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ABSTRACT
Using the 870µm APEX Telescope large area survey of the Galaxy, we have identi�ed 577
submillimetre continuum sources with masers from the methanol multibeam survey in the
region 280� < � < 20� ; |b| < 1.� 5. 94 per cent of methanol masers in the region are associated
with submillimetre dust emission. We estimate masses for� 450 maser-associated sources and
�nd that methanol masers are preferentially associated with massive clumps. These clumps
are centrally condensed, with envelope structures that appear to be scale-free, the mean maser
position being offset from the peak column density by 0± 4 arcsec. Assuming a Kroupa initial
mass function and a star formation ef�ciency of� 30 per cent, we �nd that over two-thirds of
the clumps are likely to form clusters with masses> 20 M� . Furthermore, almost all clumps
satisfy the empirical mass–size criterion for massive star formation. Bolometric luminosities
taken from the literature for� 100 clumps range between� 100 and 106 L� . This con�rms
the link between methanol masers and massive young stars for 90 per cent of our sample.
The Galactic distribution of sources suggests that the star formation ef�ciency is signi�cantly
reduced in the Galactic Centre region, compared to the rest of the survey area, where it is
broadly constant, and shows a signi�cant drop in the massive star formation rate density in
the outer Galaxy. We �nd no enhancement in source counts towards the southern Scutum–
Centaurus arm tangent at� � 315� , which suggests that this arm is not actively forming
stars.

Key words: stars: early-type – stars: formation – ISM: molecules – Galaxy: structure.

1 INTRODUCTION

Massive stars (> 8 M� and > 103 L� ) play a hugely important
role in many astrophysical processes from the formation of the
�rst solid material in the early Universe (Dunne et al. 2003) to
their substantial in�uence upon the evolution of their host galaxies
and future generations of star formation (Kennicutt 2005). Given
the profound impact massive stars have, not only on their local
environment, but also on a Galactic scale, it is crucial to understand
the environmental conditions and processes involved in their birth
and the earliest stages of their evolution. However, massive stars
form in clusters and are generally located at greater distances than
regions of low-mass star formation and therefore understanding how
these objects form is observationally much more challenging (see

� E-mail: j.s.urquhart@gmail.com

Zinnecker & Yorke 2007, for a review). Moreover, massive stars
are rare and they evolve much more quickly than low-mass stars,
reaching the main sequence while still deeply embedded in their
natal environment. As a consequence of their rarity and relatively
short evolution large spatial volumes need to be searched in order to
identify a suf�cient number of sources in each evolutionary stage.
Only then can we begin to understand the processes involved in the
formation and earliest stages of massive star formation.

There have been a number of studies over the last two decades or
so that have been used to identify samples of embedded young
massive stars utilizing the presence of methanol masers (e.g.
Walsh et al. 1997),IRAS, MSXor GLIMPSE infrared colours (e.g.
Molinari et al. 1996 and Bronfman, Nyman & May 1996; Lumsden
et al. 2002; Robitaille et al. 2008, respectively) and compact radio
emission (e.g. Wood & Churchwell 1989). Although these methods
have had some success, they tend to focus on a particular evolution-
ary type and in the case of the infrared colour selected samples are
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biased away from complex regions as a result of confusion in the
images due to the limited angular resolution of the surveys. This
is particularly acute forIRASselected samples. Some of these sur-
veys suffer from signi�cant biases. For example, methanol masers
require a strong mid-infrared source for the creation of high enough
methanol abundances and to pump the maser transitions, while a
hot ionizing star must be present to ionize an ultracompact HII

(UC H II) region. Surveys such as these preclude the possibility of
identifying the very earliest pre-stellar clumps that would need to
be included in any complete evolutionary sequence for massive star
formation.

All of the earliest stages of massive star formation take place
within massive clumps of dust and gas, which can be traced by
their thermal dust continuum emission. Dust emission is generally
optically thin at (sub)millimetre wavelengths and is therefore an
excellent tracer of column density and total clump mass. As well
as including all of the embedded stages, dust emission observations
are also sensitive to the colder pre-stellar phases and so provide a
means to study the whole evolutionary sequence of the massive star
formation. Until recently, there were no systematic and unbiased
surveys of dust emission. Most studies to date that have been under-
taken consisted of targeted observations ofIRASor maser selected
samples (e.g. Sridharan et al. 2002; Faúndez et al. 2004; Hill et al.
2005; Thompson et al. 2006), and so suffer from the same problems
mentioned in the previous paragraph, or have concentrated on a sin-
gle, often exceptionally rich region (e.g. Motte et al. 2007), which
may not be representative. However, there are now two large unbi-
ased (sub)millimetre surveys available: the APEX Telescope Large
Area Survey of the Galaxy (ATLASGAL; Schuller et al. 2009) at
870 µm and the Bolocam Galactic Plane Survey (BGPS; Aguirre
et al. 2011) at 1.1 mm. These surveys have identi�ed many thou-
sands of sources across the Galaxy with which to compile the large
samples of massive clumps required to build up a comprehensive
understanding of massive star formation, and test the predictions of
the main two competing theoretical models (i.e. competitive accre-
tion; Bonnell et al. 1997, 2001, and monolithic collapse; McKee &
Tan 2003).

The complete ATLASGAL catalogue consists of approximately
12 000 compact sources (see Contreras et al. 2013 for details) dis-
tributed across the inner Galaxy. This is the �rst of a series of papers
that will investigate the dust properties and Galactic distribution of
massive star formation. Here, we use the association of methanol
masers, which are considered to be an excellent tracer of the early
stages of massive star formation (Minier et al. 2003), to identify a
large sample of massive clumps.

The structure of this paper is as follows. In Section 2, we provide
a brief summary of the two surveys used to select the sample of
massive star-forming clumps. In Section 3, we describe the match-
ing procedure and discuss sample statistics, while in Section 4, we
derive the physical properties of the clumps and their associated
masers. In Section 5, we evaluate the potential of the clumps to
form massive stars and investigate their Galactic distribution with
reference to the large-scale structural features of the Milky Way. We
present a summary of the results and highlight our main �ndings in
Section 6.

2 SURVEY DESCRIPTIONS

2.1 ATLASGAL survey

The ATLASGAL (Schuller et al. 2009) is the �rst systematic survey
of the inner Galactic plane in the submillimetre wavelength range.

