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7
Diffuse and dense irradiated gas in

M17 SW: [C I], HCN and HCO+

– J.P. Pérez-Beaupuits, M. Spaans and R. Güsten –

Stars are formed in dense molecular clouds. These star-forming regions are
impacted by radiative feedback from UV and X-ray sources. The influence

of these radiation fields is reflected in the chemistry and thermodynamics of the
gas. To probe with high resolution (13′′ − 18′′) the ambient conditions and spa-
tial distribution, as well as the influence of UV and (hard) X-rays, of the diffuse
(n(H2) ∼ 103 cm−3) and dense gas (n(H2) > 105 cm−3) toward the core of M17 SW.
The dual colour single pixel receiver FLASH on the APEX telescope was used to
map a 4.1 pc × 4.7 pc region in emission from the 3P1 → 3P0 609 µm fine-structure
transition of [C I], and the APEX-2 SIS receiver was used to map the emission from
the J = 4 → 3 transition of HCN and HCO+ in a smaller region of 2.6 pc × 1.3 pc.
The small scale (∼ 13′′) spatial distribution of the [C I] 3P1 → 3P0 609 µm fine-
structure transition is similar to that shown in earlier observations of the 3P2 → 3P1

370 µm transition. The [C I]370 µm/[C I]609 µm integrated temperature ratio is > 1
in most of the region mapped, which indicates optically thin emission. Conversely,
the HCN and HCO+ J = 4 → 3 transitions also show similar distributions at the
brightest emission regions. However, the HCO+ J = 4 → 3 line is a factor ∼ 1 − 6
brighter than that of HCN across the region mapped, and presents more extended
emission. In the optically thin limit, the excitation temperature of [C I] ranges be-
tween 40 K and 100 K in the inner region of M17 SW. While excitation temperatures
> 100 K are found along the eastern edge of the cloud. The column density of [C
I] ranges between ∼ 4 × 1017–1019 cm−2 in the region where the [C I] integrated
temperature is larger than 50% of its peak emission. The unusually high (up to
∼ 6) HCO+/HCN J = 4→ 3 integrated temperature ratio is argued to be an indica-
tion of irradiation by heavily obscured X-ray sources or to be the result of a lower
excitation temperature of HCN.

Submitted to Astronomy & Astrophysics (2010)
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7.1 Introduction

In order to advance our understanding of the ambient conditions of star formation,
observations of large areas of known massive Galactic star forming regions (e.g.,
Orion Nebula, W51, Cepheus A, NGC 2024) have been done over a wide wavelength
range. These observations include emissions of atoms, molecules, and grains, and
they usually cover areas close to the radiation sources.

The warm emitting gas seems to be confined to narrow (< 1 pc) zones close to
the ionization front, according to observations of mid-J (e.g. J = 6→ 5 and J = 7→
6) transitions of 12CO in several massive star forming regions (e.g., Harris et al.,
1987; Graf et al., 1993; Yamamoto et al., 2001; Kramer et al., 2004, 2008; Pérez-
Beaupuits et al., 2010). Although shocks can be an important source of heating in
high velocity wing objects like Orion, W51 and W49 (Jaffe et al., 1987), the mid-J
12CO observations favor a photoelectric heating of the warm gas located beyond
the H II region driven by the UV radiation field emerging from an ionizing source,
the so-called photon-dominated region (PDR).

A vast amount of data also shows that molecular clouds are clumpy over a wide
range of scales, from giant molecular clouds containing smaller subclouds to small
dense cores within the subclouds. The clumpiness of molecular clouds is relevant
for the understanding of fragmentation processes that can lead to density conden-
sations of a size that may collapse to form stars (e.g., Carr, 1987; Hocuk & Spaans,
2010). Several efforts have been made over the past years to identify clumps, their
size, line width and mass, among other parameters. The complex line profiles ob-
served in optically thin lines like [C I], CS, C18O, 13CO and their velocity-channel
maps, are indicative of the clumpy structure of molecular clouds and allow for a ro-
bust estimation of their clump mass spectra (e.g., Carr, 1987; Loren, 1989; Stutzki
& Guesten, 1990; Hobson, 1992; Kramer et al., 1998, 2004; Pérez-Beaupuits et al.,
2010).

In contrast to [C II] 158 µm and [O I] 63 µm, PDR models predict that the inten-
sity of the [C I] fine structure lines do not have a strong dependence on UV energy
density (e.g., Hollenbach & Tielens, 1999). Therefore, in a clumpy cloud irradiated
by UV photons, the intensity of the [C I] emission is expected to be proportional
to the number of photodissociation surfaces of clumps along the line of sight (e.g.,
Spaans, 1996; Howe et al., 2000; Kramer et al., 2004).

Inhomogeneous and clumpy clouds, as well as a partial face-on illumination, in
star-forming regions like M17 SW, S106, S140, the Orion Molecular Cloud, and the
NGC 7023 Nebula, seem to produce extended emission of atomic lines like [C I] and
[C II], and suppress the stratification in [C II], [C I] and CO expected from standard
steady-state PDR models (e.g., Keene et al., 1985; Genzel et al., 1988; Stutzki et al.,
1988; Gerin & Phillips, 1998; Yamamoto et al., 2001; Schneider et al., 2002, 2003;
Mookerjea et al., 2003; Pérez-Beaupuits et al., 2010). A clumpy PDR model was
required to explain the extended [C I] 3P1 → 3P0 and 13CO J = 2 → 1 emission in
S140 (Spaans & van Dishoeck, 1997).

Massive star forming regions like the Omega Nebula M17, with a rather edge-on
view, are ideal sources to study the clumpy structure of molecular clouds, as well
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as the chemical and thermodynamic effects of the nearby ionizing sources. The
south-west region of M17 (M17 SW) concentrates molecular material in a clumpy
structure. Models based on far-IR and sub-millimeter observations (Stutzki et al.,
1988; Meixner et al., 1992) suggest that the distribution and intensity of the emis-
sions observed in the M17 SW complex can be explained with high density (n(H2) ∼
5 × 105 cm−3) clumps embedded in an interclump medium (n(H2) ∼ 3 × 103 cm−3)
and surrounded by a diffuse halo (n(H2) ∼ 300 cm−3).

