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ABSTRACT

Context. How molecular clouds form out of the atomic phase and what the relative fractions of carbon are in the ionized, atomic, and
molecular phase are questions at the heart of cloud and star formation.
Aims. We want to understand the kinematic processes of gas flows during the formation of molecular clouds. In addition to that, we
aim at determining the abundance ratios of carbon in its various gas phases from the ionized to the molecular form.
Methods. Using multiple observatories from Herschel and SOFIA to APEX and the IRAM 30 m telescope, we mapped the ionized
and atomic carbon as well as carbon monoxide ([CII] at 1900 GHz, [CI] at 492 GHz, and C18O(2–1) at 220 GHz) at high spatial
resolution (12′′−25′′) in four young massive infrared dark clouds (IRDCs).
Results. The three carbon phases were successfully mapped in all four regions, only in one source does the [CII] line remain a non-
detection. With these data, we dissect the spatial and kinematic structure of the four IRDCs and determine the abundances of gas
phase carbon in its ionized, atomic, and most abundant molecular form (CO). Both the molecular and atomic phases trace the dense
structures well, with [CI] also tracing material at lower column densities. [CII] exhibits diverse morphologies in our sample from
compact to diffuse structures, probing the cloud environment. In at least two out of the four regions, we find kinematic signatures
strongly indicating that the dense gas filaments have formed out of a dynamically active and turbulent atomic and molecular cloud,
potentially from converging gas flows. The atomic carbon-to-CO gas mass ratios are low between 7% and 12% with the lowest values
found toward the most quiescent region. In the three regions where [CII] is detected, its mass is always higher by a factor of a few
than that of the atomic carbon. While the ionized carbon emission depends on the radiation field, we also find additional signatures
that indicate that other processes, for example, energetic gas flows can contribute to the [CII] excitation as well.
Conclusions. Combining high-resolution maps in the different carbon phases reveals the dynamic interplay of the various phases of
the interstellar medium during cloud formation. Extending these studies to more evolved stages and combining the observations with
molecular cloud formation simulations including the chemistry and radiative transfer will significantly improve our understanding of
the general interstellar medium, cloud, and star formation processes.
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1. Introduction

Carbon is one of the most important species in the interstellar
medium (ISM), both in terms of its relevance for the physical
and chemical state of the ISM, as well as because of its diagnos-
tic power (e.g., Henning & Salama 1998). Because of its high
abundance, carbon is one of the major coolants of the ISM, in its
atomic and ionized form for the low-extinction components and
in its most abundant molecular form (CO) in high extinction and
dense molecular clouds. There are two main pathways linking
the sequence C+/C0/CO: During cloud formation, the originally
diffuse and ionized medium recombines and becomes partly neu-
tral (observable in lines of ionized C+ ([CII]) and neutral carbon
C0 ([CI])), and then with increasing densities forms molecular

� Based on observations carried out with Herschel, Sofia, APEX, and
the IRAM 30 m telescope.
�� The data are available at the CDS via anonymous ftp
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/571/A53

H2 and CO (e.g., Bergin et al. 2004; Glover et al. 2010). In con-
trast, if exposed to strong UV radiation, CO can dissociate to
form atomic and ionized carbon (e.g., Köster et al. 1994; Röllig
et al. 2006).

As atomic hydrogen reacts to form H2 during cloud forma-
tion (e.g., Bergin et al. 2004; Heitsch et al. 2008), the carbon fol-
lows the C+ →C0 →CO route during the formation of infrared
dark clouds (IRDCs). At early evolutionary stages, C+ is likely
to be one of the best tracers for the so-called “dark H2” because
due to self-shielding H2 forms earlier than CO (e.g., Langer et al.
2010; Glover & Mac Low 2011). During these processes, signa-
tures of streaming motions may be imprinted on the different
carbon lines, allowing us to investigate the cloud formation pro-
cesses (e.g., Glover et al. 2010; Shetty et al. 2011; Clark et al.
2012).

At the center of IRDCs, massive stars form rapidly, excit-
ing the surrounding gas and producing the different forms of
carbon via the opposite CO→C0 →C+ route. Photon-dominated
region (PDR) models give predictions about the line properties
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in this scenario (e.g., Tielens & Hollenbach 1985; Cubick et al.
2008). Furthermore, the youngest and most embedded proto-
stars develop jets and outflows that form cavities that act as
valves releasing UV radiation into the ambient gas (e.g., Kuiper
et al. 2010; Cyganowski et al. 2008). Thus, feedback from the
youngest protostars affects the relative abundances of molecu-
lar CO and atomic and ionized carbon also in the most deeply
embedded regions.

Early work has shown that [CII] and [CI] emission is far
more extended through molecular clouds than was initially an-
ticipated with layered-structure cloud models. This implied that
molecular clouds are clumpy and that the radiation can penetrate
the clouds deeply (e.g., Stutzki et al. 1988; Herrmann et al. 1997;
Kramer et al. 2004). However, because of the poor spatial reso-
lution available at those times, in particular for C+, there was no
chance to spatially resolve the substructures, and to disentangle
the excitation mechanisms of the different gas components. For
example, is the [CII] and [CI] emission deep inside the clouds
mainly due to external radiation that penetrates deeply through
the clumpy medium, or do internal heating sources from embed-
ded stars contribute significantly to the formation of C+ and C0

(e.g., Ossenkopf et al. 2011)? Topics like that can be addressed
particularly well for IRDCs because, while they are at early
stages of cloud evolution, many already contain internal heating
sources that excite the immediate environment (e.g., Rathborne
et al. 2006; Beuther et al. 2010; Henning et al. 2010; Wang et al.
2014). This information is also necessary for the proper model-
ing of the structure and evolution of molecular clouds, since any
interior warm gas provides thermal support and deep penetration
of UV photons enhances the importance of magnetic support.

To disentangle the different carbon components, it is essen-
tial to map the respective regions at high spatial resolution, and
to spectrally resolve the line emission. The detailed compari-
son of the line profiles and their small scale variation between
[CII]/[CI]/CO allows us to separate clumps/filaments overlap-
ping along the line of sight. While mapping is important to
spatially differentiate the origin of the ionized/atomic/molecular
carbon phases, spectral line shape information can be di-
rectly compared to cloud formation and PDR model pre-
dictions (e.g., Cubick et al. 2008; Glover et al. 2010), as
well as to the impact of outflows from the embedded proto-
stars. Mapping at high spectral resolution [CII]/[CI]/CO with
Herschel/SOFIA/APEX/IRAM30 m (the Herschel satellite mis-
sion, the Stratospheric Observatory For Infrared Astronomy, The
Atacama Pathfinder Experiment, and the 30 m telescope of the
Institut de Radioastronomie Millimetrique), respectively, can re-
sult in spatial resolution elements between 11′′ and 15′′, cor-
responding to linear scales below 0.2 pc at typical distances of
IRDCs of 3 kpc. This matches the physical processes of cloud
formation, fragmentation and feedback extremely well, e.g., the
Jeans fragmentation scale at typical densities (∼103 cm−3) is on
that order.

