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• Atomic/molecular phase evolution in spiral galaxies 
(atom-dominant vs molecule-dominant)

• Development of small dense clumps in the ISM 
(w.r.t. spiral arms)
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Figure 13. Cumulative mass spectra for GMCs in the different environments of M51 normalized by the area covered by the environments in kpc2 (left; see Figure 14
for exact area) and to the total number of clouds for each environment (right). The distributions clearly exhibit both a vertical offset in the left panel (i.e., a different
number density of GMCs) and a horizontal offset (i.e., a different maximum cloud mass), as well as the different distribution shapes. The equivalent CO luminosity is
indicated on the top axis.
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The index ! describes how the mass is distributed: for
values ! > "2, the gas is preferentially contained in massive
structures, while for values ! < "2, small clouds dominate the
molecular mass budget.

Several studies have reported that the mass spectrum steepens
at high cloud masses (e.g., Fukui et al. 2001; Rosolowsky 2007;
Gratier et al. 2012). In this case, it can be useful to model the
mass spectra using a truncated power law (Williams & McKee
1997):
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where M0 is the maximum mass in the distribution and N0 is
the number of clouds more massive than 21/(! +1)M0, the mass
where the distribution deviates from a simple power law (i.e.,
the truncation mass).

Figure 13 shows the cumulative Mlum distributions for GMCs
in different M51 environments. The equivalent values of CO
luminosity are indicated on the top x axis. In the left panel,
the distributions are normalized by the projected area (in kpc2)
of the different environments (listed in Table 2, and indicated
in the top right corner of the panels in Figure 14). Using this
normalization, the vertical offsets between the different mass
distributions reflect true variations in the number surface density
of GMCs: as noted in Section 5.2, the number density of GMCs
is higher in the center than the spiral arms, and higher in the spiral
arms than the inter-arm region. The right panel of Figure 13
shows the same GMC mass distributions, this time normalized
by the total number of GMCs in each environment to facilitate
a comparison of the distribution shapes.

The top left panel of Figure 14 shows that the overall mass
distribution of GMCs within the PAWS field steepens continu-
ously with increasing mass. Comparing this global distribution
with those in the other panels of Figure 14 suggests that the
non-power-law shape of the overall distribution is due to com-
bining the intrinsically diverse GMCs mass distributions that

characterize different galactic environments. The GMC mass
distribution in the inter-arm and material arm environments, for
example, can be adequately represented by simple or truncated
power-laws across the range of cloud masses probed by PAWS,
and are hence more similar to the GMC mass distributions that
have been previously observed for M33 and the LMC (Wong
et al. 2011; Gratier et al. 2012). Across most of the observed
mass range, the slope of the mass distribution is shallower in
the molecular ring and the density-wave spiral arms than in the
inter-arm, while the mass distribution in the material arms has
a slope that is intermediate between these extremes. Extremely
high mass objects (Mlum > 107 M#) are only observed in the
molecular ring and spiral arms. The inter-arm region contains
very few clouds with masses greater than 106.5 M#, although the
mass distribution of downstream GMCs reaches slightly higher
cloud masses than the upstream cloud distribution. The nuclear
bar has a high number density of clouds, and shows evidence
for a very strong truncation at 106.5 M#.

7.2. Variation in the GMC Mass Distribution with Environment

In the Milky Way and other Local Group galaxies, GMC mass
distributions tend to be adequately represented by simple power
laws (e.g., Rosolowsky 2005 and references therein), although
previous studies have noted that the cloud mass distribution
steepens at high masses in the LMC (Fukui et al. 2008; Fukui
& Kawamura 2010) and in M33 (Gratier et al. 2012). In M51,
we find that the overall mass distribution steepens continuously
with increasing cloud mass above our adopted sensitivity limit
3.6 $ 105 M#. This is also evident for the GMC mass distribu-
tions in the molecular ring and density wave spiral arm environ-
ments, while the nuclear bar mass distribution exhibits a strong
truncation around 5$106 M#. To characterize the diverse shapes
of the GMC mass distributions and facilitate the comparison be-
tween M51 and results from other galaxies, we therefore fit the
distributions with Equation (16) above a relatively high fiducial
mass of 106 M#, where the mass distributions show more re-
semblance to a truncated power law. This limit is significantly
higher than our adopted catalog completeness limit and roughly
corresponds to the lower mass limit of the highly reliable sam-
ple of clouds. We discuss the reasons for only fitting the mass
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Figure 13. Cumulative mass spectra for GMCs in the different environments of M51 normalized by the area covered by the environments in kpc2 (left; see Figure 14
for exact area) and to the total number of clouds for each environment (right). The distributions clearly exhibit both a vertical offset in the left panel (i.e., a different
number density of GMCs) and a horizontal offset (i.e., a different maximum cloud mass), as well as the different distribution shapes. The equivalent CO luminosity is
indicated on the top axis.
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where M0 is the maximum mass in the distribution and N0 is
the number of clouds more massive than 21/(! +1)M0, the mass
where the distribution deviates from a simple power law (i.e.,
the truncation mass).

