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ABSTRACT

We aim to fully describe the distribution and location of dense molecular clouds in the giant molecular cloud complex W43. It was
previously identified as one of the most massive star-forming regions in our Galaxy. To trace the moderately dense molecular clouds
in the W43 region, we initiated W43-HERO, a large program using the IRAM 30 m telescope, which covers a wide dynamic range of
scales from 0.3 to 140 pc. We obtained on-the-fly-maps in *CO (2-1) and C'30 (2—-1) with a high spectral resolution of 0.1 km s~' and
a spatial resolution of 12”. These maps cover an area of ~1.5 square degrees and include the two main clouds of W43 and the lower
density gas surrounding them. A comparison to Galactic models and previous distance calculations confirms the location of W43 near
the tangential point of the Scutum arm at approximately 6 kpc from the Sun. The resulting intensity cubes of the observed region are
separated into subcubes, which are centered on single clouds and then analyzed in detail. The optical depth, excitation temperature,
and H, column density maps are derived out of the *CO and C'®0 data. These results are then compared to those derived from
Herschel dust maps. The mass of a typical cloud is several 10* M, while the total mass in the dense molecular gas (>10? cm™) in
W43 is found to be ~1.9 x 10° M. Probability distribution functions obtained from column density maps derived from molecular line
data and Herschel imaging show a log-normal distribution for low column densities and a power-law tail for high densities. A flatter
slope for the molecular line data probability distribution function may imply that those selectively show the gravitationally collapsing

gas.
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1. Introduction

The formation of high-mass stars is still not fully understood, al-
though they play an important role in the cycle of star-formation
and in the balance of the interstellar medium. What we do
know is that these stars form in giant molecular clouds (GMCs;
see McKee & Ostriker 2007). To understand high-mass star-
formation, it is crucial to understand these GMCs. One of the
most important points to be studied is their formation process.
The region around 30° Galactic longitude was identified as
one of the most active star-forming regions in the Galaxy about
10 years ago (Motte et al. 2003). It was shown to be heated by
a cluster of Wolf-Rayet and OB stars (Lester et al. 1985; Blum
et al. 1999). Although the object W43 (Westerhout 1958) was

* Appendices are available in electronic form at
http://www.aanda.org
** The final datacubes ('3CO and C'#0) for the entire survey are only
available at the CDS via anonymous ftp to cdsarc.u-strasbg. fr
(130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/560/A24

Article published by EDP Sciences

previously known, Motte et al. (2003) were the first to consider
it as a Galactic ministarburst region.

In the past, the name W43 was used for the single
cloud (G030.84+0.02) that is known today as W43-Main.
Nguyen Luong et al. (2011) characterized the complex by an-
alyzing atomic hydrogen continuum emission (Stil et al. 2006)
from the Very Large Array (VLA) and the 12CO (1-0) (Dame
et al. 2001) and '*CO (1-0) (Jackson et al. 2006) Galactic plane
surveys. They concluded that W43-Main and G29.96-0.02 (now
called W43-South) should be considered as a single connected
complex.

From the position in the Galactic plane and its radial veloc-
ity, Nguyen Luong et al. (2011) concluded that W43 is located
at the junction point of the Galactic long bar (Churchwell et al.
2009) and the Scutum spiral arm at 6 kpc relative to the Sun. The
kinematic distance ambiguity, arising from the Galactic rotation
curve, gives relative distances for W43 of ~6 and ~8.5 kpc for
the near and the far kinematic distance, respectively. Although
there have been other distances adopted by other authors (e.g.

A24, page 1 of 25


http://dx.doi.org/10.1051/0004-6361/201321592
http://www.aanda.org
http://www.aanda.org
http://cdsarc.u-strasbg.fr
ftp://130.79.128.5
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/560/A24
http://www.edpsciences.org

A&A 560, A24 (2013)

Pandian et al. 2008), most publications (Pratap et al. 1999;
Anderson & Bania 2009; Russeil et al. 2011) favor the near kine-
matic distance.

This position in the Galaxy makes W43 a very interesting
object for studying the formation of molecular clouds. Despite
its distance, it is possible to analyze the details of this cloud due
to its large spatial scale of ~150 pc and the large amount of gas
at high density (see Nguyen Luong et al. 2011).

In this paper, we present initial results of the large IRAM!
30 m project entitled “W43 Hera/EmiR Observations” (W43
HERO, PIs P. Schilke and F. Motte). By observing the kine-
matic structure of this complex, the program aims to draw con-
clusions about the formation processes of both molecular clouds
from atomic gas and high-mass stars from massive clouds and
so-called ridges.

One part of the project aimed at mapping the large scale mid-
density molecular gas (~10°=103 cm™) in the complete W43
region in the '*CO (2-1) and C'80 (2-1) emission lines. The re-
sulting dataset and a first analysis is presented in this paper. The
second part of the project observed several high-density tracers
in the densest parts of W43. This data and its analysis will be
published in a separate article (Nguyen Luong et al., in prep.).

This paper is structured as follows. We first give an overview
of the observations and the technical details in Sect. 2. In Sect. 3,
we present the resulting line — (Stil et al. 2006) integrated and
PV-maps and a list of clouds that were separated using the
Duchamp Sourcefinder software (Whiting 2012). We also show
the velocity structure of the complex and determine its position
in the Milky Way in Sect. 3.3. Section 4 describes the calcula-
tions that we conducted, including optical depth, excitation tem-
perature, and column density of the gas. We then systematically
compare our data to other datasets in Sect. 5 to further character-
ize the sources we identified. In Sect. 6, we give a more detailed
description of the main clumps. The summary and conclusions
are given in Sect. 7

2. Observations

The following data has been observed with the IRAM 30 m
telescope on Pico Veleta, Spain between November 2009 and
March 2011. We simultaneously observed the molecular emis-
sion lines '*CO (2-1) and C"®0O (2-1) at 220.398684 GHz
and 219.560358 GHz, respectively. Smaller regions around
the two main cloud complexes were additionally observed
in high-density tracers, such as HCO* (3-2), H*CO* (2-1),
N,H* (1-0), and C**S (2-1) (Nguyen Luong et al., in prep.).

This survey spans the whole W43 region, which includes
the two main clouds, W43-Main and W43-South, and several
smaller clouds in their vicinity. It covers a rectangular map with
a size of ~1.4x 1.0 degrees. This translates to spatial dimen-
sions of ~145x 105 pc, given an estimated distance of about
6 kpc to the source (see Sect. 3.3). The center of the map lies
at 18:46:54.4 -02:14:11 (EQ J2000). The beam size of the 3CO
and C'®0 observations is 11.7” 2, which corresponds to 0.34 pc
at this distance.

For the observations, we used the heterodyne receiver array
(HERA) of the IRAM 30 m (Schuster et al. 2004). It consists of
3 x 3 pixels separated by 24" and has two polarizations, which

' IRAM is supported by INSU/CNRS (France), MPG (Germany), and
IGN (Spain).

2 http://www.iram.es/IRAMES/mainWiki/
Iram3OmEfficiencies
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point at the same location on the sky. This gave us the possi-
bility of observing both CO isotopologes in one pass, where we
observed one line per polarization. The instrument HERA can
be tuned in the range of 215 to 272 GHz and has a receiver noise
temperature of about 100 K at 220 GHz. Typically, the system
temperature of the telescope was in the range of 300 to 400 K
during our observations.

We used the versatile spectrometer assembly (VESPA) au-
tocorrelator as a backend, which was set to a spectral reso-
Iution of 80 kHz per channel with a bandwidth of 80 MHz.
This translates to a resolution of 0.15 kms™' and a bandwidth
of ~100 kms~!, which was set to cover the velocity range of
30 kms~! to 130 kms™' to cover the complete W43 complex.

A Nyquist-sampled on-the-fly mapping mode was used to
cover 10" x 10’ tiles, taking about 20 min each. Each tile was ob-
served in two orthogonal scanning directions to reduce striping
in the results. The tiles uniformly cover the whole region. A to-
tal of ~3 million spectra in both CO lines was received that way,
taking a total observation time of nearly 80 h.

Calibration scans, pointing, and focus were done on a reg-
ular basis to assure a correct calibration later. Calibration scans
were done every 10 min and a pointing every 60 to 90 min. A fo-
cus scan was done every few hours with more scans performed
around sunset and sunrise as the atmosphere was less stable then.
For the pointing, we used G34.3, a strong nearby ultracompact
H1i region. The calibration was conducted with the MIRA pack-
age, which is part of the GILDAS? software. We expect the flux
calibration to be accurate within error limits of ~10%.

2.1. Data reduction

The raw data were processed using the GILDAS? software pack-
age. The steps taken for data reduction included flagging of bad
data (e.g., noise level that are too high or platforms that could not
be removed), platform removal in the spectra, baseline subtrac-
tion, and gridding to create three dimensional data cubes. About
10 percent of the data had to be flagged due to excessive plat-
forming or strong noise. Platforming, which is an intensity jump
in the spectra, is sometimes produced by the VESPA backend
and occurs only in specific pixels of the array that correspond
to fixed frequencies. We calculated the intensity offsets by tak-
ing several baselines on each side of the jump to remove these
effects on the spectra.

Baseline subtraction turned out to be complicated in some
regions that are crowded with emission over a large part of the
band. A first order baseline fit was usually adequate, but a sec-
ond order baseline was needed for a small number of pixels
and scans. We then corrected for the main beam efficiency via
Twp = (Feg/Be) T, where Feg = 0.94 was the forward ef-
ficiency of the IRAM 30 m telescope and B.g = 0.63 was the
main beam efficiency at 210 GHz (No efficiency measurements
had been carried out for the IRAM 30 m at 220 GHz, but the
values should not deviate much from those at 210 GHz).

Finally, the single spectra were gridded to two data cubes
with one for each line. The pixels are separated by half beam
steps, 5.9” in spatial dimension, and have channel widths
of 0.15 kms~!. This step includes the convolution with a

3 This software is developed and maintained by IRAM. http: //www.
iram. fr/IRAMFR/GILDAS
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Fig. 1. Integrated intensity maps created from the resulting data cubes of the complete W43 field in units of K km s~!. The complete spectral range
of 30-130 km s~! has been used to create these maps. The dashed lines denote the Galactic plane, while the star in W43-Main marks the OB star
cluster. The left plot shows '*CO (2-1), while the right side plots the C'*O (2—1) map.

Gaussian of beam width. The final cubes have dimensions of complexes, W43-Main in the upper left part of the maps and
631x 937 x 917 data points* (RA—Dec—velocity). W43-South in the lower right part, are clearly visible.

The noise of single spectra varied with the weather and also In Fig. 2, we show several spectra taken from the data. The
with the pixel of the HERA-array. Maps that show the noise level  upper plot shows the spectra of *CO (2—1) and C'30 (2-1) av-
for each spatial point for both lines are shown in Fig. A.1 in the eraged over the complete complex; the center and bottom plots
Appendix. Typical values are ~1 K, which are corrected for the  show averaged spectra of the W43-Main and W43-South clouds.
main beam efficiency, while several parts of the southern map  The spectra of the complete cubes show emission nearly across
that are observed during worse weather conditions have rms val-  the whole velocity range in '*CO. Only the components at 55—
ues of up to 3 K. In general, the noise level of the C'®O is higher 65 kms~! and velocities higher than 120 kms™! do not show any
than that of the *CO line. Despite our dedicated reduction pro-  emission. The C!80 follows that distribution, although it is not
cess, scanning effects are still visible in the resulting maps. They  as broad. We thus can already distinguish two separated veloc-
appear as stripes (See upper part of *CO map in Fig. 1.) and ity components with one between 35 and 55 km's™!. Most of the
tiling patterns (See noise difference of diffuse parts of C'0 in  emission is concentrated in the velocity range between 65 and
Fig. 1.). 120 kms™!. To give an impression of the complexity of some

sources, we plot several spectra of the W43-Main cloud in Fig. 3.