The survey was carried out with the Large APEX Bolometer Cam-
era (LABOCA; Siringo et al. 2009), an array of 295 bolometers ob-
serving at 870µm (345 GHz). The 12-m diameter telescope affords
an angular resolution of 19.2 arcsec full width at half-maximum
(FWHM). The initial survey region covered a Galactic longitude
region of 300� < � < 60� and|b| < 1.� 5, but this was extended to
include 280� < � < 300� ; however, the latitude range was shifted
to Š2� < b < 1� to take account of the Galactic warp in this region
of the plane and is not as sensitive as for the inner Galaxy (� 60
and 100 mJy beamŠ1 for the 300� < � < 60� and 280� < � < 300�

regions, respectively).
Contreras et al. (2013) produced a compact source catalogue for

the central part of the survey region (i.e. 330� < � < 21� ) using the
source extraction algorithm SEXTRACTOR (Bertin & Arnouts 1996).
Signal-to-noise ratio maps that had been �ltered to remove the
large-scale variations due to extended diffuse emission were used
by SEXTRACTOR to detect sources above a threshold of 3� , where�
corresponds to the background noise in the maps. Source param-
eters were determined for each detection from the dust emission
maps. This catalogue consists of 6639 sources and is 99 per cent
complete at� 6� , which corresponds to a �ux sensitivity of 0.3–
0.4 Jy beamŠ1. We have used the same source extraction algorithm
and method described by Contreras et al. (2013) to produce a cata-
logue for the currently unpublished 280� < � < 330� and 21� <� <
60� regions of the survey. When the sources identi�ed in these re-
gions are combined with those identi�ed by Contreras et al. (2013)
we obtain a �nal compact source catalogue of some 12 000 sources
(full catalogue will be presented in Csengeri et al., in preparation).
The telescope has an rms pointing accuracy of� 2 arcsec, which we
adopted as the positional accuracy for the catalogue. This catalogue
provides a complete census of dense dust clumps located in the in-
ner Galaxy and includes all potential massive star-forming clumps
with masses greater than 1000 M� out to 20 kpc.

2.2 Methanol multibeam survey

Methanol masers are well-known indicators of the early phases of
high-mass star formation, in particular sources showing emission
in the strong 6.7 GHz Class-II maser transition (Menten 1991). The
methanol multibeam (MMB) Survey mapped the Galactic plane for
this maser transition using a 7-beam receiver on the Parkes telescope
with a sensitivity of 0.17 Jy beamŠ1 and a half-power beamwidth
of 3.2 arcmin (Green 2009). All of these initial maser detections
were followed up at high resolution (� 2 arcsec) with the Australia
Telescope Compact Array (ATCA) to obtain subarcsec positional
accuracy (0.4 arcsec rms; Caswell et al. 2010). To date the MMB
is complete between 186� < � < 20� and|b| < 2� (Caswell et al.
2010, 2011; Green et al. 2010, 2012) and has reported the positions
of 707 methanol maser sites; these sites consist of groups of maser
spots that can be spread up to 1 arcsec in size but are likely to be
associated with a single object.

The MMB catalogue gives the velocity of the peak component and
the �ux density as measured from both the high-sensitivity ATCA
follow-up observations and those measured from the initial lower
sensitivity Parkes observations. These observations were taken over
different epochs up to two years apart and consequently the mea-
sured values can be affected by variability of the maser. We have
used the velocity and peak �ux densities measured from the ATCA
data for all MMB sources except for MMBG321.704+ 01.168 as it
was not detected in the ATCA observations; for this source we use
the values recorded from the Parkes observations.
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Figure 1. Examples of the local mid-infrared environment found towards the ATLASGAL-MMB candidate associations. The left-hand panels show examples
of rejected matches, while the centre and right-hand panels show genuine associations (see the text for details). These images are composed of the GLIMPSE
3.6, 4.5 and 8.0µm IRAC bands (coloured blue, green and red, respectively), which are overlaid with grey contours showing the ATLASGAL 870µm emission.
The positions of the methanol masers in each �eld are indicated by the green circles and the white hatched circle in the lower-left corner of each image shows
the size of the APEX beam at 870µm. The contour levels start at 2� and increase in steps set by a dynamically determined power law of the formD = 3 ×
Ni + 2, whereD is the dynamic range of the submillimetre emission map (de�ned as the peak brightness divided by the local rms noise),N is the number of
contours used (8 in this case) andi is the contour power-law index. The lowest power-law index used was one, which results linearly spaced contours starting
at 2� and increasing in steps of 3� (see Thompson et al. 2006 for more details). The advantage of this scheme over a linear scheme is its ability to emphasize
both emission from diffuse extended structures with low surface brightness and emission from bright compact sources.

3 ATLASGAL-MMB ASSOCIATIONS

3.1 Matching statistics

Of the 707 methanol masers currently identi�ed by the MMB survey
671 are located in the Galactic longitude and latitude range surveyed
at 870 µm by the APEX telescope as part of the ATLASGAL
project. This represents� 95 per cent of the entire published MMB
catalogue. As a �rst step to identify potential matches between the
methanol masers and the ATLASGAL sources we used a matching
radius of 120 arcsec, which is the maximum radius of sources
found in the ATLASGAL catalogue (Contreras et al. 2013). We
used the peak 870µm �ux as the ATLASGAL source position
for these matches. In cases where a methanol maser was found to
be located within this search radius of two or more ATLASGAL
sources the nearest submillimetre source was selected as the most
likely association. This simple radius search identi�ed 637 potential
ATLASGAL-MMB associations from the possible 671 methanol
masers. To verify that these associations are genuine, we extracted
3 arcmin× 3 arcmin regions from the ATLASGAL emission maps
and inspected these by eye to con�rm that the emission region
and position of the methanol maser are coincident. We failed to

�nd an ATLASGAL source at the MMB position towards nine
MMB sources and therefore removed these from the associated
sample; these masers form part of the sample of unassociated masers
discussed in Section 3.3.

For the potential associations located in the part of the Galaxy
surveyed by GLIMPSE (i.e.� > 295� and |b| < 1� ; Benjamin
et al. 2003) we extracted 3 arcmin× 3 arcmin mid-infrared data
sets from the project archive and produced false colour images of
their environments. We present a sample of these images in Fig. 1
overplotted with contours of the submillimetre emission. In the left-
hand panels of Fig. 1, we present some examples of the rejected
matches. The �nal sample consists of 630 methanol masers that are
positionally coincident with 577 ATLASGAL sources (see middle
and right-hand panels of Fig. 1 for examples of these associations),
with two or more methanol masers found towards 46 clumps. This
sample includes� 94 per cent of the MMB masers located in the
surveys’ overlap region; however, this represents only� 7 per cent
of the ATLASGAL sources in the same region.

