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ATLASGAL – properties of dense clumps 1081

Figure 26. Fractions of clumps sorted by evolutionary stage. The green, red
and blue circles indicate the fractions of quiescent, protostellar and mid-IR
bright clumps (YSOs and MSF clumps), respectively, as a function of clump
mass. The uncertainties are determined from Poisson counting statistics.
This plot only includes mass bins above the nominal survey completeness
(∼400 M�), and averages the source counts in bins of 0.2 dex.

decreases with the mass of the clump (e.g. Mottram et al. 2011;
Davies et al. 2011).

It is also clear that the fraction of protostellar clumps diminishes
with increasing clump mass: initially the decrease is quite modest
but becomes noticeable for clump masses over a few times 103 M�
where it drops from ∼20 per cent to ∼10 per cent. This suggests
that once star formation begins, it evolves more rapidly in the more
massive clumps than it does in the lower mass clumps.

At this point, it is worth noting that the fraction of star-forming
clumps identified by Elia et al. (2017) is significantly lower than that
found with our sample (∼25 per cent; see also Ragan et al. 2016).
They are, however, approximately 100 times more sensitive than
ATLASGAL, and many of the 100 000 sources detected by Hi-
GAL are likely to be lower mass clumps. The trend seen in Fig. 26
of lower SFF with decreasing clump mass would likely explain the
difference in the SFF observed between the results reported here
and those reported by Elia et al. (2017).

Ordinarily, the dip seen in the full-sample histogram in the upper
panel of Fig. 25 might not have been viewed as notable. As already

shown, this dip is significant in the lowest mass clump distribution,
and therefore suggests that this may be connected to the statistical
lifetimes of the different evolutionary stages. We have already noted
that the lifetimes of the quiescent and protostellar stages decrease
with clump mass, and the bimodal distribution seen in the distribu-
tion of lower mass clumps might be related to the pre-stellar phases.
Conversely, the smoothness of the distributions of the higher mass
clumps may indicate that there is effectively no observable pre-
stellar stages for these larger clumps. This may seem to contradict
the pre-stellar lifetime determined from Fig. 26, but this quantity
is estimated from the proportion of clumps that are dark at 70 µm:
as mentioned earlier, not all of these are necessarily pre-stellar as
some have been associated with outflows.

The lifetimes of massive stars has been investigated by Davies
et al. (2011) and Mottram et al. (2011), both of which determined
the lifetimes for H II regions to be several 105 yr. Mottram fit-
ted the empirical data and derived the following relationship for
the lifetime as a function of the source luminosity: (log(tHii/yr =
(−0.13 ± 0.16) × log(L/L�) + (6.1 ± 0.8)). We can obtain an
estimate of the clump lifetimes by combining this with the relation-
ship we derived for the clump mass and luminosity discussed in
Section 7.3. If we assume that the H II region lifetime dominates the
time-scales of all of the embedded stages (Motte et al. 2007), we can
use the fraction of sources in each stage to estimate the statistical
lifetime of each stage.

In Table 6, we present the statistical lifetimes for the various
evolutionary stages as a function of clump mass. The lifetime of the
quiescent stage is approximately 5 × 104 yr for clumps with masses
∼1000 M�, and decreases to 2 × 104 yr for clumps with masses
of ∼ 1 × 104 M�. These values are broadly consistent with the
statistical lifetimes of massive starless clumps as determined by a
number of studies reported in the literature (e.g. Motte, Bontemps
& Louvet 2017; Csengeri et al. 2014; Tackenberg et al. 2012; Motte
et al. 2007). We also note that the lifetime of the quiescent stage for
clump masses above a few times 104 M� decreases to negligible
values.

7.3.2 Dependence on L/M on Galactocentric distance

In Section 6, we investigated the Galactocentric distribution of the
ATLASGAL clumps, and this revealed a number of peaks that
coincided with the expected positions of various spiral arms. These

Table 6. Statistical lifetime of clumps as a function of clump mass.

log[Mclump] log[luminosity] Statistical lifetimes (105 yr)

(M�) (L�) tHII Quiescent Protostellar YSO MSF

2.60 3.50 4.41 0.68 1.07 2.25 0.41
2.80 3.77 4.08 0.53 0.86 2.08 0.61
3.00 4.03 3.77 0.47 0.84 1.80 0.66
3.20 4.29 3.48 0.37 0.71 1.68 0.71
3.40 4.56 3.22 0.32 0.60 1.58 0.72
3.60 4.82 2.98 0.28 0.58 1.20 0.91
3.80 5.08 2.75 0.28 0.32 1.19 0.96
4.00 5.34 2.54 0.24 0.31 1.01 0.99
4.20 5.61 2.35 0.13 0.19 1.14 0.89
4.40 5.87 2.17 0.08 0.50 0.42 1.17
4.60 6.13 2.01 – – 1.34 0.67
4.80 6.39 1.86 – – 0.93 0.93
5.00 6.66 1.72 – – – 1.72
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1082 J. S. Urquhart et al.

Figure 27. Lbol/Mclump as a function of Galactocentric distance. The grey
and blue circles show the distribution of all of the individual ATLASGAL
clumps and the 30 most massive clusters, respectively. The red circles and
the error bars show the mean values and the standard error of the mean.
The two green circles show the Lbol/Mclump ratios for the 6 and 8 kpc bins
after the W51 and W49 have been excluded. These red and green circles are
evaluated in bins of 1 kpc.

correlations suggest that the spirals play a significant role in the star
formation process, although the nature of this role is still unclear.

As mentioned in Section 1, previous efforts by Moore et al. (2012)
to evaluate the role of the spiral arms reported higher average lumi-
nosities and molecular cloud masses at well-defined Galactocentric
distances in the first quadrant. They found that LMYSO/Mcloud was
relatively flat for the inner 5 kpc, and although two significant peaks
were detected at ∼6 and ∼8 kpc, these peaks were attributed to the
presence of W51 and W49 at these distances. The work of Moore
et al. (2012) has been extended to investigate the SFE along lines
of sight centred at �= 30◦ and 40◦ (Eden et al. 2013, 2015) using
GLIMPSE 8 µm, WISE 12 µm and 22 µm and Hi-GAL 70 µm to
estimate the IR luminosity and the clump masses calculated with
the BGPS. These studies estimated the SFE for spiral arms and
interarm regions, and found that there was no significant variation
either between the different arms or the interarm regions on the
kiloparsec scale.

These studies suggest that the spiral arms play a role in aggre-
gating material but that the increase in star formation is perhaps the
result of source crowding within the spiral arms, and not due to the
influence of the spiral arms themselves. It is worth noting that these
studies have been limited to either small regions or limited sample
sizes, and all have been conducted within the first quadrant. We are
able to test these results and extended them to a larger fraction of
the Galactic plane.

Fig. 27 presents the Lbol/Mclump distribution as a function of
Galactocentric distance for clumps (grey circles), clusters (blue cir-
cles) and for all sources averaged over kiloparsec scales (red circles).
This plot reveals that although there are significant variations in the
clump to clump Lbol/Mclump ratios, this decreases when we move
to the larger clusters and becomes almost constant when averaged
over the largest scales; the clumps have typical sizes of 0.5–1 pc,
while the clusters have typical sizes of a few tens of parsecs.

We observe two significant peaks at ∼6 and 8 kpc in the 1 kpc
bins, coincident with those previously identified by Moore et al.
(2012) as W51 and W49, the two most active star-forming regions
in the Galaxy. To check that the peaks seen in our data are also

due to the presence of these extreme regions, we have recalcu-
lated the Lbol/Mclump ratio in these two distance bins (these val-
ues are shown as green circles on Fig. 27). A comparison between
the red and green circles at ∼6 and 8 kpc clearly shows that the
exclusion of these two extreme star-forming regions results in a
reduction of the Lbol/Mclump ratio which brings these more in line
with the Lbol/Mclump ratios on either side. We therefore find that the
Lbol/Mclump ratio is relatively flat between 2 and 9 kpc when evalu-
ated over kiloparsec scales. There is, however, significant variation
on smaller scales, and this variation increases as the physical scales
decrease. This is fully consistent with the results of the previous
studies (Moore et al. 2012; Eden et al. 2013, 2015).

7.4 Mass–radius distribution

We present a mass–radius (Mclump–Reff) diagram of the whole
distance-determined sample of ATLASGAL sources in Fig. 28. We
have shown similar diagrams in the previous papers in this series
and found that the MSF clumps exhibit a strong correlation between
these parameters. We extend our previous analysis by significantly
increasing the sample size, and including lower luminosity and less-
evolved clumps as well as providing more reliable measurements
for the MSF clumps resulting from the improved dust temperature
estimates. We find the populations of the MSF clumps and non-MSF
clumps to be similarly distributed, forming a continuous spread over
almost 3 orders of magnitude in radius and almost 5 orders of mag-
nitude in clump mass. The diagonal upper and lower dashed–dotted
lines shown in Fig. 28 indicate lines of constant surface density,
�(gas), of 1 and 0.05 g cm−2, respectively; these provide a reason-
able empirical fit to the upper and lower range of the whole sample
of clumps (this range encompasses ∼90 per cent). We also show the
minimum threshold of ∼116–129 M� pc−2 (thick magenta band)
proposed by Lada et al. (2010) and Heiderman et al. (2010, here-
after referred to as the ‘LH threshold’) for ‘efficient’ star formation
in nearby molecular clouds (d≤500 pc).

The LH threshold seems to represent a stronger constraint for the
lower limit for the ATLASGAL clumps, although the vast major-
ity of clumps have significantly higher mean surface densities. If
we expect the clumps to form gradually through global accretion
from larger scales, and to undergo a significant amount of evolution
before star formation, we might expect to find that the population
of MSF clumps dominates the higher surface-density region of the
narrow range and the non-MSF clumps dominate the region near the
0.05 g cm−2 threshold; this does not, however, appear to be the case.
We have already found that there is no correlation between clump
mass and evolution, and as there is no clear separation between
the different evolutionary stages we may surmise that the surface
density does not change significantly either.

As seen in the previous papers, there is a strong correlation be-
tween these parameters for the MSF clumps (rAB,C = 0.85) and they
are located within a relatively narrow range of surface densities. The
correlation coefficient for the complete sample shown in Fig. 28 is
rAB,C = 0.73 with p � 0.01). This is slightly lower than that found
for the MSF clumps alone, but there is noticeably more scatter as-
sociated with the non-MSF clumps, which may include clumps that
will remain starless or are destined to form only lower mass stars.
We have fitted the whole sample and a distance-limited subset of
the sample (between 2 and 5 kpc) to determine the slopes: these
are plotted on Fig. 28 as red and green dashed lines, respectively.
The slope obtained for the whole sample is 1.647±0.012, which
is in excellent agreement with the slope determined for the MSF
clumps reported in Paper III (1.67±0.025). The slope found for
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ATLASGAL – properties of dense clumps 1083

Figure 28. The mass–size relationship of all ATLASGAL clumps (grey) and those associated with MSF (blue). The green stars show the distribution of the
MPC candidates found towards the GC (Longmore et al. 2012; Immer et al. 2012). The light red shaded region shows the part of the parameter space found to be
devoid of massive star formation that satisfies the relationship m(r) ≤ 580 M� (Reff/pc)1.33 (cf. Kauffmann & Pillai 2010). The light blue shaded area towards
the top of the diagram indicates the region of parameter space where YMC progenitors are expected to be found (i.e. Bressert et al. 2012). The long-dashed
red line shows the result of a linear power-law fit to the whole sample of associated clumps, while the green line shows the fit to the distance-limited sample.
The dashed black line shows the sensitivity of the ATLASGAL survey (NH2 ∼ 1022 cm−2) and the upper and lower dot–dashed lines mark surface densities
of 1 and 0.05 g cm−2, respectively. The diagonal magenta band indicates the gas surface density [�(gas)] parameter space between 116 and 129 M� pc−2,
suggested by Lada, Lombardi & Alves (2010) and Heiderman et al. (2010), respectively, to be the threshold for ‘efficient’ star formation.

the distance-limited sample is shallower (1.397±0.014) and more
reliable.