Figure 13 shows the cumulative Mlum distributions for GMCs
in different M51 environments. The equivalent values of CO
luminosity are indicated on the top x axis. In the left panel,
the distributions are normalized by the projected area (in kpc2)
of the different environments (listed in Table 2, and indicated
in the top right corner of the panels in Figure 14). Using this
normalization, the vertical offsets between the different mass
distributions reflect true variations in the number surface density
of GMCs: as noted in Section 5.2, the number density of GMCs
is higher in the center than the spiral arms, and higher in the spiral
arms than the inter-arm region. The right panel of Figure 13
shows the same GMC mass distributions, this time normalized
by the total number of GMCs in each environment to facilitate
a comparison of the distribution shapes.

The top left panel of Figure 14 shows that the overall mass
distribution of GMCs within the PAWS field steepens continu-
ously with increasing mass. Comparing this global distribution
with those in the other panels of Figure 14 suggests that the
non-power-law shape of the overall distribution is due to com-
bining the intrinsically diverse GMCs mass distributions that

characterize different galactic environments. The GMC mass
distribution in the inter-arm and material arm environments, for
example, can be adequately represented by simple or truncated
power-laws across the range of cloud masses probed by PAWS,
and are hence more similar to the GMC mass distributions that
have been previously observed for M33 and the LMC (Wong
et al. 2011; Gratier et al. 2012). Across most of the observed
mass range, the slope of the mass distribution is shallower in
the molecular ring and the density-wave spiral arms than in the
inter-arm, while the mass distribution in the material arms has
a slope that is intermediate between these extremes. Extremely
high mass objects (Mlum > 107 M#) are only observed in the
molecular ring and spiral arms. The inter-arm region contains
very few clouds with masses greater than 106.5 M#, although the
mass distribution of downstream GMCs reaches slightly higher
cloud masses than the upstream cloud distribution. The nuclear
bar has a high number density of clouds, and shows evidence
for a very strong truncation at 106.5 M#.

7.2. Variation in the GMC Mass Distribution with Environment

In the Milky Way and other Local Group galaxies, GMC mass
distributions tend to be adequately represented by simple power
laws (e.g., Rosolowsky 2005 and references therein), although
previous studies have noted that the cloud mass distribution
steepens at high masses in the LMC (Fukui et al. 2008; Fukui
& Kawamura 2010) and in M33 (Gratier et al. 2012). In M51,
we find that the overall mass distribution steepens continuously
with increasing cloud mass above our adopted sensitivity limit
3.6 $ 105 M#. This is also evident for the GMC mass distribu-
tions in the molecular ring and density wave spiral arm environ-
ments, while the nuclear bar mass distribution exhibits a strong
truncation around 5$106 M#. To characterize the diverse shapes
of the GMC mass distributions and facilitate the comparison be-
tween M51 and results from other galaxies, we therefore fit the
distributions with Equation (16) above a relatively high fiducial
mass of 106 M#, where the mass distributions show more re-
semblance to a truncated power law. This limit is significantly
higher than our adopted catalog completeness limit and roughly
corresponds to the lower mass limit of the highly reliable sam-
ple of clouds. We discuss the reasons for only fitting the mass
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CO-dark H2?: Photo-dissociation of H2 and CO

van Dishoeck & Black 1988
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CO-dark H2?-- from [CII]