For three of the ATLASGAL sources associated with multi-
ple methanol masers we �nd the maser velocities disagree by
more that would be expected if the masers were associated
with the same molecular complex (i.e.|�v | > 10 km sŠ1).
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Figure 2. Two-dimensional distribution of the angular offsets between the peak of the ATLASGAL dust emission and the matched MMB source is shown in
the left-hand panel. The dashed vertical and horizontal lines indicate thex andy = 0 axes, respectively, and the blue cross shows the mean offset in longitude
and latitude of the whole sample. In the right-hand panel, we present a histogram showing the surface density of methanol masers as a function of separation
between them and the position of peak emission of the associated ATLASGAL source. We have truncated thex-axis of this plot at 40 arcsec as there are only
14 ATLASGAL-MMB matches with larger separations and the source density effectively falls to zero. The bin size is 2 arcsec.

These are: AGAL355.538Š00.104 which is associated with
MMB355.538Š00.105 (3.8 km sŠ1) and MMB355.545Š00.103
(Š28.2 km sŠ1); AGAL313.766Š00.862 which is associated with
MMB313.767Š00.863 (Š56.3 km sŠ1) and MMB313.774Š00.863
(Š44.8 km sŠ1); and AGAL010.472+ 00.027 which is as-
sociated with MMB010.472+ 00.027 (75 km sŠ1) and
MMB010.480+ 00.033 (59.5 km sŠ1). For each of these we have
adopted the velocity of the maser with the smallest angular offset
from the submillimetre peak.

In the left-hand panel of Fig. 2, we present a plot showing the
offsets in Galactic longitude and latitude between the peak po-
sitions of the ATLASGAL and methanol maser emission. The
positional correlation between the two tracers is excellent with
the mean (indicated by the blue cross) centred at zero (�� =
Š0.3 arcsec± 0.4 arcsec and�b = + 0.18 arcsec± 0.37 arcsec).
In the right-hand panel of Fig. 2, we present a plot showing the
MMB angular surface density as a function of angular separation
between the maser position and the peak of the 870µm emission
of the associated ATLASGAL source. This plot reveals a strong
correlation between the position of the methanol maser and the
peak submillimetre continuum emission. The distribution peaks at
separations less than 2 arcsec and falls off rapidly as the angu-
lar separation increases to� 12 arcsec after which the distribution
�attens off to an almost constant background level close to zero.
We �nd that � 87 per cent of all ATLASGAL-MMB associations
have an angular separation< 12 arcsec (which corresponds to 3� ,
where� is the standard deviation of the offsets weighted by the
surface density). The high concentration and small offsets between
the masers and the peak dust emission reveal that the methanol
masers are embedded in the brightest emission parts of these sub-
millimetre clumps. This would suggest that the protostars giving
rise to these methanol masers are preferentially found towards the
centre of their host clumps. This is in broad agreement with the
predictions of the competitive accretion model (Bonnell et al. 1997,
2001), where the deeper gravitational potential at the centre of the

clump is able to signi�cantly increase the gas density by funnelling
material from the whole cloud towards the centre. However, high
angular resolution interferometric observations (e.g. with ALMA)
are required to conclusively prove this hypothesis by measuring the
density distribution for the clumps on small spatial scales.

The larger angular offsets are found for approximately 80
ATLASGAL-MMB associations, which could indicate the pres-
ence of clumpy substructure that has not been properly identi�ed by
SEXTRACTOR. Alternatively, these matches with large offsets could
be the result of a chance alignment of a nearby clump with an MMB
source that is associated with more distant dust clump that falls be-
low the ATLASGAL sensitivity limit. In the right-hand panels of
Fig. 1, we present mid-infrared images towards two sources where
the methanol maser is offset from the peak position of the dust emis-
sion by more than 12 arcsec. Inspection of the dust emission (shown
by the contours) does reveal the presence of weak localized peaks
close to that of the methanol maser position, which would suggest
that these two particular sources do possess substructure that has not
been identi�ed independently by the ATLASGAL source extraction
method. These two sources are fairly typical of the matches with
offsets greater than 12 arcsec and therefore we would conclude that
this is the most likely explanation; however, higher sensitivity ob-
servations are required to con�rm this, and to properly characterize
the dust properties of these methanol maser sites.

In Fig. 3, we present a plot comparing the methanol �ux density
and the 870µm peak �ux density of the ATLASGAL-MMB asso-
ciations. There is no apparent correlation between these parameters
from a visual inspection of this plot; however, the correlation coef-
�cient is 0.19 with a signi�cance value of 5× 10Š6 and so there is a
weak correlation. Methanol masers are found to be associated with
a range of evolutionary stages of massive star formation (i.e. from
the hot molecular core (HMC) through to the UC HII region stage).
Therefore, the low level of correlation could simply be a re�ection
of the spread in evolutionary stages covered by the methanol masers.
It is also important to bear in mind that these methanol masers are
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Figure 3. Comparison of the methanol maser �ux density and the peak
870 µm �ux density of the associated ATLASGAL source. The colours
indicate whether or not a particular maser has been associated with mid-
infrared emission (Gallaway et al. 2013); red, purple and black colours
correspond to infrared bright, infrared dark, and sources for which no data
is available, respectively. The dash–dotted blue and green lines indicate the
3� sensitivities of the ATLASGAL and MMB surveys, respectively. The
results of a Pearson correlation test returns a coef�cient value of 0.19.

likely to be associated with the circumstellar envelope/disc of a sin-
gle embedded source, and given the resolution of the ATLASGAL
survey it is almost certain that the measured submillimetre �ux is
related to the mass of the whole clump, which is likely to go on to
form an entire cluster. It is therefore not surprising that we �nd the
�ux densities of the masers and the dust clumps to be only weakly
correlated.

To investigate whether there is a correlation between the submil-
limetre and methanol maser �uxes and the mid-infrared properties
of the source we have cross-correlated the matched sources with the
Gallaway et al. (2013) catalogue. Using this catalogue, we separate
our matched sample into three groups, those associated with mid-
infrared emission, infrared dark sources and those located outside
the region covered by the GLIMPSE Legacy project, upon which
the work of Gallaway et al. (2013) is based. The distribution of these
three groups are shown in Fig. 3 as red, purple and black symbols,
respectively. Comparing the �ux distributions of the infrared bright
and dark samples with a Kolmogorov–Smirnov (KS) test we do not
�nd them to be signi�cantly different.