3. Results o
3.1. Decomposition into subcubes

Integrated intensity maps of the whole W43 region in both
13CO (2-1) and C'30 (2-1) lines are shown in Fig. 1. The maps The multitude of sources found in the W43 region complicates
use the entire velocity range from 30 kms™' to 130 kms~! and the analysis of the complete data cube. Details get lost when

show a variety of clouds and filaments. The two main cloud integrating over a range in frequency that is too large. We want
to examine each source separately, so we need to decompose

4 The readily reduced data cubes can be obtained from: the data cube into subcubes that only contain one single source
http://www.iram-institute.org/EN/ each. This is only done on the 13CO cube, as this is the stronger
content-page-292-7-158-240-292-0.html molecular line. This breakdown is then copied to the C'®0O cube.
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Fig. 2. Top: spectra of *CO (2—1) and C'30 (2-1) averaged over the
complete data cubes. The C'80 line has been scaled to highlight the
features in the line. Center: averaged spectra of W43-Main. Bottom:
averaged spectra of W43-South.

We use the Duchamp Sourcefinder software package to au-
tomatically find a decomposition. See Whiting (2012) for a
detailed description of this software. The algorithm finds con-
nected structures in three-dimensional ppv-data cubes by search-
ing for emission that lies above a certain threshold. The value of
this threshold is crucial for the success of the process and needs
to be carefully adjusted by hand. For the decomposition of the
13CO cube, we use two different cutoffs. The lower cutoff of 5o
per channel is used to identify weaker sources. A higher cutoff
of 100 per channel is needed to distinguish sources in the central
part of the complex.

A24, page 4 of 25

We identify a total of 29 clouds (see Table 1), 20 in the
W43 complex itself and 9 in the fore-/background (see Sect. 3.3
for details). The outcome of this method is not trivial, as it is
not always clear which parts are still to be considered associated
and which are separate structures. It still needs some correction
by hand in some of the very weak sources and the strong com-
plexes. A few weak sources that have been identified by eye are
manually added to our list (e.g. sources 18 and 28). These are
clearly coherent separate structures but are not identified by the
algorithm. On the other hand, a few sources are merged by hand
(e.g. source 26) that clearly belong together but are divided into
several subsources by the software. Some of these changes are
open to interpretation, but they show that some adjustment of
the software result is needed. However, the algorithm works well
and identifies 25 out of 29 clouds on its own.

The resulting detection map is shown in Fig. 4. The num-
bers shown there are color-coded to show the distance of each
detected cloud (See Sect. 3.3 for details.). Sources are sorted by
their peak velocities. See Table 1 for positions and dimensions
of the clouds, Table 2 for derived properties, and Sect. 6 for a
detailed description of the main complexes, while plots of all
clouds can be found in Appendix E. We see a number of differ-
ent sizes and shapes that range from small spherical clouds to
expanded filaments and more complex structures.

The resulting data cubes show clouds of different shapes,
while the typical spatial scales lie in the range of 10 to 20 pc (see
Table 1). We also show the area that the 3CO emission of each
source covers, which was determined by defining a polygon for
each source that contains the 3CO emission. Thus, it accounts
for shapes that deviate from spheres or rectangles, which is true
for most of our clouds. Hereafter we define clouds as objects
with a size on the order of 10 pc, while we define clumps as ob-
jects on the parsec scale. The whole W43 region is considered a
cloud complex.

3.2. PV-diagram of the region

For a more advanced analysis of the velocity structure, we create
a position velocity diagram of the '*CO (2—1) line that is aver-
aged along the Galactic latitude (see Fig. 5a). The distribution
of emission across the velocity range that is seen in the averaged
spectra in Fig. 2 can also be identified here but with additional
spatial information along the Galactic longitude. We note the
similarity of this figure to the plot of 3CO (1-0) displayed in
Nguyen Luong et al. (2011). However, we see more details in
our plot due to the higher angular resolution of our data.

We further analyze the position velocity diagram, as shown
in Fig. Sa, to separate our cube into several velocity components.
We assume that these different components are also spatially
separated.

Two main velocity complexes can be distinguished: one be-
tween 35 and 55 kms~!, the other between 65 and 120 kms™!.
Both complexes are clearly separated from each other, indicat-
ing that they are situated at different positions in the Galaxy.
On second sight, it becomes clear that the complex from 65 to
120 km s~! breaks down into a narrow component, spanning the
range from 65 to 78 kms~! and a broad component between 78
and 120 kms~!. Analyzing the channel maps of the cube verifies
that these structures are indeed separated. See Fig. 6 for inte-
grated maps of each velocity component.

On the other hand, it is clearly visible that all three ve-
locity components span the complete spatial dimension along
the Galactic longitude. The broadest complex at 78—120 kms™!
shows two major components at 29.9° and 30.8° that coincide
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Fig. 3. 3CO (2-1) and C'30 (2-1) spectra of several points in W43-Main. The central map is a '*CO intensity map integrated over the velocity
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range of 78 to 110 km s~ in units of Kkms™.

with W43-South and W43-Main, respectively. The gap between
both complexes is bridged by a smaller clump, and all three
clumps are surrounded by diffuse gas, which forms an enve-
lope around the whole complex. It is thus suggested to con-
sider W43-Main and W43-South as one giant connected molec-
ular cloud complex. This connection becomes more clear in the
PV-plot than in the spatial map in Fig. 1 (see also Nguyen Luong
et al. 2011), although the averaging of values causes blurring
which might merge structures.

The lower velocity complex between 35 and 55 kms™' is
a bit more fragmented than the other components. One central
object at 30.6° spans the whole velocity range, but it splits into
two subcomponents to the edges of the map. It is hard to tell if
we actually see one or two components.

3.3. Determination of the distance of W43

We can analyze our data by using a simple rotational model of
the Milky Way. For this model, we assume a rotational curve that
increases linearly in the inner 3 kpc of the Galaxy, where the bar
is situated. For radii larger than that, we assume a rotation curve
that has a value of 254 kms™! at R, and slightly rises with the
radius at a rate of 2.3 kms~' kpc™! (see Reid et al. 2009). The
Galactocentric radius of a cloud with a certain relative velocity
can be calculated using the formula

V(r)

= Ro sin(l) ——2—
r=Rosiny——3—n0)

ey

as used in Roman-Duval et al. (2009). The parameter R, is the
Galactocentric radius of the Sun, which is assumed to be 8.4 kpc
(see Reid et al. 2009), [ is the Galactic longitude of the source
(30°), Vo the radial velocity of the Sun (254 kms™!), and V(r)
the radial velocity of the source. The parameter Vi gr is the mea-
sured relative velocity between the source and the Sun. With the
knowledge of the radius r, we can then compute the relative dis-
tance to the source by the equation:

d = Rocos(l) £ /12 — RZsin%(]).

Up to the tangent point, two different possible distances exist for
each measured velocity: one in front of and one behind the tan-
gent point. However, this calculation is not entirely accurate as
the assumptions of the geometry of the Galaxy bear large errors.
Reid et al. (2009) state that the errors of the kinematic distance
can sum up to a factor as high as 2. One main reason for uncer-
tainties are the streaming motions of molecular clouds relative
to the motion of the spiral arms (Reid et al. 2009). Figure 5b
shows the kinematic distance curve for our case at 30° Galactic
longitude. This works only for the circular orbits in the spi-
ral arms and not the elliptical orbits in the Galactic bar (see
Rodriguez-Ferniandez & Combes 2008; Rodriguez-Ferndndez
2011).

To determine the location of each velocity complex, we need
to break the kinematic distance ambiguity; that is we need to de-
cide for each complex if we assume it to be on the near or the far

2
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Table 1. Clouds found by the Duchamp Sourcefinder and their characteristics derived from the CO datasets.

(D 2 3) 4 5 (© (7 3 © (10)
Number RA Dec Peak >CO Velocity '*CO C'80 Mean *CO line Assumed Dimensions Area
peak peak velocity extent peak peak width(FWHM) distance RA xDec  of *CO
[kms™'] [kms™'] [K] [K] [kms™'] [kpc] [pc] [pc*] x10*
1 18:45:59.5 —02:29:08.3 35.8 33-40 9.0 4.5 1.5 12 129 x 13.3 1.6
2 18:47:15.5 -01:47:17.3 39.9 33-45 127 4.0 1.6 4 9.7 x 8.3 0.7
3 18:47:54.5 -01:35:02.5 41.9 33-48 145 4.0 1.7 4 11.3x9.3 1.0
Fore- 4 18:46:16.3 -02:15:39.3 45.9 37-47 8.5 3.3 1.2 12 47.8 x22.0 8.7
ground 5 18:46:59.1 -02:07:22.5 47.8 38-51 21.0 5.7 1.4 12 27.9 x43.3 7.0
6 18:48:30.7 —-02:02:09.8 49.0 46-54 8.4 2.7 1.2 3.5 6.7x 4.4 0.2
7 18:48:02.0 -01:55:34.3 51.8 48-57 8.4 4.0 1.4 3.5 5.7%x5.6 0.2
8 18:47:29.8 —02:49:38.1 72.5 69-75 122 5.8 0.8 4.5 13.1x9.2 0.8
9 18:47:29.5 -01:48:11.9 75.7 69-78 109 54 0.9 4.5 449 x 35.4 9.5
10 18:48:10.6 -01:45:37.7 80.9 74-85 1577 49 1.6 6 10.3 9.9 1.0
11 18:47:10.2 -02:18:37.7 86.9 84-92 18.5 10.0 1.4 6 7.3 x84 0.8
12 18:47:52.8 —02:03:33.5 91.8 88-98 155 45 2.0 6 11.5x22.2 2.3
134 18:47:36.4 —-01:55:06.6 93.8 78-108 219 9.0 5.2 6 29.0 x 20.9 6.4
14 18:47:22.6 —02:12:01.8 94.6 91-97 8.2 33 1.9 6 18.0 x 23.4 3.5
15 18:46:22.6 —02:14:04.2 94.8 90-100 13.6 52 2.0 6 18.0x 10.3 1.2
16 18:46:43.3 —02:02:28.1 94.8 91-97 9.0 3.1 1.0 6 26.4 x23.9 3.2
17 18:47:27.1 -01:44:59.1 94.9 89-102 12.8 3.7 2.2 6 17.5 x 18.7 2.3
18 18:46:43.9 —-02:53:59.6 96.5 94-98 11.2 39 1.0 6 4.4 x14.7 0.7
w43 19 18:45:50.9 -02:30:31:9 96.7 93-102 10.7 45 1.1 6 99 x 154 1.3
20° 18:46:04.0 —02:39:22.2 97.6 89-107 27.5 128 4.8 6 23.7 x 31.1 6.0
21 18:48:16.6 —02:07:06.0 103.2 97-107 11.8 4.5 1.5 6 8.2x 3.7 0.4
22 18:47:08.0 -02:29:32.3 103.9 98-108 19.5 9.7 2.2 6 25.0x 15.4 3.3
23 18:47:40.1 -02:20:24.3 104.9 100-108 20.6 9.0 2.0 6 13.1x11.3 1.1
24 18:47:09.5 -01:44:08.4 105.5 102-110 11.5 5.7 1.6 6 11.2 x 26.5 2.9
25 18:46:26.1 -02:19:11.5 108.1 106-117 13.7 6.3 1.0 6 11.2x 14.8 1.2
26 18:48:38.1 —02:22:49.1 108.2 104-112 11.9 4.8 1.5 6 22.0x 17.6 2.7
27 18:48:32.2 —01:55:28.8 111.1 107-116 104 4.6 1.5 6 14.1 x 10.5 1.4
28 18:47:22.2 -02:09:25.2 112.5 110-116 10.7 4.2 1.0 6 12.0x 7.7 0.9
29 18:47:48.6 —02:05:03.7 115.9 110-120 152 5.8 1.2 6 8.2 x 12.7 1.2

Notes. @ W43-Main. ® W43-South.

side of the tangent point. Here, we use the distance estimations
by Roman-Duval et al. (2009), who utilized HI self absorption
from the VGPS project (Stil et al. 2006). It is possible to asso-
ciate several entries of their extensive catalog with clouds we
found in our dataset. Thus, we are able to remove the distance
ambiguity and attribute distances to these clouds. In combina-
tion with the detailed model of the Milky Way of Vallée (2008),
we are able to fix their position in our Galaxy. We cannot assign
a distance to each single cloud in our dataset, as each was not an-
alyzed by Roman-Duval et al. We assume the missing sources to
have the same distances as sources nearby. This may not be ex-
act in all cases, but the only unclear assignments are two clouds
in the 35 to 55 kms~! velocity component (sources 1 and 3). The
distance of the W43 complex is unambiguous as it is well deter-
mined by the calculations found in Roman-Duval et al. (2009).