The central cluster of more than 100 stars that illuminates M17 SW is NGC 6618
(e.g., Lada et al., 1991; Hanson et al., 1997). The two components of the massive
binary CEN1 (Kleinmann, 1973; Chini et al., 1980) are part of the central cluster
NGC 6618 and are separated by ∼ 1′′.8. This source, originally classified as a
double O or early B system by Kleinmann (1973), is actually composed of two O4
visual binary stars, named CEN 1a (NE component) and CEN 1b (SW component),
and it appears to be the dominant source of photo-ionization in the whole M17
region (Hoffmeister et al., 2008).

The components of the CEN1 O4+O4 binary are also the brightest X-ray sources
detected in a short (40 ks) Chandra ACIS exposure of the stellar population in the
M17 region (Broos et al., 2007). This exposure detected 886 X-ray sources, with
771 of them having a stellar counterpart in IR images. A new long (∼ 300 ks) expo-
sure of the same field yielded a combined dataset of ∼ 2000 X-ray sources (Getman
et al., 2010, Townsley et al., in preparation). Spectral analysis of 598 sources with
the highest photometric significance in the initial set, yielded estimated absorb-
ing column densities of up to NH ≈ 5 × 1023 cm−2 (AV ∼ 250 − 300 mag.) with a
temperature (energy) range 0.5 keV ≤ kT ≤ 8 keV in the observed total band.
The total luminosities (t) estimated in this band, corrected for absorption (c), range
from Lt,c ∼ 6× 1029 erg s−1 to Lt,c ∼ 2× 1033 erg s−1.

Although the brightest X-ray sources are CEN 1a and CEN 1b from the central
NGC 6618 cluster, other stellar concentrations of ∼ 40 heavily obscured (Emedian ≥
2.5 keV, AV > 10 mag) X-ray sources are distributed along the eastern edge of the
M17 SW molecular core. The densest concentration of X-ray sources coincides with
the well known star-forming region M17-UC1 and the concentration ends at around
the Kleinmann-Wright Object (see Fig. 7.4 for an overview).

Since hard X-ray photons (> 1 keV) can penetrate much deeper into a cloud than
far-UV photons (6 − 13.6 eV), high temperatures are maintained to much greater
depths into the clouds. Also in contrast with PDR models, in X-ray dominated re-
gions (XDRs, e.g., Maloney et al. 1996; Meijerink & Spaans 2005) a transition layer
C+ → C → CO is not well-defined, and these species can actually co-exist, while
large columns of neutral carbon can be produced, with fractional abundance of
∼ 10−5− 10−4 (e.g., Meijerink & Spaans, 2005). A similar effect can be expected in
a PDR with enhanced cosmic-ray rates (e.g., Meijerink et al., 2006).

Thus, the extended emission of [C I] and [C II] observed in M17 SW could be
the result of its clumpy structure, but also be a consequence of its embedded X-ray
sources. In fact, the abundances of molecular species like HNC, HCO+, CN, and
SiO are also expected to be enhanced by hard X-ray irradiation (e.g., Usero et al.,
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2004; Meijerink & Spaans, 2005; Aalto et al., 2007b).

In an earlier paper we presented high resolution maps of mid-J CO lines and
the 3P2 → 3P1 fine-structure transition of [C I] (Pérez-Beaupuits et al., 2010). In
this study we present a new high resolution map of the 3P1 → 3P0 fine-structure
transition of [C I], and maps of the J = 4→ 3 transition of HCN and HCO+.

We are particularly interested in these molecules (HCN and HCO+) because
they have been extensively used in previous efforts to disentangle the driving
source of power, star formation vs. black hole accretion, in the nuclear region
of active galaxies (e.g., Sternberg et al., 1994; Kohno et al., 1999, 2001; Kohno,
2003, 2005; Usero et al., 2004; Pérez-Beaupuits et al., 2007; García-Burillo et al.,
2008; Loenen et al., 2008; Krips et al., 2008; Pérez-Beaupuits et al., 2009).

Given the relative youth (. 1 Myr, e.g., Lada et al. 1991; Hanson et al. 1997 of
the main ionizing cluster (NGC 6618) of M17 SW, and the absence of evolved stars,
it is likely that supernovae have not yet occurred. This makes M17 SW an ideal
place to study the interactions of massive stars with their surrounding gas/dust and
stellar disks, without the influence of nearby supernovae. This allows us to study
the effects of X-rays on [C I], HCN, and HCO+ in a rather isolated environment.

This study of M17 SW can be considered as one more Galactic template for
extra-galactic star forming regions. The properties and feedback effects of massive
star forming regions, studied at small scale and with high resolution in the Milky
Way, are expected to drive the energetics of active galaxies. Therefore, we expect
that our results will be important for future high resolution observations where
similar regions in extra-galactic sources will be studied in great spatial detail with,
e.g., ALMA (Schleicher et al., 2010).

The organization of this article is as follows. In Sect. 7.2 we describe the ob-
servations. The maps of the four lines observed are presented in Sect. 7.3. The
modelling and analysis of the ambient conditions are presented in Sect. 7.4. The
conclusions and final remarks are presented in Sect. 7.5.

7.2 Observations

We have used the lower frequency band of the dual channel DSB receiver FLASH
(Heyminck et al., 2006) on the Atacama Pathfinder EXperiment (APEX∗; Güsten
et al. 2006) during October 2009, to map the 3P1 → 3P0 609 µm (hereafter: 1→ 0)
fine-structure transition of [C I] at 492.161 GHz. The observed region covers about
6′.2×7′.2 (4.1 pc × 4.7 pc) compared to the 5′.3×4′.7 (3.4 pc × 3.0 pc) area previously
mapped for [C I] J = 2 → 1 with CHAMP+ (Pérez-Beaupuits et al., 2010). The
[C I] J = 1 → 0 was done in on-the-fly (OTF) slews in R.A. (∼ 360 arcsec long).
Because the beam size of APEX at 492 GHz is about 12′′.7 the subsequent scans in
Declination and R.A. were spaced 6′′ apart.

