  ν = η/ρ = kinematic viscosity,    
turbulence for Re > 1000 ➞ typical values in ISM 108-1010

• Navier-Stokes equation (transport of momentum)

Re =

advection

dissipation

=

V L

⌫
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• putting all together, the momentum equation for ideal
gases in the absence of external forces, (2.24) or (2.20), but
with corrections from velocity gradients in non-equilibrium
systems to the stress-energy tensor (2.31), reads
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= 0 , (2.32)

or
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; (2.33)

• the right-rand side of this equation can be simplified to
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; (2.34)

• the left-hand side of (2.33) can be rewritten using the conti-
nuity equation (2.3),
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; (2.35)

• we have now derived the transport equation for momen- see also Landau & Lifschitz, Vol.
6 “Hydrodynamics” §15tum in hydrodynamics, the Navier-Stokes equation:
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(2.36)

as expected, this simplifies to the Euler equation (2.24),

⇢
d~v
dt
= �~rP

for inviscid fluids, i.e. for ⌘ = ⇣ = 0;

 shear viscosity bulk viscosity 
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• we now examine how the symmetric and the antisymmet- the Levi-Civita tensor ✏i jk is the
totally skew-symmetric tensor
of rank 3; its values are

✏i jk =

8

>

>

>

<

>

>

>

:

1 even permutations of 123
�1 odd permutations of 123

0 some indices are equal

recall also that
@xl

@x j
= �l j

ric parts behave if the velocity field is caused by rigid rota-
tion,

~v = ~! ⇥ ~x , vi = ✏i jk! jxk , (2.26)

we see that the antisymmetric part turns into
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while the symmetric part vanishes; our tensor �i j there-
more must be symmetric;

• we go one step further and we split the tensor �i j into a
contribution from shear flows (with vanishing trace) which
deform the medium and a contribution from compression
(with vanishing off-diagonal elements);

• the trace of 1/2(@vi/@x j +@v j/@xi) simply is the divergence of
~v:

tr
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and we can construct the trace-free residual, the shear ten-
sor, as
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• putting it all together, we obtain the most general form of
the viscous stress tensor,

�i j ⌘ ⌘
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3
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@vk
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where the coefficients ⌘ and ⇣ determine the relative impor-
tance of shear and compression to the viscous stresses in
the fluids; consequently, ⌘ is called shear viscosity coeffi-
cient (sometimes second viscosity) and ⇣ bulk viscosity co-
efficient; both are characteristics of the material under con-
sideration and can be determined experimentally;

• the corresponding the stress-energy tensor with contribu-
tions from velocity gradients is then

Ti j = ⇢viv j + P�i j � �i j , (2.31)

where the minus sign is conventional;

viscous stress tensor   

properties of turbulence



• laminar flows turn turbulent at high Reynolds numbers 
 

                                  

V= typical velocity on scale L,  ν = η/ρ = kinematic viscosity,    
turbulence for Re > 1000 ➞ typical values in ISM 108-1010

• vortex streching --> turbulence is intrinsically anisotropic 
(only on large scales you may get 
homogeneity & isotropy in a statistical sense; 
see Landau & Lifschitz, Chandrasekhar, Taylor, etc.)

 
(ISM turbulence: shocks & B-field 
cause additional inhomogeneity)

Re =

advection

dissipation

=

V L

⌫

properties of turbulence
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NOT known
(supernovae, winds, 
spiral density waves?)

dissipation scale not known 
(ambipolar diffusion,  
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• 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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turbulent cascade in ISM



 molecular clouds 

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



statistical characteristics of turbulence
• two point statistics

• power spectrum of velocity (in Fourier space)
• structure function of velocity (note: compare v, ρ1/2v, ρ1/3v at two different locations) 
• PCA: principle component analysis (e.g. Heyer & Schloerb 1997, Heyer et al. 2006, Roman-Duval et al. 2011)

• CVI: centroid velocity increment (e.g. Lis et al. 1996, Klessen 2000, Hily-Blant et al. 2008, Federrath et al. 2010) 
• Δ variance: wavelet analysis of density  (e.g. Stutzki et al. 1998, Bensch et al. 2001, Ossenkopf et al. 2008)

• one point statistics
• probability distribution function (PDF) of density
• observations: only column density PDF
• probability distribution function (PDF) of velocity



Ralf Klessen: ISM lecture 25.09.2000
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dust in emission



dust in emission



interstellar dust
• large variations in size and composition: from a few dozens of molecules (PAHs) to little kernels of a few 

micrometer diameter

• typically complex, fractal structure with large surface compared to the volume (ßen Oberfläche im Vergleich 
zum Volumen 

• dust is important catalyst for chemical reactions in the ISM 
(example: formation of H2 on surface of dust grains) 

Quelle: Brownlee & Jessberger (in Jessberger et al, 2001, in Interstellar Dust), 
im Netz: Wikipedia 