Langer et al. 2010
Velusamy et al. 2010

W. D. Langer et al.: Galactic plane [C !!] survey of CO-dark H2

observed via its 2P3/2 ! 2P1/2 1.9 THz fine-structure transition
with very high spectral resolution using heterodyne techniques
and then located using velocity-rotation curves (subject to the
uncertainties of this method in the inner Galaxy for which there
are two solutions – near and far). In the Galaxy this CO-dark
H2 component in massive molecular clouds is estimated theoret-
ically to be of order 30% (Wolfire et al. 2010) and observation-
ally (Pineda et al. 2013), but may be much larger in galaxies with
lower metallicities (cf. Madden et al. 2011, 2013). However,
the fraction of CO-dark H2 will be di!erent in less massive
clouds and will also depend on its state of evolution, being essen-
tially absent in di!use atomic clouds and dominating the di!use
molecular clouds which are not thick enough to form significant
amounts of CO. Models of the CO column densities in di!use
molecular clouds by Visser et al. (2009) show significant vari-
ations in the onset of substantial CO abundance, and thus the
column density of CO-dark H2 depends on physical conditions
of density, temperature, and intensity of the FUV radiation field.
Thus the actual fraction of CO-dark H2 in the Galaxy will de-
pend on the mass, FUV field, and evolutionary distribution of
clouds. In Paper I we found that the di!use molecular clouds
contributed most of the CO-dark H2 in the Milky Way, and that
the exact fraction depended on Galactic radius.

In this paper, we expand on our earlier work by analyzing
the characteristics of the [C !!] emission from a large ensem-
ble of clouds extracted from the spectral data along each line
of sight with Gaussian fitting routines. We restrict our analysis
to the inner Galaxy, 270" # l # 57" and |b| # 1" because we
have observed three CO isotopologues only over this longitude
range with the ATNF Mopra 22-m telescope, and we need the
rare isotopes 13CO and C18O to better identify individual clouds
where there is line blending in [C !!] and 12CO. Other CO sur-
veys of the Galaxy do not provide us with this set of lines at
the other GOT C+ lines of sight. The reduced spectra from the
GOT C+ Galactic Plane survey used in this paper are available
in the Herschel data archives.

Our focus in this paper is to understand the distribution of
CO-dark H2 among di!erent types of clouds, including the thick-
ness of this layer in H2 column density, and the mass fraction.
In Paper I we estimated the di!use CO-dark H2 in regions with
[C !!] and no CO as well as where we detected [C !!] and 12CO,
but not 13CO. Here, we extend the analysis of [C !!] to deter-
mine the CO-dark H2 in the PDRs of dense (13CO) molecular
clouds. Therefore, in this paper, we use the term CO-dark H2 to
refer to the gas in the FUV illuminated layer of H2 in clouds,
which includes the gas in clouds without detectable 12CO (dif-
fuse molecular clouds), as well as that in the PDR envelopes of
clouds with 12CO, but no 13CO (transition molecular clouds),
and those with detectable 13CO (dense molecular clouds).

We begin with a summary of our observations and then de-
scribe the extraction of the spectral features. We next present
some overall statistical information on the spectral features. We
then calculate the column density and mass fraction of CO-dark
H2 gas by type of cloud using excitation and structural models
of the clouds (discussed in Appendix A). Finally, we present the
statistical characteristics of the CO-dark H2 in clouds and com-
pare these results with models of the FUV illuminated regions
of clouds.

2. Observations

The GOT C+ programme attempts to characterize the entire
Galactic disk by making a sparse sample covering 360" in the
plane. Ideally one would like to sample the disk to reproduce
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Fig. 1. A schematic of the distribution of lines of sight for the
GOT C+ Galactic plane survey where they are represented by solid ar-
rows superimposed on an artist’s impression of the Galaxy (R. Hurt,
Courtesy NASA/JPL-Caltech). Each arrow represents many lines of
sight as they are too dense to display. The longitudinal spacings are
indicated on the figure and regions of di!erent angular spacing are sep-
arated by dashed arrows. The finest spacing is 0.87" towards the in-
nermost Galaxy and increases outwards. The red lines mark the range
l = 270" to 57" of data analyzed in this paper. The area covered from
l = 90" to 270", which is mostly in the outer Galaxy, is only about 20%
to 25% of the area of the disk and consequently a larger angular spacing
is used, varying from 4.5" at 90" and 270" to 12" near 180".