The parameter space covered in Fig. 28 can be separated into
three regions of interest: the region where low-mass stars are found
(light red shaded region), the region where efficient high-mass star
formation is expected to be found (unshaded region; Kauffmann
et al. 2010) and the region where massive protocluster (MPC) can-
didates would be located (light blue shaded region – compact clumps
with a minimum mass of 3 × 104 M�; Bressert et al. 2012). We
find that the vast majority of our sources are located above the em-
pirical threshold required for efficient massive star formation, and
so our expectation that most of these clumps are capable of forming
massive stars is justified. We also note that only three sources have
sufficient mass and are compact enough to fulfill the criteria to be
considered as viable MPC candidates (we will discuss these further
in Section 7.4.1).

7.4.1 Galactic population of young massive protoclusters

Young massive clusters (YMCs, e.g. Arches, Quintuplet) are the
most active clusters in the Galaxy. These can be broadly defined
as being younger than 100 Myr and having stellar masses �10
000 M� (Portegies Zwart, McMillan & Gieles 2010). Identifying

the precursors to these rare and extreme clusters will provide some
insight into their initial conditions and the impact of the environment
on their formation and evolution. Bressert et al. (2012) suggested a
set of threshold criteria that a clump would need to satisfy in order
to form a YMC (i.e. massive and compact enough to ensure that the
gravitational force was sufficiently strong to counteract the enor-
mous feedback long enough for the YMC to form). Assuming an
SFE of 30 per cent, Bressert et al. (2012) estimated the progenitors
of these YMCs would need a minimum mass of 3 × 104 M� and
have a radius of no more than a few parsecs: clumps that satisfied
these criteria are referred to as MPCs.

There have been a number of studies that have used survey data to
search for MPCs both towards the GC region (Longmore et al. 2012;
Immer et al. 2012) and in the disc (Ginsburg et al. 2012; Longmore
et al. 2017; Contreras et al. 2017). In the previous papers in this
series, we have also identified 16 MPC candidates located in the
disc that are associated with MSF tracers, many of which have been
independently identified in these other studies (see Table 7 for MPC

candidates and references to studies that have discovered them).
Our previous search for these objects used a temperature of 20 K
to estimate clump masses, and was further biased to clumps asso-
ciated with MSF tracers and so excluded the majority of clumps
(∼80 per cent). Here, we are able to extend and improve on our
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1084 J. S. Urquhart et al.

Table 7. Derived parameters for MPC candidates identified here and in Paper III. Masses have been estimated assuming dust temperatures derived from the
SED fits for all sources except G002.53+00.016, for which a range of temperatures between 19 and 27 K has been estimated from SED fits to individual pixels
across the clump (see Longmore et al. 2012 for details).

ATLASGAL Complex Association Distance Reff Tdust log[Mclump] log[N(H2)] log[Lbol] Lbol/Mclump Reference
name name type (kpc) (pc) (K) (M�) (cm−2) (L�) (L�/M�)

Galactic disc
AGAL043.166+00.011 W49 MSF 11.1 4.255 33.3 5.04 23.892 6.91 74.0 1,2,4,5
AGAL341.932−00.174 G341.982−00.125 YSO 12.4 3.549 14.9 4.65 22.944 4.75 1.3 1
AGAL341.942−00.166 G341.982−00.125 YSO 12.4 3.670 14.4 4.72 23.214 4.82 1.2 1
AGAL010.472+00.027 G010.47+00.02 MSF 8.5 2.320 25.1 4.41 23.803 5.65 17.4 2,3,5
AGAL012.208−00.102 G012.203−00.117 MSF 13.4 2.724 24.4 4.44 23.340 5.52 11.8 2,5a

AGAL019.609−00.234 G019.649−00.239 MSF 12.6 2.749 29.6 4.36 23.447 6.01 44.6 2,4,5a

AGAL032.797+00.191 G032.768+00.192 MSF 13.0 2.450 34.2 4.15 23.171 6.10 87.8 2,5a

AGAL043.148+00.014 W49 MSF 11.1 2.316 31.2 4.26 22.894 5.93 46.5 2,4
AGAL043.164−00.029 W49 MSF 11.1 3.124 31.2 4.50 23.265 6.21 50.3 2,4,5
AGAL043.178−00.011 W49 MSF 11.1 2.155 31.9 4.23 22.882 6.60 236.5 2
AGAL049.472−00.367 W51 MSF 5.3 2.124 30.3 4.34 23.420 6.38 109.7 2,4,5
AGAL049.482−00.402 W51 MSF 5.3 2.176 28.6 4.26 23.372 6.17 81.8 2
AGAL049.489−00.389 W51 MSF 5.3 1.408 31.6 4.41 24.025 6.29 76.2 2,4,5
AGAL328.236−00.547 RCW99 MSF 2.7 1.178 – – – – – 2,3,8
AGAL329.029−00.206c G329.111−00.278 MSF 2.9 0.807 20.6 3.45 23.358 4.18 5.5 2,3,8
AGAL330.954−00.182 G331.394−00.125 MSF 5.3 1.238 32.2 3.95 23.790 5.78 67.5 2
AGAL337.704−00.054 G337.651−00.048 MSF 12.1 2.403 23.6 4.42 23.429 5.41 9.8 2,8
AGAL350.111+00.089 G350.219+00.081 MSF 10.5 1.940 27.3 4.29 23.080 5.83 34.2 2,3,9

Galactic Centre
G000.253+00.016 ‘The Brick’ Starless? 8.4 2.8 – 5.1 23.39 – – 6,7
AGAL000.411+00.051 (d)c – Starless? 8.4 3.5 – 4.9 23.23 – – 7
AGAL000.476−00.007 (e)c – Starless? 8.4 4.5 – 5.2 23.53 – – 7
AGAL000.494+00.019 (f)c – MM 8.4 2.7 – 4.8 23.26 – – 7

References: (1) This work, (2) Paper III, (3) Paper II, (4) Paper I, (5) Ginsburg et al. (2012), (6) Longmore et al. (2012), (7) Immer et al. (2012), (8) Contreras
et al. (2017), (9) Longmore et al. (2017).
Notes: aIdentified by Ginsburg et al. (2012) as a massive clump, but the derived mass was slightly less than the 3 × 104 M� required for inclusion in their
sample of MPC candidates.
bThe distance to this source is uncertain and should be used with caution.
cThe source names have been taken from the ATLASGAL CSC (Contreras et al. 2013), while the letters in parentheses are the nomenclature used by Lis et al.
(1999).

previous work by using the dust temperatures and distances deter-
mined.

As described in the introduction, the ATLASGAL CSC is likely
to include ∼90 per cent of all massive clumps in the Galaxy and is
sensitive to all clumps with a surface density > 3600 M� beam−1.
Our sample will therefore include all MPC candidates within the
Galactic disc that are located away from the GC (355◦ < � < 5◦).
As we have determined distances to 97 per cent of the sample (7770
of 8002 clumps), we are very likely to be able to identify all
MPC candidates in the region and perhaps in the whole Galaxy.
As mentioned in Section 7.4, the comparison of our data and the
MPC parameter space has only resulted in the identification of 3
MPC candidates: AGAL043.166+00.011, AGAL341.932−00.174
and AGAL341.942−00.166. Only one of the previously identi-
fied clumps remains in the sample: three of the other sources
have been moved to the near distance (AGAL328.236−00.547,
AGAL329.029−00.206 and AGAL330.954−00.182), but the dust
temperatures for the others are significantly higher than the 20 K
previously assumed, and this has resulted in lower calculated clump
masses which no longer satisfy the mass criterion.

The two new clumps (AGAL341.932−00.174 and
AGAL341.942−00.166) are part of the same larger scale
molecular structure, as can be seen in Fig. 29. Although neither of
these sources has been previously associated with an MSF tracer,
the spatial correlation between the extended mid-IR emission and

peaks in the dust emission seen in the image suggest that star
formation is already underway. These clumps have been placed at
the far distance from the analysis presented in this paper: as we
have not been able to find any confirmation of this distance in the
literature, their classification as MPC candidates is not considered
robust. The remaining clump, AGAL043.166+00.011, is the central
part of W49, which is one of the most active star formation regions
in the Galaxy, and has a well-constrained maser parallax distance.
All three MPCs identified in the disc appear to be actively star
forming, although AGAL043.166+00.011 has an Lbol/Mclump ratio
∼50 times larger than the other two candidates and therefore is
much more evolved.

We have found no starless MPC candidates in the disc and,
given the completeness of the survey, it seems unlikely that there
are any others to be found. This is consistent with the studies of
Ginsburg et al. (2012), Tackenberg et al. (2012), Svoboda et al.
(2016) and Longmore et al. (2017), who also failed to find any
starless MPC candidates, although one potential starless candidate
(AGAL331.029−00.431) has been identified by Contreras et al.
(2017). This source is located inside the Solar circle and is there-
fore subject to the KDA as pointed out by Contreras et al. (2017).
They place this at the far distance due to the absence of a correlation
with an infrared dark cloud (IRDC), but point out that this source
is placed at the near distance by Wienen et al. (2015). Our inde-
pendent assessment of the H I data has associated this source with
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Figure 29. Three-colour mid-IR GLIMPSE image of the two regions associated with MPC candidates discussed in the text. The contours trace the dust emission
detected by ATLASGAL and the red circle shown in the lower left corner of each map indicates the resolution of the ATLASGAL survey (∼19 arcsec). In
the left-hand panel, we show AGAL043.166+00.011, which is one of most active star formation regions in the Galaxy. In the right-hand panel, we show the
AGAL341.942−00.166 and AGAL341.932−00.174 (left and right contour peaks, respectively).

the G331.104−00.413 cluster (see upper panel of Fig. 30), which
consists of 53 clumps, 44 of which are placed at the near distance,
three at the far distance and six are uncertain. As ∼90 per cent of the
distance solutions point to a near distance solution, the near distance
assignment has been adopted for this cluster. This region was also
included in a survey of H II regions reported by Caswell & Haynes
(1987, 331.314−0.336) who also placed it at the near distance. We
are therefore relatively certain that this source is located at the near
distance, indicating that this clump is not a viable MPC candidate.

Three of the other four MPC candidates identified by Contr-
eras et al. (2017, private communication) had already been identi-
fied in our previous papers (i.e. Paper III; AGAL328.236−00.547,
AGAL329.029−00.206 and AGAL337.704−00.054). The other
MPC identified in the Contreras et al. (2017) study that was not
already identified is AGAL348.183+00.482. This is placed at the
far distance by Contreras et al. (2017) and the MALT90 team, but
we find this source is associated with the RCW120 (SH 2–3) region
(see middle panel of Fig. 30; this is identified as ATLASGAL clus-
ter G348.240+00.507 in this paper). This cluster is associated with
29 clumps, all but one of which have been placed at the near dis-
tance in agreement with Caswell & Haynes (1987, 348.225+0.459).
It seems likely, therefore, that AGAL348.183+00.482 is located at
the near distance and so can also be discarded as a MPC candidate.