The object W43 (78 to 120 kms™!) is found to lie on the
near side of the tangential point with distances from 5 to 7.3 kpc,
which increases with radial velocity. This places it near the tan-
gential point of the Scutum arm at a Galactocentric radius of
Rge = 4 kpe (marker 1 in Fig. 5¢). For our analysis, we use an
average distance of 6 kpc for the whole complex, since this is
where the mass center is located.

The second velocity component (65 to 78 kms™!) lies in the
foreground of the first one at a distance of 4.5 kpc to the Sun
and Rgc = 4.8 kpc (marker 2 in Fig. 5¢). Another indication that
these sources are located on the near side of the tangential point
is their position above the Galactic plane, as seen in Fig. 6b.
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The larger the distance is from the Sun, the further above the
Galactic plane it would be positioned. This would be difficult
to explain, since high-mass star-forming regions are typically
located within the plane. It is unclear if this cloud is still situ-
ated in the Scutum arm or if it is located between spiral arms.
According to the model, it would be placed at the edge of the
Scutum arm. In light of the previously discussed uncertainties, it
is still possible that this cloud is part of the spiral arm.

The third component between 35 and 55 kms~! is more com-
plex than the others, since we find sources to be located on both
the near and far side of the tangential point. The brightest sources
in the center of our map are in the background of W43 in the
Perseus arm with a distance of 11 to 12 kpc to the Sun and of
Rge = 6 kpc to the (marker 3 in Fig. 5¢). However, several other
sources in the north and south are found by Roman-Duval et al.
to be near the Sun at 3.5 to 4 kpc (marker 3’ in Fig. 5c). These
sources also have a Galactocentric radius of 6 kpc. Table 1 gives
an overview of the distance of each source, while Fig. 6 shows
integrated intensity plots of the individual velocity components.

We can now apply this calculation to our data in Fig. 5a by
changing the velocity scale into a distance scale. The distance
scale is inaccurate for the parts of the lowest component that lie
on the far side of the tangent point. Although it is not possible to
disentangle clouds that are nearby and far away in this plot, we
still show this scale. These values, taken from the rotation curve,
are smaller than the actual distances found when compared to
Roman-Duval et al. (2009), since we used the newer rotation
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Fig. 4. Detection map of the Duchamp Sourcefinder. Detected clouds
are overlaid on a gray-scale map of '3CO (2—1). Sources are ordered by
their peak velocities. The color-coding relates to the distance of identi-
fied clouds: blue for 6 kpc, green for 4.5 kpc, and yellow for the 4 and
12 kpc component.

curve of Reid et al. (2009). Roman-Duval et al. use the older
values from Clemens (1985), which explains the discrepancy.
However, this axis still gives us an idea of the distribution of the
clouds. We note that no distance can be assigned for velocities
larger than 112 km s~! hence the zero for the 120 kms™! tick in
Fig. 5a. Subplot (d) shows the related modeled PV-diagram from
Vallée (2008). Our dataset is indicated by the gray box.

Figure Sc summarizes our determination of distance in a plot
taken from Vallée (2008). The W43 complex (78-120 km s71,
marker 1) lies between 5 and 7 kpc, where the distance increases
with velocity, which we found to be located on the near branch.
The complex 65 to 78 km s~ (marker 2) is located at the near
edge of the Scutum arm, while the 35 to 55 km s~ component
is marked by 3 and 3’ on both sides of the tangent point. The far
component is located in the Perseus arm at 12 kpc distance and
the near component at a distance of 4.5 kpc between the Scutum
and the Sagittarius arm.

It may be a bit surprising that no emission from the local
part of the Sagittarius arm is seen in our dataset. The reason is
that our observed velocity range only goes to 30 km s~!. Possible
molecular clouds nearby would have even lower relative veloc-
ities of ~20 kms~!, which can be seen in the model in Fig. 5d.
In Nguyen Luong et al. (2011), the '*CO (1-0) spectrum, which

is averaged over the W43 complex, shows an additional velocity
component at 5 to 15 km s~! which fits to this spiral arm.

3.4. Peak velocity and line width

After separating the different velocity components, we created
moment maps of each component. For each spectra of the
13CO data cube, a Gaussian line profile was fitted. The first mo-
ment resembles the peak velocity, the position of the line peak.
The second moment is the width of the line. The maps of the
W43 complex are shown in Fig. 7, while the plots of the back-
ground components can be seen in Fig. B.1. Care should be taken
in interpretation of these maps. As some parts of the maps show
complex spectra (see Fig. 3 for some examples), a Gaussian pro-
file is not always a good approximation. In regions where several
velocity components are found, the maps only give information
about the strongest component. In case of self-absorbed lines,
the maps may even be misleading. This especially concerns the
southern ridge of W43-Main, called W43-MM?2 as defined in
(Nguyen Luong et al. 2013).

The line peak velocity map in Fig. 7a traces a variety of co-
herent structures. Most of these correspond to the sources we
identified with the Duchamp software. However, some struc-
tures, as mentioned above, overlap and cannot be defined simply
from using this velocity map.

The two main clouds, W43-Main and W43-South, are again
located in the upper left and lower right part of map, respectively.
As in the PV-diagram in Fig. 5a, we note that both clouds are
slightly shifted in velocity. While W43-Main lies in the range
of 85 to 100 kms~!, W43-South spans velocities from 95 to
105 kms™!. Several smaller sources bridge the gap between the
two clouds, especially in the higher velocities. This structure is
also seen in the PV-diagram.

In comparison to the PV-diagram, this plot shows the peak
velocity distribution in both spatial dimensions. On the other
hand, we lose information of the shape of the lines. Here, we see
that the velocity of W43-South is rather homogeneous across
the whole cloud. In contrast, W43-Main shows strong velocity
gradients from west to east and from south to north, which are
already seen in Motte et al. (2003). The velocity changes by at
least 30 km s™! on a scale of 25 pc. We can interpret this as mass
flows across the cloud, which makes it kinematically much more
active than W43-South.

Figure 7b shows a map of the FWHM line width of each
pixel. Some parts in W43-Main show unrealistically large values
of more than 10 kms~!. This is a line-of-sight effect and origi-
nates in several velocity components located at the same point on
the sky. Therefore, it is more accurate to analyze the line width
of each source separately. From these single sources, we deter-
mine the mean line width, which is given in Table 1 Col. (7).

4. Analysis
4.1. Calculations
4.1.1. Optical depth

For each identified source, we conducted a series of calculations
to determine its physical properties. We did this on a pixel by
pixel basis, using maps integrated over the velocity range that is
covered by the specific source. The optical depth of the 3CO gas
was calculated from the ratio of the intensities of *CO (2—1)
and C'80 (2-1), assuming that C'30 is optically thin. (This as-
sumption holds for H, column densities up to ~10?* cm™2, but
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Table 2. Physical properties of the W43 clouds and foreground structures as described in Table 1.

(D ) 3) “4) ®) (6) @) (8)
Number Integrated Mean Maximum Median T Mean H, Max H, Total Virial
BCOintensity  7('3CO) (**CO) column density column density mass mass
[Kkms™ pc2]x10° K] [em2]x 102 [em2]x 102  [Mo]x10° [M,]x 10°
1 1.3 1.33 34 7.0 10.5 34 21.5 184
2 0.9 0.87 3.5 11.1 8.7 5.4 13.2 14.1
3 1.3 0.88 4.1 9.2 10.2 3.8 18.6 19.3
Fore- 4 59 1.01 3.9 7.1 7.3 3.2 73.3 27.9
ground 5 152 0.52 2.2 10.1 9.2 8.1 202.5 339
6 0.2 0.81 2.8 7.7 7.4 2.0 2.0 8.1
7 0.3 1.27 4.5 7.7 10.2 5.7 4.8 11.6
8 0.5 1.41 2.6 10.4 3.7 1.8 2.2 3.7
9 5.0 1.22 4.4 7.5 4.7 5.1 432 16.3
10 1.3 0.97 3.6 8.8 5.1 2.8 10.5 17.1
11 1.2 2.15 52 15.0 7.1 8.1 11.3 11.5
12 3.5 1.05 4.4 6.9 5.2 3.4 26.8 39.5
13¢ 30.8 1.70 8.0 10.0 20.9 12.7 306.3 448.4
14 5.8 0.61 3.3 8.3 4.6 2.0 38.3 44.5
15 2.7 1.09 3.0 8.9 5.6 2.8 22.0 28.5
16 3.4 1.50 59 7.9 4.3 2.9 25.0 11.7
17 3.9 1.15 4.2 8.2 6.2 3.2 30.2 47.6
18 0.5 1.03 4.2 13.9 3.7 0.9 3.0 5.6
W43 19 1.2 1.37 5.2 8.3 4.2 2.0 9.7 9.0
200 23.2 1.46 5.3 11.3 14.8 14.9 205.8 369.2
21 0.5 1.24 4.8 14.8 6.0 4.3 4.1 8.8
22 4.6 1.11 5.0 11.0 5.5 3.1 339 57.1
23 3.2 1.45 3.3 13.2 8.1 6.9 27.3 27.1
24 2.9 1.76 6.5 8.5 5.0 3.1 24.5 28.4
25 1.2 1.80 6.4 9.3 4.6 4.1 6.8 7.3
26 2.3 1.51 6.1 8.5 4.7 2.9 16.8 24.3
27 1.7 1.34 3.7 7.0 4.6 2.6 14.0 17.4
28 0.7 1.28 4.1 9.9 4.1 1.8 4.3 6.3
29 1.5 1.66 54 12.6 5.1 2.8 11.9 10.3

Notes. @ W43-Main. ® W43-South.

a clear threshold cannot be given.) Then we computed the exci-
tation temperature of this gas and the H, column density, which
was then used to estimate the total mass along the line-of-sight.
All these calculations are explained in detail in Appendix C.
Example maps for a small filament (source 29) can be seen in
Fig. 8.

We first calculated the '*CO (2-1) optical depth from the ra-
tio of the two CO lines. We note, that the intrinsic ratios of the
different CO isotopologes used for this calculation are depen-
dent on the Galactocentric radius, so we have to use different
values for W43 and the fore-/background sources. An example
map of 7 of 3CO (2-1) is shown in Fig. 8c. Typical clouds have
optical depths of a fraction of 1 in the outer parts and up to 4
at most in the central cores. The extreme case is the W43-main
cloud, where the '3CO optical depth goes up to 8. This means
that most parts of the clouds are optically thin and we can see
through them. Even at positions where '*CO become optically
thick, C'80 still remains optically thin. Only for the extreme
case of the densest part of W43-Main, C'8Q starts to become
optically thick. This means that the combination of the two iso-
topologes reveals most of the information about the medium
density CO gas in the W43 complex.