Quelle: E. L. Wright (UCLA), im Netz: Wikepedia

PAH: Polyaromatische Hydrokarbonate
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• dust leads to polarization of star light

• polarization degrees up to 5%

• reason: elongated dust particles aligned with B-field (typically semi-
minor axis parallel to field line) and rotate around field lines 

• important information about Galactic B-fields

Abbildungen 21.3 aus Draine (2011)

dust and magnetic fields



cosmic rays



cosmic rays
• cosmic rays are highly relativistic particles 
• mostly proton, also electrons
• sources: hot stars, supernova remnants, quasars
• additional acceleration in expanding supernova shells 

(multiple “scattering” on magnetic field lines, 
Fermi effect)

• energy range E = 108 - 1020 eV
• move along magnetic field lines  

(also some  diffusion ⊥ to B) with 
gyro radius

• up to 1016 eV confined to Milky Way
• lifetime ~ 2 Myr

Abbildung: Hillas (2006, arXiv:astro-ph/0607109)



Gaisser, T. (1990, COSMIC RAY AND PARTICLE PHYSICS 
(CAMBRIDGE UNIV. PRESS 1990)

E2 > E1

cosmic rays
• cosmic rays are highly relativistic particles 
• mostly proton, also electrons
• sources: hot stars, supernova remnants, quasars
• additional acceleration in expanding supernova shells 

(multiple “scattering” on magnetic field lines, 
Fermi effect)

• Fermi mechanism: acceleration of charged particles in 
magnetized shocks 

• particles can be reflected in inhomogeneities of the 
magnetic field and gain energy



energy densities in local ISM
INTRODUCTION 9

Table 1.5 Energy Densities in the Local ISM

Component u(eV cm−3) Note
Cosmic microwave background (TCMB = 2.725K) 0.265 a
Far-infrared radiation from dust 0.31 b
Starlight (hν < 13.6 eV) 0.54 c
Thermal kinetic energy (3/2)nkT 0.49 d
Turbulent kinetic energy (1/2)ρv2 0.22 e
Magnetic energy B2/8π 0.89 f
Cosmic rays 1.39 g
a Fixsen & Mather (2002).
b Chapter 12.
c Chapter 12.
d For nT = 3800 cm−3 K (see §17.7).
e For nH=30 cm−3, v=1km s−1, or 〈nH〉=1 cm−3, 〈v2〉1/2=5.5 km s−1.
f For median Btot ≈ 6.0µG (Heiles & Crutcher 2005).
g For cosmic ray spectrum X3 in Fig. 13.5.

1.2 Elemental Composition

The interstellar gas is primarily H and He persisting from the Big Bang, with a
small reduction in the H fraction, a small increase in the He fraction, and addition
of a small amount of heavy elements – from C to U – as the result of the return to the
ISM of gas that has been processed in stars and stellar explosions. The abundance
of heavy elements in the ISM – e.g., C, O, Mg, Si, and Fe – is a declining function of
distance from the Galactic Center, with the abundance near the Sun (galactocentric
radius R ≈ 8.5 kpc) being about half the abundance in the Galactic Center region.

The composition of the ISM in the solar neighborhood is not precisely known,
but is thought to be similar to the composition of the Sun. The current best esti-
mates of solar abundances for elements with atomic number ≤ 32 (as determined
from both observations of the stellar photosphere and studies of primitive carbona-
ceous chondrite meteorites) are given in Table 1.4. These abundances are intended
to be the abundances in the protosun, which differ from photospheric abundances
due to diffusion. H and He together account for most of the mass – the elements
with Z ≥ 3 contribute only ∼ 1% of the total mass. Nevertheless, these heavy
element “impurities” in many cases determine the chemistry, ionization state, and
temperature of the gas, in addition to which they provide valuable observable diag-
nostics.

1.3 Energy Densities

Energy is present in the ISM in a number of forms: thermal energy u = (3/2)nkT ,
bulk kinetic energy (1/2)ρv2, cosmic ray energy uCR, magnetic energy B2/8π,
and energy in photons, which can be subdivided into cosmic microwave back-

Table 1.5 from Draine, B. Physics and Chemistry in the ISM (2011, Princeton) 
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seems too low, 
molecular cloud 
density more like 
300 cm-3 or HI 
velocities more 
like 10 km/s
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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 
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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)
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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 local 
ISM and star formation

Trapezium stars in the center of the ONC (HST, Johnstone et al. 1998)



global SF relations



HI Maps

SFR Maps

H2 Maps

• relation between gas density 
and star formation density

atomic 
hydrogen

molecular 
hydrogen

star 
formation

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



• 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

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.
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• QUIZ: do you see a universal ΣH2 - ΣSFR relation?