∗ This publication is based on data acquired with the Atacama Pathfinder Experiment (APEX). APEX
is a collaboration between the Max-Planck-Institut für Radioastronomie, the European Southern
Observatory, and the Onsala Space Observatory
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We also observed HCN J = 4 → 3 at 354.506 GHz during July 2008, during the
same period as the [C I] J = 2 → 1 map was done, and HCO+ J = 4 → 3 356.734
GHz during June 2009, using the APEX-2 heterodyne SIS receiver (Risacher et al.,
2006). With the single pixel receiver, the regions mapped in HCN and HCO+ are
smaller than that of [C I], covering just about 4′ × 2′ (2.6 pc × 1.3 pc) due to the
visibility of M17 SW and other priority projects during the observing campaigns.
The HCN and HCO+ J = 4 → 3 maps were done in raster slews in R.A. of ∼ 240′′

long and subsequent scans in Declination with spacing of 8′′, since the APEX beam
size at 357 GHz is about 17.6′′.

The total power mode was used for the observations, nodding the antenna prior
to each OTF (and raster) slew to an off-source position 180′′ east of the SAO star
161357. The latter is used as reference position (∆α = 0, ∆δ = 0) in the maps and
throughout the paper, with R.A(J2000)=18:20:27.64 and Dec(J2000)=-16:12:00.90.
The reference for continuum pointing was Sgr B2(N) and the pointing accuracy was
kept below 3′′ for all the maps. In the facility cabin of APEX there is a closed cycle
cooler offering cold temperature with a liquid nitrogen (LN2) load and an ambient
temperature load. Calibration measurements with these loads were performed ev-
ery ∼10 minutes. The data were processed during the observations with the APEX
real-time calibration software (Muders et al., 2006), assuming an image sideband
suppression of 10 dB (APEX-2) and equal gains for FLASH-460.

The Fast Fourier Transform Spectrometer (FFTS) was used as backend with a
fixed bandwidth of 1.5 GHz and 2048 channels for the [C I] J = 1→ 0 map and 1.0
GHz bandwidth and 8192 channels for the HCN and HCO+ J = 4 → 3 maps. We
used the two IF groups of the FFTS without offsets between them. The on-source
integration time per dump was 1 second for the OTF map of [C I] J = 1 → 0, and
10 seconds for the HCN and HCO+ J = 4 → 3 maps. The median DSB system
noise temperature of FLASH was about 810 K for [C I], and the median SSB system
temperatures of the APEX-2 receiver were about 470 K and 380 K, for HCN and
HCO+, respectively.

Observations toward Jupiter were performed to estimate the beam coupling effi-
ciency (ηc ≈ 0.59) of FLASH (Heyminck et al., 2006), assuming a brightness temper-
ature of 158 K for the Jovian planet at 492 GHz, as interpolated from data reported
in Griffin et al. (1986). A beam coupling efficiency of 0.73 was assumed for the
APEX-2 receiver at the frequencies of HCN and HCO+ J = 4 → 3 (Güsten et al.,
2006; Risacher et al., 2006). With these beam coupling efficiencies, and a forward
efficiency (ηf ) of 0.95, we converted all data to line brightness temperature scale,
TB = ηf ×T ∗A/ηc. The reduction of these calibrated data, as well as the maps shown
throughout the paper, were done using the GILDAS∗ package CLASS90.

∗ http://www.iram.fr/IRAMFR/GILDAS
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7.3 Results

7.3.1 The [C I] integrated temperature maps

Figure 7.1 shows the maps of the temperature, integrated between 10 km s−1 and
28 km s−1, of [C I] J = 1 → 0 (top) and J = 2 → 1 (bottom) which was convolved
to the largest beam size (12′′.7) of the J = 1 → 0 line. Therefore, the peak inte-
grated temperature of the [C I] J = 2 → 1 line is ∼ 20 K km s−1 lower than the
peak previously reported in Pérez-Beaupuits et al. (2010). The peak integrated
temperatures of the maps shown here are 205 K km s−1 and 262 K km s−1 for the
[C I] J = 1 → 0 and J = 2 → 1 lines, respectively. These lines follow a similar spa-
tial distribution and their respective peaks are located at about the offset position
∆α = −120′′,∆δ = 30′′, approximately 0.88 pc (∼ 80′′ at P.A. 90◦) from the ridge.
They both present extended emission, not like a stratified PDR.

The critical density (ncr ∼ 103 cm−3 for collisions with o-/p-H2 at 100 K; from
the LAMDA∗ database, Schöier et al. 2005) and upper-level energy (Eu ≈ 24 K for
J = 1→ 0, and Eu ≈ 62 K for J = 2→ 1) of [C I] enable us to trace the diffuse ISM
and asses its temperature. In section 7.4.2 we estimate the excitation temperature
of [C I] from the ratio between the two transitions and assuming optically thin
emission. From this excitation temperature, the optical depths of both lines and
the column density of [C I] can be estimated as well. This is done in section 7.4.2.

7.3.2 The HCN and HCO+ integrated temperature maps

The HCN and HCO+ J = 4→ 3 lines (ncr ∼ 108 cm−3 and ncr ∼ 9× 106 cm−3 at 100
K, respectively, and both with Eu ≈ 43 K) probe much denser regions than [C I]. The
maps of the velocity (10−28 km s−1) integrated temperature of the HCN and HCO+

J = 4→ 3 lines are shown in the top and middle panel of Fig.7.2, respectively. The
HCO+ map was convolved with the slightly larger beam size (17.7′′) of the HCN
J = 4 → 3 line, in order to have the same number of pixels per map. The pixel
size is −8.9′′×8.9′′ which ensures Nyquist sampling of the spectra in both (R.A. and
Dec.) directions.

The peak integrated temperatures are 96 K km s−1 and 136 K km s−1, for HCN
and HCO+, respectively. The brightest regions of both lines have a similar spatial
distribution. However, the velocity-integrated temperature of the HCO+ J = 4→ 3
line is a factor ∼ 1 − 6 brighter than that of the HCN line, as shown in the bottom
panel of Fig.7.2. The HCO+ J = 4 → 3 emission is also more extended than the
HCN one, particularly towards the northern edge of the cloud core where the ratio
is larger.