To address these aspects, we conducted a concerted effort to
study the gas phase carbon budget in young molecular clouds
by observing and analyzing a well selected sample of four
IRDCs in [CII] at 158 μm with Herschel and SOFIA, in [CI]
with APEX and in 13CO/C18O(2–1) with the IRAM 30 m tele-
scope. This combined mapping approach is complementary to
the Galactic Observations of Terahertz C+ Herschel key project
(GOTC+, Langer et al. 2010; Pineda et al. 2013) that focused
on single pointings toward a large sample of Galactic sources.
Now mapping the regions allows us to separate the differ-
ent cloud components and their associated carbon constituents
properly from low to high extinction. These data provide us

Table 1. Sample.

Name RA Dec D vlsr

(J2000.0) (J2000.0) (kpc) (km s−1)
G11.11 18:10:16.00 –19:24:22.0 3.4 29.2
G48.66 19:21:48.00 13:49:06.0 2.6 34.0
IRDC18223 18:25:08.46 –12:45:05.0 3.5 45.5
IRDC18454 18:47:59.20 –01:54:05.0 5.51 52.8/100.22

Notes. Most distances and vlsr are taken from Ragan et al. (2012).
(1) Zhang et al. (2014); (2) Beuther & Sridharan (2007)

Table 2. Observed spectral lines

Freq. Transitions Eu/k
(GHz) (K)

1900.5372 [CII](2P3/2−2P1/2) 91.2
492.1607 [CI](3P1−3P0) 23.6
219.5603 C18O(2–1) 15.8
220.3987 13CO(2–1) 15.9
345.7960 12CO(3–2) 33.2

with the column densities, the spatial structure and the kine-
matic/dynamic properties of the different states of carbon in the
ISM. For all regions we have complementary PACS/SPIRE con-
tinuum data (EPOS Herschel GT project, Ragan et al. 2012)
as well as APEX/LABOCA 870μm continuum observations
(Schuller et al. 2009).

2. The sample

We selected four IRDCs that exhibit a variety of environments.
While G11.11 (also know as The Snake, e.g., Henning et al.
2010; Kainulainen et al. 2013) and G48.66 (e.g., Ossenkopf et al.
2011; Pitann et al. 2013) are rather isolated IRDCs (G48.66
shows slightly more star formation activity), IRDC 18223 is an
infrared dark filament that has already formed a high-mass pro-
tostellar object with ∼104 L� at one end (e.g., Beuther et al.
2010). Finally, IRDC 18454 is also a starless dark cloud, how-
ever in the very close environment of the Galactic mini-starburst
W43 (Beuther et al. 2013). All these clouds are part of the
Herschel key project EPOS with a wealth of complimentary
data (Ragan et al. 2012). Table 1 presents the basic sample
parameters.

3. Observations

The different spectral lines shown in Table 2 were observed
with various instruments, the ionized carbon [CII] line with
Herschel/HIFI (Pilbratt et al. 2010; de Graauw et al. 2010, for
G11.11, G48.66, IRDC18454) and SOFIA/GREAT (Young et al.
2012; Heyminck et al. 2012, for IRDC 18223), the atomic carbon
[CI](3P1 −3 P0) and 12CO(3–2) with APEX, and the C18O(2–1)
and 13CO(2–1) with the IRAM 30 m telescope. All data are cal-
ibrated to Tmb in Kelvin. The final spectral resolution Δv, the
1σ rms in a line-free channel and the spatial resolution θ for all
data can be found in Table 3.

The Herschel/HIFI [CII] data for G11.11, G48.66
and IRDC18454 were observed in one guaranteed time
(obids 1342250966, 1342250967) and one open time project
(obsids 1342270620, 1342270621, 1342270624, 1342270625).
The approximate map sizes were in all cases ∼3′ × 3′, and each
map was observed twice at scanning angles of 0 and 90 deg.
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Table 3. Observing parameters.

Source Δv 1σ θ Δv 1σ θ Δv 1σ θ
(km s−1) (K) (′′) (km s−1) (K) (′′) (km s−1) (K) (′′)

C18O(2–1) [CI] [CII]1

G11.11 0.4 0.16 12 0.4 0.6 13.5 0.08 0.32 25
G48.66 0.27 0.25 12 0.2 1.0 13.5 0.08 0.31 20
IRDC18223 0.27 0.2 12 0.3 0.6 13.5 0.2 0.28 20
IRDC18454 1.5 0.13 12 0.2 0.9 13.5 0.08 0.38 20

Notes. Δv, 1σ and θ are the spectral resolution, 1σ rms and beam size, respectively, for the three transitions. (1) The [CII] data from G11.11, G48.66
and IRDC 18454 are from Herschel, the [CII] data for IRDC 18223 are from SOFIA.

Data reduction was conducted within HIPE version 10.3 and
beam and forward efficiencies of 0.69 and 0.96 were applied
(Roelfsema et al. 2012). The observations were taken against the
internal cold load as reference and included the observation of
an additional OFF position at an offset of RA +5′ and Dec −5′
from the center of the map. As we found clear contamination
of the OFF position, we only subtracted the load reference
from the data, and removed the remaining standing wave pattern
by the HifiFitFringe pipeline task which resulted in good base-
lines for our spectra. The spectra were then exported to GILDAS
format for final processing and imaging. For G11.11 we used
only the V-polarization because that had less standing wave
problems. For the other two sources, we used both polarizations.
To increase the signal-to-noise ratio, we degraded the native
spatial resolution of ∼12′′ to 20′′−25′′ (Table 3).

The corresponding [CII] data for IRDC 18223 were observed
in fall 2013 with GREAT on SOFIA and a beam efficiency
of 0.67 (Heyminck et al. 2012). These data were smoothed to
20′′ resolution to increase the signal-to-noise ratio as well.

The atomic carbon [CI] data were all obtained with the
APEX observatory and the FLASH receiver. The maps have
similar sizes as the [CII] maps and were observed in on-the-
fly mode at a spatial resolution of ∼13.5′′ and a native spectral
resolution of 0.05 km s−1. We re-binned the spectra to improve
the signal to noise, and the finally used effective spectral resolu-
tion Δv, 1σ and θ can be found in Table 3. The FLASH receiver
observed simultaneously the 12CO(3–2) line, but we show that
only for G11.11 as an example because our analysis relies on
the C18O(2–1) data due to its lower optical depth.

Finally, the C18O(2−1) spectra were all observed during
different runs with the IRAM 30 m telescope. The maps were
taken in the on-the-fly mode, and the spatial resolution is ∼12′′.
The data for G11.11, G48.66 and IRDC 18223 were observed
as pooled observations in winter 2012. The observations for
IRDC 18454 were part of an IRAM large program (PI F. Motte)
and have already been published in Carlhoff et al. (2013).
The IRAM 30 m telescope also observed simultaneously the
13CO(2−1) line, but we again only show it for G11.11 as an
example and rely for the analysis on the C18O(2−1) data. The
corresponding 870μm continuum data were taken from the
ATLASGAL survey (Schuller et al. 2009).

4. Results

4.1. Morphologies and structures

Since our data are the first maps in the different gas carbon
phases, we start with a morphological and structural analysis of
the data toward the four IRDCs.

Fig. 1. G11.11: large-scale Herschel/PACS 70 μm image of the G11.11
region with 870 μm ATLASGAL contours starting at 200 and continu-
ing in 300 mJy beam−1 steps (Henning et al. 2010). The white box out-
lines the region of our carbon observations shown in Fig. 2.

