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ABSTRACT

Context. The details of the process of massive star formation are still elusive. A complete characterization of the first stages of the
process from an observational point of view is needed to constrain theories on the subject. In the past 20 years we have made a
thorough investigation of colour-selected IRAS sources over the whole sky. The sources in the northern hemisphere were studied in
detail and used to derive an evolutionary sequence based on their spectral energy distribution.

Aims. To investigate the first stages of the process of high-mass star formation, we selected a sample of massive clumps previously ob-
served with the Swedish-ESO Submillimetre Telescope at 1.2 mm and with the ATNF Australia Telescope Compact Array at 1.3 cm.
We want to characterize the physical conditions in such sources, and test whether their properties depend on the evolutionary stage of
the clump.

Methods. With ATCA we observed the selected sources in the NH;(1, 1) and (2, 2) transitions and in the H,O(6,6—5,3) maser line.
Ammonia lines are a very good temperature probe that allow us to accurately determine the mass and the column, volume, and surface
densities of the clumps. We also collected all data available to construct the spectral energy distribution of the individual clumps and
to determine if star formation is already occurring through observations of its most common signposts, thus putting constraints on the
evolutionary stage of the source. We fitted the spectral energy distribution between 1.2 mm and 70 um with a modified black body to
derive the dust temperature and independently determine the mass.

Resuilts. We find that the clumps are cold (T ~ 10-30 K), massive (M ~ 10>~10° M,), and dense (n(H,) 2 10° cm™>) and that they
have high column densities (N(H,) ~ 10** cm™2). All clumps appear to be potentially able to form high-mass stars. The most massive
clumps appear to be gravitationally unstable, if the only sources of support against collapse are turbulence and thermal pressure,
which possibly indicates that the magnetic field is important in stabilizing them.

Conclusions. After investigating how the average properties depend on the evolutionary phase of the source, we find that the temper-
ature and central density progressively increase with time. Sources likely hosting a ZAMS star show a steeper radial dependence of
the volume density and tend to be more compact than starless clumps.

Key words. ISM: molecules — stars: formation — stars: massive

1. Introduction

Massive stars spend a significant part (310%) of their lives em-
bedded in their parental molecular cloud, making it difficult
to investigate their early evolutionary stages. The discovery of
infrared dark clouds (IRDCs; e.g., Perault et al. 1996; Egan
et al. 1998) seen in absorption against the mid-IR Galactic back-
ground made it possible to identify the most likely birthplaces
of high-mass stars. These clouds are usually filamentary, hosting
complexes of cold (7' < 25 K) and dense (n 2 10> cm™) clumps,

* Partly based on observations with the Herschel satellite. Herschel
is an ESA space observatory with science instruments provided by
European-led Principal Investigator consortia and with important par-
ticipation from NASA.

** Appendices are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

with high H, column densities (N > 10>} cm~2) and masses that
usually exceed 100 M, (though not all of them will form massive
stars; e.g., Kauffmann & Pillai 2010). Clouds with such low tem-
peratures have a spectral energy distribution (SED) that peaks at
far-IR (FIR) wavelengths and are optically thin in the millime-
tre/submillimetre regime. The emission at these wavelengths
usually matches the IR absorption very well (e.g., Rathborne
et al. 2006; Pillai et al. 2006), and makes it easy to identify the
cold and dense gas concentrations. Some clumps within IRDCs
show signs of active star formation, such as 24 um emission,
presence of extended excess emission at 4.5 um', masers and

! The excess at 4.5 um, typically named extended green object or

“green fuzzy” is commonly interpreted as arising from H, and CO lines,
likely tracing shocks (e.g., Noriega-Crespo et al. 2004; Marston et al.
2004).
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Si0O emission from outflows (e.g., Beuther et al. 2005; Rathborne
et al. 2005; Chambers et al. 2009).

The pre-/proto-stellar phase for high-mass stars is very short
(53 x 10* yr), according to statistical studies (Motte et al. 2007),
when compared to the low-mass regime (~3 x 10° yr, Kirk et al.
2005), because the accretion timescale is longer than the Kelvin-
Helmoltz timescale and nuclear fusion starts before the star has
reached its final mass. Therefore, the entire life of the protostar
and part of the main sequence is spent inside the parental clump.
Objects in these early phases of evolution and their influence on
the surrounding material, can be investigated at frequencies that
can penetrate the cocoon in which the objects are enshrouded.

In the last 2 decades we have made a thorough investigation
of a sample of luminous IRAS sources distributed over the whole
sky, selected on the basis of FIR colours typical of young stel-
lar objects (YSOs, e.g., Palla et al. 1991). Our expectation that
this sample contains high-mass YSOs in different evolutionary
stages has been supported by a large number of observations at
both low- and high-angular resolution (e.g., Molinari et al. 1996,
1998a,b; Brand et al. 2001; Fontani et al. 2005; Beltran et al.
2006). Those with § < 30° have been observed with the SEST
in the continuum at 1.2-mm (SIMBA) and in CS (Fontani et al.
2005; Beltran et al. 2006). The mm-continuum maps often show
the presence of several clumps around a single IRAS source.
A comparison with MSX (and later Spitzer) images revealed
that some of these clumps are associated with mid-IR emission,
while others appear IR-dark (Beltran et al. 2006).

A first attempt to exploit such large amount of data to define
an evolutionary sequence for the clumps and their embedded
sources was carried out by Molinari et al. (2008), who distin-
guished three different types of objects, on the basis of their mm
and IR properties: (Type 1) objects with dominant mm emis-
sion, and not associated with a mid-IR source; (Type 2) ob-
jects with both IR and mm emission; and (Type 3) objects with
clearly dominant IR emission. Using a simple model, the au-
thors could explain these different types in terms of an evolu-
tionary scenario, in order of increasing age: (Type 1) starless
cores and/or high-mass proto-stars embedded in dusty clumps;
(Type 2) deeply embedded zero-age main sequence (ZAMS)
OB star(s) still accreting material from the parental clump, and
(Type 3) OB stars surrounded only by the remnants of the molec-
ular cloud. From our recent ATCA 1.3 cm continuum and line
(H>0 maser at 22 GHz) observations (Sdnchez-Monge et al.
2013a) of a large number (~200) of these massive clumps se-
lected from the SEST mm-continuum observations, we found
that Type 1 sources are rarely associated with cm-continuum
emission (8%), Types 2 (75%) and 3 (28%) more frequently.
At the same time, H,O maser emission was found associated
with 13%, 26%, and 3% of sources of Type 1, 2 and 3, respec-
tively. These findings corroborate the evolutionary sequence de-
rived by Molinari et al. (2008).

In this paper we will explore how the gas and dust prop-
erties in massive clumps depend on the evolutionary phase, as
determined from the source type and the presence of signposts
of high-mass star formation.

The paper is organized as follows: in Sect. 2 we briefly de-
scribe the sample selection, in Sect. 3 we describe the observa-
tions performed with the Australia Telescope Compact Array,
and describe the data reduction procedure; in Sect. 4 we show
the results for the quantities directly derived from the observa-
tions; in Sect. 5 we discuss how the sample is divided into “star-
forming” and “quiescent” clumps, and into clumps likely host-
ing a ZAMS star (Types 2 and 3) and clumps that are starless
or with a deeply embedded protostar (Type 1). The mean clump
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Table 1. Central coordinates of the observed fields, names of the clumps
in the field and their coordinates.

Phase centre (J2000) Clump Clump coordinates (J2000)
RA Dec RA Dec
08:49:35.13  —44:11:59.0 08477-4359c1 08:49:35.13 —44:11:59.0
09:00:40.50 —47:25:55.0 08589-4714c1 09:00:39.71 —47:26:11.0
10:10:41.70 —57:44:36.0  10088-5730c2 10:10:41.70 —-57:44:36.0
12:32:52.10 —61:35:42.0 12300-6119c1  12:32:49.86 —61:35:34.0
13:07:09.40 —63:47:12.0 13039-6331cl 13:07:08.19 —-63:47:12.0
13:59:33.04 —61:49:13.0 13560-6133c1 13:59:31.91 -61:48:41.0

13560-6133¢2  13:59:33.04 —-61:49:13.0
13:59:55.50 —61:24:25.0 13563-6109c1  13:59:57.73 —-61:24:33.0
14:20:21.74 -61:31:13.0 14166-6118c1  14:20:19.50 —-61:31:53.0

14166-6118c2  14:20:21.74 -61:31:13.0
14:22:21.54 —61:06:42.0 14183-6050c3 14:22:21.54 -61:06:42.0
15:07:32.52  —58:40:33.0 15038-5828c1 15:07:32.52 —-58:40:33.0
15:11:07.90 —=59:06:30.0 15072-5855c1 15:11:08.94 —59:06:46.0
15:31:44.17 -56:32:08.0 15278-5620c1 15:31:45.13 —56:30:48.0

15278-5620c2  15:31:44.17 —56:32:08.0
15:48:40.82 —53:40:35.0 15454-5335¢2 15:48:40.82 —53:40:35.0
15:51:28.24 —-54:31:42.0 15470-5419c1 15:51:28.24 —54:31:42.0
15:51:01.62 —54:26:46.0 15470-5419¢3 15:51:01.62 —54:26:46.0
15:50:56.12  —54:30:38.0  15470-5419¢4 15:50:56.12 —54:30:38.0
15:59:36.20 —52:22:58.0 15557-5215c1  15:59:40.57 -52:23:30.0

15557-5215¢2  15:59:36.20 —52:22:58.0
15:59:39.70  —52:25:14.0 15557-5215¢3  15:59:39.70 —-52:25:14.0
16:01:52.83  —-53:11:57.0 15579-5303c1 16:01:46.60 —53:11:41.0
16:02:08.86 —53:08:53.0 15579-5303¢3 16:02:08.86 —53:08:53.0
16:10:06.61 —50:50:29.0 16061-5048c1 16:10:06.61 —50:50:29.0
16:09:57.30  —-50:57:09.0 16061-5048c2 16:10:02.38 —50:49:33.0
16:10:06.61 —50:57:09.0 16061-5048c4 16:10:06.61 —50:57:09.0
16:13:05.20 -50:23:05.0 16093-5015¢1 16:13:01.85 -50:22:41.0
16:12:55.46  —51:43:22.0 16093-5128c1 16:12:49.45 —-51:43:30.0

16093-5128¢c2  16:12:55.46 —51:43:22.0
16:12:49.45 -51:36:34.0 16093-5128c8 16:12:49.45 -51:36:34.0
16:20:24.51 —49:35:34.0 16164-4929¢2 16:20:18.75 —49:34:54.0

16164-4929¢3  16:20:24.51 —49:35:34.0
16:20:31.92  —-49:35:26.0 16164-4929¢6  16:20:31.92 —49:35:26.0
16:20:24.33  —48:44:58.0 16164-4837c2 16:20:24.33 —48:44:58.0
16:29:00.89 —48:50:31.0 16254-4844c1 16:29:00.89 —48:50:31.0
16:47:01.70 —41:15:18.0 16428-4109c1 16:47:01.70 —41:15:18.0
16:46:46.81 —41:14:22.0 16428-4109¢2 16:46:46.81 —41:14:22.0
16:47:33.13 —45:22:51.0 16435-4515¢3 16:47:33.13 —45:22:51.0
16:51:44.59 —44:46:50.0 16482-4443c2 16:51:44.59 —44:46:50.0
17:00:33.38 —42:25:18.0 16573-4214c2 17:00:33.38 —42:25:18.0
17:07:58.78  —40:02:24.0  17040-3959c1  17:07:58.78 —40:02:24.0
17:23:00.30 —38:13:54.0 17195-3811cl 17:23:00.98 —38:13:54.0
17:23:00.30 —38:14:58.0 17195-3811c2 17:23:00.30 —38:14:58.0

17195-3811c3  17:23:00.98 —38:15:38.0
17:38:49.87 —32:43:27.0 17355-3241cl 17:38:49.87 —-32:43:27.0

properties are investigated to search for differences as a function
of evolutionary phase. In Sect. 6 we give a sketch of the different
classes of objects identified and finally in Sect. 7 we summarize
our findings.

2. Sample and tracer

The 39 fields considered in this paper were selected from
the Beltran et al. (2006) survey at 1.2 mm, carried out with
SEST/SIMBA towards IRAS sources, and contain 46 massive
millimetre clumps. The coordinates of the field centres and of
the clumps are listed in Table 1. Each field contains at least one
massive clump. The selection of fields was done according to
simple criteria: (i) source declination 6 < —30°; (ii) comparable
numbers of MSX-dark and -bright sources; (iii) clumps as iso-
lated as possible, i.e. with a separation greater than 1 SEST beam
(24”") between MSX and non-MSX emitters to limit confusion;
(iv) masses in excess of ~40 M, in the Beltran et al. (2006) cata-
logue. In this work we will use the gas temperature derived from
ammonia observations and the dust temperature derived from a
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modified black-body fit to the SED to obtain a more accurate es-
timate of the mass and related quantities. For a spectroscopic tool
we selected ammonia, which is an ideal tracer for cold, dense
gas, not depleting up to high number densities (310° cm™3) and
an excellent thermometer (Ho & Townes 1983). The ammonia
inversion transitions are split into five electric quadrupole hyper-
fine components, a main one at the centre of the spectrum and
four satellites, from the intensity-ratio of which one can derive
the optical depth 7. This allows a direct estimate of the column
density. The five lines are further split into several closely spaced
components by magnetic interactions between the nuclei; how-
ever, these lines are typically not resolved observationally.

3. Observations and data reduction

The fields were observed in the NH3(1, 1) and (2, 2) inversion
transitions (23 694.50 MHz and 23 722.63 MHz, respectively)
and in the HyO(6,6—523) maser line (22 235.08 MHz), with the
Australia Telescope Compact Array (ATCA). The observations
were performed between the 4th and 8th of March 2011, for
a total telescope time of 48 h. We used the array in configu-
ration 750D, providing baselines from 31 m to 4469 m. The
primary beam of the telescope at these frequencies is ~2!5.
The flux density scale was determined by observing the stan-
dard primary calibrator PKS1934-638 (0.78 Jy at 23 650 MHz),
with an uncertainty expected to be <10%. Gain calibration was
performed through frequent observations of nearby compact
quasars; 0537—441 was used as the bandpass calibrator. Pointing
corrections were derived from nearby quasars and applied on-
line. Weather conditions were generally good, with a weather
path noise ~400 um or better.