0.5

1.0

1.5

2.0

2.5

NGC 628

lo
g(
Y

SF
R
) (

M
o 

G
yr

<1
 p

c<
2 )

NGC 772 NGC 3147 NGC 3198 NGC 3949 NGC 4254 NGC 4273

1.5 2.0 2.5 3.0

0.5

1.0

1.5

2.0

2.5

NGC 4654

log(Ymol) (Mo pc<2)

lo
g(
Y

SF
R
) (

M
o 

G
yr

<1
 p

c<
2 )

1.5 2.0 2.5 3.0

NGC 5371

log(Ymol) (Mo pc<2)
1.5 2.0 2.5 3.0

NGC 5713

log(Ymol) (Mo pc<2)
1.5 2.0 2.5 3.0

NGC 6951

log(Ymol) (Mo pc<2)
1.5 2.0 2.5 3.0

NGC 3593

log(Ymol) (Mo pc<2)
1.5 2.0 2.5 3.0

NGC 4536

log(Ymol) (Mo pc<2)
1.5 2.0 2.5 3.0

All Galaxies

log(Ymol) (Mo pc<2)

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

all galaxies

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



• QUIZ: do you see a universal ΣH2 - ΣSFR relation?

• ANSWER:  - probably not 
                 - in addition, the relation often is sublinear

0.5

1.0

1.5

2.0

2.5

NGC 628

lo
g(
Y

SF
R
) (

M
o 

G
yr

<1
 p

c<
2 )

NGC 772 NGC 3147 NGC 3198 NGC 3949 NGC 4254 NGC 4273

1.5 2.0 2.5 3.0

0.5

1.0

1.5

2.0

2.5

NGC 4654

log(Ymol) (Mo pc<2)

lo
g(
Y

SF
R
) (

M
o 

G
yr

<1
 p

c<
2 )

1.5 2.0 2.5 3.0

NGC 5371

log(Ymol) (Mo pc<2)
1.5 2.0 2.5 3.0

NGC 5713

log(Ymol) (Mo pc<2)
1.5 2.0 2.5 3.0

NGC 6951

log(Ymol) (Mo pc<2)
1.5 2.0 2.5 3.0

NGC 3593

log(Ymol) (Mo pc<2)
1.5 2.0 2.5 3.0

NGC 4536

log(Ymol) (Mo pc<2)
1.5 2.0 2.5 3.0

All Galaxies

log(Ymol) (Mo pc<2)

all galaxies

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

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



A non-universal molecular KS relationship 7

+

0.60 0.70 0.80 0.90

−3.1

−3.0

−2.9

−2.8

−2.7

Test Galaxy A1

In
te

rc
ep

t A

+ +

0.7 0.9 1.1

−3.6

−3.5

−3.4

−3.3

−3.2

−3.1 Test Galaxy A2

+

+

0.7 0.9 1.1

−3.30

−3.25

−3.20

−3.15

−3.10

−3.05

−3.00 Test Galaxy A3

+

+

0.6 0.8 1.0

−3.2

−3.1

−3.0

−2.9

−2.8

Test Galaxy A4

+

+

0.6 0.8 1.0

−3.2

−3.1

−3.0

−2.9

−2.8 Test Galaxy A5

In
te

rc
ep

t A

Slope N

+

+

0.7 0.9 1.1

−3.4

−3.3

−3.2

−3.1

−3.0 Test Galaxy A6

Slope N

+ +

0.7 0.9 1.1

−3.00

−2.95

−2.90

−2.85

−2.80

−2.75

−2.70

−2.65 Test Galaxy A7

Slope N

+
+

Slope N
0.7 0.9 1.1

−3.3

−3.2

−3.1

−3.0

−2.9

−2.8 Group A

+

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:

NΣmol|ΣSFR
=

Var(Σ̂SFR)

Cov(Σ̂mol, Σ̂SFR)
(30)

The bisector slope NBis is a weighted mean of the
OLS(ΣSFR|Σmol) and OLS(Σmol|ΣSFR) slopes.

NBis = (NΣmol|ΣSFR
+NΣSFR|Σmol

)−1 (31)

×

[

NΣSFR|Σmol
NΣmol|ΣSFR

− 1 +

√

(1 +N2
ΣSFR|Σmol

)(1 +N2
Σmol|ΣSFR

)

]

Equations 29 - 31 illustrate what we stated earlier: that
the three different slope estimates are just three different
statistics (or summaries) derived from the same joint dis-
tribution. Choosing one estimate over the other does not
imply that one quantity “causes” the other, as is sometimes

claimed to be implied by the terminology of “independent”
and “dependent” variables. However, the different slope esti-
mates do differ in interpretation. The OLS(ΣSFR|Σmol) slope
describes how the mean value of ΣSFR varies with Σmol while
the OLS(Σmol|ΣSFR) slope describes how the mean value of
Σmol changes with ΣSFR. Thus, both OLS slopes are easily
interpretable. In contrast, the bisector slope is a weighted
average of the two OLS slope, and it is not clear how this
should be interpreted.