Longmore et al. (2017) has used the H2O Southern Galactic
Plane Survey (HOPS) study to identify a sample of seven MPCs,
but they discard four as either being located at the near distance
or being too diffuse to be able to collapse to form an MPC on a
realistic time-scale. This leaves three possible candidates from their
sample: G330.881−0.371, G338.464+0.034 and G350.170+0.070.
The first of these is associated with our cluster G331.104-00.413
(see upper panel of Fig. 30), which we have already discussed and is
located at the near distance (∼4 kpc). The second is associated with
ATLASGAL cluster G338.422+00.105 (see lower panel of Fig. 30),
which we have placed at a distance of 2.7 kpc; these two MPC

candidates are therefore less probable. The one remaining MPC
candidate identified by Longmore et al. (2017, G350.170+0.070)
was included in the sample we presented in Paper III.

We note that Elia et al. (2017) have identified 22 MPC candidates
between � = 16◦ and 67◦, however, these results from a default
assignment at the far distance for all sources where the KDA has
not been resolved. Until reliable distances have been derived for
these sources their identification as MPC candidates is somewhat
speculative.

Between them, the Longmore et al. (2017) and Contreras et al.
(2017) studies have identified 12 MPC candidates. For the reasons
discussed in the previous paragraphs only four are likely to be viable,
all of which were identified in our previous analysis. We include all
of the MPC candidates that were identified in Paper III with their
updated parameters in Table 7. We have updated the references to
indicate those that have been confirmed by Longmore et al. (2017)
and Contreras et al. (2017). Only the top three are still considered
to be reliable MPC candidates (i.e. log(Mclump) > 4.48 M�), but
we include the others to provide updated physical parameters for
them. Although they do not satisfy the mass criterion, these still
represent the most massive and compact clumps in the Galaxy, and
some of these are close enough to the threshold that a small change
in the distance or dust emissivity solution might bring some back
into play.

Our hunt for MPC candidates through a large fraction of the
inner Galactic disc has only identified three MPC candidates, two
of which are associated with the same cloud. We have also assumed
an SFE of ∼30 per cent, which is an upper limit to the SFEs that have
been determined in nearby cloud studies (Lada & Lada 2003). If a
more modest SFE of 10 per cent is assumed then the number of MPC
candidates in the disc reduces to one (i.e. AGAL043.166+00.011).
These objects are therefore extremely rare in the disc, and given
that they all are associated with mid-IR emission, it is likely that
star formation is already ongoing in all of them. Assuming the
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Figure 30. ATLASGAL clusters associated with MPC candidates identified
by Contreras et al. (2017) and Longmore et al. (2017) identified by the
friends-of-friends analysis. The background image is the 8 µm emission and
filled circles show the positions of ATLASGAL CSC objects, the colours of
which provide an indication of their velocities (see colour bars for values).

lifetime of a YMC to be of order 10 Myr and the number of clusters
with masses between 104 and 105 M� to be ∼25, Longmore et al.
(2012) estimated the YMC formation rate to be one every ∼2.5 Myr,
which agrees well with the number we have detected. Given the low
number found in the disc, it is extremely unlikely that one will be

detected in a pre-stellar stage, which is also consistent with what
we have found here.

The situation in the disc stands in contrast to that found in the GC
region, where twice as many MPC candidates have been identified
including three of which currently appear to be starless (Longmore
et al. 2012; Immer et al. 2012): the parameters for these MPC
candidates are included at the bottom of Table 7. We also note that
the MPC candidates found in the GC also tend to be smaller and
more massive than those found in the disc, but the environmental
conditions found in the GC region are the most extreme in the
Galaxy and finding differences between these two regions is perhaps
not all that surprising.

8 E VO L U T I O N O F C L U M P S

The analysis presented thus far has revealed trends for increasing
temperatures and luminosities with the evolutionary stage of the
embedded stars as they move towards the main sequence. These
two parameters can be attributed to the result of feedback from
the forming protocluster on its natal clump. We can investigate
the feedback by looking at changes in the linewidths of molecular
transitions.

We show the correlation between the NH3 linewidth normalized
by the square root of the clump radius and Lbol/Mclump ratio in the
upper panel of Fig. 31. The partial-Spearman test reveals a moder-
ate correlation between these parameters (rAB,C = 0.12, p-value =
0.0002), suggesting that the feedback from the evolving protoclus-
ter is resulting in an increase in the linewidth over time, although
this increase is rather modest. The power-law fits to the full and
distance-limited samples reveal slopes of 0.085 and 0.079, respec-
tively. The increase in linewidth may not be due to feedback from
the embedded protocluster as there may also be a contribution from
globally infalling material from the extended envelope. We find no
significant correlation between the normalized linewidth and bolo-
metric luminosity (Fig. 31, lower panel), the lack of which, suggest
that radiative feedback has little impact on the clump and that the
increase in the normalized linewidth with evolution may be due to
mechanical energy injected into the clump and/or changes in the
global infall over the evolutionary time-scale.

The virial parameter measures the balance between gravity and
the internal energy that can support the clump against gravitational
collapse. The virial parameter is defined as:

αvir = 5σ 2
v Reff

GMclump
, (4)

where Reff is the effective radius of the clumps, σ v is the velocity
dispersion of the ammonia (1,1) inversion transition and G is the
gravitational constant.

We show the virial parameter as a function of clump mass in the
upper panel of Fig. 32. A value of less than 2 is generally taken as
indicating that a particular clump is unstable to gravity and is likely
to be globally collapsing in the absence of significant magnetic
support. It is clear from this plot that the most massive clumps
are less gravitationally stable, which probably explains their rapid
evolution and short pre-stellar lifetimes. For the distance-limited
sample, we find αvir ∝ M−0.4: this implies σ 2R ∝ M0.6. In the
upper panel of Fig. 31, we see a correlation between increasing
linewidth and evolution and naively we might expect the virial mass
to increase. It is not possible, however, to separate the turbulent
component from the contribution from infall and outflow motions
that are essentially random and do not contribute to the stability of
the clump, and so we cannot say with any certainty how this will
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Figure 31. NH3 (1,1) linewidth normalized by the square root of the clump
radius as a function of the Lbol/Mclump ratio (upper panel) and as a func-
tion of the bolometric luminosity (lower panel). The grey circles show
the distributions of all clumps, while the yellow shows the distribution of
the distance-limited sample. The distribution in the upper panel is weakly
correlated, but the distribution in the lower panel is uncorrelated. The long-
dashed red and green lines shown in the upper panel shows the result of a
linear power-law fit to the whole sample of associated clumps and to the
distance-limited sample, respectively.

affect the virial mass. We can, however, calculate how the virial
parameter would be affected if all of the increase in linewidth did
contribute to stabilizing the clump.

The lower panel of Fig. 32 shows a positive correlation between
virial parameter and the Lbol/Mclump ratio where the αvir increase by
a factor of 2–3. The virial mass is Mvir ∝ R	v2, and so the increase
in linewidth will result in an increase in the virial mass by a factor
of 4–9, i.e. almost an order of magnitude. However, even assum-
ing the feedback leads to a direct increase in the virial parameter,
which is unlikely to be the case, the clumps will still be unstable
to gravitational collapse (even the more evolved clumps have αvir

significantly below 2) and it seems improbable that feedback could
be driving an expansion of the clumps as they evolve.

Elia et al. (2017) have also investigated how the surface density
changes as a function of evolution and found no evidence to support
this; however, their analysis focused on more compact objects than
are considered here. In fact, their surface density versus Lbol/Mclump

Figure 32. Virial parameter as a function of clump mass and Lbol/Mclump

ratio (upper and lower panels, respectively). The long-dashed red line shows
the result of a linear power-law fit to the whole sample of associated clumps,
while the green line shows the fit to the distance-limited sample.

ratio plot appears very similar to our peak column density versus
Lbol/Mclump ratio plot (cf. the middle left panels of their fig. 22 and
the lower right panel of Fig. 22), and so when we look at similar
size scales, we find similar behaviour for these parameters for both
data sets.

We have also seen trends for increasing source size and
decreasing mass surface density as a function of evolutionary stage
(i.e. Figs 10 and 15, respectively) and so perhaps the feedback
from the protocluster or accretion on to the cluster itself are having
a direct impact on the structure of the clumps. We present a plot
of the mass surface density as a function of the Lbol/Mclump ratio
in the upper panel of Fig. 33: this plot would seem to confirm the
trend for a significant decrease in the mass surface density as a
function of evolution. The change in mass surface density covers
2 orders of magnitude and so the fraction of initial clump masses
that would need to be depleted over the star formation time-scale
is ∼99 per cent. Although this is a larger fraction than perhaps we
would expect, it is at least feasible given that eventually all of a
clump’s mass needs to be dissipated. However, if the clump mass
was being so dramatically depleted we would expect to find it and
a clump’s peak column density to be inversely correlated with the
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Figure 33. Upper panel: the mass surface density as a function of the
Lbol/Mclump ratio. Lower panel: clump radius as a function of Lbol/Mclump

ratio. The grey circles show the distributions of all clumps, while the yellow
shows the distribution of the distance-limited sample. The dashed red and
green lines are linear fit to the log–log values of the full and distance-limited
samples, respectively.

Lbol/Mclump ratio, which is not the case (see lower right panel of
Fig. 22). Furthermore, if clumps were in that main dispersal phase,
T should be correlated with M and we would expect the range of T
to be much larger and the upper left region of the L–M plot would
be populated, neither of which is observed.

If the clump mass is not decreasing significantly as a function of
evolution then the only other way to produce a decrease in the mass
surface density is to increase the radius. There are two questions
that need to be addressed: (1) is the increase in radius sufficient
to explain the decrease in the mass surface density and (2) what is
driving the increase in clump size? To address the first, we plot the
clump radius as a function of evolutionary stage in the lower panel
of Fig. 33, and the increase in size is approximately a factor of 10
and so this can explain the decrease in mass surface density.

A similar set of trends have been recently reported from a study
of a large sample ATLASGAL CSC sources by the MALT90 team
(Contreras et al. 2017). They found that as the temperature in-
creased, the volume density decreased and the virial parameter
increased, and concluded that the clumps had started to expand,
increasing their size and decreasing their volume density. However,

as previously mentioned, even if the virial parameter increases as
the star formation evolves, the clumps would still be gravitationally
unstable and so it is unlikely that the feedback processes could drive
an expansion of the clumps (virial parameters significantly lower
than 2).

An alternative explanation is that, as the temperature of the clump
increases, so too does the column density sensitivity of the ATLAS-
GAL survey, and as a result, we are simply more sensitive to the
extended envelopes of the evolved clumps due to their higher tem-
peratures than we are for the less-evolved clumps. We have tested
this hypothesis using RATRAN to investigate the expected change in
source size assuming a similar flux sensitivity of 200 mJy beam−1,
a distance of 4 kpc and a radial density profile of n ∝ R−1.5 for
the same clump over a temperature range of 12–45 K; this results
in a change in the observed size of the clumps of a factor of 4.2
and so this provides an explanation for approximately half of the
difference in size between the quiescent and MSF clumps, and if
we were to also consider the impact of infalling material this would
be larger still. Although both explanations are plausible, we think
the scheme of clump expansion at the same time as the increase in
star formation is significantly less likely than the observed increase
in radius being the result of an observational bias resulting from a
temperature increase.