The total time on source was divided into series of snap-
shots with a variable duration of between 3 and 5 min observed
over a range as large as possible in hour angle, to improve the
uv-coverage for each target. As a consequence of the observing
strategy, the total on source integration time varies, and is typi-
cally between ~30 min and ~1 h. The CABB correlator provided
two zoom bands of 64 MHz each, with a spectral resolution of
32 kHz (~0.4 km s~ at~23.7 GHz). The two ammonia inversion
transitions were observed in one band, and the other was centred
on the H,O maser line.

The data were edited and calibrated with the MIRIAD soft-
ware package, following standard procedures. Deconvolution
and imaging were performed in AIPS with the “imagr” task,
applying natural weighting to the visibilities. Ammonia emis-
sion lines were visible only on the shortest baselines, thus we
discarded all baselines 230 kA. In order to obtain images with
the same angular resolution, we reconstructed all of them with
a clean circular beam of diameter 20", except for 17195-3811,
17040-3959c1 and 16428—-4109c1. These sources have a poorer
uv-coverage, resulting in a beam of roughly 20”7 x 40”.
Moreover, 16254—4844c1 and 16573—4214c2 were observed
with a very limited range for the hour angle, making the “clean”
impossible. Ammonia spectra were extracted from the data
cubes in two different ways: from a circular area of diameter 20"
centred at the peak emission, or averaged over the (larger) region
enclosed in the 30 contour of the NHj3(1, 1) integrated emis-
sion. The spectra extracted from the data cube were imported
in CLASS?, and the lines were fitted using METHOD NH3 for
the NH;3(1, 1) inversion transition, that takes into account the

2 Part of the GILDAS (Grenoble Image and Line Data Analysis
Software http://iram. fr/IRAMFR/GILDAS/) package
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Fig. 1. Typical map for a source in which we filter out the extended
emission. The contours are +3% of the intensity peak of 628.3 mJy.

hyperfine splitting of the line, thus giving as output also the op-
tical depth of the main line. This method was also used for the
(2, 2) transition, in order to obtain a better estimate of the full
width at half maximum (FWHM) linewidth AV and 7 for the
9 sources for which we detected the (2, 2) hyperfine structure.
The spectral rms ranges from 3 to 55 mlJy, with typical values
around 10 mJy. The value of the rms for each spectrum is given
in Table 2.

H,0 maser emission is detected on all baselines, allowing
us to achieve the highest angular resolution allowed by the array
configuration (~1-2"). For 16254—-4844c1 and 16573-4214c2,
we could only establish whether there is maser emission or not,
and we do not derive positions for the maser spots.

4. Results and analysis
4.1. Ammonia line profiles and properties

The NH3(1, 1) integrated emission (zeroth moment) is shown in
panels (a) and (b) of Fig. C.1 together with the SEST 1.2 mm
emission. Of the 46 clumps listed in Table 1, 36 were detected in
both NH3(1, 1) and (2, 2); 43 have been detected in NH;3(1, 1).
Three clumps were not detected in NHj at all: 15454—-5335¢2,
14166—6118c1 and 16164-4929c2. We discuss them in more
detail in Appendix A. It is evident from the data that we filter out
extended emission for some objects: Fig. 1 shows that the lack
of information on the largest spatial scales of emission causes
the persistence of negative features in the corresponding maps.
The general morphology of the ammonia emission traces well
the mm-continuum emission. The peaks of NH3(1, 1) may show
significant displacement with respect to the millimetre peak. For
some sources this may be caused by a low signal-to-noise ratio
of the NH; emission. Alternatively, the offset could be the result
of optical depth or chemical effects. Twelve clumps have opti-
cal depths larger than 1.5 in the main line and a reliable map,
but only 3 of them show an offset. We also made maps of the
emission of one of the satellite lines, (that are likely to be op-
tically thin, as their optical depth is ~4 times smaller than that
of the main line), for the 7 sources showing the largest displace-
ment between ammonia and millimetre peak. In only one source
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Fig. 2. Ratio of the line FWHM AV for the NH3(2, 2) and (1, 1) lines
as a function of kinetic temperature, derived from our data assuming
AV(2, 2) = AV(1, 1).

(15470-5419c1) is the peak of the satellite line emission coin-
cident with the millimetre peak; in the others the offset remains
unchanged. Thus, optical depth effects cannot be the dominant
cause for the offset.

The peak flux of the two ammonia transitions, the rms of
the spectra, AV, the optical depth 7, the systemic velocity Visr
of the line, the rotation temperature T;., the kinetic tempera-
ture T and the ammonia column density N(NHj3) are listed in
Table 2. The optical depth of the (1, 1) transition ranges from
<1 to ~4, showing that ammonia emission is moderately thick
in these objects.

Figure 2 shows that the FWHM AV of the (2, 2) transition is
on average slightly larger than that of the (1, 1), indicating that
the two transitions do not trace exactly the same volume of gas,
the (2, 2) transition being more sensitive to regions with a higher
degree of turbulence due to its higher energy. The same result
is found by Rygl et al. (2010). To estimate a rotation tempera-
ture (e.g., Mangum et al. 1992; Busquet et al. 2009) from the
line ratio the two ammonia transitions must trace the same vol-
ume of gas. Thus, if this assumption is correct, the AV should be
the equal. The difference in AV that we measure is sufficiently
small not to invalidate our assumption that the emission from
NH;(1, 1) and (2, 2) comes from the same region. We thus con-
sider our temperature estimates reliable.

The kinematic distances were recomputed for the clumps
with the Vigg derived from NH; and the rotation curve of
Brand & Blitz (1993), and were found to be in agreement with
those given in Beltrdn et al. (2006), except for 08477—-4939cl,
16061-5048c1 and c2, 16093-5128c1, and 17040-3959c1. We
choose to use the Brand & Blitz (1993) instead of the more
recent one of Reid et al. (2009) because it still the best sam-
pled in terms of Heliocentric- and Galactocentric distances and
Galactocentric azimuth. A comparison shows that the kinematic
distances derived with the Reid et al. (2009) curve are systemat-
ically smaller by <10-15% for virtually all of our sources.

In the inner Galaxy, objects along the line-of-sight on either
side of the tangent point have the same radial velocity, which
leads to an ambiguity in the kinematic distance (“near” and
“far”) for several of our targets. Thus, we checked all our sources
for associated 8 um absorption features in the Spitzer/GLIMPSE
images, for Hr self-absorption observations towards them in
the literature and for the height with respect to the Galactic

midplane. The near distance is chosen if the complex is observed
in absorption against the Galactic mid-IR background or if the
source at the far distance is further than 150 pc from the Galactic
plane (~2-3 times the scaleheight of the molecular gas distri-
bution; see Dame et al. 1987; Brand & Blitz 1993; Dame &
Thaddeus 1994). Twenty-two of our sources meet the first cri-
terion, and 8 targets would be located at more than 150 pc from
the midplane of the Milky Way at the far distance. Finally, Green
& McClure-Griffiths (2011) report Hr self-absorption measure-
ments for 7 Hu regions near our observed fields (containing
12 clumps in total). They locate 3 Hm region/clump complexes at
the far distance. However, we are confident that 2 (15557-5215
and 17040-3959) of those 3 are instead at the near distance as
the 8 um images show a clear absorption patch, and this is un-
likely if the sources were on the far side of the Galactic centre.
Hence the far distance was assigned to only 1 of our fields (con-
taining 1 clump). The distances adopted are listed in Table 2.
Where the near-far ambiguity could not be resolved (8 sources),
the near distance was assumed.

4.2. Temperatures from ammonia

We derive the rotation temperature (7;o), and the molecular col-
umn density, following the method described in Busquet et al.
(2009). This assumes that the transitions between the inversion
doublets can be approximated as a two level system (see Ho
& Townes 1983), and that the excitation temperature and line
widths are the same for both the (1, 1) and (2, 2) transition
(see Sect. 4.1). The kinetic temperature Tx was then extrapo-
lated from T}, using the empirical method outlined in Tafalla
et al. (2004). This relation gives results accurate to a 5% level
for temperatures <20 K. This procedure was used to derive
the gas temperature both from the spectra extracted from an
area equal to that of the beam around the peak of the ammo-
nia emission, and from those averaged over the whole area of
NHj;(1, 1) emission.

In order to also have an estimate of the uncertainty, the
method to derive Ty, Tx and ammonia column density N(NHj3)
was implemented in JAGS? (Just Another Gibbs Sampler). JAGS
is a program for the analysis of Bayesian models, based on
Markov chain Monte Carlo simulations. It computes the poste-
rior probability distribution, summarizing our knowledge of the
quantities considered, given a user-defined model (i.e. the equa-
tions and the assumptions of Gaussianity for the quantities di-
rectly derived from the fit in our case), the data and our prior
knowledge of the quantities involved (Andreon 2011). This pro-
gram was used to derive Ty, Tk and N(NH3) and their uncer-
tainty, propagating the Gaussian uncertainty of the parameters of
the fit, as given by CLASS. Constant priors were used on these
parameters, i.e. 77 and 7. To check the dependency of the re-
sults on the choice of the prior, we used also a Gaussian prior
with a large . The results show that the derived parameters are
virtually independent of the prior choice.

The temperatures and N(NH3) derived from the peak spec-
trum in this way are listed in Table 2, with their uncertainties. On
the other hand, Table C.6 shows the observed spectral parame-
ters for the spectra averaged over the whole NH3(1, 1) emission,
the rotation and kinetic temperatures and the average ammonia
column density, with the respective uncertainties. Tx obtained
from the spectra extracted from both the peak of the NH; and
those obtained from the whole area of emission are in the range
between ~10 and ~28 K. T, and Tk calculated from the two

3 http://mcmc-jags.sourceforge.net/
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Fig. 3. Mass of the clumps as a function of distance. The black solid line
indicates the typical mass sensitivity for the SEST images (see text).
The sources with signs of active star formation are shown as red filled
circles, those without as black open squares (see Sect. 5). Associated
MSX emission is indicated as a black plus, and radio-continuum emis-
sion as a black cross. The white cross indicates 17195-3811cl (see
text).

sets of ammonia spectra agree very well in most cases. Few ex-
ceptions exist, where the 68% credibility intervals for the ki-
netic temperature do not overlap (3 cases), but with differences
of ~5 K at most, possibly due to dilution of the NH3(2, 2) emis-
sion, averaged over the same area as the (1, 1). Thus in the fol-
lowing we use the Tk derived at the peak of ammonia emission

The gas temperatures derived from ammonia imply that the
average AV of the ammonia lines (between ~0.7 and 3.7 km )
is well in excess of the thermal broadening in such cold gas
(~0.15 kms™! for Tx = 20 K), indicating that turbulence may
play a major role in supporting the clumps.

4.3. Ammonia abundances

To determine characteristic ammonia abundances we used the
spectra averaged over all the NH3 emission. We derived N(H;)
from the average 1.2 mm emission, collected over the same area
as the ammonia, assuming that the clump is homogeneous (see
Sect. 4.4), and divided the NH3 column density by N(H;). The
total range of abundances for all the sources in the sample lies
between ~10° and ~1077. For most of the objects the abun-
dances are in the typical range of ~1078-1077 (cf. Wienen et al.
2012, and references therein). We compared the NH3 abundance
derived in this way with the abundance derived at the peak of am-
monia emission: we find this latter quantity is typically slightly
greater than the former, with ratios in the range ~0.6—10 and
mean and median values of 2.5 and 1.2, respectively. A sub-
sample of the clumps observed in ammonia was also observed
in C'80 and N,H* with APEX (Fontani et al. 2012). The carbon
monoxide was found to be heavily depleted in these sources,
showing that they are in an early phase of evolution. On the con-
trary, the observed ammonia abundances indicate that NHj3 is
not depleted on a large scale in these clumps, in agreement with
studies of clumps in low-mass star-forming regions, whereas CO
is also depleted (e.g., Tafalla et al. 2002).
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4.4. Clump masses, diameters and gas densities

Determining accurate masses for the clumps is crucial to de-
termine the evolutionary phase of the clump from a mass-
luminosity plot (Molinari et al. 2008), and to see if the clump is
massive enough to form high-mass stars. With our temperature
determination (assuming that the gas, dust and kinetic tempera-
tures T, Tq and Tk are equal) we are able to compute more ac-
curate masses than those listed in Beltran et al. (2006), that were
derived assuming Ty = 30 K. The clump masses are calculated
from the integrated 1.2 mm (250 GHz) flux through (Hildebrand
1983):

Sa50D?

Moy = y———r, 1

£ 7K250B250(Td) M
where S50 is the total flux density at 250 GHz, D is the dis-
tance, y is the gas-to-dust ratio, Byso(74) is the emission of
a black body with temperature equal to T4 at 250 GHz, and
kso = k(250 GHz/vo[GHz])® is the dust opacity per unit
mass at the indicated frequency. We used xp = 0.8 cm g~ at
vo = 230.6 GHz, as recommended by Ossenkopf & Henning
(1994). The index S was derived from the modified black-body
fit to the SED of the clumps, using only the SEST and Hi-GAL
fluxes (see Sect. 4.5), where the data were available, otherwise
we chose 8 = 2, as in Beltrdn et al. (2006).

The masses and their uncertainties are again estimated with
JAGS, taking into account the probability distribution of Tk, as
derived from the ammonia observations, the uncertainty of the
integrated 1.2-mm flux (determined with standard techniques
from the flux density rms in the images) and a 15% calibration
uncertainty. We find systematically higher masses than Beltran
et al. (20006), because the temperatures are always lower than
30 K. The masses of the clumps tend to increase with the dis-
tance (see Fig. 3), as a result of the fact that nearby high-mass
clumps are rare and that at large distances one cannot always
separate individual clumps. In Fig. 3 we show the minimum de-
tectable mass from the 1.2 mm maps, calculated from Eq. (1),
with a typical 30 flux density of 100 mJy/beam and a Ty =
15 K. In this work we adopted the mass computed within the
FWHM contour, in order to consider only the inner regions of
the clump, excluding the external envelope (see Sect. 5), and
because the measured diameter depends on the signal-to-noise
ratio. Therefore when we generically speak of the mass we refer
to masses computed within the FWHM contour. In this way the
mass could be underestimated by a factor of 2, if the source is
Gaussian and the envelope contribution is negligible. Our mass
estimates are thus conservative, and the possible variation is in-
dicated in Figs. 4 and 10 for comparison. The masses are listed
in Table C.1. For completeness, masses and densities computed
within the 30~ contour contour are shown in Table C.2.