4.1.2. Excitation temperature

The formula used for the computation of the excitation temper-
atures is explained in Appendix C. The resulting map is shown
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in Fig. 9. Certain assumptions are made. First, we assumed that
Tey is the same for the 3CO and the C'®0 gas. This method
becomes unrealistic when the temperature distribution along the
line-of-sight is not uniform anymore. If there was a temperature
gradient, we would miss the real ratio of the 13CO to C'80 line
intensities and thus either over- or underestimate the tempera-
ture. Thus the calculated temperature might be incorrect for very
large cloud structures that show a complex temperature distribu-
tion along the line-of-sight. This problem is partially circum-
vented by using the spectral information of our observations, but
we use intensity maps integrated over at least several kms~! for
our calculation of the excitation temperature, which still leaves
room for uncertainties. This means we do not confuse different
clouds, but we still average the temperature along the line-of-
sight over the complete clouds.

The centers of the two main clouds in the W43 region are
candidates for an underestimated excitation temperature. In case
these regions were internally heated, a decreasing gradient in
the excitation temperature would appear from the inside of the
cloud to the outside. As '*CO is rather optically thick, only
the cool outside of the cloud would be seen by the observer.
In contrast, C'80 would be optically thin; thus, the hot cen-
ter of the cloud would also be observed. Averaging along the
line-of-sight, I(C'30) would be increased relative to I('3CO),
which would lead to an overestimated optical depth. This would
then lead to an underestimated calculated excitation tempera-
ture. External heating, on the other hand, would result in an



P. Carlhoff et al.: IRAM 30 m CO-observations in W43

—0.0 10
120}

- L %

L
\.‘*

= byt
4

100 L]

S

80 M "l ““ .adu h lll
' w«-u -

Velocity [km s7']
Distance [kpc]
o
=

60

» lrw '-nA' "' : ¥ .. .
' ] '
A '\‘ ‘. . A .
“ " _ K B

h
30.0

-2
30 5 10

Galactic longitude [“]

(a) PV-diagram of '*CO (2-1) in [K] that is averaged along the Galactic
latitude, showing several velocity components. The y-axes show the
velocity and distance, according to the rotational model seen in b).

2 T

10

kiloparsecs

N —

0 5
GALACTICA INCOGNITA

kiloparsecs

-5
ZONA

(c) Model of the spiral arm structure of the Milky Way from Vallée
(2008). The position of the W43 complex is marked at (1), the fore-
/background complexes at (2), (3), and (3").
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denote the different velocity components found in a).
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(d) PV-diagram of the model from (Vallée 2008) showing relative veloci-
ties of spiral arms in the first quadrant. The interesting part is around 30°
Galactic longitude (gray box), where W43 is located.

Fig. 5. Set of plots, illustrating the distance determination of W43 and its position in the Galaxy.

overestimated excitation temperature. However, we find the first
case with regard to low excitation temperatures is more likely in
some clouds.

Another effect, which leads to a reduced excitation tempera-
ture, is the beam-filling factor . In our calculations, we assume
it to be 1. This corresponds to extended clouds that completely
fill the telescope beam. This is not a true representation of molec-
ular clouds, as they are structured on the subparsec scale and we
would have to use a factor 7 < 1. Technically speaking, we cal-
culate the value of Tex X 17, which is smaller than 7.

As the C'®0 line is much weaker than the *CO line, we
cannot use the ratio of them for those pixels where no C'%0 is
detected, even if '3CO is present. We find typical temperatures

to be between 6 and 25 K; in some rare cases, it is up to 50 K
with a median of 12 K.

Due to the sparsely covered maps (see Fig. 9) and the
uncertainties described above, we concluded that is was best
not to use the excitation temperature maps for the following
calculations of the H, column density. Instead, we assumed
a constant excitation temperature for the complete W43 re-
gion. We chose the value to be 12 K, since this was the me-
dian temperature found in the W43 complex. Assuming a con-
stant temperature value across the cloud is likely not a true
representation of the cloud; in particular, it does not distin-
guish between star forming cores and the ambient background.
However, such an assumption is a good first approximation
to the temperature in the cloud and is more representative of
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Fig. 6. Integrated '*CO (2—1) maps of the separated velocity complexes. The white stripes mark the Galactic plane and the planes 30 pc above and
below it. Panel a) shows sources at two different distances and therefore two different scales.

star-forming cores than the aforementioned unrealistically low
values.

4.1.3. H, column density

We also calculated the column density along the line-of-sight of
the '3CO gas from the assumed constant excitation temperature,
the 3CO integrated emission, and a correction for the opacity
(See Appendix C for details.). Assuming a constant ratio be-
tween '3CO and H,, it was then possible to find the H, column
density. Please note that H, column densities derived by assum-
ing a constant temperature are also subject to the same caveats
and accuracies.

All ratios between H, and CO isotopologes bear errors, since
they depend on the Galactocentric radius. These errors add up
with the uncertainty on the assumed excitation temperature. The
final results for column densities and masses must be taken with
caution, because there is at least an uncertainty of a factor of 2.
Figure 10 shows the calculated H, column density map of the
full W43 complex. The column density has been calculated at
those points, where the '*CO integrated intensity is higher than
5 Kkms™!. The resulting values range from values that are a
few times of 10! cm~2 in the diffuse surrounding gas up to ~2 x
10?* cm~2 in the center of W43-Main.

The southern ridge of W43-Main, where we calculate high
column densities, is the most problematic part of our dataset.
The spectra reveal that '3CO is self-absorbed in this part of the
cloud. We use the integrated intensity ratio to calculate the opac-
ity at each point, which is strongly overestimated in this case.
This leads to both low excitation temperatures and high column
densities. The results for this part of the cloud should be used
with caution.

4.1.4. Total mass

From the H, column density, we then determine the total mass
of our sources, given in Table 1. We find that the total mass of
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a typical cloud is in the range of a few x10* solar masses. Of
course, this is only the mass seen in the mid- to high-density
sources. The very extended diffuse molecular gas cannot be seen
with 13CO; it is generally traced by '>CO lines and accounts for
a major fraction of the gas mass (Nguyen Luong et al. 2011).

The total H, mass as derived from our *CO (2-1) and
C'80 (2-1) observations is found to be

M(Hs)co = 1.9 x 10° M, (3)

for the W43 complex with about 50% within the clouds that we
have identified and the rest in the diffuse surrounding gas. Here,
we have excluded the foreground sources and only considered
the W43 complex itself. Nguyen Luong et al. (2011) used similar
areas and velocity ranges (~80 x 190 pc, 80-120 km s™!) and de-
termined a molecular gas mass in W43 clouds from the Galactic
Ring Survey (Jackson et al. 2006) of 4.2 x 10® M. A differ-
ent estimation of the H, column density in W43 was done by
Nguyen Luong et al. (2013) using Herschel dust emission maps.
Using these maps, we find a value of 2.6 x 10® M. See Sect. 5.3
for a discussion of this difference.

We underestimate the real mass where '>CO exists but no
13CO is seen, where C'*0O might become optically thick, and
where our assumption for the excitation temperature is too high.
On the other hand, we overestimate the real mass, where our
assumption for the excitation temperature is too low. In extreme
cases of very hot gas, the gas mass can be overestimated by 40%
at most (cp. Fig C.1 in Appendix C.3), while very cold cores can
be underestimated by a factor of nearly 10. Both effects partly
cancel out each other, when integrating over the whole region;
however, we estimate that the effects, which underestimate the
real mass, are stronger. Therefore, the mass we calculated should
be seen as a lower limit of the real molecular gas mass in the
W43 complex.

4.2. Shear parameter

Investigating the motion of gas streams in the Galaxy is im-
portant to explain how large molecular clouds like W43 can
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Fig. 7. Moment maps of the W43 complex derived from the *CO (2-1) cube. A cutoff of 4 K per channel was used.
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Fig. 8. Series of plots showing the different steps of calculations carried out for each source. The example shows source 29, which is located in
the center of the W43 complex at a velocity of 115 kms™'. From left to right: a) '3CO (2-1) in [Kkms~']; b) C'%0 (2-1) in [Kkms~']; ¢) optical
depth 7 of BCO (2-1); d) excitation temperature in [K]; and e) H, column density map in [cm~2] derived from the CO lines as described in

Sect. 4.1.3. The column density has been calculated from an assumed constant excitation temperature.

be accumulated. While Motte et al. (in prep.) will investigate
streams of '2CO and HI gas in W43 in detail, we only con-
sider here the aspect of radial shear in this field. The shear that
is created by the differential rotation of the Galaxy at different
Galactocentric radii can prevent the formation of dense clouds if
itis too strong. It is possible to calculate a shear parameter S, as
described in Dib et al. (2012) by considering the Galactocentric
radius of a region, its spatial and velocity extent, and its mass.

For values of S ¢ higher than 1, the shear is so strong that clouds
get ripped apart, while they are able to form for values below 1.

The values we use to calculate S are the total mass, calcu-
lated above, of 1.9 x 10° Mg, a velocity extent of 40 km sl a
Galactocentric radius of 4 kpc, and an area of 8 x 103 pcz. This is
the area that is covered by emission and is smaller than the total
size of our map. These values yield a shear parameter S, = 0.77.
Accordingly, shear forces are not strong enough to disrupt the
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Fig. 9. Map of the derived excitation temperature in the W43 complex.
This map shows unrealistic low temperatures of ~5 K in several regions
(cp. Sect. 4.1.2 for a discussion of error sources). The beam size is iden-
tical to those of the CO maps (11”).

W43 cloud. However, we have to keep in mind that we proba-
bly underestimate the total gas mass, as described in Sect. 4.1.
A higher mass would lead to a lower shear parameter. This cal-
culation is only valid for an axial symmetric potential (i.e. orbits
outside the Galactic bar). Shear forces inside the Galactic bar
could be stronger due to the different shape of orbits there. As
we, however, located W43 at the tip of the bar, the calculation
still holds.

We can also conduct this calculation for the larger gas mass
derived from *CO (1-0) by Nguyen Luong et al. (2011). They
find a gas mass of 4.2 x 10° My, that is spread out over an area
of 1.5 x 10* pc?. These values lead to a shear parameter of S ¢ =
0.66, which is lower than our value above.

4.3. Virial masses

In Table 1 (7) and (10), we have given the mean line width and
the area of our sources. This allows us to calculate virial masses
by defining an effective region radius by R = (A/m)"/?, where A
is the area of the cloud. This area cannot be determined exactly,
because the extent of a cloud depends on the used molecular line.
Here, we use the area of '>CO emission above a certain threshold
(20% of the peak intensity).
Virial masses can then be computed using the relation

R 2
My = 5%%), )
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Fig. 10. Map of the H, column density of the complete W43 complex
derived from the IRAM 30 m '*CO and C'®O maps. The velocity range
between 78 and 120 km s™! was used. The beam size is identical to those
of the CO maps (117).

where o is the Gaussian velocity dispersion averaged over the
area A and G is the gravitational constant.

The resulting virial masses are shown in Table 2 (8). We no-
tice that most sources in W43 have masses derived from *CO
that are smaller than their virial masses. Sources 4 and 5 show
much larger molecular than virial masses, which might indicate
that their distance was overestimated. If the sources would be
completely virialized, we would need bigger masses to produce
the observed line widths. On the other hand, systematic motion
of the gas, apart from turbulence, like infall, outflows, or collid-
ing flows would also broaden the lines. This could be an expla-
nation for the observed large line widths.