The OLS slopes are therefore strongly dependent on
the statistical properties of Σ̂SFR and Σ̂mol. For the syn-
thetic data of both groups, Var(Σ̂mol) = 0.39, pooling all
data from each galaxy together. For Group A, Var(Σ̂SFR) =
0.33, and Cov(Σ̂mol, Σ̂SFR) = 0.32. In Group B, Var(Σ̂SFR)
= 0.41, and Cov(Σ̂mol, Σ̂SFR) = 0.36. The covariances and
Var(Σ̂SFR) of the two groups are similar, as the adopted
slopes only differ by ≈ 10%. More importantly, the covari-
ance is < 1. As the covariance occurs in the denominator
of the OLS(Σmol|ΣSFR) slope, but in the numerator of the

c© 2012 RAS, MNRAS 000, 1–17

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

Hierarchical Bayesian 
models give more reliable 
estimates of the slope and 
the intercept of a power-law 
fit compared to least-
square fits (or bisector fits).

true value

Bayesian fit 
(with 1 sigma area)

NSFR vs. Ngas

Ngas vs. NSFR 

bisector fit



Hierarchical Bayesian model for STING galaxies indicate varying depleting 
times. 

Shetty et al. (2013, arXiv:1306.2951)
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Figure 2. Depletion time τCO
dep

and surface density of STING Galaxies. Points indicate the directly measured values. Solid line is the

median of the Bayesian estimate, and thin lines mark the 2σ interval. The red dashed line indicates τCO
dep

=2 Gyr. The efficiency per free

fall time (εCO
ff

) is marked on the right ordinate.

As with the KS relationship itself in Figure 1, there is
no single τCO

dep that holds for all galaxies. Further, for those

galaxies with a strongly sub-linear relationship, τCO
dep clearly

increases with increasing gas surface density.
For instance, for NGC 772 where the median N=0.51,

the median τCO
dep varies from <

∼ 5 Gyr at Σmol=50 M! pc−2,

to >
∼ 9 Gyr at Σmol=200 M! pc−2. Altogether, a constant

value of τCO
dep=2 Gyr can be ruled out for all Σmol! 50 M!

pc−2. Notice that for some galaxies favoring a linear KS
relationship, such as NGC 3593, the hierarchical Bayesian
fit provides results consistent with previous investigations,
τCO
dep≈2±1 Gyr. However, taken together the data do not

favor a constant τCO
dep for all galaxies in the sample.

5 DISCUSSION & SUMMARY

We have applied a hierarchical Bayesian fitting method to
the STING sample of nearby galaxies for estimating the KS
parameters. Our main results are as follows:

1) The KS parameters vary from galaxy to galaxy. The
median slope estimate ranges from as low as 0.43 (NGC
3147) to as high as 1.0 (NGC 3593). The range in slopes
of the STING sample is consistent with that found from
the SKB13 analysis of the Bigiel et al. (2008) HERACLES
sample.

2) For eight out of the fifteen galaxies, at 95% confidence
the KS slope is sub-linear. The posterior predicts that 11 to
15 galaxies have sub-linear slopes. Additionally, the mean
value of the KS slope is also sub-linear, with the median of
the PDF falling at 0.73. A linear slope for the population is
excluded at the 2σ level.

3) A sub-linear KS relationship is indicative of an in-
creasing τCO

dep at higher Σmol. As the KS slope is not constant,

the value of τCO
dep at a given Σmol also varies depending on

the galaxy. For instance, for Σmol=100 M! pc−2, τCO
dep varies

from <
∼ 1 to >

∼ 9 Gyr. Equivalently, the star formation effi-

ciency per free-fall time decreases with increasing CO lumi-
nosity.

These results stand in contrast with the idea of a con-
stant τCO

dep≈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
veiled, with the outcome dependent on those galaxies with
the tightest KS relationship, and with the largest number of
datapoints. Second, the bisector is a statistical measure that
is difficult to interpret, because a slope of unity can result
from different scenarios, including those without any correla-
tion between the predictor and response (see also Isobe et al.
1990).

The significant variation in the KS parameters between
galaxies indicates that ΣSFR depends on other physical prop-
erties besides just Σmol. For instance, the relative effects of
the gas fractions, magnetic fields, metallicity, and/or stel-
lar mass may have stronger influence on the ΣSFR than
Σmol. In fact, Shi et al. (2011) demonstrate a tighter cor-
relation between ΣSFR with the stellar mass, compared to
Σmol. Leroy et al. (2013) also find strong evidence that the
KS relationship varies between galaxies as well as between
the galactic centers and outer disk regions. Their analysis
indicates that the diverse gas depletion times relates to the
variation in the dust-to-gas ratio. Taken these results to-
gether, ΣSFR may need to be assessed in the context of other
physical properties besides just Σmol.