3.2 ATLASGAL 870 µm �ux distribution

In Fig. 4, we present plots of the 870µm peak and integrated
�ux distribution (upper and lower panels, respectively) of the
ATLASGAL catalogue (grey histogram) and ATLASGAL-MMB
associations (blue histogram). It is clear from these plots that the
methanol masers are preferentially associated with the brighter AT-
LASGAL sources in the sense that the probability of an association
with a maser approaches 100 per cent for brighter clumps. This is
particularly evident in the peak �ux distribution, which reveals that
only a relatively small number of submillimetre sources brighter
than � 7 Jy beamŠ1 are not associated with a methanol maser. It
is also clear from these plots that there is a stronger correlation
between the brightest peak �ux density ATLASGAL sources and

Figure 4. Flux density distribution for ATLASGAL sources in the overlap
region (grey �lled histogram) and the ATLASGAL-MMB associated sources
(blue histogram). In the upper and lower panels, we present histograms of
the peak and integrated �ux densities measured for each source, respectively.

the presence of a methanol maser than between the integrated �ux
and the presence of a maser. The integrated �ux is a property of
the whole clump/cloud, whereas the peak �ux is more likely to be
associated with the highest column density and/or warmest regions
of the clump where star formation is taking place. Furthermore,
some of the ATLASGAL sources with the highest integrated �uxes
are large extended sources, which can have relatively low peak �ux
densities.

In Fig. 5, we present a plot showing the ratio of ATLASGAL
sources found to be associated with a methanol maser as a func-
tion of peak 870µm �ux density. Although the errors in the ratios
for the higher �ux bins are relatively large, due to the smaller
numbers of sources they contain, there is still clearly a strong cor-
relation between bright submillimetre emission and the presence of
a methanol maser. Given that the association rate of ATLASGAL
sources with methanol masers increases rapidly with peak �ux den-
sity (� 100 per cent for sources above 20 Jy beamŠ1) an argument
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Figure 5. Fraction of ATLASGAL sources associated with a methanol
maser as a function of peak 870µm �ux density. The errors are estimated
using binomial statistics.

Figure 6. MMB �ux distribution for the whole sample (grey �lled his-
togram) and those not associated with an ATLASGAL source (red his-
togram). The bin size is 0.2 dex.

can be made for the maser emission being effectively isotropic. Al-
though the radiation beamed from individual maser spots is highly
directional, there are many very high resolution studies that have
revealed signi�cant numbers of maser spots to be associated with
a single source (e.g. Goddi, Moscadelli & Sanna 2011). These in-
dividual maser spots are distributed around the central embedded
protostar and are therefore spatially distinct.

3.3 Unassociated MMB sources

41 MMB masers could not be matched with an ATLASGAL source.
These masers have integrated �ux densities between 0.43 and
15.65 Jy, with a mean and median value of 2.2 and 1.5 Jy, respec-
tively. In Fig. 6, we present a histogram showing the distribution
of maser �uxes for the whole MMB sample (grey �lled histogram)
and of the unassociated masers (red histogram). The �ux densities

of the unmatched masers are signi�cantly above the MMB survey’s
sensitivity of 0.17 Jy beamŠ1, and although they are principally
found towards the lower �ux end of the distribution, they are not
the weakest masers detected. For comparison the mean and median
�uxes for the whole maser sample are 47.8 and 5.1 Jy, respectively.
Using a KS test to compare the distribution of the dustless MMB
masers with that of the whole MMB catalogue we are able to reject
the null hypothesis that these are drawn from the same population
with greater than 3� con�dence.

It is widely accepted that methanol masers are almost exclusively
associated with high-mass star-forming regions (e.g. Minier et al.
2003; Pandian et al. 2010). If this is the case, then we might expect
all of these unmatched sources to be located at the far side of
the Galaxy, where their dust emission falls below the ATLASGAL
detection sensitivity; however, it is possible that these are associated
with more evolved stars (e.g. Walsh et al. 2003). We will investigate
the nature of these unassociated methanol masers in more detail in
Section 5.4.

4 PHYSICAL PROPERTIES

In the previous section, we identi�ed two subsamples based on the
possible combinations of ATLASGAL and MMB associations: (1)
methanol masers associated with the thermal continuum emission
from cold dust and likely tracing star formation; (2) apparently
dustless methanol masers which could be a combination of masers
associated with more distant dust clumps not currently detected.
These two subsamples consist of approximately 94 and 6 per cent
of the MMB sources in the overlap region, respectively.

In this section, we will concentrate on the ATLASGAL-MMB
associations to determine the physical properties of their environ-
ments; these are given for each clump in Table 1, while in Table 2
we summarize the global properties.

4.1 Distances

Using the velocity of the peak maser component and a Galactic rota-
tion model (e.g. Brand & Blitz 1993; Reid et al. 2009) it is possible
to estimate a particular source’s kinematic distance. However, for
sources located within the solar circle (i.e.< 8.5 kpc of the Galac-
tic Centre) there is a two-fold degeneracy as the source velocity
corresponds to two distances equally spaced on either side of the
tangent position. In a follow-up paper to the MMB survey, Green
& McClure-Grif�ths (2011) used archival HI data taken from the
Southern Galactic Plane Survey (SGPS) and VLA Galactic Plane
Survey (VGPS) (McClure-Grif�ths et al. 2005 and Stil et al. 2006,
respectively) to resolve the distance ambiguities to a large number
of methanol masers.

Green & McClure-Grif�ths (2011) examined HI spectra for
734 methanol masers, of which 204 are located at Galactic lon-
gitudes between� = 20� –60� and therefore are not included in
the current MMB catalogue and are not considered here. How-
ever, the Green & McClure-Grif�ths (2011) study does include 525
of the 671 MMB sources located in the overlapping ATLASGAL
and MMB region. Breaking this down further we �nd that this
includes 506 of the 628 MMB sources associated with an ATLAS-
GAL source as discussed in Section 3, and 31 of the 41 methanol
masers not associated with submillimetre emission mentioned in
Section 3.3.

Green & McClure-Grif�ths (2011) used the Galactic rotation
model of Reid et al. (2009) to determine the kinematic distances to
their sample of methanol masers. However, this model’s assumption

Downloaded from https://academic.oup.com/mnras/article-abstract/431/2/1752/2908442
by Liverpool John Moores University user
on 09 March 2018



1758 J. S. Urquhart et al.

Table 1. Derived clump parameters. The columns are as follows: (1) and (2) ATLASGAL and MMB names; (3) angular offset between the peak of the
submillimetre emission and the masers position; (4) ratio of the semimajor to semiminor sizes of the ATLASGAL source; (5) ratio of the integrated and peak
submillimetre emission (Y-factor); (6) heliocentric distance; (7) Galactocentric distance; (8) effective physical radius; (9) column density; (10) clump mass
derived from the integrated 870µm emission assuming a dust temperature of 20 K; (11) isotropic methanol maser luminosity.