We have found that the feedback from the evolving protocluster
is warming the clumps and increasing the molecular linewidths.
Although the material towards the centre of the clump is depleted
as the embedded protocluster evolves through a combination of
accretion and outflows, this is unlikely to have a significant impact
on the mass of the clumps given that there is no correlation with
evolution for either the clump mass or peak column density. The lack
of any observed correlation between mass and evolution suggests,
additionally, that global infall has little impact on the mass of the
clumps (as calculated in Section 5.5): if there was an impact, we
would have expected to find a positive correlation between the
two parameters. It is of course possible that the amount of material
gained through infall is almost exactly matched by material accreted
on the protocluster and removed by outflows, although the existence
of such a delicate balance over such large ranges in clump mass and
evolution is difficult to imagine.

9 PRO PERTIES O F MOST ACTIVE
C O M P L E X E S I N T H E G A L A X Y

We present the derived physical parameters for the 30 most massive
clusters identified in Table 8. A comparison of the mass and lumi-
nosity contained in these 30 regions with those of the whole sample
(∼1 × 107 M� and ∼1.3 × 108 L�, respectively) shows that they
collectively contribute 36 per cent of all of the mass and 52 per cent
of all of the luminosity, but only 16.4 per cent of the total popula-
tion of clumps. This rather limited number of regions is therefore
responsible for a majority share of the current star formation rate in
the Galaxy.

This sample includes all of the previously well-known star-
forming complexes such as W31, W33, W43, W49, W51, G305
and G333. All clusters contribute between ∼0.5 and 3 per cent of
the total mass and no cluster stands out in this regard. A compari-
son of luminosities is similar, although clusters W49 and W51 do
stand out from the others. These two clusters together contribute
∼20 per cent of the total luminosity found in the inner part of the
Galactic disc.

We previously used the Lbol/Mclump ratio as a means to evaluate
the current evolutionary state of the embedded star formation, where
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Table 8. Derived cluster parameters for all 776 clusters identified, ordered by their total dense gas mass. We include the standard deviations for the longitude,
latitude, velocity and temperature.

Cluster Literature Number of � b vlsr Distance T log(Lbol) Lbol log(Mclump) Mclump Lbol/Mclump
name name members (◦) (◦) (km s−1) (kpc) (K) (L�) ( per cent) (M�) ( per cent) (L� /M�)

G030.650−00.015 W43 245 30.651 ± 0.472 − 0.014 ± 0.170 97.44 ± 8.90 5.2 9.5 ± 6.09 6.608 3.12 5.530 3.34 12.0
G043.141−00.018 W49 14 43.141 ± 0.053 − 0.018 ± 0.035 9.47 ± 3.96 11.1 21.2 ± 4.58 7.181 11.69 5.354 2.23 67.1
G024.319+00.191 61 24.313 ± 0.165 0.189 ± 0.091 112.77 ± 4.66 7.8 10.9 ± 5.30 5.750 0.43 5.349 2.20 2.5
G049.261−00.318 W51 88 49.256 ± 0.220 − 0.316 ± 0.099 60.92 ± 6.80 5.3 12.9 ± 4.98 7.045 8.56 5.320 2.06 53.2
G350.219+00.081 31 350.222 ± 0.081 0.082 ± 0.048 − 64.61 ± 4.37 10.5 13.2 ± 4.55 6.477 2.31 5.295 1.95 15.2
G337.228−00.065 30 337.228 ± 0.071 − 0.065 ± 0.065 − 70.13 ± 3.40 11.0 11.5 ± 5.01 6.407 1.97 5.262 1.80 14.0
G331.394−00.125 99 331.394 ± 0.243 − 0.125 ± 0.124 − 90.03 ± 5.65 5.3 11.5 ± 6.05 6.562 2.81 5.195 1.54 23.3
G333.125−00.348 G333 240 333.123 ± 0.425 − 0.346 ± 0.233 − 50.75 ± 4.11 3.6 10.4 ± 5.70 6.524 2.57 5.192 1.53 21.5
G347.650+00.210 22 347.650 ± 0.064 0.210 ± 0.049 − 86.91 ± 9.73 9.8 10.3 ± 7.03 6.428 2.07 5.150 1.39 19.0
G349.168+00.118 32 349.168 ± 0.188 0.120 ± 0.032 − 68.53 ± 5.38 10.5 13.6 ± 3.48 6.108 0.99 5.129 1.33 9.5
G349.130−00.003 6 349.130 ± 0.033 − 0.003 ± 0.021 15.25 ± 1.34 19.7 18.6 ± 2.83 5.933 0.66 5.089 1.21 7.0
G337.017−00.001 37 337.012 ± 0.189 − 0.001 ± 0.077 − 116.38 ± 6.66 7.7 15.5 ± 5.10 5.889 0.60 5.043 1.09 7.0
G025.656−00.087 27 25.656 ± 0.168 − 0.087 ± 0.080 93.50 ± 5.91 10.2 10.3 ± 5.59 6.166 1.13 5.036 1.07 13.5
G337.651−00.048 9 337.677 ± 0.026 − 0.037 ± 0.033 − 48.53 ± 1.57 12.1 15.4 ± 3.18 5.773 0.46 5.034 1.07 5.5
Bania Clump 1 12 354.759 ± 0.067 0.335 ± 0.056 87.92 ± 10.35 8.4 12.4 ± 5.98 5.376 0.18 5.030 1.06 2.2
G342.533+00.179 9 342.533 ± 0.054 0.179 ± 0.008 − 41.91 ± 0.49 12.5 11.5 ± 4.06 4.881 0.06 5.010 1.01 0.7
G020.739−00.136 22 20.739 ± 0.049 − 0.136 ± 0.105 57.68 ± 2.67 11.7 11.8 ± 5.37 5.784 0.47 4.982 0.95 6.3
G353.511−00.053 21 353.511 ± 0.079 − 0.053 ± 0.038 − 53.86 ± 6.00 10.2 18.3 ± 5.43 5.916 0.64 4.972 0.92 8.8
G023.375−00.101 52 23.374 ± 0.111 − 0.098 ± 0.114 93.09 ± 10.98 5.9 12.0 ± 5.68 6.026 0.82 4.970 0.92 11.4
G351.598+00.189 18 351.598 ± 0.076 0.189 ± 0.033 − 42.02 ± 2.30 11.5 14.8 ± 6.78 6.745 4.28 4.962 0.90 60.6
G305.453+00.065 G305 98 305.459 ± 0.269 0.062 ± 0.198 − 37.34 ± 3.82 3.8 12.3 ± 6.40 6.296 1.52 4.916 0.81 24.0
G338.586+00.043 11 338.586 ± 0.024 0.043 ± 0.050 − 23.67 ± 2.20 13.6 13.1 ± 3.63 5.614 0.32 4.870 0.73 5.6
G354.479+00.087 4 354.480 ± 0.018 0.087 ± 0.006 16.80 ± 1.49 23.3 20.2 ± 4.05 5.822 0.51 4.869 0.73 9.0
G320.403+00.131 10 320.403 ± 0.024 0.131 ± 0.027 − 5.11 ± 1.52 12.5 12.1 ± 5.74 5.728 0.41 4.860 0.71 7.4
G012.203−00.117 W33 4 12.203 ± 0.009 − 0.117 ± 0.010 26.12 ± 1.29 13.4 22.8 ± 3.06 6.175 1.15 4.828 0.66 22.2
G018.929−00.343 57 18.934 ± 0.121 − 0.349 ± 0.205 63.94 ± 3.29 5.0 10.7 ± 4.84 5.592 0.30 4.812 0.64 6.0
G048.651+00.131 13 48.651 ± 0.084 0.131 ± 0.097 13.85 ± 4.29 10.8 12.6 ± 5.22 5.869 0.57 4.801 0.62 11.7
G019.649−00.239 6 19.649 ± 0.039 − 0.239 ± 0.032 40.85 ± 2.21 12.6 18.9 ± 3.52 6.117 1.01 4.789 0.61 21.3
G035.553+00.008 11 35.553 ± 0.040 0.008 ± 0.063 52.08 ± 3.14 10.4 15.4 ± 4.52 5.653 0.35 4.789 0.61 7.3
G033.527−00.011 25 33.521 ± 0.195 − 0.010 ± 0.028 103.25 ± 2.21 6.5 10.4 ± 5.58 5.175 0.12 4.778 0.59 2.5

Notes: A more complete table that includes parameters for all 776 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/.

higher values are associated with more-evolved objects. Here, we
estimate the average Lbol/Mclump ratio for the clusters as a whole
to obtain a measure of their star formation activity: these values
are given in the last column of Table 8. The average Lbol/Mclump

ratio for the sample is 15.9 L�/M� with a standard deviation of
16.3 L�/M�. While most clusters are within one standard deviation
of the mean, W51 and G351 are both nearly 3σ from the mean
and W49 is over 3σ away from the mean. These three clusters
have Lbol/Mclump ratios at least twice as large as the next highest
cluster, and are the most-evolved star formation regions (have the
highest instantaneous SFE) in the Galaxy. These values put them in
the wings of the Lbol/Mclump distribution: they are therefore rather
extreme compared to all of the other regions, and are probably
the best examples of ‘mini-starbursts’ we have in the Galaxy. We
note that as pointed out by Eden et al. (2015), these sources are not
outliers from the general (log)normal Lbol/Mclump distribution: while
certainly extreme, they are not abnormal, and sources like these are
expected to arise statistically when the sample is large enough.

1 0 S U M M A RY A N D C O N C L U S I O N S

The ATLASGAL survey has identified ∼10 000 dense clumps
located across the inner mid-plane of the Galaxy. We concentrate in
this paper on a subsample of 8002 clumps located within the disc
and away from the GC region. We have avoided the innermost 5◦

of the Galactic plane due to problems with source confusion and
difficulty obtaining reliable distances. We have used a combination
of archival molecular line data sets, line surveys reported in the
literature, and dedicated follow-up observations of ATLASGAL
sources (some of which are reported here) to determine a radial
velocity (vlsr) for 7807 clumps (corresponding to ∼98 per cent of
the sample).

These velocities have been used in conjunction with a Galactic
rotation model to estimate kinematic distances, and analysis of H I

spectra has been conducted to resolve the distance ambiguities that
affect all sources located inside the Solar circle. These kinematic
distance solutions have been improved using maser parallax and
spectroscopic distances reported in the literature where these quan-
tities have been available. We use a friends-of-friends algorithm to
identify clusters of clumps that are coherent in position and ve-
locity (i.e. �, b and v). This identifies groups of sources that are
likely to be part of larger scale structures such as GMCs and giant
molecular filaments (GMFs). This analysis has resulted in the iden-
tification of 776 clusters, and has recovered all of the most active
and well-known star-forming complexes in the Galaxy.

The identifications of clumps as parts of larger complexes al-
lows the properties of star-forming complexes to be compared to
each other, and the role of the spiral arms and other environmental
conditions to be explored. This can additionally reduce the inher-
ent uncertainties associated with resolving the KDA. We have been
able to assign a distance to 7770 clumps (∼97 per cent of the whole
sample), but many of the remaining sources are weak and often
diffuse.

We have performed aperture photometry on mid-IR to submil-
limetre survey data, and used these flux measurements to fit the
SED of the clumps. These provide a measure of the dust temper-
atures and bolometric fluxes. This analysis has also been used to
separate the clumps into four evolutionary types: quiescent, proto-
stellar, young stellar objects and MSF. The distances, temperatures
and bolometric fluxes are used to derive the physical parameters for
the clumps (luminosities, sizes, mass and column densities), and
comparisons have been made between the different evolutionary
stage subsamples to identify trends that may provide some insight
to the star formation process and the evolution of the clumps. These
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comparisons have revealed that dust temperatures, bolometric lumi-
nosities and Lbol/Mclump ratios increase with advanced evolutionary
stage.