In order to reduce uncertainties, we compute the HCO+/HCN ratio only in the
region where the integrated temperature in both lines is brighter than 5% of their
peak values. Because these maps were not done simultaneously we also consider
the role of the relative pointing errors in our results. Since the pointing accuracy in
both maps is < 3′′ we know that the relative pointing errors would be at most ∼ 6′′,
∗ http://www.strw.leidenuniv.nl/∼moldata/
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Figure 7.1: Top - Colour map of the integrated temperature of [C I] J = 1 → 0 in M17 SW. The
peak emission is 205 K km s−1. The contour levels are 25%, 50%, 75% and 90% of the peak emission.
Bottom - Colour map of the integrated temperature of [C I] J = 2→ 1 (from Pérez-Beaupuits et al. 2010)
convolved to the beam size (∼ 12.7′′) of the [C I] J = 1→ 0 line, with a peak emission of 262 K km s−1.
The contour levels are as described above. The reference position (∆α = 0, ∆δ = 0), marked with a
cross, corresponds to the SAO star 161357 at R.A(J2000)=18:20:27.65 and Dec(J2000)=-16:12:00.91.
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Figure 7.2: Top - Colour map of the integrated temperature of HCN J = 4 → 3 in M17 SW. The
peak emission is 96 K km s−1. The countour levels are the 10%, 25%, 50%, 75% and 90% of the peak
emission. middle - Colour map of the integrated temperature of HCO+ J = 4→ 3, with a peak emission
of 136 K km s−1 and contour levels as described before. Bottom - Map of the HCO+/HCN J = 4 → 3
line ratio. The ratio ranges from ∼ 1 to ∼ 5.5 in the region where both lines are brighther than 5% of
their peak intensities. The contour lines correspond to the HCN J = 4 → 3 map and are defined as
before, from thin to thick. The reference position (∆α = 0, ∆δ = 0), marked with a cross, corresponds
to the SAO star 161357 at R.A(J2000)=18:20:27.65 and Dec(J2000)=-16:12:00.91.
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Figure 7.3: Spectra of the HCN and HCO+ J = 4 → 3 lines at selected positions towards
M17 SW. The top panel shows the spectra at the position (∆α = −66′′,∆δ = +18′′) of the peak
integrated temperature of the HCO+ map. The middle panel corresponds to the spectra at position
(∆α = −60′′,∆δ = +50′′) where the HCO+/HCN J = 4 → 3 line ratio (∼ 5.5) is the largest in the
region mapped.
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which is smaller than the pixel size of the maps. Therefore, we can exclude the
pointing errors as the cause of the high ratios observed, specially at the northern
edge of the cloud core. On the other hand, the broader emission of the HCO+

J = 4 → 3 line was also observed in the J = 3 → 2 transition by Hobson (1992),
who reported a more extended emission of HCO+ further into the H+ region.

Fig. 7.3 shows the spectra of HCN and HCO+ J = 4 → 3 at selected positions.
The spectra at position (∆α = −66′′,∆δ = +18′′) correspond to the peak integrated
temperature of HCO+. The spectra at position (∆α = −60′′,∆δ = +50′′) correspond
to the largest ratio (∼ 5.5) between the velocity-integrated temperatures at the
northern edge of the cloud core. The other spectra correspond to positions where
both lines are weaker. The line profiles of both lines match very well in all the
positions, which indicates that the difference in intensities is not a consequence of
different line widths.

Similar high HCO+/HCN J = 4 → 3 line ratios have been observed in other
Galactic star forming regions (e.g., W49A, Peng et al. 2007) and in active galaxies
(e.g., NGC 1068, Pérez-Beaupuits et al. 2009). Although these ratios are character-
istic of X-ray dominated regions (XDRs) (e.g., Meijerink & Spaans, 2005; Meijerink
et al., 2007) we discuss in Sec. 7.4.3 other possible mechanisms that can lead to
similar results. Indeed, if the intensity of HCO+ is as strong as HCN (or stronger)
it may be due to relatively high kinetic temperatures, strong UV radiation fields,
and low densities (e.g., Fuente et al., 1993; Chin et al., 1997; Brouillet et al., 2005;
Christopher et al., 2005; Zhang et al., 2007; Meijerink et al., 2007).

7.4 Discussion

7.4.1 The ionization front

The ionization front traced by the high resolution (10′′ × 7′′) map of the 21 cm con-
tinuum emission (Brogan & Troland, 2001), as well as the ionizing stars identified
by Beetz et al. (1976) and Hanson et al. (1997), are shown in Figure 7.4. The HCN
J = 4→ 3 (white contour lines) and [C I] J = 1→ 0 (green contour lines) are over-
laid. The densest concentration of heavily obscured X-ray sources coincides with
the M17-UC1 star forming region, and their location is indicated with black circles.
The median energy of these sources is Emedian > 2.5 keV (AV ≥ 10 mag) which can
penetrate columns larger than 1023 cm−2 (Meijerink & Spaans, 2005, e.g.,[). These
X-ray sources correspond to the ∼ 40′′ × 40′′ field shown in Fig.10 by Broos et al.
(2007). The coordinates were obtained from the VizieR online catalogue∗. Note
that the HCN and HCO+ lines peak in a similar region, close to the X-ray sources
in the UC1 complex. While the [C I] peaks at ∼ 0.4 pc away from the HCO+ peak.

Figure 7.5 shows the variation of the integrated temperature of several lines
across the ionization front. This corresponds to the strip line at P.A=90◦ shown in
Pérez-Beaupuits et al. (2010), where the 12CO, 13CO, and [C I] J = 2→ 1 are repro-
duced from. Every strip lines was smoothed spatially (in two pixels with respect to

∗ http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/ApJS/ 169/353
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Figure 7.4: Colour map of the 21 cm continuum emission (Jy beam−1) in M17 SW with 10′′ × 7′′

resolution by Brogan & Troland (2001). The white contour lines correspond to the HCN J = 4 → 3
transition with a peak emission of ∼ 90 K km s−1. The blue contour lines correspond to the HCO+

J = 4 → 3 transition with a peak emission ∼ 130 K km s−1. While the green contour lines correspond
to the [C I] J = 1 → 0 with a peak emission of ∼ 200 K km s−1. The contour levels (from thin to thick)
are the 10%, 25%, 50%, 75% and 90% of the peak emission. The red stars show the location of O and B
ionizing stars, while the white star corresponds to the X-ray counter part of the CEN1 (NE component)
binary system (Beetz et al., 1976; Hanson et al., 1997; Broos et al., 2007). The black circles correspond
to the heavily obscured (Emedian > 2.5 keV, AV ≥ 10 mag) population of X-ray sources around the
M17-UC1 region (Fig.10 in Broos et al. 2007; coordinates from the VizieR catalogue). The reference
position (∆α = 0, ∆δ = 0) is the same as in Fig 7.1. The [C I], HCN and HCO+ maps have a slightly
lower integrated temperature than in Fig. 7.1 and Fig. 7.2 because they were convolved to a 30′′ beam
resolution to smooth the contour lines.

their respective original resolutions) along the strip direction. We do not show here
the strip lines at P.A.=63◦ because we do not have HCN and HCO+ data at lower
declinations.