ATLASGAL name MMB namea Offset Aspect Y-factor Distance RGC Radius log(N(H2)) log(MassClump) log(LMMB )
(arcsec) ratio (kpc) (kpc) (pc) (cmŠ2) (M� ) (Jy kpc2)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

AGAL281.709Š01.104 MMB281.710Š01.104 2.3 1.6 3.44 4.2 8.7 0.50 22.97 2.94 1.88
AGAL284.352Š00.417 MMB284.352Š00.419 6.5 1.5 10.44 5.2 8.8 1.05 22.84 3.49 2.93
AGAL284.694Š00.359 MMB284.694Š00.361 6.2 1.0 2.00 6.3 9.2 – 22.41 2.51 3.22
AGAL285.339Š00.001 MMB285.337Š00.002 8.3 1.7 5.29 5.1 8.7 0.53 22.63 2.96 3.56
AGAL287.372+ 00.646 MMB287.371+ 00.644 6.8 1.1 2.59 5.2 8.6 0.19 22.67 2.72 4.56
AGAL291.272Š00.714 MMB291.270Š00.719 19.6 1.4 11.25 1.0 8.2 0.36 23.88 3.13 2.00
AGAL291.272Š00.714 MMB291.274Š00.709 20.5 1.4 11.25 1.0 8.2 0.36 23.88 3.13 2.94
AGAL291.579Š00.432 MMB291.579Š00.431 4.3 1.4 5.05 8.1 9.4 2.02 23.59 4.31 2.92
AGAL291.579Š00.432 MMB291.582Š00.435 14.8 1.4 5.05 7.7 9.1 1.90 23.59 4.26 3.31
AGAL291.636Š00.541 MMB291.642Š00.546 28.0 1.5 14.72 7.8 9.2 2.94 23.33 4.49 2.37
AGAL291.879Š00.809 MMB291.879Š00.810 2.7 1.2 2.89 9.9 10.4 – 22.61 3.27 3.22
AGAL292.074Š01.129 MMB292.074Š01.131 8.1 2.1 3.18 3.2 7.9 – 22.34 2.05 2.04
AGAL293.828Š00.746 MMB293.827Š00.746 1.4 1.1 2.48 10.7 10.7 0.94 23.10 3.75 3.56
AGAL293.941Š00.874 MMB293.942Š00.874 3.7 1.2 3.10 11.2 10.9 0.86 22.81 3.59 3.83
AGAL294.336Š01.705 MMB294.337Š01.706 5.6 1.1 1.72 1.0 8.1 – 22.59 1.03 0.11
AGAL294.511Š01.622 MMB294.511Š01.621 3.3 1.1 3.60 1.0 8.1 0.14 23.11 1.89 1.98
AGAL294.976Š01.734 MMB294.977Š01.734 3.1 1.3 6.73 0.2 8.4 0.05 23.20 1.02 Š 1.10
AGAL294.989Š01.719 MMB294.990Š01.719 2.2 1.1 4.87 1.1 8.1 0.17 23.10 2.03 2.19
AGAL296.893Š01.306 MMB296.893Š01.305 2.4 1.3 0.98 10.0 9.8 – 22.52 2.71 3.18
AGAL297.391Š00.634 MMB297.406Š00.622• 68.2 1.6 10.82 10.7 10.1 0.50 22.38 3.66 3.31
AGAL298.182Š00.786 MMB298.177Š00.795• 37.7 1.0 3.60 10.4 9.9 1.49 23.15 3.94 3.56
AGAL298.224Š00.339 MMB298.213Š00.343• 41.4 1.3 9.89 11.4 10.5 3.89 23.31 4.61 3.33
AGAL298.263+ 00.739 MMB298.262+ 00.739• 2.5 1.3 3.23 4.0 7.5 0.37 22.92 2.83 3.47
AGAL298.631Š00.362 MMB298.632Š00.362• 6.0 1.6 1.31 11.9 10.8 – 22.31 2.77 3.38
AGAL298.724Š00.086 MMB298.723Š00.086• 5.0 1.1 1.84 10.6 9.9 0.65 22.94 3.45 3.20
AGAL299.012+ 00.127 MMB299.013+ 00.128• 3.5 1.9 5.29 10.2 9.6 1.66 22.72 3.66 4.03
AGAL300.504Š00.176 MMB300.504Š00.176• 1.4 1.3 4.83 9.6 9.0 2.16 23.11 3.95 3.67
AGAL300.969+ 01.146 MMB300.969+ 01.148� 7.0 1.3 6.49 4.3 7.3 1.25 23.41 3.69 3.05
AGAL301.136Š00.226 MMB301.136Š00.226• 2.3 1.3 2.59 4.3 7.3 0.78 23.90 3.77 2.59
AGAL302.032Š00.061 MMB302.032Š00.061• 1.2 1.2 3.94 4.5 7.2 0.70 23.00 3.10 3.43
aSources witha superscript have been searched for mid-infrared emission by Gallaway et al. (2013):• and‚ indicate infrared bright and infrared dark sources,
respectively, and� identi�es the sources they were unable to classify.
Notes: Only a small portion of the data is provided here, the full table is available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr
(130.79.125.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/MNRAS/.

Table 2. Summary of derived parameters.

Parameter Number Mean Standard error Standard deviation Median Minimum Maximum

Radius (pc) 375 1.27 0.05 1.01 0.97 0.01 5.69
Aspect ratio 577 1.51 0.02 0.40 1.40 1.01 3.39
Y-factor 577 5.63 0.16 3.89 4.55 0.98 24.66
log[Clump Mass (M� )] 442 3.27 0.04 0.77 3.36 Š 2.00 5.43
log[Column Density (cmŠ2)] 577 22.86 0.04 1.06 22.88 4.16 24.74
log[LMMB (Jy kpc2)] 442 3.48 0.05 0.99 3.47 Š 1.30 6.34

of a �at rotation curve with a high rotational velocity leads to very
notable differences in the fourth quadrant of the Galaxy between
the model-derived tangent velocities and the empirically derived
values determined by McClure-Grif�ths & Dickey (2007) from the
H I termination velocities (see their �g. 8). This leads to the near
and far distance being located farther from the tangent position
than would otherwise be expected, and produces a large hole in
the Galactic distribution around the tangent positions (see �g. 4 of
Green & McClure-Grif�ths 2011).