4.1.1. G11.11 also know as The Snake

The IRDC G11.11 encompasses a much larger area shown in
Fig. 1. Here we focus on the 3′ × 3′ region outlined by the
white box. That subregion is a particularly quiescent part of the
G11.11 region, hosting only very few weak mid-infrared sources
as well as a dark core without any mid- or far-infrared counter-
part (Henning et al. 2010; Ragan et al. 2012). Figure 2 presents
the different carbon datasets we obtained for this project. The
870μm submm continuum data tracing the cold dust emission
are shown in contours as reference frame on all plots. The first
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Fig. 2. G11.11: the color scale shows integrated intensity images of the transitions marked above each panel. Integration regimes are [27, 33] km s−1,
[27, 33] km s−1, [29, 31] km s−1, [24, 38] km s−1 and [24, 36] km s−1 for C18O(2−1), [CI], [CII], 12CO(3−2) and 13CO(2−1), respectively. Except
for [CII], the corresponding black contours start from 15% and continue in 10% steps of the peak emission in each map. The peak values are 7.8,
19.9, 37.1 and 21.2 K km s−1, respectively. The [CII] contours start at 3σ and continue in 1σ steps of 0.8 K km s−1. The white contours always
show the ATLASGAL 870 μm continuum image starting at a 3σ level of 0.15 Jy beam−1 and continue in 4σ steps. The bottom-left of each panel
shows the beam of the line data whereas the bottom-right shows the continuum beam size. The three markers in the [CII] panel show the positions
of 70 μm sources, and the top-left panel also shows a linear scale-bar.

and most obvious outcome for G11.11 is that the molecular
C18O and atomic carbon emission do trace the high-column den-
sity gas probed by the 870μm continuum emission well. While
the C18O(2–1) emission follows closely the dust continuum, the
atomic [CI] emission appears a bit more extended. In contrast
to these two tracers, the ionized carbon [CII] emission remains
a non-detection in our data. Towards the dust continuum, we do
not detect any [CII] at all, but a few very weak features are ten-
tatively identified at the cloud edges. However, none of these
integrated emission edge features are above 6σ, and analyzing
individual spectra at these position, we cannot confirm them ei-
ther. Hence, at the given sensitivity, our [CII] observations to-
ward G11.11 are a non-detection, even after averaging all spectra
over the entire region.

Figure 2 also shows the 12CO(3–2) emission from APEX
and the 13CO(2–1) emission from the IRAM30 m telescope.
However, both trace the dense gas emission outlined by the dust
continuum worse than the C18O(2–1). This is mainly due to the
larger optical depth of these isotopologues. For the remainder of
the analysis, we therefore focus on the C18O(2–1) data because
of its low optical depth.

Figure 3 presents the averaged spectra over the entire region
of emission in Fig. 2 for C18O(2–1), 13CO(2–1) and [CI]. While
the line shape does vary significantly between the different
species, the line width measured as full width half maximum is
similar for [CI] and 13CO(2–1) (Δv = 4.0 and 3.8 km s−1, respec-
tively), whereas it is narrower for C18O(2–1) (Δv = 2.4 km s−1).
Since 13CO and [CI] trace larger volumes than C18O, this
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Fig. 3. G11.11: C18O(2–1), 13CO(2–1) and [CI] spectra averaged over
the whole area of emission shown in Fig. 2.

difference is approximately consistent with Larson’s line width-
size relation (Larson 1981; Stahler & Palla 2005). Although the
averaged line width over the whole cloud of [CI] and 13CO(2–1)
are similar, their spatial structure varies considerably.

For a closer comparison of the C18O(2–1) and [CI] line width
distribution, Figure 4 presents 2nd moment maps (intensity-
weighted line widths) of both lines. Interestingly, the [CI] line
width peaks close to the main submm continuum sources and
hence resembles the [CI] integrated intensity image in Fig. 2.
Together with the non-Gaussian profiles, this is consistent with
a macro-turbulent picture, where individual, partially optically
thick clumps are distributed over some turbulent velocity inter-
val. In contrast to that, the C18O(2–1) 2nd moment map shows
a relatively smooth velocity distribution over most of the clump
with only an increase in line width south of the main submm
continuum peak. The same position shows also an increased line
width in the [CI] emission. Figure 5 present the C18O(2–1) and
[CI] spectra extracted toward the respective integrated intensity
as well as line width peak positions, and the same trend is visible
there. While the [CI] line widths between both positions does not
vary much, for C18O(2–1) we find a unique line width increase
toward that southern position at the edge of cloud. Interestingly,
Ragan et al. (2014b) find toward the close-by submm contin-
uum peak position (Fig. 4) multiple N2H+ velocity components
in high-spatial-resolution Plateau de Bure Interferometer (PdBI)
data. These multiple N2H+ spectral features are consistent with
global collapse of massive gas clumps as modeled by Smith
et al. (2013). Although the positions of our enhanced C18O and
[CI] line width do not exactly coincide with the multiple N2H+

spectra (offset ∼25′′), the close spatial association may indicate
that both features could trace different parts of the same global
collapse of this star-forming region.

4.1.2. G48.66

The IRDC G48.66 is a prominent massive dark cloud in the
projected vicinity of W51 (distance ∼ 5.4 kpc, Sato et al.
2010), however at closer distance of 2.6 kpc (e.g., Ormel et al.
2005; van der Wiel & Shipman 2008). A recent analysis of the
Herschel far-infrared continuum data of that IRDC has been
published by Pitann et al. (2013). Figure 6 shows the 70 μm
Herschel/PACS image outlining the dark features but also sev-
eral embedded protostars within the cloud (the area of our car-
bon spectral line observations is marked). Compared to the re-
gion within G11.11 discussed in the previous section, G48.66
appears slightly more evolved, yet still very young.

The integrated emission maps of the different carbon phases
of this region are presented in Fig. 7. In G48.66 the C18O(2−1)
and [CI] emission follows the dense gas in east-west direction
traced by the ATLASGAL 870μm emission, and it exhibits an
additional extension toward the south of that east-west ridge. The
[CI] map exhibits even larger differences with more emission in
east-west extension in the southern part of the map. These spa-
tial substructures could not be identified by the previous lower-
spatial-resolution [CI] observations by Ossenkopf et al. (2011)
but are consistent with the two peaks of emission seen there.

The biggest difference arises in the ionized carbon [CII] map.
In contrast to G11.11, where we barely detect the line above the
3σ level, here [CII] is strong and shows even different veloc-
ity components. While C18O(2–1) and [CI] have single-peaked
spectra around the vlsr of ∼34 km s−1 with averaged full-width-
half-maximum (FWHM) values of 1.7 and 2.2 km s−1, respec-
tively (Fig. 8), the [CII] spectrum exhibits a very broad second
component extending up to 45 km s−1 (Fig. 8, the FWHM of
the main component at ∼34 km s−1 is 3.3 km s−1). Analyzing the
spatial structure of these two velocity components, we find that
the one around the vlsr is similar to the [CI] emission. Although
the [CII] peak position is a bit offset from the C18O and dust
continuum peak, the large-scale structure of that component re-
sembles that of the [CI] and C18O emission. In contrast to that,
the high-velocity component is distinctively shifted to the north
(the right two panels in Fig. 7). A different way to dissect the
velocity structure of the ionized carbon emission is a 1st mo-
ment map (intensity-weighted peak velocity). The velocity pat-
tern shown in Fig. 9 is dominated by a steep velocity gradient
right across the dense cloud filament seen in the submm dust
continuum emission as well as the infrared extinction. We will
discuss that gradient in more detail in Sect. 5.2.