The HCO+ and HCN J = 4→ 3 lines have their peaks between offset −60′′ and
−80′′ in R.A., which corresponds to the peaks of the 13CO and 13CO lines. On the
other hand, both [C I] lines peak at about −120′′ offset, i.e., ∼ 0.8 pc from the ridge.
These peaks coincide with a secondary peak of 13CO, and a second peak observed
at a slight offset (∼ 10′′) in the HCO+ and HCN lines.

The [C I] (369µm) J = 2 → 1 is brighter than the (609µm) J = 1 → 0 along
the strip line, and throughout the whole region mapped (Fig. 7.1). The same is
observed for the HCN and HCO+ lines, where the HCO+ J = 4→ 3 line is unusually
brighter (for Galactic standards) than the HCN line. From the ratio between the [C
I] lines, the excitation conditions of the diffuse gas can be estimated. Similarly, the
ratio between the HCO+ and HCN J = 4 → 3 lines can give hints to the origin of
the bright HCO+. These will be discussed in the following sections.
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Figure 7.5: The strip lines of the velocity integrated temperature of 12CO J = 7→ 6 (black), 12CO
J = 6 → 5 (black dashed), 13CO J = 6 → 5 (black dotted) and [C I] J = 2 → 1 (red) are the same as
in Fig. 3 by Pérez-Beaupuits et al. (2010). The new strips lines in [C I] J = 1 → 0 (red dashed), HCO+

J = 4 → 3 (blue), and HCN J = 4 → 3 (blue dashed) are taken at the same declination ∆δ = 30′′ (P.A.
90◦) across the ionization front of M17 SW. All the strip lines are smoothed spatially with respect to the
strip direction. The X-axis corresponds to the actual offset in R.A. of the maps shown in Figs. 7.1 and
7.2. The offset, ∆α = 0′′ in R.A. correspond to the reference illuminating star SAO 161357.

7.4.2 The diffuse gas in M17 SW

The [C I] 369µm / [C I] 609µm ratio

The top panel of Fig. 7.6 shows the colour map of the ratio R = I([C I] J = 2 →
1)/I([C I] J = 1→ 0) between the velocity-integrated temperatures of the [C I] lines,
and the contour lines corresponding (from thin to thick) to 10%, 25%, 50%, 75%
and 90% of the peak emission of [C I] J = 2→ 1 (Fig. 7.1). The ratio is larger than
unity (indicating optically thin emission, where the line intensities are proportional
to the upper state column density; e.g., Zmuidzinas et al. 1988) in most of the
region mapped. Ratios lower than unity, which are expected for optically thick
emission, are also observed mostly in the inner region of M17 SW, about 1.5 pc
(∼ 140′′) from the ionization front.

In order to ensure a high enough S/N ratio in the R map, we set to zero the
pixels where any of the two [C I] lines is lower than 5% of their corresponding peak
integrated temperature. In most of the region mapped the ratios are < 3. Only a
few pixels in the map show higher ratios (up to about 5) at sparse locations between
the ionization front and the ionizing OB stars. For better clarity of the colour map
we set the maximum scale value to 2.11 in the top panel of Fig. 7.6. The value
of 2.11 in the line ratio R derives from the optically thin and LTE approximation
(e.g., Schneider et al., 2003; Kramer et al., 2004) used to estimate the excitation
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temperature of [C I] in the next section. The ratio R ranges between 1.0 and 1.5 in
most of the region where the integrated temperature of the [C I] J = 2 → 1 line is
brighter than 50% of its peak.

These ratios match the values expected in a PDR environment with low density
(. 103 cm−3) and relatively low radiation fields (G0 . 103) as shown by Meijerink
et al. (2007, their Fig.3). These densities agree well with previous estimates (e.g.,
Meixner et al., 1992).

The excitation temperature of [C I]

In the optically thin limit (which holds for the region mapped where R > 1 in the
top panel of Fig. 7.6) we can estimate the excitation temperature Tex of [C I] from
the ratio R as: Tex = 38.8/ln(2.11/R) K (e.g., Schneider et al., 2003). The bottom
panel of Fig. 7.6 shows the map of the estimated Tex in logarithmic scale. The
excitation temperature ranges between ∼ 40 K and ∼ 100 K in the inner region,
whereas temperatures > 100 K are found along the eastern edge of the M17 SW
complex, close to the ionization front. This result is in agreement with a previous
LTE estimate of the excitation temperature of 12CO (Pérez-Beaupuits et al., 2010),
earlier estimates from [C I] J = 2 → 1 observations (e.g., Genzel et al., 1988) and
from a multi-line NH3 study (Guesten & Fiebig, 1988). The ratios larger than 2.11
found between the ionization front and the ionizing stars (as mentioned in the pre-
vious section) would lead to negative excitation temperatures in the optically thin
and LTE approximation. Note, however, that ratios larger than 2 can be found in
PDR and XDR environments, depending on the local density and incident radiation
fields (e.g., Meijerink et al., 2007, their Fig.3).

Optical depths and column density of [C I]

From the excitation temperature and the peak intensity of the [C I] J = 1 → 0 and
J = 2 → 1 lines, the optically thin approximation also allows us to estimate the
optical depths of both lines. Knowing the excitation temperature and the optical
depth of the J = 1 → 0 line, the column density N([C I]) can be computed as well.
For detailed formulae see Schneider et al. (2003).