We employed the common assumptions of constant con-
version factors. Accordingly, the result of a mean sub-linear
KS relationship may simply suggest that on average, CO is
not a direct tracer of star formation activity (compare, e.g.
Gao & Solomon 2004). One possible interpretation is that
CO is abundant away from star forming cores. Similarly,
the increasing τCO

dep with Σmol may be due to the presence
of excited CO in the diffuse or non-star-forming ISM (e.g.
Liszt et al. 2010). For instance, towards the centers of galax-
ies the ISM conditions may be conducive for CO formation,
as the higher overall ambient densities may lead to effective

c© 2013 RAS, MNRAS 000, 1–5

all galaxies

data from STING survey (Rahman et al. 2011, 2012)
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and surface density of STING Galaxies. Points indicate the directly measured values. Solid line is the

median of the Bayesian estimate, and thin lines mark the 2σ interval. The red dashed line indicates τCO
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=2 Gyr. The efficiency per free

fall time (εCO
ff

) is marked on the right ordinate.

As with the KS relationship itself in Figure 1, there is
no single τCO

dep that holds for all galaxies. Further, for those

galaxies with a strongly sub-linear relationship, τCO
dep clearly

increases with increasing gas surface density.
For instance, for NGC 772 where the median N=0.51,

the median τCO
dep varies from <

∼ 5 Gyr at Σmol=50 M! pc−2,

to >
∼ 9 Gyr at Σmol=200 M! pc−2. Altogether, a constant

value of τCO
dep=2 Gyr can be ruled out for all Σmol! 50 M!

pc−2. Notice that for some galaxies favoring a linear KS
relationship, such as NGC 3593, the hierarchical Bayesian
fit provides results consistent with previous investigations,
τCO
dep≈2±1 Gyr. However, taken together the data do not

favor a constant τCO
dep for all galaxies in the sample.

5 DISCUSSION & SUMMARY

We have applied a hierarchical Bayesian fitting method to
the STING sample of nearby galaxies for estimating the KS
parameters. Our main results are as follows:

1) The KS parameters vary from galaxy to galaxy. The
median slope estimate ranges from as low as 0.43 (NGC
3147) to as high as 1.0 (NGC 3593). The range in slopes
of the STING sample is consistent with that found from
the SKB13 analysis of the Bigiel et al. (2008) HERACLES
sample.

2) For eight out of the fifteen galaxies, at 95% confidence
the KS slope is sub-linear. The posterior predicts that 11 to
15 galaxies have sub-linear slopes. Additionally, the mean
value of the KS slope is also sub-linear, with the median of
the PDF falling at 0.73. A linear slope for the population is
excluded at the 2σ level.

3) A sub-linear KS relationship is indicative of an in-
creasing τCO

dep at higher Σmol. As the KS slope is not constant,

the value of τCO
dep at a given Σmol also varies depending on

the galaxy. For instance, for Σmol=100 M! pc−2, τCO
dep varies

from <
∼ 1 to >

∼ 9 Gyr. Equivalently, the star formation effi-

ciency per free-fall time decreases with increasing CO lumi-
nosity.

These results stand in contrast with the idea of a con-
stant τCO

dep≈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
veiled, with the outcome dependent on those galaxies with
the tightest KS relationship, and with the largest number of
datapoints. Second, the bisector is a statistical measure that
is difficult to interpret, because a slope of unity can result
from different scenarios, including those without any correla-
tion between the predictor and response (see also Isobe et al.
1990).

The significant variation in the KS parameters between
galaxies indicates that ΣSFR depends on other physical prop-
erties besides just Σmol. For instance, the relative effects of
the gas fractions, magnetic fields, metallicity, and/or stel-
lar mass may have stronger influence on the ΣSFR than
Σmol. In fact, Shi et al. (2011) demonstrate a tighter cor-
relation between ΣSFR with the stellar mass, compared to
Σmol. Leroy et al. (2013) also find strong evidence that the
KS relationship varies between galaxies as well as between
the galactic centers and outer disk regions. Their analysis
indicates that the diverse gas depletion times relates to the
variation in the dust-to-gas ratio. Taken these results to-
gether, ΣSFR may need to be assessed in the context of other
physical properties besides just Σmol.

We employed the common assumptions of constant con-
version factors. Accordingly, the result of a mean sub-linear
KS relationship may simply suggest that on average, CO is
not a direct tracer of star formation activity (compare, e.g.
Gao & Solomon 2004). One possible interpretation is that
CO is abundant away from star forming cores. Similarly,
the increasing τCO

dep with Σmol may be due to the presence
of excited CO in the diffuse or non-star-forming ISM (e.g.
Liszt et al. 2010). For instance, towards the centers of galax-
ies the ISM conditions may be conducive for CO formation,
as the higher overall ambient densities may lead to effective

c© 2013 RAS, MNRAS 000, 1–5

all galaxies

• maybe strong shear in dense arms (example M51, Meidt et al. 2013)...

• maybe non-star forming H2 gas becomes traced by CO at high 
column densities (i.e. high extinctions)...