4.1.3. IRDC 18223

The IRDC 18223 has been studied in detail in recent years on
scales of the filament (e.g., Beuther et al. 2002, 2010; Garay
et al. 2004) as well as on smaller scales of individual substruc-
tures (e.g., Beuther & Steinacker 2007; Fallscheer et al. 2009).
This filamentary IRDC hosts several evolutionary stages from
an already evolved high-mass protostellar object (HMPO) in the
north to the dark filament with embedded very young protostars
(Fig. 10). It is also part of a much larger filament extending more
than 70 pc in the Milky Way plane (e.g., Tackenberg et al. 2013;
Ragan et al. 2014a). For this carbon study we focus in particular
on the infrared dark filament outlined in Fig. 10.

The spatial and spectral structure of the molecular C18O,
atomic and ionized carbon in this region are presented in Figs. 11
and 12. Around the vlsr of ∼45.5 km s−1, the main emission is
seen in the molecular C18O(2–1) and the atomic [CI] emis-
sion, and both species exhibit a secondary strong peak around
51 km s−1. The averaged spectrum over the whole region in the
ionized [CII] line shows emission peaks at similar velocities,
however, the intensities of both peaks are almost the same. All
three species exhibit a third spectral peak at slightly higher ve-
locities of ∼54.5 km s−1. The [CI] spectrum in Fig. 12 exhibits an
additional weak emission component between approximately 35
and 41 km s−1. However, the images show that this component
is only found at the south-eastern edge of our map and barely
covered at all. Therefore, we do not show it here.

Figure 13 shows the spatial structure of these three velocity
components for the atomic [CI] line. The main spectral com-
ponent between 42 and 49 km s−1 is strongly correlated with
the dense gas traced by the 1.2 mm dust continuum emission
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Fig. 4. G11.11: the color scales show the 2nd moment maps (intensity weighted line widths) of [CI] and C18O(2−1) in the left and right panel,
respectively. The contours present the ATLASGAL 870 μm emission with the same contours as in Fig. 2. The bottom-left of each panel shows
the beam of the line data, and the left panel also presents a linear scale-bar. The five-pointed stars mark the positions toward which the spectra in
Fig. 5 are extracted.

Fig. 5. G11.11: C18O(2–1) (top panel) and [CI] spectra (bottom panel)
at selected positions as marked in the panel and in Fig. 4.

measured with MAMBO at the IRAM 30 m telescope (Beuther
et al. 2002). However, already the high-velocity end of this com-
ponent between 46.8 and 48 km s−1 exhibits a spatially distinct
structure visible in the cyan contours in Fig. 13 (left panel). In
contrast to this, the second component between 49 and 53 km s−1

which is also strong in the averaged spectrum (Fig. 12) appears

Fig. 6. G48.66: large-scale Herschel/PACS 70 μm image of the
G48.66 region (Pitann et al. 2013) with 870 μm ATLASGAL contours
in 3σ steps of 150 mJy beam−1. The white box outlines the region of our
carbon observations shown in Fig. 7.

spatially diffuse with barely any obvious peak emission (Fig. 13
middle panel). Going to even higher velocities, the spectral com-
ponent between 53 and 56 km s−1 is spatially very localized with
a small peak to the east of the filament (Fig. 13 right panel and
Fig. 11 left panel). The spatial structure of the C18O(2−1) emis-
sion is similar to the [CI] line, whereas for the [CII] emission
we do not find clear structures, but the ionized carbon appears
to be distributed much more diffusely over the entire complex
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Fig. 7. G48.66: the color scale shows from left to right the emission from C18O(2–1), [CI] and [CII], respectively. The integration ranges for
C18O(2–1) and [CI] are [32.0; 35.0] and [32.0; 35.5] km s−1. The integration ranges for [CII] are marked in the 2 right panels. The contours always
show the ATLASGAL 870 μm emission starting at 3σ level of 150 mJy beam−1 and continuing in 3σ steps. The white markers in the 3rd panel
mark the positions of 70 μm sources.

without any clear association with the infrared dark filament.
Interestingly, two strong [CII] emission features lie southeast
and northwest of the central peak in the filament in the direction
of the two outflow lobes discussed in Fallscheer et al. (2009).
While this is not conclusive, there is the possibility that these
[CII] emission features could be partly related to the outflow
from the embedded young protostar.

4.1.4. IRDC 18454

The fourth region in our sample, IRDC 18454, is in the direct
vicinity of the Galactic mini-starburst W43. Figure 14 presents
the 70μm emission of the region, and while W43 at the western
edge is very bright in the far-infrared, our regions of interest are
either faint at 70 μm or they even show dark absorption patches.

Another intriguing aspect of this region at the interface of the
Galactic bar with the inner spiral arm, is the velocity structure.
Toward this region, all observed spectral lines exhibit 2 spec-
tral components, one centered at approximately 100 km s−1 and
the second at ∼50 km s−1 (Fig. 16). This is not just observed in
the carbon tracers shown here, but also in dense gas tracers like
N2H+ or NH3 (e.g., Nguyen Luong et al. 2011; Beuther et al.
2012). Also Galactic surveys of radio recombination lines show
a large fraction of multiple components in this part of the Galaxy
(Anderson et al. 2011). These different components could be
caused by two independent clouds in different spiral arms (e.g.,
Nguyen Luong et al. 2011), via colliding gas flows (e.g., Carlhoff
et al. 2013), or by potential cloud-cloud interaction in the inter-
face between the Galactic bar and the inner Scutum spiral arm
(e.g., Beuther et al. 2012). For a detailed discussion about this
IRDC, the influence of the neighboring W43 mini-starburst and
the multiple velocity components see Beuther et al. (2012).

Independent of the interpretation of the different velocity
components, the velocity spread of each individual component
is very broad, for the high-velocity component it ranges from
approximately 65 to 140 km s−1, and these velocities are all spa-
tially connected (Nguyen Luong et al. 2011). Because of the
complex structure of the spectra, we do not report FWHM val-
ues for this region. Figure 15 presents emission of the two com-
ponents integrated over a broad part of their spectra. In Beuther
et al. (2012), it is argued that the two velocity components appear

spatially interacting. In the new carbon data, this is best visible in
the atomic phase where the 50 km s−1 occupies the eastern part
and the 100 km s−1 mainly the western part of the observed re-
gion. In the ionized carbon [CII], the 50 km s−1 emission is com-
parably very strong, however, the spatial separation of both com-
ponents is less obvious. In contrast to that, the C18O(2–1) emis-
sion shows in general a similar structure as the atomic carbon
[CI] with the main difference that the 50 km s−1 appears less ex-
tended in the molecular gas. This is consistent with the observa-
tions of the other sources where we also saw a general tendency
that the molecular C18O(2–1) emission is the most compact.