Angular diameters were derived from 1.2 mm maps. The
beam-corrected angular diameters 6 of the clumps at FWHM
level are estimated assuming that the sources are Gaussian, using

the relation § = VFWHP? — HPBW?, with FWHP = 2+/AJr,
where A is the area within the contour at half peak intensity, and
HPBW is the SEST half-power beam width. If the angular size
derived in this way is less than half the beam size, the source is
deemed unresolved and we set an upper limit to its size equal
to half the HPBW (Wilson et al. 2005). The linear diameters at
FWHM level range from ~0.2 to ~2.0 pc (Table C.1).
Kauffmann & Pillai (2010) derived an empirical relation be-
tween mass and radius to separate the clumps that are able to
form high-mass stars from those that are not. With the mass
now much better constrained, we can use this relation to test
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Fig. 4. Mass-radius plot; rewnw is the beam-corrected radius at FWHM
level. The symbols are the same as in Fig. 3. The boundary for massive-
star formation derived by Kauffmann & Pillai (2010) (M[M,] =
870(r/pc)'33, rescaled to match our dust opacity is indicated as a dashed
line. Sources above this line are able to form massive stars. The uncer-
tainty in mass is shown for each point. A variation of a factor of 2 in
mass (see text) is indicated in the bottom right corner.

if our clumps have the potential of forming massive stars. In
Fig. 4 we show the mass and size of our clumps, compared to
the Kauffmann & Pillai (2010) relation, scaled to the same dust
opacity as used in the present work. From the figure we observe
that the vast majority of our sources lie above the Kauffmann
& Pillai (2010) relation, indicated as a dashed line, corroborat-
ing the idea that the whole sample is constituted of similar ob-
jects and suggesting that virtually all of them could form massive
stars. This makes our sample a good one to study the evolution
of massive clumps potentially able to form massive stars.

The column- and volume-densities of molecular hydrogen
were calculated using the mass and the diameters, assuming
spherical symmetry and correcting for helium (~8% in number;
e.g., Allen 1973). These two quantities are found to lie between
~0.1-6 x 10% cm™2, and 0.2-20 x 10° cm™, respectively: val-
ues like these are typical of IRDCs (e.g., Egan et al. 1998; Carey
et al. 1998, 2000; Pillai et al. 2006). The surface density X was
determined by averaging the mass over the deconvolved FWHM
area of emission at 1.2 mm. X for the clumps in this sample is
found to lie between 0.03 and 1.5 g cm™2.

The mass, volume-, column-, and surface densities with
their 68% credibility intervals for all the clumps are listed in
Table C.1.

4.5. Spectral energy distribution

Important insights in the evolutionary state of a source can be
gained through its L/M ratio, as proposed by Saraceno et al.
(1996) for the low-mass regime and by Molinari et al. (2008) for
the high-mass regime. We constructed the SED for the sources
in our sample complementing the SEST data with Herschel*/Hi-
GAL (500 gm, 350 pum, 250 um, 160 ym, 70 um; Molinari et al.
2010), MIPSGAL (24 um; Carey et al. 2009), MSX (band A
8.28 um, C 12.13 yum, D 14.65 um, E 21.30 um; Price et al. 2001)

4 Pilbratt et al. (2010). Here we use the PACS (Poglitsch et al. 2010)
and SPIRE (Griffin et al. 2010) instruments.

and GLIMPSE (8.0 um, 5.8 um, 4.5 ym, 3.6 um; Benjamin et al.
2003; Churchwell et al. 2009) data. We smoothed all the im-
ages to a common resolution of 25" (the approximate resolution
of the 350 um image) except that at 500 um, which has a res-
olution of ~36”. Two different polygons were defined for each
wavelength: one to derive the flux density of the source, and the
other for the background in the region. The bolometric lumi-
nosity was calculated by integrating the fluxes over frequency,
interpolating linearly between the measured fluxes at different
frequencies in logarithmic space. The uncertainty was estimated
by simply interpolating between the lower and upper limit of the
68% credibility interval of the fluxes used to derive the luminos-
ity, respectively.

The fluxes at the longest wavelengths in the SED can be used
to infer the typical properties of the dusty envelope. With this in
mind we fitted the SED fluxes, down to 70 um with a modified
black body. The point at 70 um was included in the fit to bet-
ter constrain the temperature in the case where the SED has its
peak shortward of 160 um. The inclusion of the flux at 70 um
implies that we will measure a higher T4, because we are tracing
the warm dust layers near the embedded (proto-)star. The fit pro-
cedure is described in Appendix B. The results of the modified
black-body fit, the luminosity derived integrating the SED from
1.2 mm down to 3.6 um, and the uncertainties in these quan-
tities for each clump are listed in Table 3. In the table we list
only the clumps with data in all the five Herschel/Hi-GAL bands.
Figures C.5 and C.6 show the SED with the fit results. 17195-
3811cl is on the edge of the Herschel/HIGAL 160/70 ym maps,
thus is not included here. However we use the lower limits on the
fluxes at these wavelengths for the fit with the Robitaille models
(see below) for this latter source.

From Fig. 5 we can see that the characteristic Ty obtained
from the fit of a modified black body to the SED down to 70 um
is usually in good agreement with Tk derived from the ammonia
observations. Seven sources have |Tx — T4| = 5 K and uncer-
tainties not large enough to explain this difference, implying a
statistically significant discrepancy. Four of these objects have
T4 > Tx: these are also the cases where Tj is high, always above
20 K. The discrepancy may arise from a combination of different
causes: the fact that the ratio of the two lowest transitions of am-
monia is optimal to derive temperatures only up to 20-25 K, that
ammonia and dust emission are probing different regions of the
clump, and that the strong emission in these clumps from warm
dust, heated by the central star and visible at 70 um, is biasing
the modified black-body fit towards higher 7.

The gas masses obtained from the modified black-body fit
usually agree, within the uncertainties, with those derived sim-
ply from the 1.2 mm continuum, and lie between the mass within
the 30 and that within the FWHM contour (Fig. 6). As not all
sources have a complete SED, and considering the reasonable
agreement between masses determined from the 1.2 mm inte-
grated flux and from the modified black-body fit to the SED, we
decided to use the former in the following analysis, so that we
could also assign a size to the source consistently.

Robitaille et al. (2006) developed a code to compute the SED
of axisymmetric YSOs. This code considers a central YSO with
a rotationally flattened infalling envelope, the presence of bipo-
lar cavities and a flared accretion disk, making use of a Monte
Carlo radiation transfer algorithm to compute the flux of the ob-
ject at wavelengths from the mm- to the near-IR regimes.

A vast range of stellar masses and of evolutionary phases
are covered, from the earliest stages of strong infall to the late
phase where only the circumstellar disk remains around the cen-
tral object, and the envelope is completely dispersed. Following
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Table 3. Parameters derived from the modified black-body fit of the SED down to 70 um, and luminosity of the clumps (integrated from 1.2 mm
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and 3.6 um).
Clump T4 68% int. M 68% int. B 68% int. L 68% int.
(K) (K) (10> x My)  (10% x M) (10% x Ly) (10% x L)
13560-6133cl  24.3 22.8-25.5 6.2 5.3-7.2 14 12-15 30.1 25.6-34.3
13563-6109c1  22.0 20.8-23.3 24 2.0-2.9 1.8  1.6-2.0 27.3 24.2-30.4
15072-5855¢1  26.5 25.0-28.0 0.5 0.4-0.6 1.7  1.5-19 11.4 10.2-12.6
15278-5620c1  27.8 26.0-29.3 6.0 5.1-7.0 1.8 1.6-19 266.2 241.1-291.1
15278-5620c2 11.2  9.8-12.3 4.4 3.5-53 21 1.7-24 1.4 0.8-1.8
15470-5419¢c1  16.6 15.8-17.3 4.0 3.5-4.8 1.5 1.3-1.7 4.0 3.2-45
15470-5419¢3  19.2  18.3-20.0 3.6 3.1-4.3 1.6 14-1.8 7.9 6.7-8.9
15557-5215¢1 23.8 22.3-25.0 53 4.5-6.3 1.8  1.6-2.0 76.2 68.0-84.4
15557-5215¢2  15.6 14.8-16.8 3.6 2.9-4.5 2.1 1.8-23 7.4 5.9-8.5
15579-5303c1 245 23.0-25.5 53 4.6-6.1 1.9 1.7-20 84.8 75.9-93.6
16061-5048c1  19.9 19.0-20.8 6.0 5.1-7.0 20 1.8-2.1 33.8 29.7-37.6
16061-5048c2 21.3  20.3-22.3 5.9 5.1-7.0 22 2.0-23 86.3 77.0-95.5
16061-5048c4 9.5 8.8-10.3 8.5 7.0-102 25 22-28 2.1 1.4-2.6
16093-5015¢1  20.8 19.8-21.8 20.9 17.8-243 16 14-18 90.0 77.5-101.5
16093-5128c1  23.8 22.5-25.0 4.6 4.0-5.3 22 20-24 256.9 234.4-279.3
16093-5128c8 13.8 12.8-15.3 1.8 1.5-2.2 23 2.0-26 35 2.4-42
16254-4844c1 17.6 16.8—-18.3 2.6 2.2-3.1 1.6 1.5-1.8 4.1 3.4-4.6
16573-4214c2  16.0 15.3-16.5 2.1 1.8-2.4 1.8 1.6-19 2.6 2.2-3.0
17040-3959¢1  17.2 16.5-17.8 0.5 0.4-0.6 23 22-25 2.5 2.2-2.8
17355-3241cl  23.8 22.5-24.8 0.35 0.3-0.4 2.1 19-22 19.0 17.1-21.0
14166-6118c2  18.1 15.3-20.8 0.5 0.4-0.6 1.7 1.2-20 1.3 0.8-1.7
14183-6050c3  16.1 15.0-17.0 1.0 0.7-1.2 1.9 1.6-23 2.3 1.5-2.7
15038-5828c1 122 11.3-13.3 54 4.5-6.5 2.1 1.8-24 33 1.9-3.8
15470-5419¢4  11.1 10.3-12.0 6.2 5.1-7.5 24 2.0-26 2.9 1.9-3.7
15557-5215¢3 9.6 8.5-10.5 3.6 2.9-4.5 29 25-33 1.8 1.1-2.6
15579-5303¢3 156 14.5-17.0 34 2.7-4.3 1.6 1.3-1.9 39 2.1-4.8
16093-5128c2 104  9.0-11.5 5.1 4.0-6.1 27 2.3-30 32 1.7-4.0
16164-4929¢3 9.2 8.3-10.3 4.7 3.8-5.7 26 22-29 1.0 0.6-1.7
16164-4929¢6 11.0 10.3-12.0 1.1 09-1.4 24 2.1-27 0.7 0.4-1.0
16164-4837c2 8.1 7.5-8.8 32 2.7-3.9 30 27-34 0.8 0.5-1.0
16435-4515¢3 105 9.8-11.3 4.3 3.5-5.1 27 24-29 29 1.8-3.6
16482-4443c2 8.7 8.0-9.5 1.9 1.6-2.3 3.1 28-35 0.8 0.5-1.0

Notes. The clumps above the horizontal line are those classified as star-forming, while the clump below it are those classified as quiescent (see
Sect. 5). The columns shows the dust temperature (), the mass (M) of the gas and the dust emissivity index 8 from the modified black-body fit,
and the luminosity of the clumps derived integrating the SED, with their uncertainties.

the discussion in Molinari et al. (2008), we use these models
only for clumps that clearly contain an embedded source, and
with detectable fluxes shortward of 70 um in the smoothed im-
ages. Otherwise, only the modified black-body fit is done. To
fit the SED with the Robitaille models, we make use of the on-
line SED fitting tool® (Robitaille et al. 2007). In the tool, we al-
lowed the foreground interstellar extinction to range between 1
and 2 mag kpc™! (e.g., Allen 1973; Lynga 1982; Scheffler 1982).
The stellar masses obtained from the fit range between ~5 and
~30 M, corresponding to spectral types approximately B7-O8.
The luminosities derived vary between ~600 and 65000 L,
agreeing with those derived by simply integrating the SED, in-
terpolating linearly in the log-log space. Our estimate of L tends
to be lower, as the linear interpolation in the log-log space gives
a lower limit for the luminosity and because of the model as-
sumptions. However, for consistency, in the following we will
use our estimate of the luminosity for all sources.

The envelope mass from the fit of the Robitaille models
is greater than that derived either from the modified black-
body fit or from the 1.2 mm-continuum. In this regard, Offner
et al. (2012) compared synthetic SEDs of deeply embedded
proto-stars, derived from simulated observation obtained with

5> http://caravan.astro.wisc.edu/protostars/
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a 3D radiative transfer code for dust emission, for a vast range
of parameters, with the best fit obtained from the standard grid
of Robitaille models. These authors showed that usually the
fit recovers the true luminosity and stellar mass, although with
large uncertainties, but systematically overestimates the mass of
the envelope, mainly due to the assumption of a different dust
model. The difference is more pronounced in the mm-regime,
strongly influencing the mass determination. Our assumption of
dust opacity is similar to that used by Offner et al. (2012) in the
mm-regime, explaining the discrepancy between our mass esti-
mates and the envelope mass from the fit with the online SED
fitting tool.

A summary of the results of the fits with the Robitaille mod-
els is shown in Table 4.

4.6. Stability and dynamics of the clumps

To investigate the stability of the clumps, we performed the sim-
plest virial analysis, without taking into account magnetic or ro-
tational support.

To derive the virial mass we assumed a constant density pro-
file, using Eq. (3) in MacLaren et al. (1988), which implies that

M,i;[My] = 210 R[pc] AV[km s”'T°, where R is the radius and
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Fig. 5. Comparison between the kinetic temperature (7 ) derived from
ammonia and the dust temperature (Ty) from the SED-fit. The dashed
line indicates equal temperatures and the yellow-shaded region shows a
difference of +5 K between the two temperatures.
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Fig. 6. Comparison between the mass derived from the 1.2 mm contin-
uum and from the SED fit. The uncertainties in Msgp are indicated. The
bars for the 1.2 mm continuum range from the lower limit of the mass
within the FWHM contour to the upper limit of the 30 contour. The
dashed line indicates equal masses and the yellow-shaded region shows
a difference of a factor of two.