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

physical origin of this behavior?

data from STING survey (Rahman et al. 2011, 2012)
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12:05 Alvaro Hacar (University of Vienna) . . . . . . . . . . . . . . . . . . . . . . . Review
Molecular cloud properties

12:45 Lunch Break / Poster Viewing

14:15 Joao Alves (University of Vienna) . . . . . . . . . . . . . . . . . . . . Contributed
The structure of molecular clouds from 1000 AU to Orion

14:30 Doris Arzoumanian (IAS Orsay) . . . . . . . . . . . . . . . . . . . . Contributed
Properties of interstellar filaments observed with Herschel and 3D magnetic field
structure derived from the polarization parameters observed with Planck

14:45 Gesa Bertrang (ITAP, University of Kiel) . . . . . . . . . . . . . . Contributed
Magnetic Fields in Bok globules

15:00 Jouni Kainulainen (MPIA, Heidelberg) . . . . . . . . . . . . . . . Contributed
Effect of turbulence on the density statistics of molecular clouds:
an observational view

15:15 Rowan Smith (ZAH/ITA, University of Heidelberg) . . . . . . Contributed
Filamentary Structures in the ISM

15:30 Coffee and Tea Break / Poster Viewing

I Turbulence in the ISM Chair: Stefanie Walch

16:00 Fabian Heitsch (University of North Carolina Chapel Hill) . . . . Review
Turbulence in the ISM

16:30 Patrick Hennebelle (SAp/CEA Saclay) . . . . . . . . . . . . . . . . . . . . Review
Molecular cloud formation in converging flows

17:00 Paul Clark (ZAH/ITA, University of Heidelberg) . . . . . . . . . Contributed
On the characteristic mass of stars in stellar clusters

17:15 Jo Barnes (University of St Andrews) . . . . . . . . . . . . . . . . . Contributed
Photoionization of the diffuse ionised gas in an MHD supernova-driven turbulent
Interstellar Medium

17:30 Edith Falgarone (LERMA/LRA ENS). . . . . . . . . . . . . . . . . . Contributed
The molecular richness of diffuse ISM: a tracer of turbulent dissipation

17:45 Welcome Reception

TUESDAY
I Collapse of molecular clouds and the IMF Chair: Simon Glover

9:00 Matthew Bate (University of Exeter) . . . . . . . . . . . . . . . . . . . . . . . Review
Collapse of molecular clouds and the IMF

9:40 Paula Stella Teixeira (University of Vienna) . . . . . . . . . . Contributed
Tracing the fragmentation of OMC1-north filament with the Submillimeter Array

9:55 Enrique Vazquez-Semadeni (CRyA, UNAM) . . . . . . . . . Contributed
Filament formation and star formation regulation in collapsing molecular clouds

10:10 Katharine Johnston (MPIA, Heidelberg) . . . . . . . . . . . . . Contributed
The structure and star-forming fate of the Galactic centre cloud G0.253+0.016

10:25 Coffee and Tea Break / Poster Viewing

I Laboratory Astrophysics Chair: Simon Glover

10:55 Cornelia Jäger (Universität Jena) . . . . . . . . . . . . . . . . . . . . . . . . . Review
Laboratory Studies of Dust Formation and Processing

11:35 Holger Kreckel (MPIK, Heidelberg) . . . . . . . . . . . . . . . . . . . Contributed
Combining experimental techniques for comprehensive astrophysical case studies

11:50 Andreas Wolf (MPIK, Heidelberg) . . . . . . . . . . . . . . . . . . . . Contributed
Laboratory studies on electron collisions of atomic and molecular ions

I Chemical processes in the ISM Chair: Dominik Schleicher

12:05 Simon Glover (ZAH/ITA, University of Heidelberg) . . . . . . . . . . . Review
Chemical processes in the ISM: Gas and molecules

12:35 Lunch Break / Poster Viewing

14:05 Thomas Henning (MPIA, Heidelberg) . . . . . . . . . . . . . . . . . . . . . Review
Chemical processes in the ISM: Dust

14:35 Marta Alves (Institut d’Astrophysique Spatiale (IAS)) . . . Contributed
Galactic dust as seen by Planck

14:50 Henrik Beuther (MPIA, Heidelberg) . . . . . . . . . . . . . . . . . . Contributed
Formation signatures and carbon budget of molecular clouds

15:05 Bastian Gundlach (TU Braunschweig) . . . . . . . . . . . . . . . Contributed
Experimental investigation of the collision properties of micrometer-sized water
ice particles

15:20 Ralf Siebenmorgen (ESO) . . . . . . . . . . . . . . . . . . . . . . . . . Contributed
Dust in the diffuse interstellar medium:
Extinction, emission, linear and circular polarization

15:35 Coffee and Tea Break / Poster Viewing

16:05 Svitlana Zhukovska (MPIA, Heidelberg) . . . . . . . . . . . . . Contributed
Dust-to-gas ratio as a clue to the galactic evolution