4.2. Carbon phases versus hydrogen distributions

In order to quantitatively compare the distribution of the differ-
ent carbon phases with the molecular gas of these regions, we
constructed dust temperature and column density maps using the
Herschel data obtained for the Earliest Phases of Star Formation
key program (Ragan et al. 2012). We used PACS data at 100 and
160μm and SPIRE data at 250, 350 and 500μm. First all maps
were convolved to the SPIRE 500 μm resolution then mapped to
identical grids. The spectral energy distribution (SED) at each
pixel was fit employing the hierarchical Bayesian-fitting algo-
rithm described in Kelly et al. (2012), which makes the assump-
tion that the SED is well-fit by a modified Planck function as
follows:

S ν = ΩN κ0
( ν
ν0

)β
Bν(Td) (1)

where Ω is the solid angle of the observation, N is the column
density, Bν(T ) is the Planck function, which is evaluated at the
dust temperature, Td, and κ0(ν/ν0)β is the dust opacity. We as-
sumed a κ0 of 0.006 cm2 g−1 at 1.3 mm wavelengths (Ossenkopf
& Henning 1994), which includes an assumed dust-to-gas ratio
of 150 (Draine 2011). The algorithm fits for N, Td and β. For
the plots, we also show the equivalent AV computed from the
relation NH2 = 0.95 × 1021 cm−2 (AV / mag).

For the comparison, we used the integrated intensity maps
of C18O(2–1), [CI] and [CII] for the four regions with the ve-
locity regimes presented in Figs. 2, 7, 11 and 15. These images
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Fig. 8. G48.66: C18O(2-1), [CI] and [CII] spectra (in K) averaged over
the whole area of emission shown in Fig. 7. The FWHM of the main
peak at 34 km s−1 are presented as well.

were smoothed to the spatial resolution of the SPIRE 500μm
data of 36.6′′.

Figure 17 presents the scatter plots of the three gas phases
with respect to the molecular (H2) column density, and one sees
distinct differences between the molecular, neutral atomic and
ionized atomic phases. The C18O(2–1) emission strongly in-
creases at low column densities, and then flattens of at column
densities above 1022 cm−1. The latter flattening can likely be at-
tributed to freeze-out of the carbon monoxide at the low temper-
atures in these IRDCs (toward the cloud centers we find temper-
atures below 20 K, see for comparison, e.g., Kramer et al. 1999).

The atomic carbon also shows a correlation with the hydro-
gen column density, however, in general the relation is flatter
and no clear break is visible. This confirms the previous mor-
phological assessment that the atomic carbon is related to the
dense molecular gas, however, weaker than the molecular C18O.
To compare our results with the recent cloud formation and
[CI] emission models by Glover et al. (2014), we show as a
dashed line in Fig. 17 the fit they conducted to their model data
in their approximately linear regime below 10 mag extinction.
The comparison with our data shows that below column densi-
ties of about 1022 cm−2 (or 10 mag extinction), the models and
observations agree reasonably well. Toward higher column den-
sities this linear relation between [CI] emission and molecular
column density breaks down and the curves flatten. This is al-
ready indicated in the models by Glover et al. (2014), and even
more prominent in our data since these observations go to higher
column densities.

Finally, the ionized carbon emission exhibits almost no
correlation with the general dense gas distribution. This con-
firms that ionized carbon is distributed in a much broader and
widespread component than the molecular gas.

4.3. Masses of carbon components

In addition to the morphologic analysis, we can use the spec-
tral line data of the three different carbon phases to estimate the
mass contributions of the ionized and atomic carbon as well as
molecular CO to the gas phase carbon budget of the ISM. For all
three species, we calculate the corresponding column densities
and masses assuming optically thin emission of the respective
spectral lines.

Fig. 9. G48.66: the color scale presents the 1st moment (intensity-
weighted velocity) of the [CII] emission between 30 and 45 km s−1. The
contours show the ATLASGAL 870 μm emission starting at 3σ level of
150 mJy beam−1 and continuing in 3σ steps.

For the molecular C18O, the column densities are calculated
using classical expressions (e.g., Cabrit et al. 1988):

NC18O =
6.97 × 1015

ν2μ2
TexeEu/(kTex) τ

1 − e−τ

∫
Tmbdv [cm−2].

Here, ν, μ, Tex, Eu/k, τ and Tmb are the frequency, dipole mo-
ment (0.112 Debye), the excitation temperature, the upper en-
ergy level of 15.8 K, the optical depth and the main beam bright-
ness temperature of the line, respectively. Assuming τ � 1 the
term τ

1−e−τ approaches 1.
The atomic carbon [CI] column densities are calculated fol-

lowing Frerking et al. (1989):

N[CI] = 5.94 × 1015 1 + 3e
−23.6
Tex + 5e

−62.4
Tex

3e
−23.6
Tex

∫
Tmbdv [cm−2]

and for the ionized carbon [CII], the column densities are calcu-
lated following Goldsmith et al. (2012), Eq. (26):

N[CII] = 3.43 × 1016

[
1 + 0.5e91.25/Tkin

(
1 +

2.4 × 10−6

Cul

)]

×
∫

Tmbdv [cm−2]

with the kinetic gas temperature Tkin and the collision rate Cul =
Ruln depending on the temperature, where Rul is collision rate
coefficient with H2 and n the density.

The remaining unknown in the equations above is the tem-
perature of the gas. Since we are dealing with IRDCs, hence
the earliest evolutionary stages, for the molecular C18O and the
atomic [CI] we assume 15 K for all sources following multi-
ple NH3 studies of IRDCs (e.g., Sridharan et al. 2005; Pillai
et al. 2006; Dunham et al. 2011; Ragan et al. 2011; Wienen
et al. 2012; Chira et al. 2013). Regarding the temperatures for
the ionized carbon, this is less well determined. Langer et al.
(2010) assume temperatures largely between 100 and 150 K for
the diffuse ionized carbon, although above the level temperature
of Eu/k of 91 K, the emissivity is basically constant, indepen-
dent of the assumed excitation temperature. However, at least
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Table 4. Masses of carbon phases.

Phase G11.11 G48.66 IRDC18223 IRDC184543

(M�) (M�) (M�) (M�)
CO 0.81 0.30 1.84 13.4
[CI] 0.056 0.025 0.21 1.6
[CII]@50 K <0.012 0.121 0.54 14.8
[CII]@100 K <0.005 0.051 0.21 5.7
CO/[CI]/[CII]@50 K 14.5/1/ > 0.2 12/1/4.8 8.8/1/2.6 8.4/1/3.62

Approx. area of emission (pc2)4 5.2 3.7 6.5 31.4

Notes. (1) The main component between 31 and 37 km s−1. (2) [CII] calculated at 100 K because of the energy input from the neighboring W43 re-
gion. (3) Only the 100 km s−1 component is evaluated. (4) Based on the [CII] maps.

Fig. 10. IRDC 18223: large-scale Herschel/PACS 70 μm image of the
IRDC 18223 region with 870 μm ATLASGAL contours starting at 200
and continuing in 300 mJy beam−1 steps. The white box outlines the
region of our carbon observations shown in Fig. 11.

in G48.66 and IRDC 18454 we see a clear spatial correlation be-
tween the ionized carbon emission and that of the dense molecu-
lar CO. This indicates that the temperatures of the ionized carbon
could be lower as well. To estimate the uncertainties based on
the temperature, we calculated the masses of the ionized carbon

for temperatures between 20 and 250 K at an average density
n ∼ 1 × 103 cm−3. The corresponding collision rate coefficients
with H2 are taken from the Leiden database for molecular spec-
troscopy1 (Schöier et al. 2005) where the para- and ortho rates
are weighted following Le Bourlot (1991) and Gerlich (1990).
While for IRDC 18454 in the vicinity of W43 collisions with
other partners than H2 may be possible as well, the good spatial
correspondence of the [CII] with the molecular line data indi-
cates that H2 should be the most dominant collisional partner.
Figure 18 presents the corresponding results. For temperatures
above 100 K, the corresponding masses do not vary significantly,
however, going to lower temperatures, the values can vary by
more than a factor of a few (see also Table 4).