In order to avoid this, we have used the Galactic rotation curve
of Brand & Blitz (1993) as its model tangent velocities are a much

closer match to the HI termination velocities. The use of a dif-
ferent rotation model in most cases results in only a slight change
in the estimated kinematic distances from those given by Green
& McClure-Grif�ths (2011). In addition to the minor difference
in kinematic distances imposed by the change of rotation model
(� 1 kpc) we also: (1) place any source with a velocity within
10 km sŠ1 of the tangent point at the tangent distance and (2) place
any sources within the solar circle at the near distance if a far dis-
tance allocation would lead to a height above the mid-plane larger
than four times the scale height of young massive stars (i.e.� 30 pc;
Reed 2000; Urquhart et al. 2011a).
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Figure 7. Heliocentric distance distribution for the 473 MMB distances
available (grey �lled histogram) and the distance of 31 MMB sources not
associated with an ATLASGAL source (green histogram). The bin size is
1 kpc.

Green & McClure-Grif�ths (2011) provide distance solutions
for 385 of the ATLASGAL-MMB associations and 16 of the
unassociated MMB sources. We have adopted their distances for
378 of the ATLASGAL-MMB associations and �nd the values
determined from the difference rotation curves, after applying
the two criteria mentioned in the previous paragraph, agree
within 1 kpc in every case. We only disagree with the distance
allocations given by Green & McClure-Grif�ths (2011) for seven
sources. Of these, we have associated four sources with the
G305 complex (AGAL305.361+ 00.186, AGAL305.362+ 00.151,
AGAL305.799Š00.244 and AGAL305.887+ 00.016), three
located at the tangent position (AGAL309.384Š00.134,
AGAL311.627+ 00.266 and AGAL336.916Š00.022). Only
one source (AGAL351.774Š00.537) is placed at the near distance
of 0.4 kpc by the Reid et al. (2009) model but is placed outside
the solar circle by the Brand & Blitz (1993) model at a distance of
17.4 kpc.

There are 83 ATLASGAL-MMB associations that have not been
assigned a distance by Green & McClure-Grif�ths (2011). We have
allocated distances to 64 of these. 14 have been placed at the tangent
position, 14 have been associated with a well-known complex (i.e.
G305 and W31) and 19 have been placed at the near distance. 15
of the sources placed at the near distance are because a far-distance
allocation would place them more than 120 pc from the Galactic
mid-plane. Finally, the velocities of 17 sources place them outside
the solar circle, and thus, these sources do not suffer from the
kinematic distance ambiguity problem.

In total, we have distances to 442 ATLASGAL-MMB associated
sources and their distribution is shown in Fig. 7 (grey �lled his-
togram). The distribution is shown to be bimodal, with peaks at 3
to 4 and 11 to 12 kpc. The low number of sources between these
two peaks is due to an almost total lack of any MMB source within
3 kpc of the Galactic Centre.

In addition to the distances we have determined for the
ATLASGAL-MMB associations, we have obtained distances for 31
of the 41 MMB masers not associated with thermal dust emission.
18 of these were drawn from Green & McClure-Grif�ths (2011),
11 are found to be located in the outer Galaxy using the Brand &

Blitz (1993) model, two others are located at the tangent position.
It is clear from the distribution of this sample of sources (green his-
togram shown in Fig. 7) that the majority have distances larger than
9 kpc. In the previous section (i.e. Section 3.3), we suggested that
one possible explanation for the non-detection of submillimetre dust
emission from these sources could be that they are located at larger
distances; this distribution offers some support for that hypothesis.
The median value for the distance for these unassociated MMB
sources is� 13 kpc compared with a median value of� 5 kpc for
the ATLASGAL-MMB associations. A KS test on the two samples
shows that their distance distributions are signi�cantly different and
we are able to reject the null hypothesis that they are drawn from
the same population.

4.2 Sizes and morphology

Using the kinematic distances discussed in the previous section and
the effective angular radii derived for the clumps by SEXTRACTOR

we are able to estimate their physical sizes (see Rosolowsky et al.
2010 for de�nition of effective radius). The distribution of sizes is
presented in the upper panel of Fig. 8 and ranges from 0.1 to several
parsec, with a peak at� 1 pc. The dashed vertical lines shown on
this plot at radii of 0.15 to 1.25 pc indicate the boundary between
cores and clumps, and clumps and clouds, respectively (as adopted
by Dunham et al. 2011a from table 1 of Bergin & Tafalla 2007).
However, we note that the distribution is continuous with no features
at these sizes so the de�nitions are probably somewhat arbitrary.

As also reported by Tackenberg et al. (2012), from a study of
ATLASGAL candidate starless clumps we �nd no correlation be-
tween angular size and distance, which results in an approximately
linear correlation between physical sizes and distance. It is impor-
tant to bear in mind that at distances of a kiloparsec or so we are
primarily resolving structures on the size scale of cores, at inter-
mediate distances, clumps, and at greater distances, entire cloud
structures. This will have an effect on some of the derived param-
eters such as column and volume densities. However, although the
sample covers a large range of sizes, the majority falls into the
size range suggested for clumps, which are more likely to be in the
process of forming clusters rather than a single massive star. For
simplicity we refer to our sample as clumps, with the caveat that it
includes a large range of physical sizes.

In the lower panel of Fig. 8 we plot the source radius as a function
of heliocentric distance. The colours of the symbols used in this plot
give an indication of the aspect ratio of each source, the values of
which can be read off from the colour bar to the right of the plot.
This plot clearly illustrates that at larger distances we are probing
larger physical structures, however, the aspect ratio of this sample of
objects does not appear to have a signi�cant distance dependence.
This may suggest that even at larger distance the molecular clouds
associated with MMB sources are still single structures.

In the upper panel of Fig. 9, we present the distribution of the as-
pect ratios of ATLASGAL-MMB sources (blue histogram), which
is shown against that of the whole population of compact ATLAS-
GAL sources (grey �lled histogram). It is clear from this plot that
the ATLASGAL-MMB sources have a signi�cantly smaller as-
pect ratio than the general population, which would suggest that
they are more spherical in structure. The mean (median) values for
the ATLASGAL-MMB and the whole population are 1.51± 0.02
(1.40) and 1.69± 0.01 (1.55), respectively. A similar median value
of 1.3 was found by Thompson et al. (2006) from a programme of
targeted SCUBA submillimetre observations of clumps associated
with UC H II regions.