Our main findings are as follows:

(i) A comparison of the mass–radius distribution to empirically
determined thresholds for the efficient formation of massive stars
finds that the vast majority of all clumps are capable of forming
massive stars. Furthermore, the vast majority of clumps appear to
be unstable against gravity and can therefore be considered to be in
a pre-stellar state as opposed to starless.

(ii) We find that there is a very strong positive correlation between
column density and the fraction of clumps associated with massive
star formation; this saturates at log (N) ∼ 23 cm−2, above which
the proportion is 100 per cent. We do not find a correlation between
column density and evolution, and so we can exclude the possibility
that the column density increases over time and conclude that the
reason we do not find any quiescent, protostellar or YSO-forming
clumps with similar column densities is because the evolution time-
scale is inversely correlated to the column density. A consequence
of this is that the highest column density clumps evolve so rapidly
and are so rare that the early stages are simply not observed.

(iii) We find that the clump mass and evolutionary stage are
uncorrelated: the clump mass is not significantly altered by infalling
mass from the larger scale environment over its lifetime. Clumps
are widely thought to form over long periods of time from infalling
material either funnelled along filaments or from global collapse
from larger scales and although there have been some studies that
have found evidence to support this hypothesis, it does not seem to
apply to the majority of clumps.

(iv) The fractions of clumps in the quiescent and protostellar
stages are ∼10 and ∼20 per cent for clumps up to 4 × 103 M� but
drop to ∼5 per cent and 10 per cent, respectively, for more massive
clumps. The statistical lifetime of the early quiescent and protostel-
lar stages are therefore relatively brief and are negatively correlated
with the mass of the clump. As the most massive clumps are as-
sociated with the most massive stars (which have the shortest star
formation time-scales), the actual lifetimes for the most massive
clumps will be very short indeed.

(v) The short quiescent and protostellar statistical lifetimes are
consistent with the hypothesis that the clumps form rapidly with
most of their mass in place, and are initially very unstable to gravity
so that star formation begins almost immediately. The mass infall
rate is relatively modest, as is the mass accreted on to the protoclus-
ter over the star formation time-scales, resulting in the clump mass
being independent of evolution. The key conclusion here is that the
formation of the clump and ensuing star formation must be very
rapid, and once it has begun, is little influenced by the larger scale
environment.

(vi) We have compared the distribution of clumps and clusters to
the large-scale features of the Galaxy and find a good correlation
between the sources and the spiral arms (∼90 per cent found within
10 km s−1 of a spiral-arm loci). There is also a good correlation
between the expected peaks in the Galactocentric distance distribu-
tion of the spiral arms and the MSF clumps. We find that all of the
clumps are tightly correlated with the mid-plane of the Galaxy with
a scaleheight of ∼26 pc: we find no difference between the different
subsamples.

(vii) We find little evidence for variations in the Lbol/Mclump ratio
or mean clump temperature as a function of Galactocentric dis-
tance (∼10 L�/M� and ∼20 K, respectively) within the Solar cir-
cle when averaged over kiloparsec scales. The mean temperature

increases slightly outside of the Solar circle, possibly due to the
lower density of material and decreased shielding from the interstel-
lar radiation field, but the Lbol/Mclump ratio appears to be relatively
unchanged. There are more significant variations on smaller size
scales of clusters and clumps (several tens of parsecs and parsec
scales, respectively).

(viii) We do not find any evidence for any enhancements in the
Lbol/Mclump ratio at the expected galactocentric distances of the
spiral arms. From this, we conclude that although the spiral arms
play a role in concentrating the molecular material into large-scale
structures they do not play a significant role in the star formation
process. This finding is consistent with other recent studies.

(ix) We have combined the properties of the clumps grouped into
clusters to estimate the properties of these larger scale structures.
We find that the 30 most massive of these structures consists of only
16 per cent of all of the clumps, but contain 36 per cent of the mass
and 52 per cent of the total bolometric luminosity. These clusters
therefore are responsible for a significant fraction of the Galactic
star formation rate and energy budget.

(x) The majority of clusters identified have Lbol/Mclump ratios
<25 L�/M�, however, three clusters have significantly higher val-
ues (>50 L�/M�) and so are much more active and evolved re-
gions (these are W49, W51 and G351.598+00.189). Combined,
these three clusters produce almost 25 per cent of the total luminos-
ity produced by the ATLASGAL sources (11.7 per cent for W49,
8.56 per cent for W51 and 4.3 per cent for G351.598+00.189). The
most extreme of these three regions is W49, the most luminous
complex in the Galaxy. W49 has the highest Lbol/Mclump ratio and is
one of only three objects found in the disc that satisfies the criteria
to be considered a MPC candidate.

This paper is the fourth in a series that is focusing on exploiting
the ATLASGAL survey to provide a catalogue of properties for all
dense clumps located within the inner Galaxy. This paper completes
this work and in subsequent papers we will use this catalogue to
further investigate the role of the spiral arms and Galactic environ-
ment and investigate the difference between clump properties and
star formation between the inner and outer Galaxy.
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analysis.
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APPENDI X A : A PEX 13C O A N D C 18O
O B S E RVAT I O N S

A1 CO observations and data reduction

We targeted the 13CO and C18O (2–1) transitions at ∼220 GHz
to measure the source LSR velocity. The data were obtained be-
tween 2016 June and November at the 12 m diameter APEX tele-
scope (Güsten et al. 2006), using the low-frequency module of the
Swedish Heterodyne Facility Instrument (Vassilev et al. 2008) re-
ceiver. Backends consisted of two wide-band fast Fourier transform
spectrometers (Klein et al. 2012), each covering 2.5 GHz instanta-
neous bandwidth with 32 768 spectral channels. We observed the
transitions with a velocity resolution of ∼0.1 km s−1 in position-
switching mode with an on-source integration time of 1–4 min de-
pending on the line strength.

We obtained spectra towards 1177 sources at an average
precipitable water vapour column of PWV = 2.9 ± 1.2 mm.
No emission was detected towards four sources (AGAL354.
814+00.121, AGAL005.476−00.391, AGAL006.461−00.389
and AGAL338.306−00.522) and the spectra towards another eight
sources were discarded due to contamination in the off-source
position. These observations therefore provided useful velocity
information for the remaining 1165 sources.

A1.1 Data reduction and line fitting

The data are analysed for peaks within a velocity range be-
tween ± 200 km s−1 of the rest frequency of the transition to obtain
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Figure A1. Example APEX CO (2–1) spectra towards three sources. The
13CO spectra is offset from the C18O spectra by 1 K and the fits are shown
by the red and blue lines, respectively. The vertical dashed lines shown in
the upper two panels indicates the preferred source velocity. The two com-
ponents shown in the lower panel have comparable intensities and optical
depths and so no velocity has been assigned to the source.

the major velocity components for each position. We first added
all scans for each source using the Continuum and Line Analysis
Single-dish Software4 from within our PYTHON code through the
PYCLASS module of the PYGILDAS5 package. The resulting spectra are
then smoothed to a velocity resolution of ∼ 1 km s−1, resulting in a
mean noise level of σ = 95 ± 50 mK. The spectra are subsequently
flattened using a first-order polynomial and the velocities of the
emission components are determined using a PYTHON code. Here,
the peaks are identified iteratively by first de-spiking the spectrum
and then searching a contiguous window for emission above the 3σ

4 http://www.iram.fr/IRAMFR/GILDAS
5 http://cdsarc.u-strasbg.fr/doc/man/gildas/html/gildas-python-html/

Table A1. Summary of the APEX observational parameters.

Parameter Value

Galactic longitude range 300◦ <� < 60◦
Galactic latitude range −1.54◦ <b < 1.58◦
Number of observations 1177
Number of usable spectra 1165
Frequency 220 GHz
Angular resolution 30 arcsec
Spectral resolution 0.1 km s−1

Smoothed spectral resolution 1 km s−1

Medium noise (T ∗
A) ∼95 mK channel−1

Medium system temperatures (Tsys) ∼220 K
Integration time (on-source) 1–4 min

noise level. The number of maxima within a window is determined
and these peaks are simultaneously fitted with Gaussian profiles.
The resulting sum of these profiles is subsequently subtracted from
the spectrum, and the resulting spectrum is then used in the next
iteration to find the next strongest emission window. Only peaks
separated by at least twice the width of the fitted Gaussian are con-
sidered as major velocity components in order to avoid cluttering
with multiple components per window that might be all associated
with the same cloud. Negative features likely to originate from a
contaminated off position were automatically identified in a similar
way.

Fig. A1 presents a few examples of the spectra obtained. We have
not converted these to the main beam temperature scale (Tmb) as we
are only concerned with the velocity information these provide and
so the spectra are plotted using the antenna temperature scale (T ∗

a ).
In many cases, a single component is detected and the source veloc-
ity can be determined without any ambiguity (upper panel). How-
ever, in approximately 40 per cent of cases multiple components are
detected (middle and lower panels); in these cases, we applied the
criteria described in Section 2.1. In addition, we also used the peaks
of the 13CO and C18O components to estimate their optical depths
and used this as an additional constraint – if the 13CO components
have similar integrated intensities but one has a significantly higher
optical depth (effectively selecting the component with the lowest
peak 13CO/C18O ratio) as this is also likely to have the highest
column density and therefore more likely to be associated with the
high column clumps identified by ATLASGAL.

In total, 3142 13CO and 1271 C18O components are detected
towards 1165 clumps. As discussed in Section 2.1, in case of two
velocity components, we associated the velocity of the brightest
component to the ATLASGAL peak. We have been able to assign a
velocity to 1115 clumps from these data. The fitted line parameters
are given in Table A2. For the other 50 sources multiple emission
components are detected with similar intensities and we are unable
to assign a velocity with any confidence.
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Table A2. CO components detected by APEX. In this table, we indicate the velocity assigned to the source by appending a � to the source name. We give the
noise per channel of the 13CO in Column 2, however, the 13CO and C18O noise agree to within a few per cent.

ATLASGAL 13CO (2–1) C18O (2–1) Optical

CSC name RMS vlsr Peak Width Intensity vlsr Peak Width Intensity depth
(mK) (km s−1) (K) (km s−1) (K km s−1) (km s−1) (K) (km s−1) (K km s−1)

AGAL005.001+00.086� 61 2.1 5.8 1.38 20.2 2.0 1.8 0.93 4.2 0.35
AGAL005.041−00.097∗ 118 46.3 3.8 1.53 14.4 46.5 2.1 1.04 5.5 0.82
AGAL005.049−00.192∗ 72 6.1 3.2 1.53 12.4 6.1 0.9 0.97 2.2 0.32
AGAL005.139−00.097∗ 76 44.1 5.0 1.50 18.9 44.2 1.9 1.07 5.1 0.47
AGAL005.184+00.159 168 182.1 1.0 1.26 3.1 – – – – –
AGAL005.192−00.284∗ 70 8.0 3.4 2.21 18.6 8.6 0.6 1.09 1.7 0.16
AGAL005.202−00.036∗ 68 0.6 4.8 1.99 23.7 0.6 1.4 1.78 6.1 0.32
AGAL005.329+00.181∗ 69 8.8 8.0 0.79 15.9 8.7 2.7 0.69 4.6 0.40
AGAL005.371+00.319∗ 61 18.7 5.7 1.51 21.4 18.7 1.7 1.31 5.6 0.35
AGAL005.387−00.551∗ 92 8.4 1.1 1.61 4.5 – – – – –
AGAL005.389−00.384 82 21.4 1.1 9.66 26.0 – – – – –
AGAL005.392−00.409∗ 164 140.8 1.1 7.93 22.8 – – – – –
AGAL005.399−00.237∗ 53 4.8 1.9 1.34 6.3 5.0 0.4 1.01 1.1 0.24
AGAL005.409−00.302∗ 60 14.2 4.6 0.61 7.1 – – – – –
AGAL005.437−00.314 74 22.5 1.1 1.35 3.7 22.2 0.4 1.00 1.0 0.43

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/.