AV is the FWHM of the line. In this way we obtain an upper
limit for the virial mass. Power law radial profiles for the gas vol-
ume density in the clumps can reduce the virial mass: the steeper
the profile, the lower the virial mass. A radial dependence like
n(Hy) « (r/ ro)’2 reduces the virial mass by about a factor of 2
(cf. MacLaren et al. 1988). The virial parameter &« = M,;/M
is used as an indicator for gravitational stability; @ < 2 implies
that the clumps are gravitationally bound, and @ = 1 indicates
virial equilibrium. Due to our choice of homogeneous clumps to
derive the virial mass, the values that we derive for the virial pa-
rameter « are upper limits. Figure 7 shows that for virtually all
the clumps we find @ < 1, implying that they are dominated by
gravity. In Sect. 5.2.6 we discuss in detail the observed values
of a.

First order moment maps reveal the presence of velocity
gradients, typically around 1-2 kms™' pc™'. A more detailed

Table 4. Summary of the properties derived from the fit of the Robitaille
models to the SED of the objects with significant mid-IR emission.

Clump M, Lgop L Mepy
(Mo) (102x Ly) (102xLe) (102 x M)
13560-6133cl  9.6-15.4 25-43 26-34 15.0-36.0
13563-6109c1  9.7-13.8 27-49 24-30 5.5-18.0
15072-5855¢c1  5.9-8.8 6-28 10-13 1.6-15.0
15278-5620c1  14.7-22.9  307-665 241-291 16.0-28.0
15557-5215c1  10.1-27.4  37-234 68—84 5.2-23.0
15557-5215¢2  6.0-9.6 6-15 6-9 7.3-15.0
15579-5303cl  13.4-17.8  149-334 76-94 14.0-34.0
16061-5048c1  12.5-18.5 52-116 30-38 23.0-40.0
16061-5048c2  11.0-24.4  83-781 77-96 16.0-21.0
16093-5015c1  12.8-21.9  45-209 78-102 19.0-52.0
16093-5128c1  14.8-24.2  104—638 234-279 9.8-40.0
17195-3811cl  9.3-12.9 23-138 - 7.2-31.0
17355-3241cl  7.6-8.2 21-34 17-21 22-2.5

Notes. Our estimated range in L is shown for comparison. The ranges
in M., Lrop and M.,, are those spanned by the best ten models. The
masses are derived with a different dust model, and thus deviate from
our estimate.
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Fig. 7. Virial parameter « = M,;;/M as a function of M. The symbols
are the same as in Fig. 3. The dashed lines indicates @ = 2 (clump
gravitationally bound), and @ = 1 (clump in virial equilibrium).

analysis for the most interesting clumps is the subject of a forth-
coming paper.

4.7. Water maser emission

Thirteen clumps in our sample show maser emission. The spec-
tra were extracted from the data cubes at each position where
emission was detected (see Fig. C.4) within a polygon compara-
ble to the beam dimensions (between ~1” and ~2”"), and im-
ported in CLASS. The lines were then fitted with Gaussians.
Two sources have very strong lines, reaching nearly ~100 Jy.
We typically find multiple velocity components (up to 22) to-
wards a single clump. A summary of the maser emission prop-
erties is shown in Table 5. The water maser range of velocities
usually straddles the systemic velocity of the clump, as shown in
Fig. 8 (cf. Brand et al. 2003). The positions of the maser spots
are indicated in Fig. C.2 as white open squares. A comparison
with Sanchez-Monge et al. (2013a) shows that 2 sources de-
tected in their study are not detected in our observations, while
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Table 5. Summary of the emission characteristics of H,O masers.

Clump Maser  Visr(min,max)  Fpeu f Fdv Lu,0 Vise S.C. AV S.C. Offset (Ph.C.)
(kms™) Jy)  dykms™) 107xLy, (kms™") (kms™) @)
08589-4714cl 3 0.5,14.8 1.67 2.4 1.3 4.8 1.2 2,-10
13560-6133cl 22 -78.2,26.0 5.78 37.4 272.0 -53.3 1.1 -15, 35
15278-5620c1 6 —68.2,-43.5 845 85.4 228.9 475 0.8 10, 79
15470-5419c1 1 —-64.6,-61.2 1.95 2.1 8.2 -63.0 1.0 26, -8
15470-5419¢3 4 -63.7,-51.9  3.93 9.3 36.3 -60.0 1.1 -2, 10
2 —-75.5,-64.1 0.57 1.2 4.7 —-66.4 1.3 -31,-50
15557-5215c¢1 2 -68.4,-524  3.54 75 33.7 -57.2 1.6 42, -7
2 -67.9,-60.4  9.03 11.3 50.7 —-65.4 1.0 6,-57
15557-5215¢2 1 -71.0,-67.8  2.56 2.3 9.4 —-69.4 0.8 32, 33
1 —69.4,-67.1 0.18 0.15 0.7 -67.1 0.8 7, 4
15579-5303c1 9 -63.1,-27.7 754 120.4 643.3 —-47.7 0.9 -53, 13
1 -38.5,-33.7  0.59 0.67 3.6 -35.8 1.0 -54, 15
16061-5048c1 6 -78.7,-50.9 19.6 23.3 104.6 —-67.0 0.8 -3,2
2 -71.2,-68.1 0.47 0.51 2.3 —-69.0 0.8 -9, 4
16061-5048c2 2 —-79.5,-69.6 1.50 2.7 12.1 -71.7 1.6 45,-27
3 -135.8,-63.5  0.54 1.8 8.1 -65.1 0.9 35,-20
3 -79.6,-52.0  0.46 0.75 34 -54.8 1.8 42,-24
16061-5048c4 3 -35.6,-25.1 0.70 2.1 6.3 -33.2 1.5 -5,-2
16573-4214c2 5 -39.6,-20.2 1.30 2.5 3.9 -29.9 0.7 —a
17195-3811 5 -39.7,-29.5  8.39 10.4 31.3 -32.2 1.0 —a

Notes. The columns show the clump name, the number of Gaussian components in the spectrum, the range of Vsg over which we detect emission,
the flux density peak, the integrated emission, the water maser luminosity, the Vi sg and AV of the strongest component (S.C.), and the offset of the
maser spot with respect to the phase centre (Ph.C.). No correction was performed for the primary beam. ¥ These sources have poor uv-coverage,

thus no position for the maser spots is given.
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Fig. 8. Range of velocity of the water maser vs. Vi gr of the clump. The
dashed line indicates Vy,0 = Visg, i.e. a maser velocity equal to the
systemic velocity of the clump.

2 targets that we detect, were not detected in Sdnchez-Monge
et al. (2013a) (cf. Table C.3), as expected because of the well-
known variability of water masers (e.g., Felli et al. 2007). All of
these sources show other signs of active star formation.

5. Discussion

In order to investigate how the clump properties depend on their
evolutionary state, the sources were first separated into two sub-
samples, according to the presence or absence of signposts of
active star formation. In particular, we considered the presence
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of water maser(s), “green fuzzies”, 24 um and radio-continuum
emission.

— 24 pum emission: we overlaid the Spitzer MIPSGAL images
at 24 ym and the SEST 1.2 mm maps of Beltran et al. (2006),
in order to identify those clumps with and without IR emis-
sion. If a 24 um source is found at the location of the 1.2 mm
emission peak, then it is considered as being associated with
it. MIPSGAL images cover 41 of the clumps in this sample,
the remaining 5 are covered by MSX images. Twenty-five
clumps are IR-bright at 24 ym as shown in Fig. C.2, and 3
among those without Spitzer 24 ym data show emission in
the 21 ym MSX image.

— “Green Fuzzies”: extended 4.5 um emission produced by
shock-excited molecular lines, commonly associated with
Class II CH3OH masers (Cyganowski et al. 2009). To iden-
tify the “green fuzzies”, we followed the procedure described
in Chambers et al. (2009). Again, only 41 clumps out of the
46 are covered by GLIMPSE data. Sixteen clumps show the
presence of extended, excess 4.5 ym emission.

— Water masers: 13 clumps in our sample show maser emis-
sion. The water maser is a known indicator of star formation,
thought to appear in the early stages of the process (Breen &
Ellingsen 2011), and is observed both in low- and high-mass
star formation regions.

— Radio-continuum: 40 of the clumps in our sample were ob-
served with ATCA at 22 GHz and 18 GHz (Sanchez-Monge
et al. 2013a). Twelve sources were detected, and 3 more have
a tentative detection at about 30 at one of the frequencies.
The radio-continuum alone is not always considered suffi-
cient to classify a source as star forming. This is because we
find one source (16061-5048c4) in the sample where the ra-
dio emission is likely to come from an ionization front in the
outer layers of the clump, based on the morphology of the
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Fig.9. Summary of specific star formation indicators in the clumps.
The labels correspond to green fuzzies (GF), mid-IR emission (IR),
H,O maser (M), and radio continuum emission (RC) (see Sect. 5 for
details). For example, the small central circle shows the combination
IR+GF+RC, while the “triangular” area with a darker shade surround-
ing the small circle represents the presence of all four signposts of star
formation.

emission or the lack of an IR source in the Spitzer/Hi-GAL
images. This special case is discussed in the Appendix.

If any of these signposts is observed (except radio continuum
in the special case discussed in the Appendix), a clump is indi-
cated as star-forming. Based on these criteria, of the 46 objects
observed, 31 were classified as star-forming and 15 as quiescent.
A summary of the clumps with specific indicators of ongoing
star formation is given in Fig. 9. All the star formation signposts
in each clump are presented in Table C.3. Figure C.2 shows all
the observed fields of view and clumps (dashed and solid red
circles, respectively), with the SEST emission (contours) super-
imposed on the MIPS 24 um image, and the position of maser
spots (white open squares) and “green fuzzies” (green open cir-
cles). Removing those clumps with no NH3(2, 2) detection, 26
and 10 clumps remain in the star-forming and in the quiescent
sub-samples, respectively.

In the following, we compare the average properties of the
clumps using the parameters we have derived, for the two sub-
samples, to look for systematic differences in the physical prop-
erties characterizing the two classes. Note that hereafter the qui-
escent and star-forming sub-samples will be denoted with the
acronyms QS and SFS, respectively.

5.1. The mass-luminosity plot

To refine the separation in different evolutionary phases we make
use of the mass-luminosity (M — L) plot, which is an efficient
and well-established diagnostic tool to disentangle the different
evolutionary phases of star formation in the low-mass regime
(Saraceno et al. 1996). Molinari et al. (2008) proposed that it
could also be used for high-mass stars, under the hypothesis that
star formation at high- and low-mass proceeds in a similar fash-
ion, with accretion from the surrounding environment playing a
major role (e.g., Krumholz et al. 2009). Molinari et al. (2008)
built a simple model for the evolution of a clump, based on the
turbulent core prescriptions of McKee & Tan (2003), ranging
from the early collapse phase to the complete disruption of the
dusty envelope by the central object.
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Fig. 10. Mass-luminosity plot for the sources in our sample with
Hi-GAL observations. The mass is computed within the FWHM con-
tour of 1.2 mm emission. The symbols are the same as in Fig. 3. The
black solid line indicates the ZAMS locus, according to Molinari et al.
(2008), while the dashed line indicates the ZAMS locus as determined
by Urquhart et al. (2013). The grey lines show the evolution of cores of
different masses; the lines are labeled with the final mass of the most
massive star (in My). Time increases from bottom to top and from right
to left, as indicated. Radio-continuum emission and MSX emission are
found nearly exclusively in clumps near the ZAMS. A variation of a
factor of 2 in mass (see text) is indicated in the bottom left corner.
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Figure 10 shows the M — L plot for the sources in our
sample for which we were able to derive the luminosity (see
Sect. 4.5 and Table 3) from the integration of the SED (with
the linear interpolation in the log-log space) and the mass
derived from the 1.2 mm emission, for which we used the
temperature determination obtained from the ammonia observa-
tions (Sect. 4.2). The black solid line indicates the ZAMS locus,
according to Molinari et al. (2008), while the dashed line indi-
cates the ZAMS locus as determined by Urquhart et al. (2013).
The latter authors consider clumps showing methanol maser
emission and with a luminosity from the Red MSX Sources
survey (Urquhart et al. 2008). 90% of the sources studied by
Urquhart et al. (2013) have L > 10° L, the remaining 10%,
with L < 10% Ly, have low gas masses (10'-10? M), and could
be forming intermediate-mass stars. Objects classified as either
YSO and UCHu regions were used to determine the ZAMS lo-
cus, as no statistically significant difference is found between
the two classes. The difference in slope between the two ZAMS-
lines could be due to the fact that in Molinari et al. (2008) the
luminosities were determined from the Robitaille models, using
IRAS fluxes in the FIR, and could thus be overestimated. The
grey curves show the evolution of the source predicted by the
simple model, for different final masses, from ~6 to ~30 M.
Time increases in the direction of the arrows shown in the upper
right part of the plot. In the collapse phase, before the central
object reaches the ZAMS, the mass of the core envelope does
not change by much, but the luminosity increases rapidly. After
the central star reaches the ZAMS, the luminosity does not vary
much, and the energetic radiation and wind begin to destroy the
parental clump, visible as a steady decrease in envelope mass.

Comparing the distribution of sources in the plot with the
evolutionary tracks of the Molinari et al. (2008) model, our ob-
jects span the total range in envelope masses, for final masses
of the star between about 6 and 30 M. The stellar masses
are in agreement with those derived from the fit of the SED
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Fig. 11. Normalized histogram of the luminosities for the SFS (green)
and for the QS (black). 500 L and 8000 L, are indicated by the dashed
lines.

with the Robitaille models for the objects near the ZAMS, for
which the final mass is similar to the current mass, as the main
accretion phase is over. Massive stars appear to form virtu-
ally always in clusters (e.g., Lada & Lada 2003). In both the
Molinari et al. (2008) and the Robitaille models the luminosity
is considered as being dominated by the most massive object
formed in the cluster. The derived bolometric luminosity and
stellar mass could thus be overestimated. A detailed study of
the stellar population in these clumps will be carried out in a
subsequent paper, by means of mid-IR and near-IR data.