Ballesteros-Paredes (2006) stated that usually turbulent
molecular clouds are not in actual virial equilibrium, since there
is a flux of mass, momentum, and energy between the clouds and
their environment. What is normally viewed as virial equilibrium
is an energy equipartition between self-gravity, kinetic, and mag-
netic energy. This energy equipartition is found for most clouds
due to observational limitations. Clouds out of equilibrium are
either not observed due to their short lifetime or not considered
clouds at all.

Of course, we also need to consider the shape of our sources.
Non-spherical sources have a more complicated gravitational be-
havior than spheres. Therefore, one has to be extremely careful
using these results. In addition, we neglect here the influence of
external pressure and magnetic fields on the virial masses. What
we observe agrees with Ballesteros-Paredes (20006) in that most
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of our detected clouds show a molecular mass in the order of
their virial mass, or up to a factor of 2 higher.

5. Comparison to other projects

To gather more information about the W43 complex, we com-
pare the IRAM 30 m CO data to other existing datasets. We
pay special attention to three large-scale surveys in this section:
the Spitzer GLIMPSE and MIPSGAL projects, the Herschel
Hi-GAL survey, and the Galactic plane program ATLASGAL
as observed with the APEX telescope.

All of these datasets consist of total power maps over cer-
tain bands. They naturally do not contain spectral information,
so line-of-sight confusion is considerable, since the W43 region
is a complex accumulation of different sources. It can some-
times be complicated to assign the emission of these maps to
single sources. Nevertheless, the additional information is very
valuable.

5.1. Spitzer GLIMPSE and MIPSGAL

The Spitzer Space Telescope program, Galactic Legacy Infrared
Mid-Plane Survey Extraordinaire (GLIMPSE; Benjamin et al.
2003; Churchwell et al. 2009), observed the Galactic plane at
several IR wavelengths between 3.6 and 8 um. It spans the
Galactic plane from —65° to 65° Galactic longitude.

Here, we concentrated on the 8 um band. It is dominated
by UV-excited PAH emission (Peeters et al. 2004). These pho-
ton dominated regions (PDRs; Hollenbach & Tielens 1997) are
heated by young OB stars. By studying this band in comparison
to the IRAM 30 m CO maps, we can determine which parts of
the molecular clouds contain UV-heated dust. This is seen as ex-
tended emission in the Spitzer maps. We can also identify nearby
UV-heating sources, as seen as point sources. Finally, some parts
of specific clouds appear in absorption against the background.
These so-called infrared dark clouds (IRDCs; see Egan et al.
1998; Simon et al. 2006; Peretto & Fuller 2009) show denser
dust clouds that are not heated by UV-radiation. In this way,
we are able to determine which sources heat part of the gas and
which parts are shielded from UV radiation. We can also tell if
YSOs have already formed inside the clumps that we have ob-
served and thus estimate the evolutionary stage of the clouds.
Nguyen Luong et al. (2011) used this tracer to estimate the star-
formation rate (SFR Wu et al. 2005) of the W43 complex.

MIPSGAL (Carey et al. 2009) is a Galactic plane survey us-
ing the MIPS instrument onboard Spitzer and has created maps
at 24 and 70 um. Here, we inspect the 24 ym bandm which is
dominated by the emission of small dust grains. The MIPS in-
strument also detects proto-stellar cores, although these cores are
usually too small to be resolved at a distance of 6 kpc or more.

5.2. APEX ATLASGAL

The APEX telescope large area survey of the galaxy
(ATLASGAL; Schuller et al. 2009) used the LABOCA cam-
era, which is installed at the APEX telescope. It observed the
Galactic plane from a Galactic longitude of —60° to 60° at
870 um. This wavelength traces cold dust and is therefore also
a good indicator of dense molecular cloud structures, especially
of high-mass star-forming clumps. Schuller et al. also identified
hot cores, proto-stars, compact HII regions, and young embed-
ded stars by combining their map with other data.

(c) Hi-GAL

(d) GLIMPSE

Fig. 11. Series of plots showing the comparison of different datasets of
source 23 (see Table 1). From upper left to lower right: a) IRAM 30 m
integrated intensity map of '3CO (2-1), b) IRAM 30 m *CO map con-
tours on ATLASGAL 870 um map, ¢) IRAM 30 m '*CO map contours
on Hi-GAL RGB map composed of the 350, 250 and 160 ym maps, and
d) IRAM 30 m '3CO map contours on GLIMPSE 8 ;m map

Our project is a direct follow-up of ATLASGAL, from which
the idea to observe the W43 region in more detail was born.

5.3. Herschel Hi-GAL

The Hi-GAL project (Molinari et al. 2010) utilizes Herschel’s
PACS and SPIRE instruments to observe the Galactic plane from
a Galactic longitude of —60° to 60° at five wavelengths between
70 and 500 um. A part of the Hi-GAL maps of the W43 complex
are presented in Bally et al. (2010).

Figure 11 shows one example of the comparison of the differ-
ent datasets that we carried out for all identified sources. It shows
source 23, sticking to the notation of Table 1. See Appendix D
for an in depth description of the different sources.

In Table 3, we categorize our sources, whether they have a
filamentary shape, consist of cores, or show a more complex
structure. We also list the structure of the Spitzer 8 and 24 um
maps here. Usually, the two wavelengths are similar.

From the Hi-GAL dust emission, it is possible to derive a
temperature and a total (gas + dust) H, column density map
(e.g., Battersby et al. 2011). These calculations were conducted
for the W43 region by Nguyen Luong et al. (2013), follow-
ing the fitting routine detailed in Hill et al. (2009, 2010) and
adapted and applied to Herschel data as in Hill et al. (2011,
2012), Molinari et al. (2010), and Motte et al. (2010). This ap-
proach uses Hi-GAL data for the calculations where possible.
As on very bright positions, Hi-GAL data become saturated or
enter the nonlinear response regime, HOBYS data was used to
fill the missing data points. The idea is to fit a modified black
body curve to the different wavelengths (in this case, the 160
to 350 um channels) for each pixel using a dust opacity law of
k =0.1x(300um/2)» cm? g_1 with 8 = 2. The final angular res-
olution of the calculated maps (25" in this case) results from the
resolution of the longest wavelength used. This is the reason that
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Table 3. List of sources, as described in Table 1 and a description of
their structure.

(1) (2) (3)

Number '*CO Spitzer Mass ratio
structure structure Hi-GAL/"*CO

1 Filament Single core

2 Ensemble of cores Two cores + extended emission

3 Ensemble of cores Single core + extended emission

Fore- 4 Joining filaments  No related emission
ground 5 Two cores Two cores + extended emission

6 Complex Extended emission

7 Complex Single core + extended emission

8 Single core Single core + absorption

9 Ensemble of cores Single core + absorption

10 Two cores Two cores + absorption 1.8

11 Single core Single core + absorption 1.0
+ extended emission

12 Complex Several cores 1.1

13¢ Complex Bright emission + absorption, 1.2
Bubble around star cluster

14 Ensemble of cores Absorption 1.3

15 Complex One extended core + absorption 1.2

16 Filament Absorption 1.5

17 Complex Several cores + absorption 1.9

18 Filament No related emission 1.1

w43 19 Complex Two extended cores + absorption 1.0

207 Ensemble of cores Bright extended emission 0.8
+ absorption

21 Filament Single core + extended emission 1.9

22 Complex Several cores + absorption 1.1
+ extended emission

23 Filament Single core + absorption 0.9
+ extended emission

24 Joining Filaments Two cores + absorption 1.7

25 Filament Two cores + extended emission 1.2

26 Filament Single core + extended emission 0.9

27 Two cores Single core + extended emission 1.2

28 Filament No related emission 1.6

29 Filament Several cores 1.0

Notes. @ W43-Main. ® W43-South.

the 500 um channel has been omitted. Planck and IRAS offsets
were added before calculating the temperature and H, column
density.

This approach assumes the temperature distribution along
the line-of-sight to be constant. As discussed above in
Sect. 4.1.2, this is not necessarily the case in reality. Due to
temperature gradients along the line-of-sight, the calculated H,
column density might deviate from the real value. This error is
found in the Herschel and the CO calculations.

Gas and dust temperatures can deviate in optically thick re-
gions, because the volume densities play a key role here. Only
at fairly high densities of more than about 10° cm™ does the
gas couple to the dust temperature. At lower densities, the dust
grains are an excellent coolant, in contrast to the gas. Therefore,
the dust usually shows lower temperatures than the gas. This is
in contrast to our findings and may indeed indicate that we un-
derestimate the T¢x of the gas, as discussed in Sect. 4.1.2. Even
in optically thin regions, the kinetic temperature and the values
derived from an SED-fit do not correspond perfectly (see Hill
et al. 2010). Figure 12 shows the results of these calculations for
the W43 region. We show the temperature and H, column den-
sity maps from the photometry data and overlay '*CO contours
to indicate the location of the molecular gas clouds.

The dust temperature derived by Nguyen Luong et al. (2013)
(Fig. 12a) lies in the range from 20 to 40 K; the outer parts
of the complex show temperatures between 25 and 30 K. The
regions where dense molecular clouds are found are colder
(about 20 K) than their surroundings; for example the dense
ridges in W43-Main are clearly visible. Some places, where
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the dust is heated by embedded UV-sources, are hotter (up to
40 K), especially for the OB-star cluster in W43 and one core in
W43-South that catches the eye.

If we compare these results with the excitation temperatures
that we calculated above in Sect. 4.1, we note that the temper-
atures derived from CO are lower (~7-20 K) than those using
Herschel images. It is possible that gas and dust are not mixed
well and that both could have a different temperature. Another
possibility is that the CO gas is subthermally excited and that
the excitation temperature is lower than its kinetic temperature.
The Herschel dust temperature map is showing the averaged
temperature along the line-of-sight. Thus, lower temperatures
of the dense clouds are seen with hotter diffuse gas around it,
which leads to higher averaged temperatures. As discussed in
Sect. 4.1.2, we most probably underestimate the excitation tem-
perature in our calculations above due to subbeam clumpiness.
Also, we cannot neglect that the temperatures calculated from
Herschel bear large errors on their own.

The H, column density map derived from Herschel data
(Fig. 12b) nicely traces the distribution of molecular gas, as in-
dicated by the '*CO (2-1) contours. There is a background level
of ~1-2 x 10?2 cm™? that is found outside the complex. The
column density rises in the molecular clouds up to a value of
~6 x 102 cm™ in the ridges of W43-Main.

A comparison to the column density values derived from
CO (See Sect. 4.1 and the plot in Fig. 10.) reveal certain dif-
ferences. In the mid-density regions, calculations of both the
medium-sized clouds and most parts of the two large clouds
are comparable after subtracting the background level from the
Herschel maps. These are still systematically higher, but the dif-
ference does rarely exceed a factor of 2. The same is true for
the extended gas between the denser clouds. The typical val-
ues are around a few 10?! cm™2 for the Herschel and CO maps.
However, the Herschel H, column density reaches values of sev-
eral 10> cm™2 in the densest parts of W43-Main, with a maxi-
mum of ~6 x 102 ¢cm~2, while the CO derived values peak at
~2x10% cm™2.

The offset of ~1 x 10> cm™2 (which could be a bit higher
but we chose the lower limit) that has to be subtracted from the
Herschel map can partly be explained by diffuse cirrus emission
along the line-of-sight, which is not associated with W43. This
statistical error of the background brightness has been described
for the Hi-GAL project by Martin et al. (2010). Nguyen Luong
et al. find this offset agrees with Battersby et al. (2011).