a uniform volume survey from the perspective of the Galactic
Center. However, from the location of the solar system in the
Galaxy at a radius of 8.5 kpc, it is not possible to do so in a
sparse survey. Instead we chose observational lines of sight to
provide an approximate equal angular sample of the Galaxy by
mass. In this scheme we observe at finer angular spacing towards
the inner Galaxy and decrease the sampling moving outwards as
shown in the schematic of the observing scheme along b = 0"
in Fig. 1. This approach produces a finer sample of the vol-
ume closest to the solar system, and the coarsest sampling at
the far-side of the Galaxy. The smallest spacing is 0.87" towards
the innermost Galaxy and increases outward. The area covered
from l = 90" to 270", which is outside the solar radius, is only
about 20% to 25% of the area of the disk, and consequently
the angular spacing in this region is larger, varying from 4.5"
to 12" near l = 180".

We also observed out of the plane at b = ±0.5" and ±1",
alternating above and below the plane at each successive lon-
gitude. Thus we have half as many positions surveyed at each
value of b out of plane as at b = 0", corresponding to a total
of $450 lines of sight in the disk. Details of the observational
mode of [C !!] are given in Paper I along with a discussion of
the data reduction. We also observed the J = 1 ! 0 transitions
of 12CO, 13CO, and C18O with the ATNF Mopra 22-m Telescope
(details in Paper I), with an angular resolution of 33%% toward
each line of sight in the inner Galaxy over a longitude range
l = 270" to 57". We obtained H ! data from public sources
(McClure-Gri"ths et al. 2005; Stil et al. 2006). Table 1 is a list of
the facilities used, angular resolution, and reference to the data
source.
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J. L. Pineda et al.: A Herschel [C !!] Galactic plane survey. I.

Fig. 18. Radial distribution of the H2 column density in the plane of the
Milky Way. We also show the relative contributions to the total H2 col-
umn density from gas traced by 12CO and 13CO and from CO-dark
H2 gas.

5.3. The complete distribution of H2 in the plane
of the Milky Way

In Fig. 18, we show the radial distribution of the total az-
imuthally averaged H2 column density. The total N(H2) is the
combination of the contribution from H2 gas traced by CO and
that traced by [C !!] (CO-dark H2 gas). Both contributions are
also included in the figure. Close to the Galactic center, most
of the H2 is traced by CO with the CO-dark H2 gas making a
negligible contribution. The CO-traced H2 gas is mostly con-
centrated in the 4 kpc to 7 kpc range, while the CO-dark H2 gas
is extended over a wider range of Galactocentric distances, be-
tween 4 and 11 kpc. As mentioned in Sect. 5.2.1, the distribution
of the CO-dark H2 column density is nearly constant between 4
and 11 kpc. However, the fraction of the total molecular gas in
this component increases with Galactocentric distance. This in-
crease is shown in Fig. 19 where we show the CO-dark H2 gas
fraction as a function of Galactocentric distance. The fraction
of CO-dark H2 gas increases monotonically with Galactocentric
distance, rising from 0.2 of the total H2 gas at 4 kpc to be about
0.8 at 10 kpc. The Galactic metallicity gradient is likely accom-
panied by a decrease of the dust-to-gas ratio with Galactocentric
distance. The reduced dust extinction results in an increased
FUV penetration, which in turn results in the C+/C0/CO tran-
sition layer taking place at larger H2 column densities. Thus, as
suggested by our results, the low-column density H2 gas at large
Galactocentric distances, with low-metallicities, is better traced
by [C !!] (and perhaps [C !]) than by CO.

For Rgal > 11 kpc, we see a reduction of the column den-
sity of CO-dark H2 gas. In the outer Galaxy we detect fewer
[C !!] clouds per unit area and, as we can see in Fig. 11, most of
the detected emission is associated with dense PDRs. Because of
the reduced carbon abundance in the outer Galaxy, and perhaps
reduced thermal pressures, the [C !!] intensity associated with
CO-dark H2, as well as that associated with H ! and electron gas,
might be reduced to be below our detection threshold, while only
regions associated with star-formation, dense PDRs, can produce
detectable emission. Due to the reduced star formation activity

Fig. 19. Radial distribution of the fraction of the total H2 column den-
sity comprised by the CO-dark H2 gas.

per unit area in the outer Galaxy, the average strength of the
FUV field is likely also reduced. This reduction of the FUV field
results in a lower kinetic temperature that reduce the excitation
of [C !!] line. Additionally, the plane of the Milky Way is known
to warp towards the outer Galaxy, while the CO-dark H2 distri-
bution is based on [C !!] data at b = 0!. Thus, our sampling of
the outer Galactic plane might not be as good as it is for the inner
Galaxy. Therefore we cannot rule out that the distribution of H2
extends even further in the outer Galaxy than indicated here.