A P P E N D I X B: D I S TA N C E D E T E R M I NAT I O N

A key element required for determining the physical properties of
dense clumps identified by ATLASGAL is their heliocentric dis-
tance. The most reliable way to do this is to measure the parallax
of bright, compact objects such as methanol and water masers (e.g.
Reid et al. 2014). These are time-consuming and complex mea-
surements, and since they require the presence of a bright source
(which is not always available, particularly for the very earliest
evolutionary stages), this method is not universally applicable to all
sources. The difficulties involved with these measurements and the
poor frequency coverage of telescopes in the Southern hemisphere
has limited the number of maser parallax measurements reported
in the literature (∼150 measurements; Reid et al. 2014) with nearly
all them located in the first and second quadrants of the Galaxy. A
consequence of this is that the structure of half of the Milky Way
is poorly constrained. This situation is improving with the number
of maser parallax measurements steadily increasing, and there has
been significant progress in developing the Australia Long Baseline
Array (e.g. Krishnan et al. 2017) to provide distance measurements
in the third and fourth quadrants. However, it will be a long time
before this method can provide distances for the majority of the
ATLASGAL sample and we therefore need another method to de-
termine distances.

Kinematic distances, although less reliable than maser parallax
distance, can be determined from a source’s radial velocity with
respect to the LSR (vlsr) and a model of the rotation of the Milky Way.
The radial velocity can be obtained from molecular line observations
towards the clumps as has been described in the previous section.
There are a number of descriptions of the rotation curve of the
Galaxy (e.g. Clemens 1985; Brand & Blitz 1993; Reid et al. 2014).
In most cases, the kinematic distances obtained from all of them
agree within their associated uncertainties (typically ± 0.3–1 kpc;
the largest variations are associated with sources located close to the
Solar circle) and so the choice of rotation curve is not particularly
critical.

Wienen et al. (2015) have performed a detailed kinematic dis-
tance study of several thousand ATLASGAL sources using the

rotation curve of Brand & Blitz (1993). Here, we extend that work
to an almost complete sample of ATLASGAL sources and refine
some of their distances with an improved rotation-curve model.
We have used the rotation curve determined by Reid et al. (2014)
to estimate the kinematic distances as it takes advantage of all of
the maser parallax measurements to constrain the model, and has
been shown to provide kinematic distances that are comparable
with the maser distances. An inherent problem with kinematic dis-
tances is that for sources located within the Solar circle, there are
two possible distance solutions for each velocity; these are evenly
spaced on either side of the tangent position and are commonly
referred to as the near and far distances. These KDA need to be
resolved before a unique distance can be assigned for a particular
source.

Reid et al. (2016) have also developed a Bayesian maximum like-
lihood method that takes into account the relative position of the
spiral arms along the line of sight and the latitude of the source to
resolve the KDA and determine the distance (the application of this
method to all of the ATLASGAL clumps can be seen in the left-hand
panel of Fig. B1). This method assumes that all sources are likely to
be associated with a spiral arm, which may be a reasonable assump-
tion for star-forming regions; however, it is to be avoided, as one of
the main purposes of studying Galactic structure is to determine the
effect of spiral arms on the star formation process and this requires
distinguishing arm from interarm sources, as much as possible. In
the right-hand panel of Fig. B1, we show the distribution of clumps
using distances calculated using only the rotation curve. We find that
in the vast majority of cases (∼95 per cent), the difference between
the rotation-curve distance and the Bayesian maximum likelihood
distance is smaller than 1 kpc (see Fig. B2). This difference is rel-
atively modest and is almost negligible for sources located in the
fourth quadrant as the position of the spiral arms are poorly con-
strained and parallax distances virtually non-existent. The Bayesian
method does provide more reliable distances for source located near
the Solar circle, where the kinematic distance uncertainties are sig-
nificantly larger. As a result of these concerns, we decided to resolve
the KDA via alternate methods (these will be discussed in the fol-
lowing subsection), and then adopt the Bayesian value if it is in
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Figure B1. As Fig. 7. Left-hand panel: distribution of all ATLASGAL sources given by the Bayesian maximum likelihood tool developed by Reid et al.
(2016). Right-hand panel: distribution of all ATLASGAL sources determined using the Reid et al. (2014) Galactic rotation curve.

Figure B2. Histogram showing the difference between the distance deter-
mined from using the Bayesian method presented by Reid et al. (2016) and
the near/far distances determined using the Reid et al. (2014) rotation curve
(note that the x-axis has been truncated). 98.4 per cent of the sample have
velocity differences within the plotted range, and ∼95 per cent are within
1 kpc.

agreement with the kinematically determined solution. Otherwise,
we adopt the kinematic value.

We present the source names, radial velocities, near and far dis-
tances determined from the rational curve (Reid et al. 2014), the
Bayesian distance (Reid et al. 2016), the kinematic solution and the
assigned distance to the sources in Table 2.

B1 Resolving the kinematic distance ambiguities

KDAsaffect all sources located within the Solar circle (i.e. Galac-
tocentric radius (RGC) <8.35 kpc; Reid et al. 2014) and these need
to be resolved before a unique distance can be determined for a

particular source. We present a flow chart in Fig. 5 to illustrate the
various steps we have used to resolve these distance ambiguities.

(i) We match clumps to reliable distances reported in the lit-
erature (maser parallax, e.g. Reid et al. 2014 and spectroscopic
measurements, e.g. Moisés et al. 2011). This is done by comparing
the longitude, latitude and velocities of the sources with positions of
the given these studies and where a correlation is found the distance
is adopted.

(ii) Sources located outside the Solar circle are not affected by
this twofold distance ambiguity and so the kinematic distance is
adopted; however, this only applies to a relatively small fraction of
the sources (∼300).

(iii) We can exclude sources located close to the tangent velocity
(|vclump − vtangent| < 10 km s−1) from the KDA tests, as the differ-
ence between the near and far distances becomes smaller than their
associated uncertainties: this eliminates ∼10 per cent of the sample.

(iv) The latitude distribution of molecular material and star for-
mation is tightly correlated with the Galactic mid-plane. High-
mass stars found within the Solar circle have a scale height of
∼30 pc (e.g. Reed 2000; Green & McClure-Griffiths 2011; Urquhart
et al. 2014b), and since most high-mass star-forming clumps have
masses on the order of 103 M�, we would expect them to have
a similar scaleheight distribution. We can therefore use this as an
additional constraint on the possible distance for clumps located in-
side the Solar circle. We have calculated the distance of all sources
from the Galactic mid-plane assuming they are located at the far
distance; if this distance is greater than 120 pc (i.e. four times the
scaleheight), then the far distance is considered significantly less
likely and the source is placed at the near distance.

(v) Distances to many H II regions have been determined by look-
ing for H I absorption features against the strong radio continuum
emission associated with the ionized gas (e.g. Wienen et al. 2015;
Urquhart et al. 2012; Anderson & Bania 2009; Kolpak et al. 2003).
The envelope of cooler H I gas surrounding a molecular cloud lo-
cated between the H II region and the observer will produce an
absorption feature in the H II continuum emission at the velocity of
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the intervening clump. If the H II region is located at the far dis-
tance, we would expect to see absorption at higher velocities than
the source, and these should extend all the way up to the velocity of
the tangent position. However, if the H II region is located at the near
distance we would expect to see absorption at the same velocity as
the H II region but not at higher velocities. We have matched our
clumps with H II region studies reported in the literature and if a
reliable distance has been found then this has been adopted (e.g.
Kolpak et al. 2003; Urquhart et al. 2012, 2013b). If no distance is
available, then the source has been returned to the rest of the sample
for further analysis.

(vi) H I SA is then employed to resolve the distance ambiguity
for any remaining sources. Clumps located at the near distance
are likely to be associated with an absorption feature in the H I

spectra at the same velocity as the source (due to the cold clump
absorbing emission from the warmer diffuse H I gas located behind
it). Conversely, if the clump is located at the far distance and the
warm H I gas is distributed throughout the Galactic plane, there
would be no corresponding dip in the H I spectra at the same velocity
of the source. This method for resolving the distance ambiguities
has been widely used in a number of studies (e.g. Roman-Duval
et al. 2009; Anderson & Bania 2009; Jackson et al. 2006).

We have extracted H I spectra from the Southern Galactic Plane
Survey (McClure-Griffiths et al. 2005) and the VLA Galactic Plane
Survey (Stil et al. 2006) archives towards all ATLASGAL clump.
The resolution of these H I surveys is comparable to the typical
sizes of the clumps (∼1 arcmin; Contreras et al. 2013) and so we
sum emission over one resolution element of the respective surveys
(typically 9 pixels). We make no attempt to remove background
emission as these clumps are likely to be embedded in larger more
diffuse GMC structures which will also absorb H I emission at a
similar velocity as the sources, and the boundaries of these larger
structures are unknown.

The H I spectra and the source velocity were combined in the same
plot to facilitate comparison of the H I profile around the velocity of
the source (see Fig. B3 for some examples). A review of a represen-
tative sample of the spectra identified four assignments (near, far,
ambiguous and problem) that were found to cover all of the possible
outcomes. The first three options are self-explanatory, while the last
one was used to flag H I spectra that are contaminated by strong
continuum emission from evolved H II regions located nearby. All
plots were visually inspected by two of the lead authors (JSU and
AG) independently to resolve the distance ambiguities. Once the
analysis of the H I data was completed, the two sets of results were
compared. If the solutions agreed, then the distance solution was
adopted: these were considered to be high-reliability distances. If
one of the solutions was near or far and the other was classed as
ambiguous then the source was placed at the appropriate near or far
distance but given a lower reliability flag. All other sources where
the solutions disagreed were considered ambiguous and no distance
was concluded from the H I analysis. We present a key showing the
distance solution adopted depending on the possible combinations
of assigned solutions in Table B1.

(vii) If the H I data were inconclusive, we searched for evidence of
extinction towards the clumps. If a clump is associated with an IRDC
(e.g. Rathborne, Jackson & Simon 2006), it suggests the source is in
the foreground with respect to the relatively bright IR emission that
fills the inner part of the Galaxy. A recent study of a small sample of
IRDCs by Giannetti et al. (2015) found approximately 11 per cent
were actually located at the far distance and so placing these at the
near distance is reasonable for the majority of clumps. We have
searched for associations using the IRDC catalogue compiled by

Figure B3. Example H I spectra extracted towards dense clumps identi-
fied from the ATLASGAL survey. The velocity of the tangent position is
determined from a fit to H I data (e.g. McClure-Griffiths & Dickey 2007)
and is indicated by the blue line; the grey shaded region covers a velocity
range of ±10 km s−1 centred on the tangent velocity. Sources in this region
are placed at the distance of the tangent point. The dashed red vertical line
shows the velocity of the source with the yellow shaded region showing the
typical FWHM linewidth of the molecular lines. From top to bottom, panels
show examples of clumps located at the near distance, the far distance, or
identified as ambiguous distance and problem sources, respectively.