The total mass that is found for the W43 complex still de-
viates between both calculations. The exact value depends on
the specific region that we integrated over. We find a total mass
of W43 from '3CO of 1.9 x 10® M. The Herschel map gives
2.6x10° My, if we use the total map with an area of 1.5x 10* pc?
and consider the diffuse cirrus emission that is included by the
Herschel data. This is a factor of 1.4 higher than the CO result,
although we did not calculate a value for every single pixel for
the CO H; column density map. The mean H, column density
is 7.5 x 10! cm™2 (3CO) and 7.4 x 10%' cm™? (Herschel), re-
spectively. The difference in total mass can be explained when
we consider that the Herschel map covers more points (the dif-
ference is reduced to a factor of 1.2, when comparing a smaller
region which is covered in both maps, although this might be too
small and biased toward the larger clouds). For a comparison of
each Duchamp cloud, see Table 3 (3). A comparison of the fore-
ground clouds would be complicated due to line-of-sight effects,
so we only give numbers for the W43 sources. Most values lie
in the range 1 to 1.5, which affirms that both calculations deviate
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(a) Dust temperature derived from three Herschel channels
(160-350 um) in color and '*CO (2-1) contours.
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(b) Hy column density map derived from three Herschel channels
(160-350 um) in color and *CO (2-1) contours.

Fig. 12. Maps derived from Hi-GAL and HOBY'S data (see Nguyen Luong et al. 2013).

by about a factor of 1.4. The difference in the H, column density
again depends on the examined region.

As stated in Sect. 4.1.4, the mass derived from CO is a lower
limit to the real molecular gas mass. As we used the lower limit
of the Herschel column density offset subtracted in W43, these
values are thus an upper limit. Taking this and the errors still
included in both calculations into account, the values are nearly
consistent.

5.4. Column density histogram — PDF

A detailed investigation of the H, column density structure of
W43 is done by determining a histogram of the H, column den-
sity, which is normalized to the average column density. These
probability distribution functions (PDFs) are a useful tool to
scrutinize between the different physical processes that deter-
mine the density structure of a molecular cloud, such as tur-
bulence, gravity, feedback, and magnetic fields. Theoretically,
it was shown that isothermal turbulence leads to a log-normal
PDF (e.g. Federrath et al. 2010), while gravity (Klessen 2000)
and non-isothermality (Passot & Vdzquez-Semadeni 1998) pro-
voke power-law tails at higher densities. Observationally, power-
law tails seen in PDFs that are obtained from column density
maps of visual extinction or Herschel imaging were attributed to
self-gravity for low-mass star-forming regions (e.g., Kainulainen
etal. 2009; Schneider et al. 2013) and high-mass star-forming re-
gions (e.g., Hill et al. 2011; Schneider et al. 2012; Russeil et al.
2013). Recently, it was shown (Schneider et al. 2012, Tremblin

et al., in prep.) that feedback processes, such as the compres-
sion of an expanding ionization front, lead to a characteristic
“double-peaked” PDF and a significant broadening.

The determination of PDFs from molecular line data was at-
tempted by Goodman et al. (2009) and Wong et al. (2008), but it
turned out to be problematic when these lines become optically
thick and thus do not correctly reflect the molecular cloud spatial
and density structure. In addition, uncertainties in the abundance
can complicate conversion into H, column density. On the other
hand, molecular lines allow us to significantly reduce line-of-
sight confusion, because PDFs can be determined for selected
velocity ranges. In addition, using molecules with different crit-
ical densities in selected velocity ranges allows us to make ded-
icated PDFs that focus on a particular subregion like a dense
filament.

In this study, we determined the PDFs of W43 in three ways:
(i) from a simple conversion of the '*CO (2—1) map into H, col-
umn density by using a constant conversion factor and one tem-
perature (5 or 10 K); (ii) from the H, column density map de-
rived from the '3CO (2-1) emission, which includes a correc-
tion for the optical depth that is derived from both CO lines (see
Sect. 4.1); and (iii) from the column density map obtained with
Herschel using SPIRE and PACS photometry. Figure 13 shows
the resulting distributions. For simplicity, we used the conver-
sion N(H, + H)/Av = 9.4x 10%° cm™2 (Bohlin et al. 1978) for all
maps, though the Herschel column density map is a mixture of
HI and H, while the CO derived map is most likely dominated
by H2.
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Fig. 13. Probability distribution functions of the H, column density derived for the whole W43 complex from different data sets and methods. The
y-axis is normalized to the mean value of N(H,). Isothermal CO column densities (5 and 10 K) are plotted in red and black; CO derived values
with optical depth correction are in blue, and Herschel results are in green.

The “isothermal” PDFs from '3CO without and optical depth
correction (in black and red) clearly show that there is a cut-off
in the PDF at high column densities where the lines become op-
tically thick (Ay ~ 20 mag for 10 K and A, ~ 70 mag for 5 K).
Obviously, there is also a strong temperature dependence that
shifts the peak of the PDF to lower column densities with in-
creasing temperature. The assumed gas temperature (see discus-
sion in Sect. 4.1) thus has a strong impact on the resulting PDFs
positions, but not their shape (not considering the uncertainty in
the conversion factor).

With the more sophisticated approach to create a column
density map out of the '*CO emission and to include the infor-
mation provided by the optically thinner C'80 which is corrected
for the optical depth 7, the PDF (in blue) is more reliable. It does
not show the cut-off at high column densities, because this effect
is compensated by using the optically thin C'#0. Only in those
regions where this line becomes optically thick, the method gives
lower limits for the column density. Therefore, it drops below the
Herschel PDF for high column densities, because the molecular
lines underestimate the H, column densities for very hot gas.

It is remarkable that the PDF derived from '3CO and C!80
shows a log-normal distribution for low column densities and a
power-law tail for higher densities. This feature is also observed
in the Herschel PDF. The approach to determine a PDF from the
cloud/clump distribution by correcting the opacity using C'30
appears to be the right way to get a clearer picture of the distribu-
tion of higher column densities. Note that the absolute scaling in
column density for both PDFs — from CO or Herschel — remains
problematic due to the uncertainty in the conversion factor (and
temperature) for the CO data, the line-of-sight confusion, and
opacity variations for the Herschel maps.

We observe that the slope of the Herschel power-law tail
is steeper than the one obtained from the CO-data and shows
a “double-peak” feature (The low column density component
is not strictly log-normally shaped but shows two subpeaks.)
as seen in other regions with stellar feedback (Tremblin et al.,
in prep.). The column density structure of W43 could thus be
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explained in a scenario where gravity is the dominating pro-
cess for the high density range, leading to global cloud col-
lapse and individual core collapse; compression by expanding
ionization fronts from embedded HII-regions may lead to an in-
crease in column density, and the lower-density extended emis-
sion follows a turbulence dominated log-normal distribution.
This scenario is consistent with what was proposed for other
high-mass star-forming regions, such as Rosette (Schneider
et al. 2012), RCW36, M16 (Tremblin et al., in prep.), and W3
(Rivera-Ingraham, in prep.).

Though the overall shape of the PDFs is similar, there are
significant differences in the slope of the power-law tails. The
power-law tail of the Herschel PDF is steeper than the CO-PDF.
A possible explanation is that the Herschel PDF contains atomic
hydrogen in addition to molecular hydrogen (which constitutes
mainly the CO PDF), which is less “participating” in the global
collapse of the region and individual clump/core collapse. In this
case, our method to derive the H, column density from *CO
and C'®0 turns out to be an efficient tool to identify only the
collapsing gas that ends up into a proto-star.

6. Description of W43-Main and W43-South

Here, we give a detailed description of the two most impor-
tant sources in the W43 complex, W43-Main and W43-South.
Several other interesting sources are described in Appendix D.

6.1. W43-Main, Source 13

Source 13 (see Fig. E.1m), or W43-Main, is the largest and most
prominent of all sources in the W43 complex. Located in the
upper central region of the map with an extent of roughly 30 by
20 pc, it shows a remarkable Z-shape of connected, elongated
ridges. The upper part of this cloud extrudes far to the east with a
strong emitting filament, where it curves down south in a weaker
extension of this filament. This structure is especially clear in
ATLASGAL and Hi-GAL dust emission.
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(a) Shell structure

(b) Canal structure

Fig. 14. Selected velocity ranges of W43-Main (source 13). The loca-
tion and size of the figures match those of Fig. 15. a) Shell-like structure
in the '*CO map integrated over the channels from 80 to 90 kms™'. b)
Northern and southern parts of the cloud are separated by an abyss. The
black star marks the position of the embedded OB star cluster. The plot
is integrated over channels between 94 and 98 kms~!.
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Fig. 15. Peak velocity map of W43-Main derived from the *CO data
cube in colors; contours show *CO integrated intensities, where levels
range from 36 to 162 Kkms™! (20 and 90% of peak intensity).

There are some details hidden in this cloud that cannot be
seen clearly in the complete integrated map. In the velocity
range of 80 to 90 km s~!, which are located in the southwest
of the source, we see a circular, shell-like structure surrounding
an empty bubble (Fig. 14a). This bubble is elliptically shaped
with dimensions of 10 x 6 pc, while the molecular shell is about
1.5 pc thick. It is located where a cluster of young OB stars is
situated. Possibly, this cavity is formed by the radiation of this
cluster. See Motte et al. (2003) for a description of the expansion
of clouds at the periphery of this (HIT) bubble.

The central Z-shape of this cloud appears to be monolithic
on the first sight. However, Fig. 14b shows that the northern and
southern parts are separated by a gap in the channel maps be-
tween 94 and 98 kms~!. Both parts are still connected in chan-
nels higher and lower than those velocities. This chasm that we
see is narrow in the center of the cloud, where it has a width of 1
to 2 pc, and opens up to both sides. The origin of this structure
is the cluster of WR and OB stars situated in the very center that
blows the surrounding material out along a plane perpendicu-
lar to the line-of-sight. This agrees with the presence of 4 HCO™*
clouds in the 25 km s~! range along the line-of-sight of the Wolf-
Rayet cluster (Motte et al. 2003).

IRAM 30 m CO-observations in W43
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Fig.16. Spitzer GLIMPSE 8 pum map of the W43-Main cloud
with IRAM 30 m '*CO (2-1) contours (levels ranging from 36 to
162 Kkms™). The black star marks the location of the embedded

OB star cluster.

W43-Main is the most luminous source in our set with in-
tegrated '3CO (2-1) emission of up to 170 Kkms™' and line
peaks of up to 23 K at the peak in the northern filament. Most
inner parts of this cloud show integrated intensities of ~90 to
120 Kkm s~ and 45 to 60 Kkms~! in the outer parts. It is also
the most optically thick with an optical depth of '*CO up to 8 in
the southern arm, while the bulk of the cloud with 2 to 3 is not
exceptionally opaque. It is possible that we overestimated the
opacity in the south of this cloud. The spectra show that '*CO
is self-absorbed here, while C'®0 is not. This would lead to an
unrealistic ratio of the two isotopologes and an overestimated
optical depth.

The cloud shows a velocity gradient across its complete
structure (see Fig. 15). Beginning at a relative velocity of
~80 kms™! at the most southwestern tip, it winds through
the Z shape and ends in the eastern extension filament at
~110 kms~!. This velocity difference of ~30 km s~ already
described in Motte et al. (2003) is huge and the largest discov-
ered in the W43 complex. It could be the sign of a rotation of the
cloud. Comparably impressive are the line widths of the central
parts of this clouds. We find them to be up to 15 kms™! espe-
cially in the central parts, indicating very turbulent gas or global
motions.