A first macroscopic difference between the SFS and the QS
sources is the luminosity. As can be seen in Fig. 11, the clumps
in the QS have low luminosities, distributed between ~100 and
500 L. On the other hand, the sources in the SFS show a peak
at ~500 Lo, but also a second peak at L ~ 8 x 103 Ly (both
indicated as dashed lines in the figure). The distribution of the
sources in the M — L plot indicates that part of the sources in
the SES (10 out of 20, including 17195-3811c1, with the mean
luminosity derived with the online SED fitting tool) are likely
hosting a ZAMS star and have stopped the accelerating accre-
tion phase, according to the model of Molinari et al. (2008). The
sources with signs of active star formation, but well below the
ZAMS loci, are essentially indistinguishable from the quiescent
ones in terms of luminosities. Figure 10 shows that in our sam-
ple all sources with L > 103 Ly have strong IR (MSX) and/or
radio continuum emission, while those below this threshold do
not. The radio emission from the sources near the ZAMS locus,
with final masses greater than 8 M, shows that the interpretation
of the M — L plot is essentially correct, and that the prediction of
the end of the accelerating accretion phase is reasonably good.

The small range of luminosity and its low average value for
the QS shows that this is a homogeneous sample, with all the
clumps in an early phase of evolution. On the other hand, the SFS
appear to include clumps in widely different evolutionary stages:
the points in the diagram go from clumps similar to those of the
QS, to clumps containing a ZAMS star and beyond, where the
star is dispersing the envelope. For our sample, a simple criterion
in luminosity is sufficient to separate the sources that likely have
an embedded ZAMS star from the rest. Thus, in the following we
will refer to objects containing a ZAMS star as those with L >
10° L. In Fig. 10 these objects fall in the region encompassed
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by the ZAMS loci, except 13560—6133c1 and 16093-5015¢1,
slightly below the Urquhart et al. (2013) ZAMS locus.

We can easily divide the clumps in this sample in Type 1,
2 and 3 according to the M — L plot (see Molinari et al. 2008);
the classification of sources in one of the three types is shown
in Table C.3. The clumps between the two ZAMS loci, with
L > 10° Ly, would be Type 2 clumps (including the two sources
slightly below the Urquhart et al. ZAMS locus, 13560-6133c1
and 16093-5015c¢1, the former of which shows also radio con-
tinuum emission), while the rest of the SFS and the QS would be
Type 1. Type 1 sources include both pre-stellar and proto-stellar
sources in early stages of evolution, for which the development
of an Hn region may be quenched by the high accretion rates.
The leftmost point in the mass luminosity plot (Fig. 10) identi-
fies the most evolved source in our sample, 17355-3241c1, with
a relatively low mass and a high luminosity. This clump is the
only Type 3 source in our sample, and has very strong emis-
sion even in the IRAC bands. 17355-3241cl exemplifies the
last phase of the evolution in the M — L plot, when the parent
cloud is dispersed by the destructive action of the central star.
This source is discussed in more detail in the Appendix.

Thus, the M—L plot and the signposts of active star formation
give complementary information about the evolutionary state of
the clump, allowing us to refine the Molinari et al. (2008) clas-
sification, separating objects likely hosting a ZAMS star from
the other sources in the SFS. Our original sample is thus fi-
nally divided into three different classes (without considering
Type 3 objects): Type 1 quiescent clumps, apparently starless,
Type 1 with signs of active star formation, but still a low lu-
minosity and Type 2 sources, hereafter QS, SFS-1 and SFS-2,
respectively. Table C.5 shows explicitly that SFS-1 and SFS-2
have very different luminosity-to-mass ratios. The clumps in the
SFS-1 can be in a very early phase of the process of formation
of a high-mass object, alternatively, the signposts of active star
formation could be generated by more evolved lower-mass stars.

5.2. Properties of sources in different stages of evolution
5.2.1. Temperatures

The temperature of gas and dust may be influenced by the pres-
ence of a (proto-)star deeply embedded in a clump. Figure 12a
shows the histogram of temperatures for the two samples. The
normalized counts of the SFS are shown in green, and those of
the QS in black. We find that it is possible to observe tempera-
ture differences on a large scale, comparing the average values
of Tk and T4 of the QS and the SFS. The typical Tk of the star-
forming clumps is greater than that of the QS, with mean values
of Tx = 19.57)7 K and 14.1*}% K, for the SFS and QS, re-
spectively. Thus, the average temperature increases as evolution
proceeds.

In Fig. 12b we can see that the SFS-2 (in red) show a slightly
higher Tx (Tx = 21.4*}] K) than the SFS-1 (in blue) (Tx =
18.3*1:5 K). Figure 12b shows also the QS, to underline that
both the SFS-1 and SFS-2 sources on average have a higher Tx.
Figure 12c shows that the SFS with 1.3 cm radio-continuum
emission are hotter than those without it. A similar conclusion
is found by Sanchez-Monge et al. (2013b), studying NH3(1, 1)
and (2, 2) at high angular resolution in cores in clustered high-
and intermediate-mass star forming regions. They find that star-
less cores have an average T ~ 15 K, lower than T ~ 21 K
found for proto-stellar cores. These values are very close to those
found in this work. Sanchez-Monge et al. (2013b) show that the
higher temperatures in starless cores in clustered environments
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with respect to more isolated cases can be explained considering
external heating from the nearby massive stars. Also Rygl et al.
(2010) and Urquhart et al. (2011) find that actively star-forming
clumps are slightly hotter than the quiescent ones. A behaviour
similar to that of the kinetic temperature is observed for T4 as a
function of evolutionary phase, not unexpected given the good
agreement of the two temperatures (see Sect. 4.5; Fig. 5). The
mean values are Ty = 24.0*]2;15.8*]4;11.8*1-7 K for SFS-2,
SFS-1 and QS, respectively.

Disregarding the 7 points with |Tx — T4| = 5 K and non-
overlapping 68% credibility intervals, we find a correlation be-
tween the luminosity and the kinetic temperature, shown in
Fig. 13. A correlation between Tx and Ly, was also found by
e.g., Churchwell et al. (1990), Wu et al. (2006), Urquhart et al.
(2011), and by Sanchez-Monge et al. (2013b), for cores in clus-
tered environments, using the luminosity of the whole region.

5.2.2. Sizes

From the panel (a) of Fig. 14 we note that the SFS tend to have
smaller FWHM diameters than the QS. From the distribution of
sizes shown in panel (b) we note that the SFS-2 have a peak at

the smallest linear dimensions. Plotting the area within a specific
intensity contour of 1.2 mm emission as a function of the in-
tensity level and extrapolating linearly to zero intensity we get
an idea of the source extent if we could observe with infinite
sensitivity (cf. Brand & Wouterloot 1994). Figure 15 shows the
1.2 mm intensity level as a function of the area within the con-
tour for representative sources in QS and SFS-2. For the SFS-2
we ignore the central emission peak for the fit. This method al-
low us to estimate the effect of the lower temperature on the
clump size at the typical noise levels of the SEST maps.

This procedure shows that with our noise levels we miss
~30% of the emission area for a typical QS, while only
~10-15% is lost for a typical SFS-2. The SFS-1 usually shows
an intermediate behaviour. The larger fraction of emission area
below the noise level for the QS confirms that we are not able to
detect the external envelope of the coldest clumps, and that the
actual linear size of QS sources is very similar to that of SFS-2
objects. On the other hand, the area within the FWHM contour
is smaller for SFS-2 sources, possibly indicating that sources
hosting a ZAMS object are more compact and centrally concen-
trated. We investigate an alternative possibility, namely that the
observed FWHM size may be T-dependent, performing a sim-
ple test using a 1D simulation with RATRAN (Hogerheijde &
van der Tak 2000), constructing a clump with a typical radial de-
pendence of the density (cc 7=/, cf. Beuther et al. 2002; Mueller
et al. 2002), and comparing the continuum at 250 GHz with and
without a central luminous heating source. The radial tempera-
ture dependence is assumed to be o (r/ro)~04 (e.g., Wolfire &
Cassinelli 1986). We observe that the clump with the embedded
source, has a smaller (by 20-30%) FWHM. This could explain
the smaller sizes derived for SFS-2.

Urquhart et al. (2013), also conclude that high-mass star
forming clumps showing methanol maser emission are more
compact and centrally concentrated than the rest of sources in
the ATLASGAL survey (Schuller et al. 2009), comparing the
“compactness” of the sources by means of the ratio of the peak
and integrated sub-mm flux, for a much larger sample.

5.2.3. Densities

The mean column-, volume- and surface-densities are compared
for QS and SFS, and for SFS-1 and SFS-2 in Figs. 16 and 17,
respectively.

Al6, page 13 of 38


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201321456&pdf_id=12
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201321456&pdf_id=13

A&A 556, A16 (2013)

Sources 10
- -I LI I LI I I I LI I ) I LI I I I LB I-
L Mean= 0.8 i
o [ . ]
o [ Median= 0.8 ]
of ]
o[ i
n_ L -
A _'
o[ ]
N L _'
o[ ]
[ (a) ]
P i PPN IR arm PO W BN e
0 0.5 1 1.5 2 2.5
Drwnulpe]

Sources 109 9
- -IIIIIIIIIIIIIIIIIIIIIIII-
L Mean= 0.7 0.7 0.8
S F Median= 05 0.7 0.8 -
ot ]
o[ ]
n_ L -
A ]
o[ ]
N E ]
o[ ]
[ (b) ]

o Lo A P N

0 0.5 1 1.5 2 25

Drwnmlpcl

Fig. 14. Histogram of the diameters of the clumps. Panel a) shows the diameters of the SFS (green) vs. the QS (black). Panel b) shows the diameters
for the SFS-2 is indicated in red, the SFS-1 is indicated in blue, and the QS in black. The total number of sources in each class is shown above

each panel.

-bllllllllllllllllll-
o :

[ J
g [ '
— Q[e 7
2> e .
€ [ e i
beed o -

£ ([ J
£ gp e -
2 S e ]
— Y -
L ® i
. ® i
-.... () -

[

ob.. ot Y 1

0 2000 4000 6000 8000

Area[arcsec?]

Fig. 15. 1.2 mm intensity level as a function of the area within the con-
tour for a typical QS (black) and SFS-2 (red) source, respectively.

The histogram of the SFS is shifted towards higher densi-
ties; Chambers et al. (2009) obtain the same result, with star-
forming sources on average denser than the quiescent ones.
Taking into account the separation into SFS-1 and SFS-2, the
density histograms show that the SFS-2 usually have higher val-
ues of column-, volume- and surface-densities than either QS or
SES-1; the latter two classes have density distributions peaking
at similar values, with that of the SFS-1 showing a tail with val-
ues similar to those of the SFS-2. Thus, the clumps hosting a
ZAMS star have higher densities, indicating that as star forma-
tion proceeds, the clumps appear to become denser in the cen-
tral parts. The same is found by Butler & Tan (2012), comparing
their sample of starless cores to a sample of more evolved objects
(from Mueller et al. 2002). We caution that, as the source size
could be underestimated due to the presence of a central heat-
ing source, causing the clump to appear more centrally peaked
(see Sect. 5.2.2), the densities could be overestimated for the
SES-2, thus explaining the observed differences with both QS
and SFS-1.

Rygl et al. (2013) argue that star formation signposts are
not present in clumps with a column density below a value of
4 x 10?2 cm™2. No such threshold effect for the onset of star
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Fig. 16. Normalized histogram of volume density of molecular hydro-
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above the panel.

formation is observed in our sample, but only two of our clumps
of any type have column densities well below 4 x 10?> cm™2
(cf. Table C.1).

We note that the values of the mass surface density are typ-
ically lower than the theoretical threshold of £ = 1 g cm™2 for
massive star formation, on average by a factor 2—6. The theoret-
ical threshold for X given by Krumholz & McKee (2008) holds
for a single core, stabilized against fragmentation only by radia-
tive heating. Lopez-Sepulcre et al. (2010) show that massive star
formation, indicated by the presence of massive molecular out-
flows, most probably driven by massive YSOs, is occurring also
in clumps with a much lower mass surface density, of the order
of ¥ ~ 0.3 g cm~2. Butler & Tan (2012) show that similar values
of the mass surface density X are typical also of massive starless
cores, assuming a gas-to-dust ratio of 150, thus consistent with
our average value of ~0.2 g cm™? for the QS, for a gas-to-dust
ratio of 100.

We investigate in more detail the possibility that the ra-
dial dependence of the density changes in different classes of
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objects, by fitting a power law to the average radial 1.2 mm in- steeper than in QS sources, with p ~ 1.2—1.4. The value of p
tensity profile calculated in concentric annuli centered on the is highly uncertain, because of the assumptions made and be-
clump. Figure 18 shows the normalized 1.2 mm emission as a  cause of the very limited number of points for each source, how-
function of the angular radius of the largest circle of the an- ever we are mainly interested in the difference between the QS
nulus. The beam FWHM size is indicated as an errorbar in x. and SFS-2, and not the specific value of p. As the clumps in
Following the notation in Ward-Thompson et al. (1994) (and QS and SFS have similar masses and total sizes (see Sect. 4.4
references therein), the power law indices of the mm emis- and 5.2.2), this difference in density profile suggests that SFS-2
sion m, of the density p and of the temperature g are related clumps may indeed be denser in the central regions. Other au-
by m = p+ Q(v,T)g — 1, where Q(v,T) is a coefficient de- thors investigated the differences in the density power law index
pending on the wavelength and the temperature, near to unity for sources in different stages of evolution. Beuther et al. (2002)
for hv/(kgT) < 1 (see Adams 1991). We find typical power law  also derive an average radial power law dependence for density
indices for mm emission m =~ 0.2-0.4 for QS and ~1.0-1.3 for with p ~ 1.5-2.0. These authors find that the density distri-
SFES-2 clumps, respectively. We assumed that quiescent clumps  bution is flatter for sources in the very early stages (p ~ 1.5),
are isothermal and that Type 2 sources are likely to have a radial then it becomes steeper during the collapse and accretion phase
gradient in temperature, described by T" o (r/rp)?, withg = —-0.4  (p ~ 1.9), and finally it flattens again (p ~ 1.5) in the disper-
(e.g., Wolfire & Cassinelli 1986). This implies that the power sal phase. A similar result is reported by Butler & Tan (2012),
law index p for volume density is ~1.5—1.8 in SFS-2 sources, who compared power law indices for density in starless clumps
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Fig. 19. Example of NH;(1, 1) second moment map. Left panel shows
Spitzer/MIPSGAL 24 um image in colourscale and NH3(1, 1) inte-
grated emission in contours, while the right panel shows the second
moment map.