To calculate the masses of the different carbon phases, we
integrated the emission of the different spectral lines over the
areas of their respective emission. For IRDC 18454, we only
use the spectral component around 100 km s−1 since only that
is unambiguously associated with the neighboring W43 com-
plex. Table 4 presents the derived masses of the CO (converting
C18O to 12CO masses with a factor 500, Wilson & Rood 1994,
applying the additional CO/H2 ratio of ∼10−4 we have an esti-
mate of the total gas mass), atomic and ionized carbon in our
four target regions. We find that in all four regions, gas-phase
carbon is most dominant in its molecular form, usually about
10 times more abundant than atomic carbon. Interestingly, the
ratio between the ionized and the other two phases is less uni-
form. While ionized carbon is less abundant than atomic carbon
in G11.11, we find more ionized than atomic carbon in the other
three regions. One should keep in mind that these ratios depend
on the covered areas since [CII] is usually found to be more ex-
tended than the other two phases. More details will be discussed
in Sect. 5.1.

4.4. Estimates of bolometric luminosities and radiation fields

Further interesting parameters to characterize the emission of the
different carbon phases is an evaluation of the bolometric lumi-
nosities in the regions as well as an estimation of the interstellar
radiation field.

The bolometric luminosities are straightforward to estimate.
We extract the total fluxes in our regions from the Herschel far-
infrared data between 70 and 500μm (Ragan et al. 2012) and fit
spectral energy distributions (SEDs) to the data points. The re-
sulting SEDs give us estimates of the bolometric luminosities of
the regions. Table 5 presents the bolometric luminosities Lbol de-
rived this way ranging from a few thousand for G48.66 to more
than 105 L� for IRDC 18454. These bolometric luminosities can

1 http://home.strw.leidenuniv.nl/~moldata/
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Fig. 11. IRDC18223: the color scale shows in the left, middle and right panel the emission from C18O(2–1), [CI] and [CII], respectively. The
integration regimes for the three color images are are [42; 49]. [43; 49] and [43; 55] km s−1. The white and cyan contours in the left panel
correspond to the velocity components at [53.0; 56.0] and [46.9; 48.0] km s−1. The black contours always show the 1.2 mm continuum emission
(Beuther et al. 2002) starting at 3σ level of 36 mJy beam−1 and continuing in 3σ steps. The arrows in the middle and right panel outline the
direction of a bipolar outflow studied by Fallscheer et al. (2009).

partly be due to internal sources, but they are also produced by
the external radiation penetrating and heating these clouds. To
approximate the contribution of internal source luminosity to the
total, we use the Ragan et al. (2012) catalog of point sources,
which uses modified blackbody fits to the Herschel point source
SED at 70, 100 and 160μm to compute the luminosities. We
sum the luminosities of all point sources in the regions mapped
in this work (Lpoint) and tabulate them in Table 5. These val-
ues represent lower limits, as some point sources that were not
detected at all PACS wavelengths are excluded from the Ragan
et al. (2012) catalog, though we expect this additional contribu-
tion to be negligible. Nevertheless, it is clear that the point source
luminosity contribution is on the order of a few percent of the to-
tal bolometric luminosity of the IRDCs. Thus, we conclude that
Lbol is dominated by external irradiation. These bolometric lu-
minosities may to first order appear large, in particular since we
are studying IRDCs. However, considering the large areas over
which these bolometric luminosities are derived (between 9 and
31 pc2, Table 5), and taking into account that the dust emission is
also due to external radiation, these values are plausible. We see
a clear differentiation between the more isolated IRDCs G11.11,
G48.66 and IRDC 18223 with bolometric luminosities in the
104 L� regime, and the very different IRDC 18454 that exceeds
105 L�. The latter high value is in agreement with IRDC 18454
being located in the direct environment of W43 with an esti-
mated luminosity from the associated Wolf-Rayet cluster in ex-
cess of 106 L� (e.g., Blum et al. 1999; Beuther et al. 2012).

It is more difficult to estimate the interstellar radiation field.
However, one can indirectly get an estimate of the interstellar
radiation field from the dust temperature. Here, we follow the
approach outlined in Glover & Clark (2012). Assuming that the
dust is in thermal equilibrium, the main process responsible for

Fig. 12. IRDC18223: C18O(2−1), [CI] and [CII] spectra (in K) averaged
over the whole area of emission shown in Fig. 11. The fitted [CI] and
C18O(2–1) FWHM of the main component around 45 km s−1 are pre-
sented as well (class did not converge to a reasonable fit result for the
[CII] line).

heating the dust is the absorption of photons from the interstellar
radiation field. Cooling is dominated by thermal emission from
the dust, which for the dust properties assumed in their study
(dust properties of non-coagulated grains coated with thick ice
mantles) scales ∝T 6

d . In thermal equilibrium, one can then derive
a relation between the interstellar radiation field G0 (here we use
the Draine field which is 1.7 times the Habing field, e.g., Tielens
2005) and the dust temperature T 6

d as

G0 =
4.7 × 10−31

5.6 × 10−24
× 1
χ(Av)

× T 6
d

where χ(Av) is an attenuation factor depending on the extinction.
Glover & Clark (2012) evaluated χ(Av) for the above-mentioned

A53, page 10 of 15

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424757&pdf_id=11
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424757&pdf_id=12


H. Beuther et al.: Different phases of carbon in IRDCs

Fig. 13. IRDC18223: the color scale shows in the left, middle and right panel the emission from atomic carbon [CI] in the three velocity regimes
marked at the bottom of each panel. are [42; 49]. [43; 49] and [43; 55] km s−1. The cyan contours in the left panel correspond to [46.9; 48.0] km s−1.
The black contours always show the 1.2 mm continuum emission (Beuther et al. 2002) starting at 3σ level of 36 mJy beam−1 and continuing in
3σ steps.

Fig. 14. IRDC 18454: large-scale Herschel/PACS 70 μm image of the
IRDC 18223 region with 870 μm ATLASGAL contours in steps of
0.4 mJy beam−1. The white box outlines the region of our carbon ob-
servations shown in Fig. 15.

dust model, and we use χ(Av) ∼ 0.1 corresponding to an average
hydrogen column density NH of ∼1022 cm−2.

The median dust temperatures were again derived from the
SED fits to the Herschel far-infrared data (Ragan et al. 2012)

Table 5. Luminosities and radiation fields.