5.4. The CO-to-H2 conversion factor in the Milky Way

When 13CO observations are not available, the mass of molec-
ular clouds or the molecular content of entire galaxies is often
estimated from observations of the 12CO J = 1 " 0 line apply-
ing an empirically-derived CO-to-H2 conversion factor (XCO #
N(H2)/ICO $ MH2/LCO). Modelling applied to !-ray observa-
tions, which trace the total molecular content along the line-of-
sight, results in a local value of 1.74 % 1020 cm&2 (K km s&1)&1

or MH2/LCO = 3.7 M' (K Km s&1 pc2)&1 (Grenier et al. 2005).
Several theoretical studies have focused on the dependence of
XCO on environmental conditions, showing that XCO is partic-
ularly sensitive to metallicity and the strength of the FUV ra-
diation field (e.g. Maloney & Black 1988; Sakamoto 1996).
Observationally, however, it has been found that XCO is mostly
sensitive to metallicity (e.g. Rubio et al. 1991; Wilson 1995;
Israel 1997, 2000) while not showing a significant dependence
on the strength of the FUV field (Pineda et al. 2009; Hughes
et al. 2010).

We estimated the radial distribution of XCO in the
Galactic plane by dividing the H2 column density in a given
Galactocentric ring by its corresponding 12CO emissivity. In
Fig. 20 we show the radial distribution of XCO derived from
the H2 column density traced by CO and 13CO only, as well
as that including the CO-dark H2 component. We also show
the radial distribution of XCO derived from the relationship be-
tween XCO and metallicity observed by Wilson (1995) and Israel
(2000) in nearby galaxies. We converted the dependence of XCO
on metallicity presented by these authors to a radial dependence
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1. Spontaneous emission

2. Radiative transfer

τ dust → NHI

HI optically-thin regions for calibration:

Fukui	  et	  al.	  2014,	  2015
 Tspin 10 − 60K
 τ HI  0.5 − 3

The Astrophysical Journal, 798:6 (15pp), 2015 January 1 Fukui et al.
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Figure 8. All-sky distributions of the (a) Ts and (b) !H i maps. The masked region is shown in gray. The black dots represent the region where Td > 22.5 K. The white
dots show the points where Ts and !H i are not determined because !H i < 0.2. In (c) we use N!

H i instead of NH i for the points colored in white or black in (a) and (b).
The center of the map is (l, b) = (0", 0"), and the coverage of l and b is from #180" to +180" and from #90" to +90", respectively. Dashed lines are plotted every
60" in l and every 30" in b.

There has been discussion that Ts is generally higher than
80 K, with 130 K as the nominal value in the literature (e.g.,
Mohan et al. 2004). On the other hand, Dickey et al. (2003) and
Heiles & Troland (2003b) showed that there exists cold H i gas
(CNM) having Ts of 20 K–50 K from H i emission/absorption
profiles toward radio continuum background sources. This Ts
range is consistent with the current Ts distribution.

The observed WH i as a function of the computed NH i from
Equation (3) with colors showing the value of Ts = 10 K–100 K
is shown in Figure 10. Generally, WH i begins to saturate at

H i optical depth around 0.3. For lower Ts, saturation begins at
lower NH i, and for higher Ts the correlation between WH i and
NH i becomes better than for lower Ts. Since both Ts and Td
are determined by radiative heating and cooling (see Section 4
in Paper I), the qualitative trend of the Td dependence of WH i
should be consistent with that found in Figure 4.

We shall estimate the total ISM mass in the solar vicinity in
the unmasked area. The H i masses with optical depth correction
and that without correction are 1.0$106 M% and 0.5$106 M%,
respectively, for an assumed distance of 150 pc (Paper I). This

7

Two equations for Tspin and tauHI

One can find a solution of cold, optically-thick HI gas
to explain all dark gas.