(p ~ 1.1), obtained with a very different technique, with the
same quantity derived by Mueller et al. (2002) for more evolved
objects (p ~ 1.8).

5.2.4. Mass

The masses measured for our clumps are in the range
10-2000 M, which indicates that we are probing the low-mass
end of the Kauffmann & Pillai (2010) relation (cf. their Figs. 2b
and 4 in this paper). With respect to more massive clumps, those
in this sample will probably form a very limited number of stars
with M > 8 My, making the assumption of a single massive
star in the clump plausible. On the other hand, we know that
massive stars are being formed in some objects, as we observe
compact radio continuum emission, likely arising in Hi regions
(Sanchez-Monge et al. 2013a).

Comparing the source size and densities (Figs. 14 and 17)
SFS-2 sources are typically the most compact, suggesting that
an evolution of the clumps towards more compact entities with
evolution might indeed occur. However, as time proceeds and the
massive stars dissociate the molecular gas they move down and
to the right in the M —r plot (Fig. 4), as shown by 17355-3241c1.

5.2.5. Velocity and linewidth

The velocity gradients found for the clumps (1-2 kms™' pc™!;

Sect. 4.6) are comparable for the SFS and QS, and also the frac-
tion of clumps showing gradients is similar: about 50% of the
objects.

From the second moment map we find that the clumps
in the SFS have larger linewidths, with an average value of
2.2 kms™! compared to 1.6 kms™' for the sources in the
QS. For 08477-4359c1, 13560—-6133c1, 15557-5215¢c1 and c2,
15579-5303c1 and 16093-5015c1 we find an increase of the
linewidth between the position of a 24 um source and the rest
of the clump of ~10-30%. Figure 19 shows an example of this
increase in linewidth at the location of a 24 um source. These
sources always have a AV of the (2, 2) line larger than that of
the (1, 1) at this position. This indicates that we are probing
the regions where the embedded source is injecting turbulence.
All these sources have a luminosity in excess of 10° L, except
15557-5215¢2 (L = 740 L), and 08477—-4359c1, for which we
do not have Herschel data. Similar linewidths are found in dense
cores located within clustered massive star forming regions
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(Sanchez-Monge et al. 2013b): ~1.2 km s”'and ~2.0 kms™' for
starless and proto-stellar cores, respectively.

5.2.6. Virial parameter

Figure 7 presents the virial parameter @ = M,;/M as a func-
tion of M. As already noted, all clumps in our sample appear
dominated by gravity. Moreover, these are upper limits for @ as
the virial mass should be reduced by up to a factor of 2 (see
MacLaren et al. 1988) as a consequence of the density gradi-
ents found in the clumps; another factor of 2 may arise because
the mass was was computed within the FWHM contour. Two
sources in the SFS has @ > 2: this could be due to the ac-
tion of the embedded YSO(s) disrupting the parental cloud. The
value of the virial parameter tend to decrease as the clump mass
increases.

Let’s explore a few possibilities to explain @ < 1 for such a
large number of sources. The first is that we might be underesti-
mating the gas/dust temperature, and are thus overestimating the
mass from the 1.2 mm continuum. As NH;3(1, 1) and (2, 2) essen-
tially trace cold gas and they could be optically thick, this may
be a possibility. An independent determination of the tempera-
ture in the clumps is given by the dust temperature derived from
the modified black-body fit of the mm-FIR part of the SED. Dust
emission is optically thin in this regime, thus probing even the
inner regions of the clump. Comparing Tk and T4 we find that
the two temperatures are usually in good agreement, as discussed
in Sect. 4 and shown in Fig. 5. Therefore we do not expect the
bulk of the gas in the clump to have temperatures systematically
higher than those adopted here, and consequently lower masses.
Moreover, also quiescent clumps have @ <« 1, and the temper-
ature in this case should not be underestimated, as no heating
source is present in these sources. Even if it were the case, it is
difficult to account for a factor of 3—10. The independent esti-
mate of the mass through the SED essentially confirms that the
mass of the clumps is correct.

Another possibility is that we are underestimating the ra-
dius of the clump, leading us to underestimate the virial mass.
Panagia & Walmsley (1978) show that if the source is not
Gaussian, we may underestimate the radius by even a factor of 2.
However, it is not clear why the most massive clumps should
be different from the others. The same holds for the uncertainty
connected to the gas-to-dust ratio, assumed to be 100.

Fontani et al. (2002) and Lopez-Sepulcre et al. (2010) reach
opposite conclusions regarding the stability of the clumps in
their samples. In the former work the authors show that the ratio
between M, /M reaches values as low as ours, using as a tracer
CH3CCH, while Lépez-Sepulcre et al. (2010) obtain @ ~ 1 using
the mass derived from dust emission and the virial mass from the
C'30 line emission. Also Hofner et al. (2000) find & < 1 using
the less abundant C'70O. Some of the clumps in our sample have
been observed in C'*0(3-2) by Fontani et al. (2012), and these
authors suggest that the clumps are in virial equilibrium or even
have virial masses greater than the clump mass (i.e., @ = 1).
Comparing the C'80 and the NHj linewidths we find that the
former are larger, typically by a factor of 1.6 and even up to
~2.6. As a consequence, the virial masses calculated using the
C'30 linewidth would be larger by a factor 2.7 (up to 6.8), and «
would increase accordingly. Sdnchez-Monge et al. (2013b) find
linewidths for cores similar to those found in this study. The dif-
ference in linewidth between NH;3 and C'*0 may be explained
by the fact that C'30 is tracing a more extended and diffuse re-
gion, where AV may be larger due to the effects of the environ-
ment in which the clump is embedded, or due to the presence
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Fig.20. Ammonia abundance as a function of Galactocentric distance.
The symbols are the same as in Fig. 3.

of several gas concentrations along the line of sight (i.e., ad-
ditional indistinguishable velocity components in the spectra),
not dense/massive enough to be visible in NHj3, or by the pres-
ence of velocity gradients across the clumps. Moreover, C'30
is more prone to be entrained in outflows driven by objects al-
ready formed in the clump. In conclusion, @ may be underes-
timated, nevertheless, even taking into account the possibilities
discussed above, @ would still be <1 for the sources with the
highest masses. Moreover, the contribution of external pressure
helps gravity.

If these clumps were supported only by turbulence and ther-
mal pressure, they would collapse on the timescale of the free-
fall time. Given the short timescales set by the free-fall time
tg = /37/(32Gp) ~ 5 x 10* yr, this may suggest that magnetic
field plays a significant role in stabilizing the clumps. Following
the relation for virial equilibrium given in McKee et al. (1993),
neglecting the surface pressure term, we get the expression for
the equilibrium magnetic field

—410.5
M R
B=14x107 _—
[(IOOM@)(lpc) }
AV

M R 210.5
X[(IOO MO)—0.71(1—pC)(2 kms_l)} Gl @

where M is the clump mass, R is the clump radius and AV is the
FWHM of the line. Using appropriate numbers for these param-

eters we find that |73)| ~ 0.1-1 mG is sufficient to stabilize the
clumps. Such values of the magnetic field have been observed to-
wards regions undergoing massive star formation (e.g., Crutcher
2005; Girart et al. 2009).

6. Observational classification of high-mass clumps

Figure 21 shows a sketch of the different evolutionary phases
identified in this work, with representative values for the ob-
served properties indicated in the yellow rectangles. The arrows
connecting the different source types show how the evolution
proceeds. In addition to the properties listed in the figure, we
find that the SFS-2 have smaller FWHM diameters, that can be
due to an intrinsically smaller size and/or just an observational

effect caused by the presence of a temperature gradient gener-
ated by the heating of the embedded massive (proto-)stars (see
Sect. 5.2.2). The density profile seems to be steeper in the SFS-2
clumps than in the QS, even when allowing for a temperature
gradient in the former sub-sample. Thus the central density may
indeed be higher for clumps with a similar size and mass. More
detailed studies are needed to confirm this result.

Mean and median values for various parameters of the QS
and SFS, and of the SFS-1 and SFS-2 are listed in Tables C.4
and C.5.

7. Summary and conclusions

From ATCA NHj observations of 46 clumps previously ob-
served with the SEST in the 1.2-mm continuum we derived the
average properties of the gas for a sample of 36 of these, detected
in both NH3(1, 1) and (2, 2). With a reliable and independent
temperature estimate through the NHj3 (1, 1) and (2, 2) line ratio,
we determined the mass of the gas.

We performed the simplest virial analysis to investigate the
stability of the clumps against gravity. All sources, but one,
show a virial parameter @« < 2 (Fig. 7), showing that grav-
ity is the dominating force. The most massive clumps typically
show o < 1, and we showed that this is likely to be real (see
Sect. 5.2.6). The role of the magnetic field in stabilizing the
sources against gravitational collapse is thus a major one. The re-

quired strength of the field was estimated to be |79)| ~ 0.1-1 mG,
in agreement with the sparse measurements in regions of high-
mass star formation (Sect. 5.2.6).

We find ammonia abundances to be in the range 10~7-107°,
but within the canonical values of ~10~7—107% for the vast ma-
jority of the sample, showing that this molecule is not depleted,
as opposed to CO in these clumps (Fontani et al. 2012).

These data were complemented with Herschel/Hi-GAL,
Spitzer/MIPSGAL, MSX and Spitzer/IRAC data, to construct
the SEDs of the sources (Sect. 4.5). From the SEDs we derived
the luminosity of 32 sources (i.e. those with Herschel/Hi-GAL
data), out of which we have 29 sources with a reliable ammo-
nia detection in both lines, so that we could locate the clumps
in a M — L plot (Fig. 10). The sample was divided into sub-
samples of clumps in different phases of evolution on the basis
of the presence or absence of signs of ongoing star formation
and on the location of the sources in the M — L plot. To classify
a clump as star-forming, we considered the presence of at least
one of the following tracers: 24 ym emission, 1.3 cm continuum
emission, water masers, and “green fuzzies” (excess emission
at 4.5 um). The star-forming sub-sample (SFS) includes these
sources, while the quiescent sub-sample (QS) contains those
without detectable signs of ongoing star formation.

We used the M — r relation found by Kauffmann & Pillai
(2010) to assess if also the clumps without clear signs of on-
going massive star formation in our sample are potentially able
to form high-mass stars. Virtually all sources lie above of the
empirical relation, confirming that our sample is a good one to
study evolution in the first stages of the formation of high-mass
stars.

We explored if and how the average properties of a clump
depend on the presence of active star formation and on its evolu-
tionary phase (Sect. 5). The information from the M — L plot and
that on the presence of ongoing star formation are complemen-
tary: we find that Type 1 sources include both the star forming
clumps with a low luminosity, well below the ZAMS loci in the
M — L plot, and the clumps in the QS, while Type 2 sources are
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Fig. 21. A simple sketch of the evolutionary phases considered in this paper for massive star formation. The representative properties of clumps in
the different evolutionary stages as derived in this work are listed in the yellow rectangles.

the clumps in the SFS hosting a ZAMS star. For our sample, a
convenient criterion based on L was enough to separate Type 1
and Type 2 objects (cf. Fig. 10): sources with L > 103 L, are
likely to host a ZAMS star. This idea is corroborated by the large
fraction of these sources that are encompassed by the two deter-
minations of the ZAMS locus (Molinari et al. 2008; Urquhart
et al. 2013), and show radio-continuum and strong mid-IR emis-
sion, i.e. an UCHm region. Therefore we define the following
classes of objects using both the information obtained from the
M — L plot and from classical signposts of star formation: QS for
quiescent Type 1 sources, SFS-1 for Type 1 sources with signs of
active star formation, and SFS-2 for Type 2 sources. A sketch of
these phases with the typical values for the physical parameters
derived in this work is shown in Fig. 21. Analyzing the typical
properties of the clumps in our sample we find that they depend
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on the evolutionary phase of the source. The differences found
can be summarized as follows:

SFS-2 sources always show radio continuum or strong
mid-IR emission, suggesting the presence of an Hu region,
while QS and SFS-1 objects do not.

The average temperatures (both kinetic and dust) of the three
evolutionary classes slowly increases from the QS, to SFS-1,
to SFS-2 sources, with typical values of ~13 K, 17 K and
~23 K, respectively.

The temperature of the clumps appears to be correlated with
the luminosity of the source (Fig. 13).

SFS-2 objects have smaller FWHM diameters (median val-
ues of 0.5 vs. 0.8 pc for SFS-2 and QS, respectively), due
to the presence of strong and compact peaks of emission at
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mm wavelengths. This could be caused by the presence of a
temperature gradient in the SFS-2.

— As a consequence, clumps classified as SFS-2 on average
have higher volume-, column- and surface-densities inside
the FWHM intensity contour of the 1.2 mm continuum
emission.

— Assuming that density (for all clumps) and temperature (for
SFS-2 clumps) both vary as power laws as a function of
clump radius, we derived the power law indices for den-
sity, and found them to be steeper in more evolved sources.
Typical power law indices for the molecular hydrogen vol-
ume density are p ~ 1.2—1.4 for QS and ~1.5—1.8 for SFS-2
sources. These results indicate that more evolved sources are
indeed denser and more centrally concentrated.

— The fact that SFS-2 sources are the most extreme in terms of
compactness suggests that QS sources are still contracting.
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Appendix A: Comments on individual sources

A.1. 16061-5048c4 and 16435-4515¢3

16061-5048c4 is included in the SFS due to the presence of a
water maser. No clear mid-IR emission can be seen in the Spitzer
images, suggesting a clump in very early stages of evolution or
a very high extinction.

For example, Breen & Ellingsen (2011) suggest that a maser
is one of the first sign of active star formation to appear. This is
because the maser is likely excited by the outflow, the onset of
which happens in a phase where the mid-IR emission may still
be too weak to be detected. This seems to be consistent with the
position of this source in the M-L plot. This is, in fact, one of the
objects with the lowest kinetic temperature in the SFS and with
a very low luminosity.

However, 16061-5048c4, in addition to the maser, shows a
clear detection in the radio-continuum emission. Visual inspec-
tion of the radio image shows an elongated morphology of the
emission at this wavelength, following closely the shape of the
mm-clump, and displaced towards South-East. We conclude that
this is not a compact Hm region produced by the central YSO,
but an ionization front generated by a nearby massive star (most
likely the corresponding IRAS source), rather than by the YSO.

A similar situation is observed in 16435-4515c3. This
clump shows no signs of active star formation, apart from radio
emission. It could be that also in this case this emission comes
from an ionization front outside the clump. In any case, this
source was excluded from the analysis because the NH3(2, 2)
was not detected.