Name Lbol La
point T b

d G0 area
(103 L�) (103 L�) (K) (2.7E−3 erg

cm2s1 )c (pc2)

G11.11 12.5 0.02 20 54 11
G48.66 4.8 0.14 21 72 9
IRDC 18223 21.5 0.76 18 29 13
IRDC 18454 194 2.27 23 124 31

Notes. (a) Luminosities of the point sources identified within our fields
by Ragan et al. (2012). (b) Median dust temperatures. (c) These are com-
monly referred to as “Draine units” (1.7 times the Habing field).

also used in Sect. 4.2. The temperatures and corresponding G0
values are shown in Table 5. While the interstellar radiation
field is on the order of a few 10 (in Draine units = 2.7 ×
10−3 erg cm−2 s−1) for the three more quiescent IRDCs (G11.11,
G48.66, IRDC18223), the estimated external radiation field ex-
ceeds 100 for IRDC 18454. The latter higher value is again no
surprise since this region is in the direct neighborhood of the
3.5 × 106 L� mini-starburst W43 (e.g., Beuther et al. 2012). As
obvious in the above equation for G0, the high sensitivity of the
external radiation field on the dust temperature introduces con-
siderable errors in these estimates. Since the four regions have
four different temperatures, the values in Table 5 give also a
rough estimate of the steep dependency of G0 on Td and hence
the uncertainties associated with this approach. Although just
ball-park estimates, the luminosities and radiation fields derived
this way are in rough agreement with each other. The large exter-
nal radiation field and luminosity derived for IRDC 18454 also
explain the much stronger emission of [CI] and [CII] in this
complex.
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Fig. 15. IRDC18454: the color scale shows in the left, middle and right panel the emission from C18O(2–1), [CI] and [CII], respectively. The
integration regimes for the three color images are [47; 55] km s−1. The white contours in all three panels correspond to the emission from the same
species only integrated from [80; 120] km s−1. The red contours always show the ATLASGAL 870 μm emission in levels of 0.4 Jy beam−1.

Fig. 16. IRDC18454: C18O(2−1), [CI] and [CII] spectra (in K) averaged
over the whole area of emission shown in Fig. 15.

5. Discussion

5.1. Carbon phases

As expected, the C18O(2–1) emission traces the dense gas ob-
servable in the dust continuum emission very well. Similarly
the [CI] emission is a reasonable proxy of the dense gas (see
also Glover et al. 2014), however, it appears somewhat more
widespread on average. The [CII] emission shows a less uni-
form picture and varies from a non-detection (G11.11) to com-
pact sources (G48.66 and IRDC 18454) as well as more diffuse
components (G48.66, IRDC 18223, IRDC 18454). These differ-
ences are particularly prominent in the scatter plots in Fig. 17.

Ratios between atomic carbon and CO for typical molecu-
lar clouds have usually been reported in the 20% to 30% regime
(e.g., Frerking et al. 1989; Beuther et al. 2000), and Tauber et al.
(1995) infer a lower limit of 17% for the Orion Bar PDR. In con-
trast to that, the largest ratio of atomic carbon to CO we find is
∼12% in IRDC 18454 whereas the ratio is lower in the other re-
gions going down to values of ∼7% in the most quiescent region
G11.11 (Sect. 2). A similar value of 8% was also found in the
lower-spatial-resolution [CI]/13CO study of the G48.66 region

by Ossenkopf et al. (2011). Although our sample of four regions
is too small to derive firm conclusions, we do see a trend of in-
creasing atomic-to-molecular gas ratio from the earliest, most
quiescent infrared dark and starless clouds to regions that are
in a more evolved environments with radiation sources nearby,
e.g.,the high-mass protostellar object IRAS 18223-1243 at the
northern end of the IRDC 18223 or the W43 mini-starburst near
IRDC 18454.

Regarding the ionized carbon, the situation is less conclu-
sive. While we do not detect [CII] emission in our most quies-
cent region G11.11, it is strongly detected in the other regions
with higher ionized than atomic carbon gas abundances. Since
the temperatures are more uncertain for the ionized carbon, the
ratios are also less well determined. For example the ionized-to-
atomic gas ratio may vary between 4 and 9.3 for IRDC 18454
depending on the assumed temperature for the ionized carbon
of 50 or 100 K, respectively. The highest ionized carbon abun-
dances is again seen in the region IRDC 18454 that is exposed to
the intense radiation field of the W43 mini-starburst.

The Herschel GOTC+ survey has revealed that a significant
fraction of molecular H2 gas is not traced by CO but this some-
times dubbed “dark gas” may be traced by the [CII] emission
(Langer et al. 2010; Velusamy et al. 2010; Pineda et al. 2010,
2013). While the ratio of CO-dark H2 gas depends on the den-
sity, Pineda et al. (2013) estimate for the whole GOTC+ sur-
vey that approximately 28% of the H2 gas can be missed by the
CO emission, but these values can go even above 50% for the
more diffuse lower extinction parts of the clouds (Velusamy et al.
2010). Although deriving CO-dark gas fractions is not the scope
of our paper, we do see wherever we detect [CII] emission that
it is spatially significantly more extended than the dense C18O
and dust continuum emission, consistent with the GOTC+ re-
sults. While the C18O emission traces the dense gas associated
with the star-forming regions, in particular the [CII] emission
traces the environment and is much more sensitive to the external
UV field. For [CII] emission associated with molecular clouds,
Pineda et al. (2010) find that in many cases low far-UV fields
and densities in the regime 103.5−105.5 cm−3 reproduce the data
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Fig. 17. Scatter plots of the integrated C18O(2–1), [CI] and [CII] emission versus the molecular column density and extinction (in mag) derived
from the Herschel far-infrared data. The color-coding separates between the different regions as marked in each panel. The integration regimes are
the same as those mentioned in the previous corresponding figures (for G48.66 only the main spectral component and for IRDC 18454 only the
100 km s−1 component are used). The dashed line in the middle panel shows the fit to the modeled [CI] data from Glover et al. (2014) who fitted
their data in their approximately linear regime below 10 mag extinction. For IRDC 18454, we only use the 100 km s−1 component that is clearly
associated with the W43 complex.

well, but they also find exception where strong far-UV fields and
higher densities are required. While the latter situation resembles
the IRDC 18454 complex, the former lower far-UV fields rather
resemble the other three target regions of our mini-survey.

Extended [CII] emission is also regularly observed from
strong PDRs, a recent prominent example being M17SW
(Pérez-Beaupuits et al. 2012). They find that the [CII] emis-
sion on the one hand traces parts of the PDR that are not found
by other tracers, and that on the other hand the [CII] emission
is seen from deep in the cloud. The latter is interpreted as ad-
ditional evidence of the clumpy nature of the dense ISM. In
contrast to M17SW, we are dealing largely with much lower
far-UV fields, however, again the IRDC 18454 region partly re-
sembles the extended emission [CII] emission as well as the
association with the dense gas and hence the clumpiness of
star-forming regions.

5.2. Gas flows

Since the different carbon phases trace different parts of the
forming and evolving clouds, the [CII], [CI] and C18O lines
should harbor signatures of the cloud formation history or exter-
nal UV illumination. In the framework of converging gas flows,
kinematic signatures may be embedded in the more diffuse gas
components (e.g., Vázquez-Semadeni et al. 2006; Heitsch et al.
2008; Glover & Clark 2012; Clark et al. 2012), and we investi-
gate such potential signatures in our datasets.

For G11.11 and IRDC 18454 this turns out to be more dif-
ficult. While in the former source [CII] remains undetected and
hence we do not have much information about the more diffuse
parts of the cloud, it is interesting that we find a line width in-
crease in the C18O and [CI] emission close to a position of multi-
ple N2H+ spectral features in high-resolution PdBI data (Ragan
et al. 2014b). Such an enhanced line width or multiple peaks
can be interpreted as signatures of global collapse of high-mass
star-forming regions (e.g., Smith et al. 2013). In comparison to
that, in the IRDC 18454 region the [CII] emission is very strong
and shows the multiple velocity components (Sect. 4.1.4). These
multiple velocity components have already previously been re-
ported in molecular and ionized gas emission (Anderson et al.
2011; Beuther et al. 2012), and the controversy stands whether
these two velocity components at 50 and 100 km s−1 are signs

Fig. 18. Masses of ionized carbon in the three regions where the line is
clearly detected. We calculated the masses assuming different tempera-
tures at an average density of 103 cm−3 as outlined in Sect. 4.3.

of cloud-cloud interaction at the galactic-bar/inner-spiral-arm
interface or whether they are simply chance alignments along
the line of sight (Nguyen Luong et al. 2011; Beuther et al. 2012).
This ambiguity may be resolved in the future when accurate par-
allax distances from maser sources at both velocities become
available through the Bessel survey (Brunthaler et al. 2011).