85% of the total HI gas

HI optically-thicker regions:

A question from HI absorption studies	  (Stanimirovic	  et	  al.	  2014)
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Nearby Clouds observed with Herschel

Avles de Oliveira et al. 2014

C. Alves de Oliveira et al.: Herschel view of the large-scale structure in the Chamaeleon dark clouds

Fig. 2. Column density (NH2(cm!2), top) and temperature (K, bottom) maps of Cha I, II, and III (from left to right) with the skeletons tracing the
most prominent filamentary structure superimposed in black.

emission arising from cold dust, and therefore have not been
used in this paper.

We reduced the PACS data with scanamorphos version 12
(Roussel 2013), which is described in Winston et al. (2012) and
Spezzi et al. (2013). The SPIRE data were reduced within the
Herschel Interactive Processing Environment (HIPE version 7.2,
Ott 2010), using a modified version of the pipeline scripts that in-
cludes observations taken during the turnaround at the map bor-
ders. The two orthogonally scanned maps were combined using
the averaging algorithm “naive-mapper”.

3. Methods

In the following, we briefly describe the data analysis procedures
and tools used to study the Herschel observations. Detailed ex-
planations of each method are given in the cited references.

3.1. Column density and temperature maps

The column density and temperature maps were determined
from a modified blackbody fit to the 160, 250, 350, and 500 µm
images reprojected on a common 6""/pixel grid, following the
procedure detailed in Könyves et al. (2010). The zero-o!sets, de-
termined from comparison with Planck and IRAS data (Bernard
et al. 2010), were first applied to each band. For the region cov-
ered by PACS and SPIRE simultaneously, we adopted the same
opacity law as in earlier HGBS papers (Könyves et al. 2010),
fixing the specific dust opacity per unit mass (dust+gas) to be

the power-law !" = 0.1 ("/1000 GHz)# cm2/g with # = 2 (e.g.,
Hildebrand 1983), and leaving the dust temperature and column
density as free parameters. The final error on the column density
is statistical (spectral energy density (SED) fitting, photometry)
and systematic (opacity law). A recent study by Roy et al. (2014)
concluded that the dust opacity law adopted by HGBS is good to
better than 50% accuracy in the whole range of column densities
between #3 $ 1021 and 1023 cm!2. Figure 2 shows the resulting
maps for the three regions1.

3.2. Filamentary structure

We used the DisPerSe algorithm (Sousbie 2011; Sousbie et al.
2011) to trace the crest of the filamentary structure of the clouds,
using the curvelet component (Starck et al. 2003) of the col-
umn density map as an input. This method has been success-
ful in mapping the filamentary network in other regions ob-
served with Herschel, and the details can be found, for example,
in Arzoumanian et al. (2011) or Schneider et al. (2012). The
structure obtained by requiring a persistence threshold of 5 $
1020 cm!2 (#5$, see Sousbie 2011, for the formal definition of
“persistence”) in the curvelet image is overlaid on the column
density maps shown in Fig. 2. It should be noted that the fil-
amentary structure displayed is derived from the column den-
sity map, which is a 2D-projection of the volume density. Since

1 The column density and temperature maps for Chamaeleon I, II
and III can be retrieved from the HGBS archives webpage: http://
gouldbelt-herschel.cea.fr/archives
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Fig. 3. Distribution of the width (left) and mass per unit length (right) for individual profiles, as derived for Cha I (blue), Cha II (green), and Cha III
(red). In the mass-per-unit-length histogram, the dashed line shows the thermal critical mass per unit length for a gas temperature of !12 K.

Fig. 4. Probability distribution functions of the column density for the Cha I, II, and III cloud regions. The PDFs were obtained from the column
density maps (Fig. 2) at an angular resolution of 36"" . The left y-axis indicates the normalised probability and the right y-axis the number of pixels
per log bin. The green line indicates the fitted PDF and the red line (in Cha II) the power-law fit to the high-density tail. The width of the PDF (!),
the fitted slope s, and the corresponding exponent " of a spherical density distribution are given in each panel.