A.2. 17355-3241c1

As evolution proceeds, the massive ZAMS star delivers huge
quantities of ionizing photons and energetic particles into the
parent molecular cloud. This process disperses the clump, leav-
ing only remnants of the original cloud, around an Hu region.

17355-3241cl is the most evolved source in our sample, as
can be seen in the mass-luminosity plot. This is the only Type 3
source in our sample, with still a detectable 1.2 mm flux, but
with dominant IR-emission.

The properties of this clump appear to confirm the evolution-
ary scenario: it has the lowest mass, column and surface density
of the entire sample, and a high temperature and luminosity.
Moreover, the L/M ratio is the highest among all the observed
clumps, above 120 L M(;l. The virial parameter a (~3.5) is
the highest. This could be due to the destructive action of the
central ZAMS star, dispersing the clump from which it was
formed. On the other hand, this object does not show compact
radio-continuum emission. The M — L plot shows that the mass
of the central ZAMS star should be M ~ 6 Mg, corresponding
to a B5 star, comparing its position in the M — L plot with the
evolutionary tracks. The output of Lyman continuum photons of
such a star is low, and below the detection limit of the radio ob-
servations (cf. Thompson 1984; Sanchez-Monge et al. 2013a).
However the uncertainty on the stellar mass is quite large. The
SED fit with Robitaille models suggests a stellar mass of ~8 M.
Another possibility to explain the lack of radio continuum emis-
sion is that it is extended and filtered out by the interferometer.
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Finally, we remind that in both cases the stellar mass is an upper
limit, under the assumption that the luminosity is dominated by
the most massive object.

The SED of this object is different from that typical of the
other objects with appreciable emission in the mid-IR, being al-
most flat in terms of energy up to 3.6 um. Also the Robitaille
model indicates that this is an older object.

A.3. Undetected sources

A number of sources do not have detections in ammonia, espe-
cially in the (2, 2) transition. Among the SFS, they are weak
also in (1, 1), suggesting low beam-averaged NH; column den-
sities. 16164—4929¢2 and 14166—6118c1 have a clear detection
at 1.2 mm, but no ammonia counterpart. Near-IR images show
that these two objects contain a star cluster. The SED, the mor-
phology of the IR emission and radio-continuum observations of
these two clumps show that they host a massive ZAMS star, that
has already developed an Hm region, different from the nearby
clumps detected in ammonia. 13563—-6109c1 also shows signs of
the presence of a recognizable embedded cluster in near-IR im-
ages, even if not as clear as 16164—4929¢2 and 14166—-6118cl.

On the other hand, four more sources with similar proper-
ties are found in the QS, but without clear signs of an embedded
cluster. Two of these have quite strong NH3(1, 1) detections, in-
dicating very low gas temperatures. These clumps might be just
too cold to be detected in (2, 2) or simply not massive enough to
form stars with M > 8 M.

Finally, also 15454—-5335c2 was not detected in ammonia.
This source was identified at the edge of the SEST map. No IR
source was found to be associated with it. The non-detection in
NH; and visual inspection of the SEST map suggest that this
might be just a noise spike in the SEST 1.2 mm continuum map.

Appendix B: SED fit

The modified black-body fit was done with a simple Bayesian
approach, considering Gaussian uncertainties on the fluxes, tak-
ing into account the rms of the image and the calibration uncer-
tainty at each wavelength (15% for SEST and SPIRE, 20% for
PACS red and 10% for PACS blue fluxes: Beltran et al. 2006;
Swinyard et al. 2010; Poglitsch et al. 2010). We adopted a mod-
ified black body as a model, comparing the observed and pre-
dicted fluxes at each wavelength, and multiplying the probabil-
ity for each point, to obtain the total probability of the model.
We took a constant prior on the mass, while we used a Gaussian
prior on 3, with mean value u = 2 and standard deviation o = 2,
and on the dust temperature Ty, withu = 20 Kand o0 = 15 K. We
considered temperatures between 5 and 50 K in 200 equal linear
steps, masses between 10 and 10000 M, in 200 equal logarith-
mic steps, and 3 between 0.1 and 4, in 40 equal linear steps. To
test the dependence of the fit on the choice of prior, we also tried
to use a constant prior on all the parameters of the fit. The results
show that T4, M and 8 are not sensitive to this choice, within the
uncertainties. To derive the probability distribution, and thus the
uncertainty on the single parameters we integrated over the other
two parameters.
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Appendix C: Tables and figures

Table C.1. Properties of each clump, averaged within the FWHM contour.

Clump M 68% int. n(H,) 68% int. N(H,;) 68% int. z 68% int. Diameter Notes
(10% x My) (10* x cm™) (102 x cm™) (107" x gem™) (pc)

08477-4359¢1 1.1  0.7-12 26.0 17.8-30.5 9.0 6.1-105 229 1.57-2.69 0.3
12300-6119¢c1 14 1.1-1.7 105 79-12.4 5.4 41-64 139 1.04-1.64 0.5
13560-6133c1 4.5 2.5-57 415 22.7-525 199 109-25.1 5.09 2.79-643 0.5
15072-5855¢1 0.6  0.3-0.8 10.8 5.5-13.5 4.2 21-53 107 0.54-1.35 0.4
15278-5620c1 59 4.7-69 187.0 150.0-220.0 59.0 47.4-69.7 15.10 12.10-17.80 0.3
15278-5620c2 1.7  1.3-2.0 5.1 4.0-6.1 35 28-42 090 0.71-1.08 0.7
15470-5419¢1 2.5 1.2-3.1 224 10.3-273 10.8 5.0-132 277 1.27-3.38 0.5
15470-5419¢3 5.0 4.1-5.8 4.0 3.3-4.6 4.3 3.6-50 111 091-1.28 1.1
15557-5215¢1 73  3.1-9.0 209 8.7-25.5 148 6.1-180 3.78 1.57-4.62 0.7
15557-5215¢2 3.7 29-44 13.0 10.1-15.5 8.5 6.7-10.2 219  1.70-2.61 0.7
15579-5303c1 2.7 2.3-32 38.0 31.7-43.8 15.8 13.2-183 4.06 3.39-4.68 0.4
16061-5048c1 2.1 1.6-2.6 365 26.7-44.5 142 104-173 3.63 2.66-4.43 0.4
16061-5048c2 29 24-33 223 185-26.1 113 93-132 289 239-3.37 0.5
16061-5048c4 3.6 2.9-43 5.6 4.6-6.6 4.9 40-58 125 1.01-147 0.9
16093-5015¢c1 22.1 17.0-255 29 22-33 5.7 44-6.6 146 1.13-1.69 2.0
16093-5128cl 5.6 4.5-6.6 135 10.8-15.9 10.1  8.0-11.8 258  2.06-3.03 0.8
16093-5128c8 8.5 2.2-10.0 19 0.5-2.2 3.1 0.8-3.7 081 0.21-0.95 1.7
16254-4844c1 1.3 09-1.7 432  30.9-55.8 13.6  9.7-17.5 347 2.49-4.49 0.3 (1
16428-4109c1 19 1.5-22 138 10.9-15.6 7.2 5.6-8.1 1.83  1.44-2.07 0.5
16428-4109¢2 1.5 1.3-1.7 8.3 7.1-9.5 4.7 40-54 1.21 1.03-1.38 0.6
16573-4214c2 1.1  0.8-1.3 1740 128.0-208.0 322 23.6-384 825 6.04-9.84 0.2 (1
17040-3959¢1 04 03-0.5 475  38.0-56.0 9.7 T77-114 247 1.98-291 0.2 )
17195-3811cl 2.3 1.1-2.7 109 5.1-13.2 6.5 3.0-78 1.65 0.78-2.00 0.6
17195-3811c2 29 24-33 140 11.7-15.7 8.3 6.9-93 213 1.78-2.38 0.6
17195-3811c3 3.7 3.0-4.2 5.0 4.0-5.7 4.5 37-52 115 094-1.33 0.9
17355-3241c1 0.15 0.1-0.2 33 2.5-3.9 1.2 09-15 031 0.24-0.37 0.4

13560-6133c2 4.5 14-55 20.1 6.4-24.8 122 39-151 313 1.00-3.86 0.6
14166-6118c2 1.1  0.7-1.3 7.6 5.3-9.1 4.0 28-48 1.01 0.71-1.22 0.5
14183-6050c3 4.2  1.8-4.7 5.2 2.2-59 4.9 2.1-55 125 0.53-1.40 1.0
15038-5828c1 1.6 1.2-19 249 18.7-29.8 10.0  7.5-12.0 256 1.92-3.07 0.4

15470-5419c4 4.8 2.6-6.1 4.3 24-54 4.5 25-57 114  0.63-1.45 1.1
15557-5215¢3 2.1 1.6-2.5 1.6 1.2-2.0 1.8 1.4-2.1 045  0.34-0.55 1.1
15579-5303¢3 5.1  2.9-6.3 10.2 5.8-12.7 8.1 4.6-10.1 2.08 1.18-2.57 1.1

16093-5128c2 3.6 2.4-44 6.6 4.5-8.1 5.4 37-6.6 137 0.93-1.69 0.8
16164-4929¢3 3.2  2.1-4.0 73 47-9.1 5.6 3.6-69 143  0.92-1.78 0.8
16482—-4443c2 04 0.2-0.5 474  19.6-57.0 100 4.1-120 256 1.06-3.08 <0.2 (3)

Notes. The columns show respectively: clump name, mass, volume- and column-density of H,, mass surface density, with their 68% credibility
interval, and the beam-corrected diameters of the clumps. The clumps above the horizontal line are those classified as star-forming, while the
clumps below it are those classified as quiescent. (1) Source with very poor uv-coverage in NHj: spectrum extracted from non-cleaned maps.
(2) Lower limit for the mass and the derived quantities. (3) Volume-, column- and surface-densities are lower limits, as the source is unresolved.
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Table C.2. Properties of each clump, averaged within the 30~ contour.

Clump M  68%int. n(H,) 68% int. N(H,) 68% int. X 68% int. Diameter Notes
(10 x M) (10* x cm™3) (102 x cm™) (107! x gcm™) (pc)

08477-4359c1 23  1.7-2.6 41 3.1-46 34 25-38 0.87 0.65-0.98 0.8
12300-6119¢1 2.7  2.0-3.2 1.8 1.4-2.1 2.1 1.6-2.5 0.53 0.40-0.63 1.2
13560-6133c1 12.0 8.2-16.0 1.7 1.1-2.1 33 22-42 085 0.56-1.10 2.0
15072-5855¢1 1.4  0.8-1.8 20  1.0-25 1.8 09-23 046 0.24-0.58 0.9
15278-5620cl 14.0 12.0-17.0 28 23-33 49 4.0-5.6 120 1.00-1.40 1.8
15278-5620c2 3.0 2.6-3.3 1.6  1.4-138 20 1.8-22 0.51 0.45-0.57 1.3
15470-5419c1 5.0 2.5-6.0 30 15-36 3.6 1.8-43 091 045-1.10 1.2
15470-5419¢3 11.0 10.0-11.0 1.0 1.0-1.1 22 22-24 057 0.55-0.61 22
15557-5215¢c1 21.0 10.0-26.0 24 12-29 49 25-6.1 130 0.63-1.60 2.1
15557-5215¢2 84  7.5-9.5 1.4 12-16 25 23-29 0.65 0.58-0.73 1.9
15579-5303c1 8.1  7.8-8.7 12 1.2-13 23 22-25 0.60 0.57-0.63 1.9
16061-5048c1 5.2  4.3-6.2 1.7 14-20 25 21-3.0 0.64 0.53-0.76 1.5
16061-5048c2 5.7 4.9-6.7 28 24-33 36 3.1-42 092 0.79-1.10 1.3
16061-5048c4 6.3  5.7-6.7 19 17-20 28 25-3.0 0.71 0.65-0.77 1.5
16093-5015c1 54.2 48.2-59.1 04  0.3-0.5 20 1.8-22 0.51 0.45-0.56 53
16093-5128c1 12.0 11.0-14.0 2.1 1.9-23 38 34-42 097 0.86-1.10 1.9
16093-5128c8 10.0 3.4-12.0 12 04-14 25 0.8-3.0 0.65 0.21-0.76 2.1
16254-4844c1 23  1.9-3.0 23 19-30 23 19-3.0 0.60 0.48-0.77 1.0 (1
16428—-4109c1 8.1  6.6-9.3 1.1 09-12 21 1.7-2.4 0.53 0.43-0.62 2.0
16428—-4109¢c2 4.8 4.2-5.6 08 0.7-1.0 1.5  13-1.8 039 0.34-045 1.8
16573-4214c2 1.7 1.4-20 88 7.2-100 51 42-60 130 1.10-1.50 0.6 (1
17040-3959¢1 0.6  0.6-0.7 63 57-69 3.0 26-32 075 0.68-0.83 0.5 )
17195-3811cl 6.5 3.6-7.8 1.6 09-19 26 14-3.1 0.66 0.36-0.80 1.6
17195-3811c2 83  8.0-8.5 2.1 2.0-21 33 32-34 085 0.81-0.86 1.6
17195-3811c3 6.3  5.5-6.8 1.8  1.6-20 28 24-3.0 0.71 0.63-0.77 1.5
17355-3241c1 03  0.2-03 1.7 14-19 09 08-1.0 0.24 0.20-0.27 0.6

13560-6133c2 8.1  2.9-9.1 35 12-39 46 1.7-52 120 0.43-1.30 1.4
14166-6118c2 14 1.1-1.6 51 39-60 33 25-39 085 0.65-0.99 0.7
14183-6050c3 54  2.3-59 32 14-36 39 1.6-42 099 041-1.10 1.2
15038-5828c1 4.6  3.8-5.3 22 19-25 29 24-32 0.73 0.61-0.83 1.3
15470-5419¢4 6.2  3.7-7.7 26 1.6-32 35 21-43 0.89 0.53-1.10 1.4
15557-5215¢3 2.0 1.7-24 1.6 13-18 1.7  14-20 044 0.37-0.51 1.1
15579-5303¢3 10.0 6.1-120 14 09-17 28 1.7-33 0.71 0.42-0.86 2.0
16093-5128c2 5.1  3.7-59 27 2.0-3.1 33  25-39 0.86 0.63-0.99 1.3
16164-4929¢3 54  3.4-6.8 25 16-32 33 20-41 0.84 0.52-1.05 1.3
16482-4443c2 0.8  0.3-1.0 7.8 3.1-93 37 15-44 094 0.38-1.10 0.5

Notes. The columns show respectively: clump name, mass, volume- and column-density of H,, mass surface density, with their 68% credibility
interval, and the diameters of the clumps. The clumps above the horizontal line are those classified as star-forming, while the clumps below it are
those classified as quiescent. (1) Source with very poor uv-coverage in NHj: spectrum extracted from non-cleaned maps. (2) Lower limit for the
mass and the derived quantities.
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Table C.3. Summary of star formation signposts for all the observed clumps.