TUESDAY
I Dependence of star formation on ISM properties

Chair: Svitlana Zhukovska

16:20 Adam Leroy (NRAO, Charlottesville) . . . . . . . . . . . . . . . . . . . . . . . Review
Dependence of star formation on ISM properties

17:00 Diederik Kruijssen (MPA, Garching) . . . . . . . . . . . . . . . . . Contributed
An uncertainty principle for star formation -
why galactic scaling relations break down below a certain spatial scale

17:15 Sarah Ragan (MPIA, Heidelberg) . . . . . . . . . . . . . . . . . . . . . Contributed
Herschel and APEX study of the initial condition of high-mass star formation

17:30 Javier A. Rodon (ESO) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Contributed
Deuteration and fragmentation in massive star-forming regions

17:45 Amelia Stutz (MPIA, Heidelberg) . . . . . . . . . . . . . . . . . . . . . Contributed
Connecting diverse molecular cloud environments with nascent protostars in
Orion

WEDNESDAY
I Stellar feedback in the ISM Chair: Enrique Vazquez-Semadeni

9:00 Mordecai-Mark Mac Low (AMNH, New York) . . . . . . . . . . . . . . Review
Stellar feedback in the ISM

9:40 Joanne Dawson (CSIRO Astronomy and Space Science) Contributed
Molecular cloud formation in stellar feedback flows:
Observing, demonstrating, quantifying

9:55 James Dale (Excellence Cluster Universe) . . . . . . . . . . . . . Contributed
Disruption of GMCs by photoionization and stellar winds - setting the stage for
supernovae.

10:10 Matthias Gritschneder (Univ. California, Santa Cruz) . . Contributed
The evolution of molecular clouds under the influence of ionizing radiation

10:25 Andrea Gatto (MPA, Garching) . . . . . . . . . . . . . . . . . . . . . . Contributed
Feedback-driven turbulence in the multi-phase ISM

10:40 Coffee and Tea Break / Poster Viewing

11:10 Thomas Peters (Universität Zürich) . . . . . . . . . . . . . . . . . . Contributed
Understanding ultracompact H II regions

11:25 Eric Keto (Harvard-Smithsonian Center for Astrophysics) Contributed
An analytic model for the dynamics of the ionized outflows of massive protostars

11:40 Thomas Preibisch (USM/LMU) . . . . . . . . . . . . . . . . . . . . . . Contributed
Deciphering the violent interaction between very massive stars and their natal
clouds in the Carina Nebula Complex

11:55 Dominique Meyer (AIfA, Bonn) . . . . . . . . . . . . . . . . . . . . . Contributed
Models for the circumstellar medium of massive runaway stars

12:10 Jonathan Mackey (AIfA, Bonn) . . . . . . . . . . . . . . . . . . . . . Contributed
Dynamics of H II regions around exiled O stars

12:25 Lunch Break / Poster Viewing

14:00 Guided tour through Munich including visit to
Nymphenburg Castle

18:00 Conference Dinner
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THURSDAY
I The magnetised ISM Chair: Rowan Smith

09:00 Ellen Gould Zweibel (University of Wisconsin) . . . . . . . . . . . . Review
The magnetised ISM: Theory

09:30 Richard Crutcher (University of Illinois) . . . . . . . . . . . . . . . . . . . Review
The magnetized ISM: Observations

10:00 Francois Boulanger (Institut d’Astrophysique Spatiale) Contributed
Mapping the structure of the Galactic magnetic field with Planck

10:15 Alex Hill (CSIRO Astronomy & Space Science) . . . . . . . . . Contributed
Magnetic fields in high velocity clouds

10:30 Coffee and Tea Break / Poster Viewing

11:00 Stefan Reißl (Univ. Kiel) . . . . . . . . . . . . . . . . . . . . . . . . . . . . Contributed
Multi-wavelength polarization measurements tracing the ISM magnetic field

11:15 Dominik Schleicher (Institut für Astrophysik Göttingen) Contributed
The far-infrared - radio correlation:
Star formation and magnetic field amplification in the ISM

I ISM on Galactic Scales Chair: Rowan Smith

11:30 Alberto Bolatto (University of Maryland) . . . . . . . . . . . . . . . . . . . Review
ISM on galactic scales: Observations

12:00 Andreas Burkert (USM/LMU) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Review
ISM on galactic scales: Theory

12:30 Lunch Break / Poster Viewing

I ISM on Galactic Scales Chair: Mordecai-Mark Mac Low

14:00 Brent Groves (MPIA, Heidelberg) . . . . . . . . . . . . . . . . . . . . Contributed
Dust luminosity as a tracer of gas mass and gas heating

14:15 Manuel Behrendt (MPE, Garching) . . . . . . . . . . . . . . . . . . Contributed
Structure formation and evolution in gas-rich disk systems

14:30 Maria Kapala (MPIA, Heidelberg) . . . . . . . . . . . . . . . . . . . . . Contributed
The survey of lines in M31 (SLIM): Investigating the origins of [CII] emission