Downloaded from https://academic.oup.com/mnras/article-abstract/431/2/1752/2908442
by Liverpool John Moores University user
on 09 March 2018



1760 J. S. Urquhart et al.

Figure 8. Upper panel: the distribution of effective radius for the whole
ATLASGAL-MMB associated sample (grey �lled histogram). Lower panel:
the radius and aspect ratio distribution as a function of heliocentric distance.
The left- and right-hand (lower and upper) dashed vertical (horizontal) lines
in the upper panel (lower panel) indicate the radii separating cores and
clumps (0.125 pc), and clumps and clouds (1.25 pc), respectively. The solid
curved line shown in the lower panel shows the physical resolution of the
survey based on the APEX 19.2 arcsec beam at 870µm while the colours
give an indication of the aspect ratio of each sources (see colour bar on the
right for values).

Another way to compare the morphology of the ATLASGAL-
MMB associations with the general population of ATLASGAL
sources is to look at the ratio of their integrated to peak �uxes;
this is referred to as theY-factor. This has been used to investigate
the general extent of submillimetre clumps associated with high-
mass protostellar cores (HMPOs) and UC HII regions by Williams,
Fuller & Sridharan (2004) and Thompson et al. (2006), respectively.
In the lower panel of Fig. 9, we plot theY-factor for the whole AT-
LASGAL compact source population (�lled grey histogram) and
the ATLASGAL-MMB associated sources (blue histogram). The
Y-factors for both distributions peak at similar values, between 2
and 4, however, the ATLASGAL-MMB associated sources have
signi�cantly lower overallY-factors (with a median value of 4.8

Figure 9. In the upper and lower panels we present plots showing the source
aspect ratio and theY-factor, respectively, of the whole ATLASGAL sam-
ple (grey histogram) and the ATLASGAL-MMB associated sources (blue
histogram). The ATLASGAL-MMB distributions have been normalized to
the peak of the whole ATLASGAL sample. The bin sizes used are 0.1 and
1 for the aspect ratio and theY-factor, respectively.

compared to 6.7 for the whole ATLASGAL compact source popu-
lation). A KS test is able to reject the null hypothesis that these are
drawn from the same population with greater than 3� con�dence.

Peaks in theY-factor around 3 are also seen in the HMPO and
UC H II region samples of Williams et al. (2004) and Thompson
et al. (2006) and appear to have a similar distribution to our sample.
The large range of heliocentric distances over which their HMPO
sample is distributed led Williams et al. (2004) to suggest that the
envelope structures may be scale-free. The ATLASGAL clumps
are similarly located over a range of heliocentric distances and
thus the ATLASGAL beam traces structure on scales from a few
times 0.1 pc to several parsec. As we observe similarY-factors for
a range of spatial resolutions this suggests that the radial density
distribution follows a similar power law over a range of spatial
scales. Hence, the structure of the clumpenvelopes(at least on
parsec scales) are likely to follow a scale-free power law. The fact
that all three samples (ATLASGAL-MMB, HMPO and UC HII
regions) are likely to cover the whole range of embedded star
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formation and broadly show the sameY-factor properties would
seem to support this. Similar to Williams et al. (2004) and Thomp-
son et al. (2006), we �nd that a signi�cant amount of the mass as-
sociated with the ATLASGAL-MMB sources is found in the outer
regions of the clumps, from which we conclude that this situation
does not change signi�cantly over the evolution of the embedded
stars.

In summary, we have determined that overall the ATLASGAL-
MMB associated sources are roughly spherical, centrally condensed
clumps that appear to have a scale-free envelope with a methanol
maser coincident with the peak of the submillimetre emission.

4.3 Isothermal clump masses

In calculating masses and column densities, we have assumed that
all of the measured �ux arises from warm dust, however, free–free
emission from embedded ionized gas and/or molecular line emis-
sion could make a signi�cant contribution for broad-band bolome-
ters such as LABOCA. Schuller et al. (2009) considered these two
forms of contaminating emission and concluded that even in the
most extreme case of the giant HII region associated with W43, and
the CO (3–2) lines associated with extreme out�ows, hot cores and
photon-dominated regions, the contribution from free–free emis-
sion and molecular lines is of the order of 20 and 15 per cent,
respectively, and in the majority of cases will be almost negligible
(see also Drabek et al. 2012).

Assuming the dust is generally optically thin and can be charac-
terized by a single temperature, we are able to estimate the isother-
mal dust masses for the ATLASGAL-MMB associated sources.
Following Hildebrand (1983), the total mass in a clump is directly
proportional to the total �ux density integrated over the source:

M =
D 2 S� R

B� (TD) � �
, (1)

whereS� is the integrated 870µm �ux, D is the heliocentric distance
to the source,R is the gas-to-dust mass ratio (assumed to be 100),
B� is the Planck function for a dust temperatureTD and� � is the
dust absorption coef�cient taken as 1.85 cm2 gŠ1 [this value was
derived by Schuller et al. (2009) by interpolating to 870µm from
table 1, column 5 of Ossenkopf & Henning (1994)].

As reliable dust temperatures are not available for the majority
of our sample, we make the simplifying assumption that all of the
clumps have approximately the same temperature and set this to be
20 K. Single dish ammonia studies have derived kinetic gas tem-
peratures for a large number of massive star formation regions that
cover the full range of evolutionary stages. These include methanol
masers (Pandian, Wyrowski & Menten 2012); 1.1 mm thermal dust
sources identi�ed by the BGPS (Dunham et al. 2011b); 870µm
ATLASGAL sources (Wienen et al. 2012) and the RedMSXSource
Survey (RMS; Urquhart et al. 2011b).1 For the methanol masers
mean and median kinetic temperatures of 26 K and 23.4 K were
reported by Pandian et al. (2012), and the massive young stellar
objects (MYSOs) and UC HII regions have mean and median ki-
netic temperatures of 22.1 and 21.4 K (Urquhart et al. 2011b), while
Wienen et al. (2012) report kinetic temperatures of� 24 K for a sub-
sample of ATLASGAL sources associated with methanol masers.

1 All of these observational programmes used either the Green Bank Tele-
scope (FWHM� 30 arcsec; Urquhart et al. 2011b; Dunham et al. 2011b) or
the Effelsberg telescope (FWHM� 40 arcsec; Pandian et al. 2012; Wienen
et al. 2012) and therefore have comparable resolution and sensitivity.

Dunham et al. (2011b) report lower kinetic gas temperatures 15.6±
5.0 K; however, their sample includes a larger fraction of starless
clumps and so the lower mean temperature is expected.