Fig. 7.7 shows the optical depth τ of the J = 1 → 0 line (top left panel ), which
appears to be more optically thin (τ ≤ 1) than the J = 2→ 1 line (top right panel ).
Optically thick (τ ≥ 1) emission is found mostly in the J = 2 → 1 line at the inner
region mapped, where this line is brighter than 75% of its peak intensity. In order
to compare the optical depths, the colour scale in the middle panel was fixed at the
same maximum value as in the J = 1 → 0 line. Although τ up to about 4.7 were
found in the J = 2→ 1 line. This is not self-consistent with the initial assumption of
optically thin regime. Therefore, the excitation temperature and column densities
estimated for those particular pixels must be considered carefully.

The column density N (cm−2) of [C I] (bottom panel of Fig. 7.7) ranges between
∼ 1017.6 cm−2 and ∼ 1019 cm−2 in most of the region where the maps show a strong
(≥ 50% of the peak integrated temperature) [C I] emission.
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Figure 7.6: Top panel - Map of the ratio R = I([CI] J = 2 → 1)/I([CI] J = 2 → 1) between
the velocity-integrated temperatures of the J = 2 → 1 and J = 1 → 0 transitions of [C I]. Bottom
panel - Map of the excitation temperature of [C I] estimated from the ratio R, assuming the lines are
in the optically thin regime (R > 1), which holds for most of the region mapped. As in Fig. 7.1, the
contour lines correspond (from thin to thick) to 10%, 25%, 50%, 75% and 90% of the peak emission of
[C I] J = 2→ 1.
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Figure 7.7: Maps of the optical depths τ of [C I] J = 1 → 0 (top left panel ), J = 2 → 1 (top right
panel ), and the column density N (Bottom panel ) of [C I], calculated in the optically thin approximation.

7.4.3 The dense gas in M17 SW

Origin of the bright HCO+ in M17 SW

An HCO+/HCNJ = 4→ 3 line ratio larger than unity can be reproduced by standard
PDR models with Galactic UV radiation fields (G0 >∼ 102), in gas with densities lower
than ∼ 2 × 104 cm−3 (e.g., Meijerink et al., 2007). However, earlier observations
of HCO+ and HCN J = 3 → 2 data in M17 SW allowed to estimate densities of
about 5 × 105 cm−3 and 106 cm−3 for the HCO+ and HCN clumps, respectively
(Hobson, 1992). Therefore, a standard PDR scenario cannot explain the high (> 1)
HCO+/HCN J = 4→ 3 line ratios.

On the other hand, PDRs with elevated cosmic-ray rates (about 200×Galactic
∼ 5×10−15 s−1) can enhance the abundance of HCO+ with respect to HCN, and line
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intensity ratios similar to those observed in M17 SW can be expected (Meijerink
et al., 2006). However, there is no evidence for recent supernovae in M17 SW, so
the cosmic-ray rates in this region are not expected to be high enough to reproduce
the observed results. These leave three possible mechanisms that can lead to the
high HCO+/HCN ratios: (1) a high optical depths or subthermal excitation of HCN,
(2) mid-IR pumping of HCO+, and (3) high ionization flux from embedded X-ray
sources. We discuss these alternatives in the following sections.

Optical depth effects and subthermal excitation

The typical optical depths of the HCO+ and HCN clumps were found to be ∼20
and ∼100, respectively, for the J = 3 → 2 lines (Hobson, 1992). So both lines are
optically thick, with a factor ∼ 5 between their optical depths. From the molecular
and collision data reported in the LAMDA database, we know that in both molecules
the Einstein-A coefficient of the J = 4 → 3 line is about 2.5 times larger than that
of the J = 3 → 2 line of the respective molecules. Similarly, the upper energy
level and the critical density of the higher transition are a factor ∼1.7 and ∼2.5,
respectively, larger than those of the J = 3 → 2 line. Since these factors between
the transitions are practically the same for both molecules, we can assume that the
optical depth of the HCN J = 4 → 3 line is also about 5 times larger than that of
the HCO+ J = 4→ 3 line, and most likely they are both optically thick as well.

The critical densities of the HCO+ and HCN J = 4→ 3 lines are ∼ 9× 106 cm−3

and ∼ 108 cm−3, respectively, for temperatures between 20 K and 100 K. However,
the gas densities estimated from the J = 3 → 2 lines are on the order of 106 cm−3

(Hobson, 1992). Therefore, both HCO+ and HCN J = 4→ 3 lines are subthermally
excited, and the lines are clearly detected because of their large optical depths.

The higher optical depth of HCN may lead to a saturated and flat-topped line
profile (e.g., Martin et al., 1984; Solomon et al., 1987). This characteristic is ob-
served in both HCN and HCO+ lines (Fig. 7.3). However, according to Hobson
(1992) the high optical depths found for the J = 3 → 2 lines are consistent with
the presence of about 3–4 (rather than 1) individually optically thick clumps (at
different systemic velocities) along the line of sight, which yield the shape of the
observed line profiles. Therefore, optical depth effects can be ruled out as the
cause of the high HCO+/HCN J = 4→ 3 line ratio.

On the other hand, a larger filling factor of HCO+ may also lead to a stronger
line brightness. However, the HCN and HCO+ molecules reach their peak abun-
dances at similar depths (column densities) in a molecular cloud (e.g., Hollenbach
& Tielens, 1999; Meijerink & Spaans, 2005). Therefore, they are expected to co-
exist at the typically observed τ = 1 surfaces, which leads to similar filling factors.
This is supported by the size of the HCN clumps, which were found to be just
marginally smaller than the HCO+ clumps, down to the scale of the 19′′ telescope
beam used by (Hobson, 1992). Therefore, different filling factors can also be ex-
cluded as the cause of the brighter HCO+ emission.

Since HCN and HCO+ are expected to co-exist at similar depths in a cloud, the
kinetic temperature of their surrounding gas must also be similar. But the critical
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density of the HCO+ J = 4 → 3 line is about one order of magnitude lower than
that of HCN, which makes HCO+ more easily excited (collisionally) in single-phase
molecular gas. These leaves open the possibility of a lower excitation temperature
of the HCN J = 4 → 3 line as the explanation for the unusually high HCO+/HCN
J = 4→ 3 line ratio.