In the most luminous parts in the south, we calculate the
highest H, column densities of about 2 x 10>* cm™2. This is
due to the high opacities that have been calculated here. The
other central parts of this cloud show H, column densities of
5-10 x 10%? cm™2. Liszt (1995) derived the cloud mass of
W43-Main from 3CO (1-0) and find a value of 10° M,. We
find a total mass in this source of ~3 X 10> M, and thus a large
fraction of the mass of the complete W43 complex (20%).

In the GLIMPSE maps at this position, we see strong ex-
tended IR emission along the walls of a cavity, which are just
west of the central Z-shape, formed by a cluster of young OB
stars that is located here (see Fig. 16). This cluster is probably the
first result of the star-formation going on here. The cavity seen
in infrared is not the same as the one in CO described above, but
both appear to be connected. The CO channel may be due to the
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Fig. 17. Ring-like structure, as seen in W43-south. Examples of corre-
sponding spectra that show typical infall signatures. The inlay shows the
3CO channel map at 92.7 kms~!. The black circle marks the position
where the spectra were taken and their beam size.

strong radiation of the nearby stars. The northern and southern
arm of the Z-shape are seen in absorption in the 8 ym band of
GLIMPSE against the infrared background. This indicates dense
cold dust and molecular clouds that are shielded from the UV ra-
diation of the stars, which is verified by strong emission of cold
dust, as seen in the ATLASGAL and Hi-GAL maps.

6.2. W43-South, Source 20

Source 20, also known as W43-South and G029.96-0.02 (see
e.g. Beltran et al. 2013), is the second largest source in the
W43 complex and dominates the southwestern part our map.
Figure E.1t shows a plot of this source. It has approximately the
shape of a tilted ellipse with the dimensions of about 24 x 31 par-
sec with several smaller clumps scattered across the cloud. These
clumps emit strongly in >CO (2-1) up to 150 Kkms~' and are
surrounded by less luminous gas, where we see emission be-
tween 60 to 90 Kkms™! and down to 30 Kkms™' in the outer
parts of the cloud. Maximum line peaks are 30 K. This source is
less optically thick than W43-Main; the opacity is around 2 to 3
for most parts of the cloud and does not exceed 4 in the dense
clumps.

Studying the details of this source, we see that several of the
dense clumps are actually shells of gas. The ringlike structures
are clearly recognizable in some channel maps. Figure 17 shows
the most intriguing example. The spectra across the whole ring
show infall signatures, as discussed in Walker et al. (1994) in
the optically thick *CO lines. However, C'30, which usually
is optically thin shows the same signature as it is still optically
thick at this position. To really trace infall, the optically thin line
should show a single peak at the position of the absorption fea-
ture in the optically thick line. This is the case for the N, H* (1-0)
line, which is also taken at the IRAM 30 m telescope during the
second part of our program, which is optically thin (although it
shows a hyper-fine structure, the strongest peak is centered on
the correct velocity). This could be interpreted as a bubble of
gas which is heated from the inside by an embedded UV source,
although it is not associated with any ultracompact HII region
identified by the CORNISH survey (Purcell et al. 2013). The
Spitzer 8 um also show a heated ring of dust, which indicates an
embedded heating source.
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The relative radial velocity of the gas is more or less constant
around 100 kms™! across the whole cloud W43-South. Small
parts in the east are slower at 95 kms~!, while a tip in the north-
west is faster with velocities around 105 kms™'. However, the
velocity gradient is not very pronounced. FWHM line widths
show typical values of 5 to 10 kms~! with broad lines that are
found mostly in the eastern part of the cloud. The bright clumps
do not show distinct broad lines.

The calculated H, column density is on the order of around
a few times of 10?2 cm~2 for most of the cloud, but parts in the
northwest and the center peak at about 1.5 x 10%* cm™2. The total
mass of this cloud is ~2 X 10° M, and it is thus the second most
massive source in the W43 complex.

All bright clumps, except for the one in the central north,
are seen in bright emission in the GLIMPSE 8 um map. They
are obviously heated from the inside; no external UV sources
can be identified. Apparently, YSOs have formed in the dense
but separated clumps that are seen in CO emission and in dust
emission. In the northeast of the cloud, one slab of cold gas is
seen in absorption in the GLIMPSE map, separating some of the
bright clumps.

7. Conclusions

Following the investigations of Motte et al. (2003), ATLASGAL,
and Nguyen Luong et al. (2011), we observed the W43 re-
gion in the 3CO (2-1) and C'®0 (2-1) emission lines with the
IRAM 30 m telescope. We have presented integrated maps of the
resulting position-position-velocity cubes in which we identified
numerous clouds.

1. We have confirmed that W43 is indeed one connected com-
plex, as described in Nguyen Luong et al. (2011). The con-
nection between the two main clouds W43-main and W43-
south is shown in the PV-diagram in Fig. 5a.

2. An analysis of the velocity distribution of our dataset and
comparison to the Galactic model of Vallée (2008) reveals
emission not only from the W43 complex itself but also from
fore-/background sources. According to this model, W43 is
situated near the tangential point of the Scutum arm, where it
meets the Galactic bar. The low velocity sources are located
in the Perseus arm and the space between the Sagittarius and
Scutum arms (see Fig. 5c). The separation of the different
components lets us avoid the confusion and line-of-sight ef-
fects in our analysis.

3. We decomposed the data cubes into subclouds, using
Duchamp Sourcefinder. We identified a total of 29 clouds
whith 20 were located in the W43 complex, while 9 were
found to be foreground and background sources.

4. We have derived physical properties like excitation tempera-
ture, Hy column density, and total mass, of each subcloud of
our dataset (see Table 2). Typical smaller sources have spa-
tial scales of 10 to 20 pc and masses of several 10* M. The
two most outstanding sources are W43-Main (source 13) and
W43-South (source 20) that have masses of a few 107 M.

5. We have determined the total mass of dense clouds
(>10% cm™3) in the W43 complex to be 1.9x10° My, This is a
factor of 1.4 lower than the mass derived from Herschel dust
emission maps, which is a discrepancy that can be explained
by the details of both calculations.

6. The shear parameter of W43 (S, = 0.77) shows that the ac-
cumulation of mass in molecular clouds in this region is not
disrupted by shear forces of the Galactic motion.
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7. We have created probability distribution functions obtained
from column density maps. We use both the molecular
line maps and Herschel imaging data (Fig. 13). Both show
a log-normal distribution for low column densities and a
power-law tail for high densities. Still, there are differences
seen in peak position and a power-law slope. Possibly, the
flatter slope of the molecular line data PDFs imply that those
could be used to selectively show the gravitationally collaps-
ing gas.
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Fig. A.1. Noise level maps in Ty, with scale in [K]. Left: 3CO (2-1)
map. Right: C'30 (2—1) map.

Appendix A: Noise maps

We create noise maps from both the '3CO (2-1) and the
C'80 (2-1) data cubes. For each spectrum, we determine the
root-mean-square (rms) and create maps from these values. For
this purpose, we need to calculate the rms from parts of the spec-
tra that are emission-free. We use the velocity range between 120
and 130 kms™!, because it is free of emission for the complete
region that we mapped. Typical values are found to be around
1 K or even less, while some parts in the south show values of
up to 3 K. All values given here are in T, which are corrected
for main beam efficiency. The results can be seen in Fig. A.1.
We find that the structure of the noise is similar for both lines.
The largest differences arise from weather conditions and time
of day. This is seen in the squarish pattern, as each square shows
single observations that have been carried out in a small time
window. Still, there is a striped pattern visible that overlays the
whole map. This stems from the nine different pixels that make
up the HERA receiver. These pixels have different receiver tem-
peratures, hence the different noise levels. We also note that ob-
servations in the northern part of the map are usually less noisy
than those in the south. This probably results from the different
weather in which the observations have been carried out. Last,
we find that the C'®0O (mean rms of 1.3 K, maximum of 6.7 K)
data shows a little increase in noise temperature in general com-
pared to the 3CO line (mean rms of 1.1 K, maximum of 3.7 K).
The latter has been observed with the HERA1 polarization of
the HERA receiver, whereas the first has been observed with
HERAZ2, which has an overall higher receiver temperature.

Appendix B: Peak velocity and line width
of foreground components

Figure B.1 shows plots of the peak velocity position and the
FWHM line width of the two lower velocity components. The
maps of the W43 complex itself are shown in Fig. 7 and are de-
scribed in Sect. 3.4.

Appendix C: Calculations
C.1. 13CO optical depth

Assuming a constant abundance ratio of '>CO:'*CO:C'80, we
can estimate the optical depth of the '*CO gas (see e.g. Myers
et al. 1983; Ladd et al. 1998). We compare the intensities of the
13CO and C'30 line emission integrated over the analyzed cloud
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Fig. B.1. Maps of the first (line peak velocity) and second (line width
FWHM) moment maps of the two fore-/background components.
and solve the equation,

1(13CO) 1 —exp(-7113)
I(C'80) ~ 1 —exp(-113/R)’

(C.1)

for 713, where R is the intrinsic ratio of the two mapped CO
isotopologes.

The isotopic abundance of C and O in the Milky Way is
known to depend on the Galactocentric radius. Often cited val-
ues are found in Wilson & Rood (1994). They find the ratio of
160 and '80 to be 272 at 4 kpc radius, 302 at 4.5 kpc, and 390 at
6 kpc, so we take those numbers for the '>CO:C'80 ratio. Recent
values for the C/'3C abundance are given in Milam et al. (2005).
Here, we take values derived from CO observations and get a
12C0:"3CO ratio of 31 at a Galactocentric radius of 4 kpc for the
main component and a ratio of 43 and 52 for the foreground
components at a radius of 4.5 and 6 kpc, respectively. In to-
tal, we use an intrinsic ratio of >CO:'3CO:C'80 of 1:1/31:1/272
for sources in the main complex and ratios of 1:1/43:1/302 and
1:1/52:1/390 respectively for foreground sources.

C.2. Excitation temperature

Once we know the optical depth, we can determine the excitation
temperature of the CO gas.
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For this, we use Ladd et al. (1998):

1

Ty = E(J(Tex) — J(Tgc)) (1 — exp(-7)). (C2)
With

J(T) = hy (C.3)

kB Cxp(kg—vT - )
we use the line peak intensity Tpeax for Trp. The parameter Tg
is the cosmic background radiation of 2.7 K, r the '3CO optical
depth, and 7 the beam filling factor. This expression can then be
solved for Tey.

Here, we assume that the excitation temperature of '3CO and
C'30 is the same. We then assume that the beam filling factor n
is always 1. It is likely that there is some substructure that we
cannot resolve with our beam size. This would mean that the real
n is lower than 1, and we calculate Tx X 1 rather than just 7.
Thus, we underestimate the temperature in cases where there is
indeed substructure. The line peak Tpeq is calculated from fitting
a Gaussian to all spectra in the 3CO line emission cube.

We cannot calculate a T in this way for all pixels, even
if 13CO is present, as the C'80 is much weaker. As the ratio of
13CO and C'80 is needed, a self-consistent temperature can only
be computed for points where C'0 is present. The main uncer-
tainty of the calculation itself is the assumption that the beam
filling factor is always 1, and the real value can only be cor-
rectly derived where this is true. This led to the decision not to
use these Tx maps for the further calculation of the H, column
density. We used the calculations to get an idea of the gas tem-
perature and then used a constant value for all further steps of
analysis. We chose this value to be 12 K, as this was the median
temperature found across the whole W43 region.