Investigating the other two regions, promising kinematic sig-
natures can be found. For G48.66, in particular the [CII] emis-
sion turns out to be interesting. Although the averaged FWHM
line width of the main gas component in the molecular, atomic
and ionized gas does not exhibit large spreads between 1.7 and
3.3 km s−1, the additional high-velocity gas component visible in
Fig. 8 is spatially clearly offset to the north from the main com-
ponent around the vlsr (Fig. 7). Looking at the velocity structure,
the first moment map in Fig. 9 exhibits a strong velocity gradi-
ent from north to south directly across the main infrared dark gas
filament and site of active star formation. This steep velocity gra-
dient at the location of the IRDC indicates a large velocity shear
and by that enhanced Rayleigh-Taylor instability. Therefore, we
suggest that the IRDC may at least partly be formed through
that instability. Attempts to produce observational predictions of
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colliding flow signatures have focused mainly on CO transitions
(e.g., Heitsch et al. 2008; Clark et al. 2012), but the diverse mor-
phologies and dynamics that we observe in the [CII] line, such
as the velocity gradients and correlations with other tracers de-
scribed above, give us a promising avenue to potentially discern
between various cloud assembly processes.

The other infrared dark filament IRDC 18223 does also show
different velocity components, but the kinematic signatures are
different. Comparing only the averaged spectral signatures, the
ionized and atomic carbon as well as C18O appear similar with
multiple velocity components (Fig. 12). However, spatially the
ionized carbon is distinct from the atomic and molecular phase,
and it is largely found in a diffuse distribution at the edge of the
cloud. In contrast to that, the multiple velocity components of the
atomic carbon and C18O exhibit clear spatial substructures and
appear relatively similar between both phases (Figs. 11 and 13).
The main spectral component around the vlsr of ∼45.5 km s−1

is clearly associated with the dense filament traced by the dust
continuum emission. But even within that main component, the
more red-shifted part between 46.8 and 48 km s−1 is already off-
set from the filament to the south-east (Figs. 11 and 13). Going to
higher velocities, the second spectral component between 49 and
54 km s−1 is more diffusely distributed (Fig. 13), middle panel),
whereas at even higher velocities between 53 and 56 km s−1, we
find again a compact gas component east of the filament (Fig. 13)
right panel). As mentioned in Sect. 4.1.3, the spectrum in Fig. 12
shows an additional blue-shifted [CI] component, however, that
is only found at the lowest edge of the mapped region and we
cannot give more details about that. With blue- and red-shifted
gas in diffuse as well as compact components found around the
main dense gas filament, we again tentatively interprete these
spectral and spatial structures as evidence that the main filament
of active star formation has formed out of a kinematically active
gas stream that likely converged in the region of the filament.

6. Conclusions

With the aim of studying the different carbon gas phases (ion-
ized, atomic and molecular) during the early high-mass star
formation stages, we observed four IRDCs at high spatial res-
olution in the spectral emission lines of ionized ([CII]) and
atomic ([CI]) carbon as well as molecular carbon monoxide
(C18O(2−1)) with Herschel, SOFIA, APEX, and the IRAM 30 m
telescopes. Except for the ionized [CII] line in one region, we
could map all gas components toward all four target regions.

– While as expected the molecular gas is always closely asso-
ciated with the dense gas filaments visible in infrared extinc-
tion as well as dust emission, the atomic carbon often has a
similar appearance. It also traces the dense gas, however, the
atomic gas distribution appears a bit more extended than the
C18O maps. The averaged line widths within the different re-
gions are slightly smaller for the C18O(2−1) line compared
to the atomic [CI] emission.

– In contrast to that, the ionized carbon [CII] emission exhibits
a larger spread in morphologies over the different regions.
While it remains undetected in the most quiescent region,
it shows strong emission toward the IRDC in the environ-
ment of the W43 starburst. Furthermore, the spatial structure
of the ionized carbon varies between rather diffuse emission
at the cloud edges to structures that are clearly associated
with the dense gas.

– The data allow us to estimate the relative abundances of
the different carbon phases within these IRDCs. The ratio

between atomic carbon and molecular CO mass ranges be-
tween 7 and 12%, lower than values found in other molecular
clouds, with the lowest values found in the most quiescent
environment. Although with only four regions, the statistical
basis is still poor, the data indicate that the ratio of atomic to
molecular gas depends on the evolutionary stage of the re-
gion as well as the radiation field the regions are exposed to.
In the three regions where [CII] is detected, its abundances
is always higher by a factor of a few than that of [CI].

– Similar to that, also the ionized carbon is most strongly
detected in the environment of the W43 mini-starburst.
However, for the dark clouds the signatures vary signifi-
cantly. While [CII] remains undetected toward the most qui-
escent region G11.11, it is easily and strongly detected to-
ward the G48.66 IRDC that is not much more evolved and
that also does not have strong radiation sources in the envi-
ronment. Hence, the [CII] emission does not only depend on
external radiation sources but other factors must be impor-
tant as well.

– While still in a very young evolutionary stage, G48.66 ex-
hibits the strongest kinematic signatures of gas flows in the
[CII] emission. This indicates that kinematically active re-
gions can exhibit stronger [CII] emission as well. Although
model predictions about kinematic signatures of converging
gas flows are scarce or non-existent, we interprete the strong
[CII] velocity gradient across the G48.66 dark filament as
suggestive evidence for filament formation within kinemati-
cally very active gas flows.

– For the IRDC 18223, we see multiple red- and blue-shifted
velocity components. While the spatial structure of the ion-
ized carbon in this region is relatively diffuse, the atomic
and molecular gas exhibits spatially distinct cloud compo-
nents in the environment of the dense filament. Again, we
interprete this complex spatial and spectral substructures as
tentative evidence for gas flows that may form the active star
formation sites at converging points. In addition to this, in
IRDC 18223 we find enhanced [CII] emission in the direc-
tion of two bipolar outflow lobes. While not conclusive yet,
it may indicate that [CII] emission can also be caused by the
kinematic activity of jets and outflows.

In summary, mapping star-forming regions at comparable spa-
tial scales in the ionized, atomic and molecular phases allows
us to constrain the carbon budget as well as the gas kinematics
in great detail. Since cloud and star formation takes place in di-
verse environments, often one line does not tell the same story
for different regions, hence, mapping all the different gas phases
together is an important mean to understand the cloud and star
formation processes in a global sense. While this study targeted
mainly IRDCs, it will be important to extend similar studies to
more evolved evolutionary stages.

While maps of molecular and atomic gas can be obtained
with ground-based facilities well, Herschel mainly did single-
pointing studies of the ionized carbon, and not many spectral
line maps were obtained with that space observatory. SOFIA has
now proven as a very efficient observatory to map clouds in the
[CII] and other far-infrared spectral lines, and we hope to get
many more exciting data from this observatory in the future.
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