Clump 24 um Emission MSX Emission GF 1.3 cm-Continuum H»O Maser Type

08477-4359c1 Y?
08589-4714cl
12300-6119c1
13039-6331cl
13560-6133cl
13563-6109c1
14166-6118cl
15072-5855¢1
15278-5620c1
15278-5620c2
15470-5419c1
15470-5419¢3
15557-5215c¢l
15557-5215¢2
15579-5303cl
16061-5048c1
16061-5048c2
16061-5048c4
16093-5015c1
16093-5128c1
16093-5128c8
16164-4929c2
16254—-4844cl
16428-4109¢1
16428-4109c2
16573-4214c2
17040-3959¢1
17195-3811cl
17195-3811c2
17195-3811c3
17355-3241cl

10088-5730c2
13560-6133c2
14166—6118c2
14183-6050c3
15038-5828c1
15454-5335¢2
15470-5419c4
15557-5215¢3
15579-5303c3
16093-5128c2
16164-4929c3
16164-4929c6
16164—-4837c2
16435-4515¢3
16482-4443c2
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Notes. The clumps above the horizontal line are those classified as star-forming, while the clump below it are those classified as quiescent. For
the “green fuzzies”, the notation Y+ indicates multiple “green fuzzies” associated with the clump. In the last column we show the Type of the
source (see text).  These sources have poor uv-coverage, thus a firm assignment to a clump in the region was not possible. ®’ Visual inspection
of the Mid-IR images showed that this GF could be generated by the Spitzer PSF. However, we still consider the clump as star forming to be
conservative, and because of the presence of a strong 24 um source within the 30~ contour of the 1.2 mm continuum emission, at the location of
the GF. © Source detected in our work, but not in that of Sdnchez-Monge et al. (2013a). ” Source detected in the work of Sdnchez-Monge et al.
(2013a), but not in our work.

Table C.4. Mean and median values for temperatures, luminosity, dust emissivity index 8, L/M ratio, gas properties and diameters of the clumps
in the QS and the SFS averaged within the FWHM contour of the 1.2 mm continuum emission.

Parameter Tx T4 M D N(H») N(H») b L B L/M
(K) (K) (Mo) (pe) (102 x em™)(10°x em™)  (gem™) (10% X Lo) (Lo/Mo)

SFS QS SFS QS SFS QS SFSQS SFS QS SFS QS SFS QS SFS QS SFS QS SFS QS

Mean  19.5%1314.1*1819.6*1411.8*1-7370*7 310779, 0.6 0.811.2*225.8+133.07060.91020.29*006 0.15+003 53.6+79 2.30.6 1.9+022 4+03 18 9+134 0.9*].9

2 . K . 120 140 . 5 . . —0.08 -0.06 . ~-0.9 . . K
Median 187 140 199 11.1 260 340 0508 84 49 14 0.7 0.22 0.13 152 23 19 26 6.5 0.8

Notes. The pairs of columns show respectively: kinetic temperature, dust temperature, mass, diameter, column density, volume density, surface
density, luminosity, dust emissivity index and L/M ratio.
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Table C.5. Mean and median values for temperatures, luminosity, L/M ratio, gas properties and diameters averaged within the FWHM contour
of the 1.2 mm continuum emission of the clumps in the SFS, divided in SFS-1 and SFS-2. The pairs of columns show respectively: kinetic
temperature, dust temperature, diameter, column density, volume density, surface density, luminosity and L/M ratio.

Parameter Tx T4 D N(H») n(Hyp) z L L/M
X) X) (pe) (102 x em™)  (10°x cm™®) (gem™) (10% X Ly) (Lo/Mo)

SFS-2  SFS-1  SFS-2  SFS-1 SFS-2 SFS-1 SFS-2 SFS-1  SFS-2 SFS-1  SES-2 SFES-1 SFS-2  SFS-1 SFS-2  SFS-1

1.7 1.4 1.5 1.4 3.2 2.1 0.7 0.7 0.08 0.05 15.0 0.6 20.3 1.3
Mean  21.3*17 183%1¢ 23,6115 152¢14 07 07 16132 10172 38707 35107 0417098 026093 101.7+139 3.9%05 24.4%203 2.1%)3

Median 214" 183 238 160 05 07 12.8 85 22 13 0.33 0.22 83.0 35 24.2 1.6

Notes. The pairs of columns show respectively: kinetic temperature, dust temperature, diameter, column density, volume density, surface density,
luminosity and L=M ratio.

Table C.6. Parameters of the ammonia spectra averaged over the whole NH;3(1, 1) area of emission.

Source Frax(1,1)  rms Visk  AV(1,1) Fpax(2,2) tms AV(2,2) Tyt 68% int. Tk  68% int. N(NH3) 68% int.
(mJy)  (mly) (kms™') (kms™') (mJy) (mly) (kms~') (K) (K) (K) (K) (10 xem™2) (10" x cm™2)
08477-4359c1  156.4 5.0 11.0 1.6 56.9 4.0 1.6 158 153-162 18.1 17.1-18.6 7.79 7.16-8.41
08589-4714cl  32.7 3.0 55 1.4 3.0 - - - - - -
12300-6119c1  61.5 40 423 1.4 22.9 4.0 14 173 16.0-18.5 20.5 17.9-21.9 2.36 1.49-3.12
13039-6331cl  21.0 60 278 0.7 7.0 - - - - - -
13560-6133cl  143.0 70 -56.6 1.6 73.4 7.0 1.6 167 12.2-18.8 199 13.4-22.4 10.90 7.64-12.70
13563-6109c1  47.1 40 =532 1.1 5.0 - - - - - -
15072-5855¢c1  28.0 50 402 0.7 5.0 - - - - - -
15278-5620c1  215.1 9.0 —48.8 1.5 97.2 8.0 1.5 133 11.5-149 14.7 12.1-16.8 14.90 12.10-17.00
15278-5620c2  224.1 70 487 1.4 125.4 8.0 14 148 13.6-16.1 168 14.6-18.5 17.40 15.50-18.60
15470-5419¢c1  171.5 80  —60.8 24 81.2 8.0 24 146 13.8-159 164 14.8-18.1 20.00 17.70-21.80
15470-5419¢3  198.5 40  -61.1 2.4 82.9 5.0 24 159 135-17.6 185 14.5-20.3 16.30 13.90-17.30
15557-5215¢1  221.6 100 —67.8 13 104.4 9.0 13 158 149-163 18.1 17.1-18.6 11.40 10.30-12.40
15557-5215¢2  186.0 70 —672 15 1289  10.0 1.5 19.0 155-204 234 17.3-26.0 15.60 14.20-16.50
15579-5303cl  258.7 8.0 —489 25 194.1 9.0 25 232 19.9-253 31.1 24.4-35.1 14.40 13.60-15.10
16061-5048c1  282.2 70  —66.6 23 1723 8.0 23 189 16.1-19.9 23.0 18.0-25.3 20.60 19.10-21.40
16061-5048c2  285.9 70  -67.0 2.0 188.9 6.0 20 179 15.8-19.4 214 17.5-23.0 26.40 24.50-27.70
16061-5048c4 1743 60 -51.6 12 64.3 7.0 12 121 11.1-12.8 13.1 11.6-13.9 23.30 19.90-25.40
16093-5015c1  155.5 40 424 1.4 415 4.0 14 158 154-163 18.0 17.1-18.7 251 2.00-2.77
16093-5128cl  193.4 8.0 —632 1.4 95.2 6.0 14 158 13.0-17.0 18.3 14.0-19.7 15.10 12.80-16.50
16093-5128c8  65.1 40  -96.0 1.1 23.1 4.0 1.1 134 9.0-159 152 8.9-17.6 9.58 5.11-18.10
16428-4109c1  103.1 50 244 13 42.8 4.0 13 149 14.1-159 169 15.3-17.8 25.00 22.40-27.20
16428-4109¢2 1897 40 252 1.1 83.7 4.0 1.1 151 14.5-158 17.1 16.3-17.8 7.24 6.80-7.66
17040-3959c1  112.9 40 -15.6 1.9 725 5.0 1.9 161 12.3-17.3 188 13.2-20.2 25.00 20.60-27.20
17195-3811cl  108.2 60 -256 12 48.0 6.0 12 165 11.8-184 19.7 12.4-22.0 5.22 3.74-6.55
17195-3811c2  159.7 40 254 0.8 725 4.0 0.8 152 14.4-157 172 16.2-18.2 6.26 5.67-6.82
17195-3811c3 917 40 253 0.7 46.8 4.0 07 13.6 127-13.8 150 14.0-15.7 10.80 9.65-11.80
17355-3241c1 787 40 35 1.1 30.3 4.0 1.1 156 13.7-172 17.8 14.7-19.8 1.74 0.98-2.19
10088-5730c2  11.3 30 46 0.9 4.0 - - - - - -
13560-6133c2  79.3 90 -56.4 1.4 46.2 9.0 14 142 92-165 163 9.6-19.3 19.50 5.35-21.70
14166-6118c2  116.1 60 395 1.1 35.2 6.0 1.1 126 11.5-140 13.8 12.0-15.6 6.21 475-7.32
14183-6050c3  44.9 60 444 0.8 5.0 - - - - - -
15038-5828cl  89.3 70  -68.8 1.9 27.5 7.0 19 127 11.3-135 13.8 12.3-15.0 12.40 9.78-14.20
15470-5419c¢4  151.0 50  -587 12 47.5 5.0 12 135 10.5-14.8 150 11.2-16.8 11.80 8.54-13.30
15557-5215¢3  170.1 40 -684 1.4 64.3 4.0 14 143 13.7-145 159 153-16.3 12.80 12.10-13.50
15579-5303¢3  69.5 60 742 1.3 19.2 6.0 13 131 10.6-14.7 145 11.1-16.5 277 1.00-3.47
16093-5128c2  67.4 80 972 1.8 8.0 - - - - - -
16164-4929¢3  143.6 50 =318 15 472 5.0 1.5 13.1 10.8-142 145 11.5-15.6 16.40 12.90-18.50
16164-4929¢6  26.0 30 326 0.8 3.0 - - - - - -
16164-4837c2  48.1 30 =511 0.8 3.0 - - - - - -
16435-4515¢3  34.5 30  -51.8 1.1 3.0 - - - - - -
16482-4443c2  89.9 60 424 1.6 31.8 6.0 1.6 157 10.1-182 18.6 10.2-21.3 8.24 4.20-9.80

Notes. The columns indicate the clump name, the peak flux of the (1, 1) transition and the rms of the spectrum, the Vi sg of the emission, the AV
of NH;(1, 1), the peak flux of the (2, 2) transition and the rms of the spectrum, and the AV of NH3(2, 2), T}y, Tx and ammonia column density,
with their uncertainties. The clumps above the horizontal line are those classified as star-forming, while the clump below it are those classified as
quiescent (see Sect. 5). Note that, contrary to Table 2, we do not include clumps not detected in NH3(1, 1).
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Fig. C.1. a) Colorscale: SEST 1.2 mm; contours: NH3(1, 1) zeroth moment. The contours start from 15% of the peak, in step of 15% of the peak
integrated emission. The peak flux and the AV of the line are given in Table 2. The position of each clump in our sample is indicated by a black
cross. The SEST beam is indicated as a white circle, and the ATCA beam is shown as a black circle. The IRAS name is indicated above each
panel, and the clump names are shown in the figures. The fields with poor uv-coverage (see Sect. 3) are not used to produce overlays, as the maps
produced are not as reliable as the others.
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Fig. C.1. b) Colorscale: NH;3(1, 1) zeroth moment; contours: SEST 1.2 mm. In this panel the colorscale and contours have been swapped in order
to make the figure intelligible. The SEST contours are optimized to identify the clump. The position of each clump in our sample is indicated by
a black cross. The SEST beam is indicated as a white circle, and the ATCA beam is shown as a black circle. The IRAS name is indicated above
each panel, and the clump names are shown in the figures. The fields with poor uv-coverage (see Sect. 3) are not used to produce overlays, as the
maps produced are not as reliable as the others.
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Fig. C.2. SEST 1.2 mm emission (contours) superimposed on the Spitzer/MIPS 24 yum images. The IRAS name is indicated above each panel, and
the clump names are shown in the figures. Dashed and solid red lines indicate the ATCA field and the observed clumps, respectively. H,O maser
spots are shown as white open squares, while “green fuzzies” are indicated as green open circles. In the last four panels the SEST emission is
superimposed on MSX images. Purple lines indicate the 30 and FWHM polygons used to extract fluxes from the SEST images.
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Fig. C.2. continued.
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Fig. C.3. NH;(1, 1) and (2, 2) spectra extracted at the peak of NH3(1, 1) emission for all clumps. The clump name and transition are indicated
above each panel.
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Fig. C.5. Spectral energy distributions for the SFS. Uncertainties in the fluxes are indicated. The yellow-shaded area shows the region encompassed
by the extreme values of the fit-derived parameters for the modified black body.
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Fig. C.5. continued.
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Fig. C.6. Same as Fig. C.5, but for the QS.

Al6, page 38 of 38


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201321456&pdf_id=35

	Introduction
	Sample and tracer
	Observations and data reduction
	Results and analysis
	Ammonia line profiles and properties
	Temperatures from ammonia
	Ammonia abundances
	Clump masses, diameters and gas densities
	Spectral energy distribution
	Stability and dynamics of the clumps
	Water maser emission

	Discussion
	The mass-luminosity plot
	Properties of sources in different stages of evolution
	Temperatures
	Sizes
	Densities
	Mass
	Velocity and linewidth
	Virial parameter


	Observational classification of high-mass clumps
	Summary and conclusions
	References
	Comments on individual sources
	16061-5048c4 and 16435-4515c3
	17355-3241c1
	Undetected sources

	SED fit
	Tables and figures