Still, we cannot really conclude on this because the optical depths of the J =
3 → 2 lines, as well as the ambient densities, were estimated assuming standard
relative abundances in molecular clouds (from Irvine et al. 1987) of 2×10−8 and 3×
10−9 for HCN and HCO+, respectively (Hobson, 1992). Thus, the effects of UV and
X-ray irradiation, that can enhance (or suppress) the abundance of one molecule
with respect to the other (e.g., Maloney et al., 1996; Hollenbach & Tielens, 1999;
Meijerink & Spaans, 2005) were not taken into account in the earlier analysis of
the lower transition lines. Therefore, our current data do not allow us to determine
whether the stronger HCO+ J = 4 → 3 line brightness is due to a lower excitation
temperature of the HCN J = 4 → 3 line or because of an unusual enhancement of
the HCO+ abundance. A future excitation analysis based on the 4 → 3/3 → 2 line
ratio of both molecules will shed light on this issue.

Infrared pumping of the molecular gas

In environments where the UV/X-ray surface brightness is high enough to heat
the dust up to several hundred K, like in AGNs or bright starbursts, strong HCN
emission may be explained by the infrared radiative pumping scenario (e.g., Aalto
et al., 1995; García-Burillo et al., 2006; Guélin et al., 2007; Aalto et al., 2007b),
since hot dust produces strong mid-infrared continuum emission in the 10–30 µm
wavelength range.

Because the HCN molecule has its first bending mode at 14.0 µm wavelength,
the surrounding molecular gas can be vibrationally excited by absorbing these in-
frared 14.0 µm photons, and the subsequent cascade process can enhance HCN ro-
tational lines in the sub-millimeter and millimeter range. According to Guélin et al.
(2007), the infrared pumping scenario may also work for molecules like HCO+ and
HNC, because they have similar transitions at 12.1 µm and 21.7 µm, respectively,
and fairly large Einstein-A coefficients (A ≈ 1− 7 s−1, Nezu et al. 1999).

Earlier ISO/SWS infrared observations (in the ∼ 10 − 40 µm wave range) to-
ward M17 SW allowed to estimate temperatures between 105 K and 130 K for the
amorphous carbon grains, while the silicate grain temperature was estimated to
be in the range 55–63 K (Jones et al. 1999). From the Wien’s displacement law
λmaxT = b (with b = 2.898 × 10−6 Knm), we have that the continuum (black body)
radiation peaks at λmax >∼ 20 µm. Therefore, if we assume that these dust temper-
atures are high enough to pump the HCO+ molecule, then HNC and HCN must be
affected even more by this process.

If the infrared pumping scenario is at work for these particular molecules, ab-
sorption features must be detected in infrared spectra at 12.1 µm (HCO+), 14.0 µm
(HCN), and 21.7 µm (HNC). We do not have high resolution IR spectra to check if
this is the case in the core of M17 SW. However, these wavelengths, and the Wien’s
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Figure 7.8: Colour map of the hard (2 − 8 keV band) X-ray flux Fx (erg cm−2 s−1) estimated
from the thermal plasma fits of the photometrically selected Chandra/ACIS sources by Broos et al.
(2007) (coordinates and luminosities from the VizieR catalogue). The black contour lines demarcate the
log10(Fx) = −4.1 flux level. The white contour lines correspond to the HCN J = 4→ 3 transition with a
peak emission of ∼ 90 K km s−1. The HCO+ J = 4→ 3 transition, with peak emission ∼ 130 K km s−1,
is shown with blue contour lines. While the green contour lines correspond to [C I] J = 1 → 0 with
a peak emission of ∼ 200 K km s−1. The contour levels (from thin to thick) are 10%, 25%, 50%, 75%
and 90% of the peak emission. The reference position (∆α = 0, ∆δ = 0) is the same as in the previous
figures.

law, imply that the HNC molecule would be easier to pump by the IR photons than
HCN, while HCO+ would be the most difficult one to be affected by this process.

The X-ray sources in M17 SW

Typically, the HCO+ lines are stronger in XDRs than in PDRs by a factor of at
least three. This is consequence of the higher ionization degree in XDRs (Mei-
jerink & Spaans, 2005), leading to an enhanced HCO+ formation rate. The HCO+

abundance is high over a much wider range of ionization rates than HCN (Lepp &
Dalgarno, 1996, their Figs. 2 and 3). Therefore, we also study the possibility of an
over-abundance of HCO+ produced by X-ray sources embedded in the molecular
gas of M17 SW.

Using the luminosities estimated from thermal plasma (546 sources) and power
law (52 sources) fits of the photometrically selected Chandra/ACIS sources by
(Broos et al., 2007), we estimate the total X-ray luminosities of all these 598 sources
in M17 SW. Knowing the coordinates and luminosities of the combined 598 X-ray
sources (from the VizieR catalogue) we estimate the cumulative flux at any position
in our maps, considering that the flux decreases with the square of the distance d
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Figure 7.9: Top panel - Thermal plasma fit of the Chandra/ACIS source 387 with kT = 3.5 keV.
Bottom panel - Power law fit of the Chandra/ACIS source 547 with photon index γ = 1.6 (the model
parameters are from Broos et al. 2007, and the VizieR online catalogue). The models are reproduced
with the Xspec package (http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec).

from a particular X-ray source.

In the literature we find several estimates of the distance to M17. The distance
ranges from 1.3 kpc (Hanson et al., 1997) to 2.2 kpc (Chini et al., 1980). The latter
was used as reference in our previous work. In this paper we adopt a distance of
∼ 1.6 kpc estimated from a more recent study by Nielbock et al. (2001), which is
consistent with the results from Townsley et al. (2003) and with the NIR study of
Jiang et al. (2002). At the distance of 1.6 kpc, one arcsecond (1′′) corresponds to
∼ 0.0078 pc in the projected R.A.–Dec. plane of M17. This allows us to estimate
the projected distance between a pixel in our maps and a given X-ray source, and
therefore, the flux Fx = Lt/4πd2 (erg cm−2 s−1) at each pixel of the map, from all
the 598 available luminosities Lt of the total observed X-ray band (between 0.5 keV
and 8 keV).