C.3. Column density and mass

We then compute the H, column density by using the assumed
excitation temperature T, of 12 K and the integrated molecular
line emission from our observation through

N(CO) = 1= () [ Tonde, (C4)

where the factor containing 7 accounts for the effect that the full
gas is not seen for optically thicker clouds and

3h Z

f(Te) = )
8T3U% (J (Tey) = J (Tga)) (1 —exp (_ thTvex ))
with the function
BJ,(Jy + Dh)\ kgTex
.- ’ C.6
P ( kB Tex ) ‘]UBh ( )

where B = 5.5099671 x 10'°s7! is the rotational constant for
3CO, u = 0.112D is its dipole moment, and J, is the upper
level of our transition (2 in this case). We correct all those points
for the optical depth where we find an opacity larger than 0.5. We
assume this is the minimum value we can determine correctly as
we might confuse emission with noise for lower opacities.

In Fig. C.1 we plot the dependency of the '*CO column den-
sity and the excitation temperature. We note that the column den-
sity for values of >15 K is nearly independent of the excitation
temperature. On the contrary, it rises steeply for temperatures

108 JT(PCO(2 - 1)dv = 1[K km s7']

m~?)
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Fig. C.1. *CO column density depending on the excitation temperature.

below 10 K. This is important as we most probably would un-
derestimate the excitation temperature for most clouds as dis-
cussed above, if we actually used the calculated T.x. We would
thus overestimate the column density. Therefore, we can assume
that using an excitation temperature of 12 K for our calculation
results in a lower limit for the actual column density.

As we want to calculate the H, column density, we
need to translate N('3CO) into N(H,). The standard factor of
N(H,):N('2CO) is 10* for local molecular clouds, but the ra-
tio varies with sources and also with the Galactocentric radius.
Fontani et al. (2012) derives a radius dependent formula for
N(H,):N(CO), using values of '>C/H and 'O/H from Wilson
& Matteucci (1992). This formula gives a ratio of 6550 for a
Galactic radius of 4 kpc 7000 at 4.5 kpc and 8500 at 6 kpc.
Using our ratios of >CO:'3CO from above we get N(H,) =
2.0 x 10° N('3CO) for the W43 complex with a radius of 4 kpc
and the factors of 3.0x 10° and 4.4 x 10° for the fore-/background
complexes with radii of 4.5 and 6 kpc components, respectively.
These factors are prone to large errors of at least a factor of 2.

To calculate the mass of the observed source from the H, col-
umn density it is necessary to consider the relative distance from
the Sun to the source. See Sect. 3.3 for the distance determina-
tion. We assume the main complex clouds are 6 kpc away, while
the foreground clouds have distances of 3.5, 4, 3.5, and 12 kpc.
Then, we just have to count the number of H, molecules per
pixel to receive the mass per pixel in solar masses.

m(H
My = N(H,) % &> o

©

(C.7)

Here, d is the distance toward the source, « the angular extent of
one pixel on the sky. The value of = 1.36 accounts for higher
masses of molecules, apart from H, (compare Schneider et al.
2010).

The resulting H, column density map of the full W43 com-
plex is shown in Fig. 10, which was calculated using the velocity
range between 78 and 120 kms~'. It has been calculated for all
points, where the integrated '*CO shows an intensity of more
than 5 Kkms~!. The integrated '*CO map in Fig. 1a shows dif-
fuse emission in-between the brighter sources that were isolated
with the Duchamp sourcefinder. This diffuse emission accounts
for about 50% of the the total mass in W43.
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Appendix D: Description of important sources

In the following, we want to give a description of several im-
portant and interesting sources of the W43 complex (d = 6 kpc)
found in our datasets. Information on these sources are listed in
Table 1, while their location is indicated in Fig. 4. The corre-
sponding maps can be found in Fig. E.1. We discuss the shape,
topology, and intensity of the maps and fundamental properties
like velocity gradients, FWHM line widths, temperature, and
column density. We also mention conclusions from the com-
parison to different datasets. Sources are ordered by their peak
velocities.

D.1. Source 23

Source 23 (plots can be seen in Fig. 11 and also Fig. E.1w) con-
sists of one central elliptical clump with one elongated thin ex-
tension, protruding from the southeast, that ends in a hook-like
tip and is curved to the south. The central clump is elliptically
shaped with a length of 5 and 3 parsec on the major axes and
is bound sharply at the southern edge, while it is much more
diffuse and more extended in the north. The extension has a
length of 7.5 pc. We find the maximum integrated intensity of the
13CO (2-1) line to be about 90 K km s~! at the peak of the clump,
while the filamentary extension lies around 30 to 45 Kkms~!.
The line peak intensity rises from 12 K in the filament to 24 K in
the clump. The opacity has typical values of 1 to 2.5 with higher
values in the central clump.

We see a gradient in the radial velocity of the cloud from the
filament to the center of the source of ~3 kms™', which can be
interpreted as a flow of gas along the outrigger onto the clump.
The line width (FWHM) changes between 4.5 km s~! in the inner
clump and 2 to 2.5 kms~! in the outer parts of the cloud.

The H, column density that we calculated rises from ~5 X
10! ¢cm™2 in the edges of the cloud to ~7 x 10?> cm™2 in the
center. The total mass is calculated to be 2.7 x 10* M, and thus
resembles a typical total mass of our set of sources.

The CO emission that we measure in our maps is nearly ex-
actly matched by the dust emission maps of ATLASGAL and Hi-
GAL (see Figs. 11b and c, respectively). Both show the strong
peak in the central clump and the weaker filament in the south-
east, including that of the curved tip. The GLIMPSE map shows
very interesting features (see Fig. 11d). There is one strong
UV point source less than 1 pc off to the south of the CO clump.

D.2. Source 25

This filament, as seen in Fig. E.ly, resides in the central western
part of the W43 complex, which is half-way between W43-Main
and W43-South. It is shaped like an inverted L with two branches
and connected by an orthogonal angle. The vertical branch has
a length of 14 pc; the horizontal one is 10 pc long. The typical
width of both branches is between 2 and 3 pc. One strong clump
is seen in the southern part with an integrated line intensity of
the 13CO (2-1) line of 40 K km s~!, while the rest of the filament
backbone only reaches 18 to 22 Kkms™'. Line peak intensities
range from a few K in the outer parts of the filament up to 15 K
in the strong southern clump.

Investigating the line peak velocity map, we realize that the
two branches of this source are actually separated. The horizon-
tal branch has a constant radial velocity of 108 kms~! across,
while the vertical branch shows a gradient from 110 kms™' in
the north to 115 kms~! in the south. Line widths range between
1 and 2 kms~! in the whole source.
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The H, column density varies between 2 x 10?! cm™2 in the

outer parts and 4 x 10> cm~2 around the southern core. The total
mass is ~6.8 x 10° M. Comparing this source to the comple-
mentary projects is complicated, since the source 17 is located
at the same place and overlaps this source. Most emission that
is seen in the northern part of the source is presumably part of
source 17. Only the embedded core in the south is clearly seen
in dust emission and as a compact Spizzer source.

D.3. Source 26

Located in the easternmost central part of the W43 complex lies
this filamentary shaped source, whose plot is found in Fig. E.1z.
It stretches over a range of 26 pc from southeast to northwest.
The filament consists of three subsections that contain several
clumps and has a typical width of 5 pc. The integrated emission
map of the 13CO (2-1) line shows values of up to 35 Kkms™!
in the clumps, which is surrounded by weaker gas. The strongest
clump lies in the southeastern end of the filament while the high-
est line peak intensities are found in the northwest with up to
13 K.

The velocity structure of this filament is nearly symmetri-
cal, starting around 106 km s~! in the middle of the filament
and increasing toward its tips up to 110 kms~! in the west and
112 kms™! in the east. The width of the lines has nearly homo-
geneous values around 2 kms~! in the center and western part
of the filament but shows broad lines with a width of more than
5 kms~! in the eastern clump.

This filament shows a typical distribution of its H, column
density. Several denser clumps are embedded along the filament.
Column densities vary from a few 10?! cm~2 in the outer parts
of the filament up to a maximum of 3 x 10?2 cm~2 in one clump.
The total mass of this source is 1.7 x 10* M.

The CO emission of this source matches nicely with the dust
emission of ALTASGAL and Hi-GAL. However, the eastern part
of the filament is stronger in the 850 um map than the shorter
wavelengths of Hi-GAL and vice versa in the western part. Only
the clump in the west of this filament can be seen in the 8 um
Spitzer data, the east is not traced. There is one extended source
seen in emission in the center part of this source, but this is prob-
ably unrelated.

D.4. Source 28

Source 28 (see Fig. E.la, b) is located in the southwest of
W43-Main in the central region of the complex. It is not visi-
ble in the total integrated maps of the region, as it is confused
with sources of a different relative velocity. It becomes visible
by investigating the channel maps between 110 and 115 kms™!
radial velocity. The source has dimensions of 12 pc in the east-
west direction and 8 pc in the north-south direction. Its shape is
that of a two-armed filament, whose two parts join at an angle
of ~135° where the eastern arm runs from southeast to north-
west and the western arm from east to west. We see two stronger
clumps in the eastern filament: one in the center of it and one in
the southeastern tip. This is a relatively weak source with an in-
tegrated 1>CO (2-1) emission that peaks at only 25 Kkms™! in
the center of the eastern filament, where the maximum line peak
is around 13 K. The integrated intensity goes down to 8 Kkm s~
in the outskirts of the filament. Yet, it is a valuable source, due to
its pronounced filamentary structure and the embedded clumps,
which is a good candidate for more investigations in filament
formation (see Carlhoff et al., in prep., for additional observa-
tions and analysis of this cloud).
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The eastern arm is especially interesting. It has a length of
6 pc and a typical width of 1.5 pc. We note two embedded
clumps embedded in it and a velocity gradient along the fila-
ment, which starts at 110 kms™! in the north and increases to
114 kms~! in the southeastern part of this arm. The typical line
width varies between 1 and 2 kms™!, increasing toward the in-
side of the cloud and reaching the maximum width at the clumps.

As this source is rather weak, we also find H, column den-
sities to be only around 2 x 10?> cm™2 at the maximum around
the embedded clumps. The total derived mass of the molecular
gas is ~4300 Mg, which makes it one of the less massive sources
identified.

Surprisingly, this source is one of the few that is not traced
at all in the GLIMPSE 8 yum map. It appears that there are no
nearby UV sources that could heat the gas. The two nearest
sources were identified to be related to background sources in
another Galactic spiral arm. Also, the gas and the related dust is
obviously too faint to appear in absorption. This is also verified
by the ATLASGAL an Hi-GAL maps, which show only weak
dust emission in the filament.

D.5. Source 29

This source is found in the very center of our region maps,
directly south of the W43-Main cloud. Its shape resembles a

crescent moon, opened toward the southeast, where it is sharply
bound. The outside is more diffuse and shows several out-
flows away from the center. See Fig. E.la, ¢ for a plot of the
13CO emission. The extent of the source is 12 pc from north-
east to southwest, and the filament has a typical width of 2 to
3 pc. Two stronger clumps with an integrated '*CO intensity of
40 Kkms™! are seen in the center and the northeastern tip. The
strong backbone of this source has still an integrated intensity of
~20 Kkms™!, where line peak intensity goes up to 18 K.

The central western part of the source moves with a relative
radial velocity of 112 kms~! and increases to 118 kms~! toward
both ends of the crescent. The lines show widths of 2 to 3 kms™!
in the central region, decreasing to 1 kms™' in the outer parts.
H, column densities only reach a few 10?2 cm™2 across the inner
parts of the structure. We find a total mass of 1.2 x 10* M,

In the dust emission maps of ATLASGAL and Hi-GAL, only
the strong backbone of this source can be seen. The weaker out-
liers are not traced. The Spitzer 8 um map shows several bright
compact sources in the center, and some extended emission in
the south is most probably related to this source. However, the
northern tip that shows strong CO emission is not traced by
Spitzer at all.
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Appendix E: List of found sources
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