A kinetic gas temperature of� 25 K would seem to character-
ize the clumps that show evidence of star formation; however, this
temperature is likely to be an upper limit to the clump-averaged
kinetic temperature as these observations were pointed at the peak
emission of the clumps and the kinetic temperature is likely to be
signi�cantly lower towards the edges of the clumps (Zinchenko,
Henning & Schreyer 1997). Dunham et al. (2011b) estimate that
using the peak kinetic temperature for the whole clump may un-
derestimate the isothermal mass by up to a factor of 2. Therefore,
we have chosen to use a value of 20 K, consistent with a number
of similar studies (cf. Hill et al. 2005; Motte et al. 2007). Given
that the true clump-averaged kinetic temperatures of the sample
are likely to range between 15 and 25 K the resulting uncertainties
in the derived isothermal clump masses of individual sources are
± 43 per cent (allowing for an uncertainty in temperature of± 5 K
which is added in quadrature with the 15 per cent �ux measurement
uncertainty). However, this is unlikely to have a signi�cant impact
on the overall mass distribution or the statistical analysis of the
masses. We note that 10 per cent of the ATLASGAL-MMB associ-
ations are also associated with embedded UC HIIregions. However,
Urquhart et al. (2011b) found that the presence of an UC HII region
only results in an increase in clump-averaged kinetic temperatures
of a few Kelvin.

In the left-hand panel of Fig. 10, we present a plot of the isother-
mal dust mass distribution, while in the right-hand panel we show
the mass distribution as a function of heliocentric distance. It is
clear from the right-hand panel of this �gure that we are sensitive
to all ATLASGAL-MMB associated clumps with masses above
1000 M� across the Galaxy, and our statistics should be complete
above this level. (This completeness limit is indicated in the left-
hand panel of Fig. 10 by the vertical blue line.) In this regard, it
is interesting to note that the mass distribution peaks at several
thousand solar masses (see left-hand panel of Fig. 10), which is
signi�cantly above the completeness limit, and so the drop off in
the source counts between the completeness limit and the peak is
likely to be real. This is an important point as it con�rms that the
methanol masers are preferentially associated with very massive
clumps.

According to Lada & Lada (2003) and Motte, Schilke & Lis
(2003) the radius and mass required to form stellar clusters is of
the order of 0.5–1 pc and 100–1000 M� , respectively. Given the
sizes and masses of the ATLASGAL-MMB associated clumps it
is highly likely that the majority are in the process of forming
clusters. Assuming a star formation ef�ciency (SFE) of 30 per cent
and an initial mass function (IMF; Kroupa 2001), Tackenberg et al.
(2012) estimate that a clump mass of� 1000 M� is required to
have the potential to form at least one 20 M� star, while a clump
of � 3000 M� is required to form at least one star more massive
than 40 M� . It is consistent with the assumption that methanol
masers are associated mainly with high-mass star formation to �nd
that the majority of ATLASGAL-MMB associations (� 72 per cent)
have masses larger than� 1000 M� , and thus, satisfy the mass
requirement for massive star formation.

We also note that approximately a third of the ATLASGAL-MMB
associations (� 28 per cent) have masses below what is thought to
be required to form at least one massive star. However, all of these
sources also tend to be more compact objects (in most cases� 0.3 pc)
and may have a higher SFE and is forming smaller stellar systems
where the stellar IMF does not apply (e.g. Motte et al. 2007).
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Figure 10. Left-hand panel: the isothermal dust mass distribution of the ATLASGAL-MMB associated clumps assuming a dust temperature of 20 K. The
vertical blue line indicates the completeness limit (see the text for details). The bin size is 0.25. Right-hand panel: dust mass distribution of ATLASGAL-MMB
associated clumps as a function of heliocentric distance. The colours give an indication of the peak column density of each source (see colour bar on the right
for values) and the solid black line and the grey �lled region indicated the mass sensitivity limit of the survey and its associated uncertainty assuming a dust
temperature of 20± 5 K.

4.3.1 Peak column densities

We estimate column densities from the peak �ux density of the
clumps using the following equation:

NH2 =
S� R

B� (TD) � � � µ mH
, (2)

where� is the beam solid angle,µ is the mean molecular weight of
the interstellar medium, which we assume to be equal to 2.8 andmH

is the mass of an hydrogen atom, while� � andR are as previously
de�ned. We again assume a dust temperature of 20 K.

The derived column densities are in the range� 1022 Š 24 cmŠ2,
peaking at 1023 cmŠ2. This corresponds to a surface density of
few times 0.1 g cmŠ2, which is a factor of a few lower than the
value of 1 g cmŠ2 predicted to be the lower limit for massive star
formation (i.e. McKee & Tan 2003; Krumholz, McKee & Tumlinson
2008). However, we should not read too much into this as the
column densities of the more distant sources can be affected by
beam dilution. This effect is nicely illustrated in the right-hand
panel of Fig. 10 where we use colours to show the column densities
as a function of distance (see colour bar for values). There is clearly
a dependence of column density on distance as, given the resolution
of the survey, we are sampling larger scale physical structures as
the distance increases, which preferentially reduces the column
densities of more distant sources. It is likely that these more distant
sources would fragment into smaller and denser core-like structures
at higher resolution (e.g. Motte et al. 2007). Therefore, one should
exercise caution when drawing conclusions from beam-averaged
quantities such as the column and volume densities (cf. Tackenberg
et al. 2012).

4.3.2 Clump mass function

In Fig. 11, we present the differential mass distribution for the
ATLASGAL-MMB associated clumps. In this plot, the dashed ver-
tical blue line indicates the completeness limit and the solid red
line shows the results of a linear least-squares �t to the bins above

Figure 11. Differential mass distribution. The red line shows a linear �t to
the data and has a slope ofŠ2.0± 0.1 which is close to the Salpeter (1955)
value and similar to that found for a number of other studies. The errors are
estimated using Poisson statistics and the bin size used is 0.25 dex.

the peak in the mass distribution shown in the left-hand panel of
Fig. 10 (� 3000 M� ). This line provides a reasonable �t to all of
the bins above the peak mass. It does not �t the two bins just above
the completeness limit, which may suggest that a second power
law is required to account for these mass bins. The derived expo-
nent (	 where dN/ dM� M	 ) of the �t to the high-mass tail for the
ATLASGAL-MMB associated sources isŠ2.0± 0.1, which is sim-
ilar to values (Š2.0 toŠ2.3) derived by Williams et al. (2004), Reid
& Wilson (2005), Beltŕan et al. (2006) from studies of more evolved
stages and Tackenberg et al. 2012 who targeted a sample of starless
clumps identi�ed from ATLASGAL data. This similarity between
the clump mass function over the different stages of massive star
formation would suggest that the clump mass function does not
change signi�cantly as the embedded star formation evolves.
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