Peretto & Fuller (2009) to identify sources associated with IRDCs.
This catalogue does not include the inner 10◦ of the Galactic mid-
plane and so we have visually inspected the mid-IR images to
identify possible IRDC associations for sources in this region. Any
clumps found to be associated with an IRDC are placed at the near
distance (the justification for this is discussed in Appendix B3).
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ATLASGAL – properties of dense clumps 1097

Figure B4. Schematic diagram showing the hierarchical structure of a cluster identified from the friends-of-friends analysis. At the top of the diagram (outlined
in blue), we have the structure identified by using the largest set of search parameters (i.e. Rfof < 8 arcmin and 	vfof < 8 km s−1), the second row (outlined
in green) shows the subregions identified by the using the intermediate search parameters (i.e. Rfof < 6 arcmin and 	vfof < 6 km s−1), while the remaining
rows show the smallest subregions identified using the smallest search parameters (i.e. Rfof < 4 arcmin and 	vfof < 4 km s−1); these are outlined in red.
Regions located at the near distance are shown with a cyan background, while those found at the far distance are shown in with pink background. The distances
associated with the smallest subregions are considered to be the most reliable.

Table B1. Possible kinematic distance options applied by the two authors
and how these have been used to obtain a final solution. The question marks
(?) indicate that although a solution has been adopted it is considered to be
at a lower level of confidence.

Author 1 Author 2 Adopted solution

Near Near Near
Far Far Far
Far Ambiguous Far?
Near Ambiguous Near?
Near Problem No solution
Far Problem No solution
Ambiguous Ambiguous No solution

(viii) For any remaining sources, we searched the literature to see
if a distance had been previously assigned and whether it was consid-
ered to be reliable (i.e. an evidence-based distance and not simply as-
sumed to be at the near distance). If so, the corresponding kinematic
distance solution was adopted (e.g. Svoboda et al. 2016; Battisti &
Heyer 2014). Spectroscopic distances (e.g. Moisés et al. 2011; Stead
& Hoare 2010) and parallax distances (e.g. Reid et al. 2014, and
references therein) from the literature were simply adopted.

B2 Sources located near the Solar circle

Assigning distances to sources located near the Solar circle (i.e.
|vlsr| < 10 km s−1) is a little more complicated because we also need
to consider the additional uncertainty due to streaming motions in
the Galaxy ( ± 10 km s−1). These are already taken into account
when estimating the errors in the derived distance. However, for

sources located near the Solar circle, this can result in a source
actually located within the Solar circle (associated with a near/far
distance ambiguity) appearing to be in the outer Galaxy (with no
distance ambiguity) or vice versa. For sources located within the
Solar circle, we can simply try to resolve the distance ambiguity
in the normal way using the H I SA method; however, for sources
with velocities that place them outside the Solar circle we only
obtain a single distance although due to streaming motions, they
may actually be located inside the Solar circle. We therefore apply
the following additional criteria:

(i) If the kinematic solution suggests that a near distance is likely,
then no distance is assigned. These sources are likely to be located
very close by (∼1 kpc) and are therefore probably relatively low-
mass clumps. Excluding these clumps is unlikely to impact our
statistical analysis of the properties of the sample and its Galactic
distribution.

(ii) By similar rationale, if the kinematic solution suggests a far
distance, then this source is likely to be at the far distance and we
assign the source to the far distance.

B3 Summary of the kinematic distance analysis
and comparison with the literature

In total, we resolved the distance ambiguity for 7091 sources,
of which we rate 6292 as ‘reliable’; these values correspond to
88.6 per cent and 78.6 per cent of the ATLAGAL CSC, respectively.
We were unable to determine a distance for 911 sources; however,
velocities were not available for 240 of these (as discussed in Sec-
tion 2.3). The distribution of all of these clumps determined using
the Reid et al. (2014) model is shown in the right-hand panel of
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Table B2. Summary of the kinematic distance solutions. The roman
numerals (i)–(viii) given in Column 1 refer to the various steps described
in Appendix B1, while the (ix) and (x) are used to identify sources for
which the H I SA is ambiguous and clumps where no velocity is available.

Step Description Total number distances
of method assigned

(i) Parallax/Spectroscopic 26
(ii) Outer Galaxy 84
(iii) Tangent 760
(iv) Z distance 1295
(v) H I EA 140
(vi) H I SA Near (?) 3126 (559)
(vi) H I SA Far (?) 1280 (612)
(vii) IRDC associations 269
(viii) Literature 111
(ix) Ambiguous (Solar circle) 671 (43)
(x) No vlsr available 240

Fig. B1. In Table B2, we present a breakdown of how the distance
have been assigned following the application of the various steps
outlined in Appendix B1.

We placed 4817 clumps at the near distance, 1430 at the far
distance and 760 sources at the tangent position. The proportion of
sources placed at the near and far distances is therefore ∼77 per cent
and 23 per cent, respectively. This is similar to the findings of other
studies (e.g. Eden et al. 2012 assigned ∼75 per cent of sources to
the near distance).

We cross-correlated the positions of our sample of dense clumps
with the position of IRDCs (e.g. Peretto & Fuller 2009), thereby
identifying 1912 IRDCs in our sample that can be used to check
the consistency of our distance assignments. IRDCs are thought to
be located in the foreground between us and the bright diffuse IR
emission that fills much of the inner Galaxy. They are so dense
that the background IR emission is totally absorbed towards these
objects resulting in these objects appearing in extinction with respect
to the background field stars. If our distance solutions are reliable,
we should expect to find the vast majority of IRDCs will have been
placed at either the near or tangent distances.

Excluding step (vii), we have resolved the distance ambiguity to-
wards 1606 of the matched IRDCs, of which 1457 have been placed
at the near or tangent distances. This corresponds to 90.7 per cent
of the IRDC sources. Detailed studies of the distances of large and
representative samples of IRDCs have not yet been performed and
so the actual ratio of near/far sources is not well constrained. How-
ever, a recent study of ∼40 IRDCs associated with the ATLASGAL
Top100 sample (König et al. 2017) found 11 per cent to be located
at the far distance (Giannetti et al. 2015). Our results are there-
fore consistent with what has been previously found and thereby

increases confidence in the reliability of our results. This also pro-
vides strong support for automatically placing all remaining IRDCs
for which we were unable to resolve the distance ambiguity at the
near distance [i.e. step (vii)].

We have also compared our distance solutions with a number
of other recent studies. We present a summary of this analysis
in Table B3; this reveals a high level of agreement between our
distances and nearly all of the comparison samples. Given that the
reliability of the H I analysis methods used here is only ∼80 per cent
(e.g. Busfield et al. 2006; Roman-Duval et al. 2009), the level of
agreement with most studies considered here and provides further
confidence in the reliability of our distance assignments. We have
not performed a direct comparison with the recent work present
by Elia et al. (2017) as only ∼40 per cent of their distances were
the result of distance ambiguity resolution: the remainder were
arbitrarily placed at the far distance and so the samples are not
comparable.

A P P E N D I X C : ID E N T I F Y I N G L A R G E R S C A L E
S T RU C T U R E S : G M C S A N D C O M P L E X E S

In the previous section, we described how we have determined kine-
matic distance solutions to ∼7000 ATLASGAL clumps; however,
there are still a significant number (∼10 per cent) of sources for
which we have not been able to assign a distance. Furthermore,
the reliability of many of the criteria we applied to resolve the dis-
tance ambiguities have an inherent uncertainty of ∼20 per cent. We
know that much of the star formation taking place in the Galaxy
lies within the Solar circle (RGC < 8.35 kpc) and is tightly con-
centrated to a relatively narrow range in the mid-plane (scaleheight
∼30 pc) – this has already been used to help resolve the distance
ambiguities to many sources. We also know that a large fraction of
the star formation is also further concentrated in large star-forming
complexes that can be associated with numerous GMCs (Murray &
Rahman 2010; Urquhart et al. 2014b).

We have thus far treated the ATLASGAL clumps as iso-
lated/individual sources and determined their velocities and dis-
tances on an individual basis. Given that these clumps are simply
the highest column density regions of GMCs, we can group them
together in �bv-space to identify the large-scale structures they are
part of. This has many potential advantages, e.g.:

(i) It allows the distance solutions of clumps associated with
the same GMCs and complexes to be assessed in a statistical way
and for potential erroneous solutions to be identified and excluded,
which will improve the overall reliability of the distances.

(ii) It allows a distance to be applied to sources that are found to
be associated with a particular GMC but for which we were unable
to resolve the ambiguity using the H I analysis.

Table B3. Comparison of derived distance solutions with recent reports reported in the literature.

Survey Number Agree Disagree Agreement Reference
of matches per cent

BGPS 902 698 204 77.4 1
Reid Bayesian 7130 5160 1970 72.4 2
ATLASGAL 1882 1410 472 74.9 3
RMS 695 557 138 80.1 4
BGPS 91 61 30 67.0 5
MMB 376 226 150 60.1 6

References: (1) Svoboda et al. (2016); (2) Reid et al. (2016); (3) Wienen et al. (2015); (4) Urquhart et al. (2014b);
(5) Battisti & Heyer (2014) and (6) Green & McClure-Griffiths (2011).
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(iii) Many GMCs are associated with strong velocity gradients
and so measuring this for the individual clumps can result in sig-
nificant differences between the component clumps. Although the
differences in velocity between individual clumps might actually
be quite modest (<5 km s−1), this can result in large differences
in their kinematic distances (∼0.5 kpc) which may impact source
properties and introduce significantly more scatter in their Galactic
distribution.

(iv) Many of the most prominent complexes in the Galaxy are
already well studied (e.g. W31, W43 and G305) and there are very
reliable distances available: identifying sources that are likely to be
associated with each other allows us to adopt these distances.

C1 Friends-of-friends analysis

We have implemented the friends-of-friends method as a first step to
identify possible larger scale associations of clumps. We employed
three different sets of parameters beginning with a matching angular
radius (Rfof) of 4 arcmin and velocity dispersion of (	vfof) 4 km s−1

and successively increasing the search parameters by 2 arcmin and
2 km s−1. The selection of the first set of search parameters is based
on the analysis by Svoboda et al. (2016) on the reliability of as-
signing KDA solutions to groups of sources that are spatially and
kinematically correlated sources (i.e. �bv); they refer to this as Dis-
tance Resolution Broadcasting. These parameters were determined
by comparing the KDA solutions in groups of sources as the search
parameters were increased and evaluating the number of disagree-
ments within the group.

The broadest set of search parameters (i.e. Rfof < 8 arcmin and
	vfof < 8 km s−1) were selected as to include sources or groups
of sources, identified using the smaller search parameters, that are
associated with the same GMCs (these parameters correspond to
size scales of ∼30 pc at a distance of 15 kpc, which is the typical
cloud radius (Miville-Deschênes, Murray & Lee 2017), and FWHM
velocity dispersion of 10 km s−1, typical of GMCs found in the
Large Magellanic Cloud (Hughes et al. 2010). The intermediate
set of search parameters roughly corresponds to the properties of
smaller molecular clouds.

Applying these search parameters produces a hierarchy of cor-
related sources that correspond to different scale structures in a
GMC. At the smallest scale, these identify tightly grouped clusters
of clumps associated with one of perhaps many dense subregions
within a cloud but where a common distance solution can be con-
sidered reliable. The second set of search parameters associates the
coherent subgroups with their large-scale molecular clouds, while
the last set of search parameters links the molecular clouds with
their host GMCs and star-forming complexes.