14:45 Jin Koda (Stony Brook University) . . . . . . . . . . . . . . . . . . . . Contributed
Evolution of molecular gas in spiral galaxies

15:00 Martin Krause (MPE, Garching). . . . . . . . . . . . . . . . . . . . . . Contributed
Superbubbles as a physical process in the ISM

15:15 Ute Lisenfeld (Universidad Granada) . . . . . . . . . . . . . . . . . Contributed
Star formation and molecular gas outside galaxies

15:30 Coffee and Tea Break / Poster Viewing

16:00 Andreas Schruba (MPE, Garching) . . . . . . . . . . . . . . . . . . Contributed
The resolved ISM of our nearest spiral galaxy

16:15 Rahul Shetty (ZAH/ITA, University of Heidelberg) . . . . . . Contributed
The sub-linear and non-universal Kennicutt-Schmidt relationship

16:30 Javier Zaragoza-Cardiel (IAC) . . . . . . . . . . . . . . . . . . . . . Contributed
Two regimes of star formation

THURSDAY
I The ISM in the extreme environment of galactic centers

Chair: Avishai Dekel

16:45 Steven Longmore (Liverpool John Moores University) . . . . . . Review
The ISM in the extreme environment of galactic centers

17:25 Timothy Davis (ESO) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Contributed
The ISM in the extreme environment of early-type galaxies

17:40 Vladimir Dogiel (P.N.Lebedev Institute of Physics) . . . . . Contributed
Physical processes of gas ionization in the Galactic Center
and the origin of 6.4 keV and absorption H+

3 Lines from there

FRIDAY
I Cosmic rays and their impact on the ISM Chair: Ellen Gould Zweibel

09:00 Tsuyoshi Inoue (Aoyama Gakuin University) . . . . . . . . . . . . . . . Review
Cosmic rays and their impact on the ISM

09:40 Sabrina Casanova (MPIK, Heidelberg) . . . . . . . . . . . . . . . Contributed
Cosmic ray propagation in molecular clouds

09:55 Philipp Girichidis (MPA, Garching) . . . . . . . . . . . . . . . . . . Contributed
Cosmic ray driven Galactic outflows and the evolution of cosmic ray spectra

10:10 Miwa Goto (USM/LMU) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Contributed
The cosmic-ray ionization rate in the Central parsec of the Galaxy

10:25 Ruizhi Yang (Purple Mountain Observatory) . . . . . . . . . . . Contributed
Probing cosmic rays in nearby giant molecular clouds with the Fermi Large Area
Telescope

10:40 Coffee and Tea Break / Poster Viewing

I The ISM at high redshift Chair: Ellen Gould Zweibel

11:10 Linda Tacconi (MPE, Garching) . . . . . . . . . . . . . . . . . . . . . . . . . . . Review
The ISM at high redshift: Observations

11:40 Avishai Dekel (The Hebrew University) . . . . . . . . . . . . . . . . . . . . Review
The ISM at high redshift: Theory

12:10 Muhammad Latif (Institute for Astrophysics, Göttingen) Contributed
Turbulence and the formation of supermassive black holes at high redshift

12:25 Thorsten Naab (MPA, Garching) . . . . . . . . . . . . . . . . . . . . . Contributed
Outflows and the multi-phase turbulent structure of the ISM in high-redshift galaxies

12:40 Lunch Break and End of Conference

Emergency phone numbers

Ambulances, Fire & Rescue Service, Police . . . . . . . . . . . . . . . . . . . . . . . 112
Doctor on duty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 117

LOC
Marc Schartmann . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . +49 (0)176 2379 6701
Alessandro Ballone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . +49 (0)176 7074 3224
Manuel Behrendt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .+49 (0)171 10 89 380
Katharina Fierlinger . . . . . . . . . . . . . . . . . . . . . . . . . . . . +49 (0)157 7596 0405
Stephanie Pekruhl

Physical Processes in the ISM
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MPE, Garching

SOC

Felix Aharonian
Andreas Burkert
Bruce Elmegreen
Thomas Henning
Shu-ichiro Inutsuka
Cornelia Jäger
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thanks to ...

... people in the group in Heidelberg:

Christian Baczynski, Erik Bertram, Frank Bigiel, Rachel Chicharro, Roxana Chira, Paul Clark, 
Gustavo Dopcke, Jayanta Dutta, Volker Gaibler, Simon Glover, Lukas Konstandin, Faviola Molina, 
Mei Sasaki, Jennifer Schober, Rahul Shetty, Rowan Smith, László Szűcs, Svitlana Zhukovska

... former group members:

Robi Banerjee,  Ingo Berentzen, Christoph Federrath,  Philipp Girichidis, Thomas Greif,  
Milica Micic, Thomas Peters, Dominik Schleicher, Stefan Schmeja, Sharanya Sur 

... many collaborators abroad!