DisPerSE works topologically, it connects all emission features
such that projection e!ects may create links between filaments
that are not physically related. However, the high spatial reso-
lution of the Herschel maps in nearby regions largely alleviates
these e!ects. For example, André et al. (2014; see their Fig. 2)
highlighted the good agreement between the fine structure of the
Herschel column density filaments and the C18O results of Hacar
et al. (2013) for Taurus B211/B213.

We characterised the identified filamentary structures by de-
riving the radial column density profile perpendicular to the tan-
gential direction to the filament crest. The centre of each profile
was fitted with a Gaussian, from which the FWHM and area
were taken to determine the filament width and the mass per unit
length (Fig. 3).

3.3. Probability distribution functions of the column density

Probability distribution functions of the (column) density char-
acterise the fraction of gas with a column density N in the
range [N, N+"N]. For the Chamaeleon clouds, the PDFs are
represented by the distribution of the number of pixels per
log bin versus the column density, expressed in visual ex-
tinction (Fig. 4). They are widely used both in observational
(e.g., Kainulainen et al. 2009; Schneider et al. 2012, 2013)
and numerical (e.g., Federrath & Klessen 2012, and references
therein) studies of the (column) density structure of molecular
clouds. For example, Klessen (2000) showed that isothermal,

hydrodynamic turbulence simulations produce perfectly lognor-
mal PDFs, and PDFs obtained from extinction maps (Lombardi
et al. 2008; Kainulainen et al. 2009; Froebrich & Rowles 2010)
are lognormal for low extinctions. However, Herschel observa-
tions of the Polaris cloud (Men’shchikov et al. 2010; Miville-
Deschênes et al. 2010) show that even in a clearly turbulence-
dominated cloud, the PDF is not simply lognormal but starts
to show excess at higher extinctions (Schneider et al. 2013).
Though gravity, in general, plays an important role in organis-
ing the density structure of a cloud (see below), in a very low
density cloud such as Polaris, the excess seen in the PDF can
also be due to intermittency. Non-isothermal flows can cause a
power-law tail in the PDF (Passot & Vázquez-Semadeni 1998),
but we suspect that neither in Polaris nor in the Chamaeleon
clouds the temperature di!erence (only a few K) is enough to
provoke such flows. The most dominant process to influence the
PDF is thus gravity, where large-scale collapse as well as indi-
vidual core-collapse determine the density structure and give rise
to the observed power-law tail (see, e.g., numerical simulations
by Ballesteros-Paredes et al. 2011; Kritsuk et al. 2013; Girichidis
et al. 2014). In addition, recent studies (Schneider et al. 2012;
Rivera-Ingraham et al. 2013; and Tremblin et al. 2014) showed
that radiative feedback processes can have a strong impact as
well, leading to double peaks in the PDF and a two-step power
law in the tail. The role of the magnetic field is not yet clear,
however. Magnetohydrodynamic (MHD) simulations showed
that magnetic fields cause a more filamentary density structure
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filaments and clumps

Probability distribution function

log-normalpower-law



Quiescent vs Star-forming Local Clouds

23 molecular clouds within 500pc distance from the Sun

Kainulainen et al. 2009

Taurus Molecular Cloud

Extinction mapping à Probability Distribution Function



12CO Obs. of l~38deg region
with Nobeyama 45m telescope

Channel maps: 50 arcmin x 50 arcmin, 15” resolution (<0.7pc)

Clumpy in spiral arms

40pc or 130pc 90pc

InterarmSpiral arm

Growth of Dense Clumps

Interarm

Sawada et al. 2012



Sawada et al. 2012
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Probability Distribution Function
(Kainulainen et al. 2009)
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Characterize distribution with one parameter
Brightness Distribution Index (BDI)



Sawada, Hasegawa & Koda 2012

BDI Distribution

BU-FCRAO 13CO Galactic Ring Survey

Growth of Dense Clumps in Spiral Arms

Jackson et al. 2006

BDI in each 2degx1degx5km/s grid 



Summary

- Gas phase evolution with galactic revolution
- Globally atom-dominant region

- Atom/mol/atom transition across spiral arms

- Globally molecule-dominant region

- Very small variation. gas stays molecular

- Dark gas

- ~30% of total gas with uncertainties

- Dense structures within clouds
- Develop in spiral arms

- PDF: similar to                                                
log-normal (interarms) and power-law (arms)