However, the X-ray sources emit significantly in the higher (>10 keV) energy
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band that is not observed by Chandra. Hence, we used model fits to estimate the
integrated X-ray luminosities up to 50 keV. Since the thermal plasma models (top
panel in Fig. 7.9) of 546 sources present a sharp decay at energies >10 keV, their
contribution to the integrated luminosity is not significant. However, the power-law
fit models (bottom panel in Fig. 7.9) of 52 sources did contribute about one order of
magnitude in ambient X-ray flux since their energy decay is not as steep as that of
the thermal plasma models. These extended integrated luminosities of the thermal
plasma models correspond to lower limits only since we do not actually know the
X-ray spectrum for energies higher than 8 keV. Therefore, higher energy photons
could make a larger contribution to the X-ray flux emerging from those sources, if
they have power-law tails.

Note that we are assuming that all the X-ray sources are in the same plane
(i.e. at the same distance from us), and we do not have the full 3-D distribution
of density clumps that would allow us to estimate the photoelectric absorption of
the low energy (< 10 keV) photons along a path between an X-ray source and a
particular clump in M17 SW (e.g., Maloney et al., 1996; Meijerink & Spaans, 2005).

Integrating the flux contribution from all the 598 X-ray sources with estimated
luminosities between 0.5 keV and 50 keV, we obtain the map of the hard X-ray flux
Fx shown in Fig. 7.8. The [C I] J = 1→ 0, as well as the HCN and HCO+ J = 4→ 3
transitions are overlaid. The peak intensities of HCN and HCO+ coincide with a
region where the estimated X-ray flux is Fx & 8 × 10−5 erg cm−2 s−1 (demarcated
with the black contour lines). Whereas the [C I] peak intensity tends to avoid this
region. The impinging flux is about three orders of magnitude lower than what
is usually adopted in XDR models, where higher radiation fluxes are expected to
emerge from the accretion process of an AGN or stellar super-winds (e.g., Meijerink
& Spaans, 2005; Meijerink et al., 2007; Spaans & Meijerink, 2007).

In order to drive an XDR, an X-ray source with a luminosity of about 1032 erg s−1

would be required to be within a few arcsecs of the region of the HCO+ 4 → 3
peak emission (or large HCO+/HCN 4 → 3 line ratio). The high density (n(H2) >
105 cm−3) of the gas in the core of M17 SW, and the fact that many more X-ray
sources were found outside the molecular region of M17 SW, while no X-ray sources
were detected by Chandra/ACIS within a radius of ∼ 10′′ (∼ 0.08 pc) around the
peak HCO+ emission (∆α ≈ −68,∆δ ≈ 18), suggests that all X-ray photons with
energy <10 keV are heavily absorbed by the large column density of the gas. If
we assume a standard abundance for [C I] of 1.4 × 10−4 (e.g., Meijerink & Spaans,
2005) and a [C I] column density of ∼ 1018 cm−2 (Fig. 7.7) estimated at the peak of
HCO+, we get a total column density of at leastNH ∼ 1022 cm−2, which corresponds
to the column contributed only by the diffuse gas surrounding the dense molecular
gas in that region. While such diffuse gas column suffices to absorb all ∼1 keV
photons already, the molecular hydrogen column density has been estimated to be
as large as ∼ 8× 1023 cm−2 (Stutzki & Guesten, 1990), which can easily absorb the
higher (>1 keV) energy photons. Therefore, future observations at higher energies
(kT > 10 keV) are required in order to detect any heavily obscured X-ray source in
the dense core of M17 SW.
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7.5 Conclusions

We used the dual channel DSB receiver FLASH (Heyminck et al., 2006) on the
APEX telescope, to map (with 12′′.7 resolution) a region of about 4.1 pc × 4.7 pc in
the 3P1 → 3P0 609 µm (J = 1 → 0) fine-structure transition of [C I], and a smaller
region of about 2.6 pc × 1.3 pc in the J = 4→ 3 lines of HCN and HCO+ (with 17.5′′

resolution) in the M17 SW nebula.
Using our earlier observation of the 3P2 → 3P1 370 µm (J = 2 → 1) fine-

structure line of [C I], we found that the [C I] I(J = 2 → 1)/I(J = 1 → 0) ratio
is larger than unity in most of the region. This indicates optically thin emission,
which allows us to estimate the excitation temperature Tex of [C I]. We found that
Tex ranges between ∼ 40 K and ∼ 100 K in the inner region, and > 100 K along
the easthern edge of M17 SW. In the optically thin limit the [C I] column density
ranges between ∼ 1017.6 cm−2 and ∼ 1019 cm−2 in most of the region where the [C
I] emission is ≥ 50% of its peak integrated temperature.

We found that the HCO+/HCN J = 4 → 3 line ratio is larger than unity in all of
the region mapped, which cannot be explained with a standard PDR model. We dis-
cuss different mechanisms (elevated cosmic-ray rates, filling factors, optical depth
and excitation effects, infrared pumping, and X-ray irradiation) that could repro-
duce this result. We conclude that the most likely mechanisms that can produce
the bright HCO+ emission is the radiation emitted by embedded X-ray sources or a
lower excitation temperature of HCN.

The analysis of the X-ray energy (between 0.5 keV and 50 keV) budget estimated
from Chandra/ACIS observations leads to an X-ray flux irradiating the dense core
of M17 SW that is not sufficient to drive an XDR. However, the energy budget
analysis and the X-ray spectral model fits, are limited to the observed 0.5 keV – 8
keV band. Since about 91% of the ACIS X-ray sources are modeled with thermal
plasma fits (which have a sharp cut-off at ∼ 10 keV), we miss information on all the
high energy (>10 keV) photons that can contribute significantly to the total X-ray
flux. The low energy photons (<10 keV) are completely absorbed by the large (NH >

1022 cm−2) column densities observed in the dense core of M17 SW. Observations at
high energy are needed to reveal the heavily obscured X-ray sources, and to allow
for a complete energy budget analysis.

Likewise, a further excitation analysis based on the ratio between the J = 4→ 3
and lower transitions of HCN and HCO+ is required to distinguish between a lower
excitation temperature of HCN and an unusually higher abundance of HCO+.
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