We are primarily interested in the largest scale structures iden-
tified with the largest search parameters. However, the distances
for all of the subregions within these larger scale structures have
been determined independently and so considering the distances of
substructures provides a strong consistency check on the viability
of the GMCs. We therefore begin at the top of the hierarchical tree
(at the largest scale) and apply the following criteria to determine
the reliability of a particular structure:

(i) The agreement in distance solutions for all constituent clumps
within a structure must be better than 70 per cent. If this is not the
case, then we look at the distances of the individual subregions. If
a particular subregion that has a distance resolution that is out of
step with that of the larger scale structure and the subregion can be
removed without impacting the integrity of the larger structure then

Figure C1. Example of clustering analysis towards W33 complex. For
description of image refer to Fig. 6. The hierarchical structure of W33 is
used as an example of the association method discussed in Appendix C1
and shown in the flow chart presented in Fig. B4.

this is done. If this cannot be done, then the top level structure is
discarded and we perform the same analysis on the next level down
in the hierarchical structure.

(ii) A visual inspection of the distribution of the structure with
respect to the large-scale structure traced by the mid-IR emission
images and maps of the combined ATLASGAL+PLANCK emis-
sion (Csengeri et al. 2016b) reveal good correlation. In some cases
inspection of the mid-IR images revealed that two or more clusters
identified are actually part of larger scale structures and in such
cases these have been combined into a single entity.

(iii) As a final step, we identify additional possible members
by correlating the spatial extent of the clusters with the positions
of clumps for which we were unable to determine a velocity. If
a clump was found to fall within the footprint of a single cluster
on the sky, then it has been assigned to that cluster. If a clump
fell within the footprint of 2 or more clusters along the line of
sight, then cluster membership is ambiguous and no cluster was
assigned.

In Fig. B4, we present a schematic diagram showing the results
of this analysis for one such cluster identified. The largest structure
(G013.045−00.186) consists of two subregions (G012.993−00.237
and G013.236+00.025), each of which themselves consist of be-
tween 2 and 6 smaller subregions, and three smaller subregions
(G013.101−00.217, G013.197−00.127 and G013.113−00.151).
The distances for the smallest subregions are determined indepen-
dently, and as can be seen in Figs B4, 10 of the 11 of these have been
placed at the near distance (cyan backgrounds); this includes all of
the subregions associated with the two larger regions identified by
the intermediate set of search parameters and these are therefore
considered to be reliable structures. In this case, we are able to
exclude the one subregion without affecting the integrity of the top
level structure. In Fig. C1, we show an image of the cluster towards
W33 identified by this analysis.

In Fig. C2, we present plots of the physical size and velocity dis-
persion of the clusters as determined from the standard deviation of
their associated clumps. The size of the clusters are from a fraction of
a parsec to several tens of parsecs, but sizes of a few parsecs are more
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Figure C2. Distribution of cluster sizes and velocity dispersions. The bin
size used in the upper panel is 0.25 dex and in the lower panel, it is 1 km s−1.

typical. One cluster stands out as being exceptionally large with a
size of several 100 parsecs; this source is the Wisp structure identi-
fied by Li et al. (2013), which is one of the largest velocity coherent
molecular structures detected so far. The velocity dispersion of the
clumps associated with each cluster are typically lower than a few
km s−1 and in line with the velocity dispersions reported for Galac-
tic and extragalactic GMCs (5–20 km s−1, Schneider et al. 2006;
Fukui et al. 2009).

A P P E N D I X D : SE D : PH OTO M E T RY
A N D F I T T I N G P RO C E D U R E

D1 Photometry

We use an aperture-and-annulus geometry to measure flux densities
about each source. We initially set a circular aperture to a spatial
position that is optimal across all observed bands for the given
source. This aperture is then re-centred to within one ATLASGAL
beam radius (i.e. rsearch = 19.2 arcsec) of the peak emission found in
the 250, 350 or 870 µm band, using the first band where no saturation

is found6 within the source aperture. We set the aperture radius to
twice the major axis reported in Contreras et al. (2013) and Urquhart
et al. (2014a) in order to ensure the aperture to be large enough that
most of the source emission lies within the aperture, while still
being small enough to avoid cutting into the background for more
complex sources. Saturated pixels present within the aperture are
set to the maximum pixel value of the 5 × 5 arcmin image and the
flux is thereafter regarded only as a lower limit.

The background is determined over an annulus about the aperture
with inner and outer radii of 1.5 and 2.5 times the aperture size,
respectively. In case that the annulus width is smaller than the
ATLASGAL beam size, the outer annulus radius is increased to
be at least three times the ATLASGAL pixel size (i.e. 18 arcsec)
larger than the inner radius, to allow for a statistical analysis of
the background annulus flux. Any pixels within the background
annulus with a flux above the source aperture’s peak-pixel flux are
omitted, as we assume these pixels represent sources within the
background aperture. We take the median background flux (rather
than the mean) to reduce any influence of a fainter source within
the annulus. The background flux is then normalized to the area
of the source aperture and subtracted from the latter, yielding the
background-corrected source flux.

A negative background-corrected flux may be indicative of either
the background flux being overestimated as the background annu-
lus is cutting into a nearby source or of absorption in the source
aperture. We take care of the former issue as described in the last
paragraph by ignoring pixels above the maximum aperture flux and
taking the median value of the background pixels, but the latter
issue may result in negative flux measurements even when a point
source is clearly visible within the aperture. To automatically iden-
tify a point source within the source aperture, we have empirically
determined that a point source in an arbitrary group of pixels has
at least 80 per cent, 50 per cent and 20 per cent of the pixels above
the 1σ , 2σ and 3σ noise levels, respectively. In case a point source
is identified in this way, we restrict the pixels taken into account
for photometry to those with a value above the median background
pixel level. Any pixels below this limit are likely to be caused by
absorption within the aperture and are therefore neglected, result-
ing in a positive background-corrected flux. Applying this method
allowed us to obtain 2727 fluxes over all bands, affecting a total of
1814 sources, successfully recovering the flux for a visible point
source that otherwise would have been missed.

The flux uncertainties are estimated from the pixel noise level
of the image and a general flux measurement uncertainty added in
quadrature. We assume a rather conservative flux measurement un-
certainty, as we not only consider the absolute calibration error but
also take into account the uncertainty involved in determining the
source aperture (which is applied to all bands and might not always
be optimal). We therefore assume a flux measurement uncertainty
of 15 per cent for ATLASGAL, 20 per cent for the 70, 160, 250
and 350 µm Herschel bands, and an uncertainty of 50 per cent for
the 500 µm Herschel band due to the large pixel size. We assume
a general measurement uncertainty of 30 per cent for the mid-IR
bands, although the 8 µm MSX band earns an increased measure-
ment uncertainty of 50 per cent due to the possible influence of
PAHs within the band. The pixel noise level is determined over the
full 5 arcmin × 5 arcmin image, where pixels within a beam around
local maxima are blanked. The noise level is then determined over

6 Pixels were the detector suffered from saturation are found as NaN values
in the reduced maps.
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the filtered image, where the 1σ level is determined from a Gaussian
fit to the histogram of the remaining pixel fluxes.

D2 Overview of the fitting procedure

As in König et al. (2017), the measured SED is fit simultaneously by
a combination of a greybody and a blackbody, where the greybody
is fit to wavelengths upwards of 20 µm, fitting the emission of the
cold dust. The blackbody component is added to reflect the presence
of a more evolved, optically thick embedded hot component and is
only added if at least two flux measurements are present downward
of 70 µm. The fitting is performed using a Levenberg–Marquardt
least-squares minimization, allowing us to estimate the fitting pa-
rameter uncertainties from the covariance matrix as calculated by
the algorithm. To reduce the number of free parameters, we keep
the dust emissivity spectral index of the greybody fixed to 1.75,
which is the mean value as calculated over all dust models from
Ossenkopf & Henning (1994), allowing a fit with fewer available
data points, as well as allowing better comparison with the literature
(e.g. Thompson et al. 2004; Nguyen Luong et al. 2011).

We take a different approach for emission in the 70 µm band in
contrast to König et al. (2017). The emission in this band is gener-
ally interpreted as being contaminated with the emission of small
grains (Compiégne 2010; Compiègne et al. 2010) in addition to hav-
ing the previously addressed contributions from both the cold dust
and a more evolved hot component within the clump (e.g. Beuther
et al. 2010). For these reasons, we take the emission at 70 µm as
an upper limit in the fitting process. When no emission is found
at the 70 µm band, we use a conservative upper limit of five times
the noise determined over an aperture including the background
annulus or the point source sensitivity level as determined for the
instrument (i.e. 21 mJy beam−1),7 whichever is higher. Fitting the
SEDs provides us with reliable measurements of the dust tempera-
ture of the cold component that characterizes the emission from dust
and the bolometric flux; these will be used in the following section
together with source distances to derive the physical properties of
the clumps.

D3 Consistency tests

In the upper panel of Fig. D1, we compare the temperatures de-
rived from the greybody fits with those derived by a recent study by
Guzmán et al. (2015) who performed a similar method of aperture
photometry on a sample of ∼2500 ATLASGAL clumps observed
as part of the MALT90 survey (Jackson et al. 2013). This plot
illustrates the excellent agreement between the greybody tempera-
tures determined from our work and the work reported by Guzmán
et al. (2015) to estimate the fluxes and to fit the SEDs. The mean
difference between the two sets of temperature measurements is
0.8 ± 0.1 K with a standard deviation of 2.8 K. In the lower panel of
Fig. D1, we show the correlation between the kinetic dust temper-
atures derived from the ammonia (NH3) (1,1) and (2,2) transitions
(Urquhart et al. 2011; Wienen et al. 2012). This plot also shows a
strong correlation between the temperature of the gas and the dust
(the Spearman rank coefficient r is 0.64 with a p-value � 0.01),
although we note the scatter is clearly more significant (the mean
difference is 0.7 ± 0.14 K with a standard deviation is 4.8 K).

The bolometric fits derived here are consistent with the results of
a similar analysis of dust emission reported by Guzmán et al. (2015)

7 herschel.esac.esa.int/Docs/PMODE/html/ch02s03.html

Figure D1. Upper panel: comparison between dust temperatures derived
here and those determined by the MALT90 team (Guzmán et al. 2015). This
subsample of ∼2500 includes a significant fraction of all of the sources ob-
served as part of the MALT90 survey (a total of ∼3000 ATLASGAL clumps
were observed as part of this programme of follow-up observations). The
solid line indicates the line of equality. Lower panel: comparison between
the dust temperatures and kinematic gas temperatures determined for ∼1500
clumps from NH3 (1,1) and (2,2) inversion transitions (Wienen et al. 2012;
Urquhart et al. 2011, red and blue circles, respectively). Least-squares fits to
the data presented in both plots result in slopes that are within 1σ of being
linear.

and with independently estimated kinetic temperatures of the dense
molecular gas. The strong agreement with these two previously
published studies provides confidence in our fitting method and the
derived results.

Finally, we also compared the fluxes derived in this work with
those found in the Hi-GAL CSC for the inner Galaxy (Molinari
et al. 2016). To obtain the fluxes from the Hi-GAL CSC, we summed
up the fluxes of all compact sources found within our source aper-
ture. The result can be seen in Fig. D2, for the 250-µm band.
Although there is a significant amount of scatter for individual
sources (∼10), a strong correlation between the fluxes obtained
with the two significantly different methods is found (r = 0.86 with
a p-value <0.0013), showing the general consistency between the
two photometric approaches.

In total, we were able to successfully fit the SEDs of 7861
sources (∼98 per cent of the full CSC sample). 2586 of these sources
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1102 J. S. Urquhart et al.

Figure D2. Comparison of flux densities obtained from the Hi-GAL CSC
with the fluxes obtained through aperture photometry in this work. The
dashed red line indicates equality between the two sets of measurements.

(∼33 per cent) are fitted with a single-component greybody and
5275 sources (∼67 per cent) with the two-component model.
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