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ABSTRACT

By matching infrared-selected, massive young stellarabjeMY SOs) and compact Hll
regions in the RMS survey to massive clumps found in the sllibmeire ATLASGAL sur-
vey, we have identified 1000 embedded young massive stars betweef<286 350 and
1< <60 with |b| < 1.5°. Combined with an existing sample of radio-selected mathan
masers and compact Hll regions, the result is a cataloguel@00 massive stars embed-
ded within~1300 clumps located across the inner Galaxy, containiregtbbservationally
distinct subsamples, methanol-maser, MYSO and Hll-reggsociations, covering the most
important tracers of massive star formation, thought toeegnt key stages of evolution. We
find that massive star formation is strongly correlated withregions of highest column den-
sity in spherical, centrally condensed clumps. We find naiigant diferences between the
three samples in clump structure or the relative locatiothefembedded stars, which sug-
gests that the structure of a clump is set before the ons¢dofasmation, and changes little
as the embedded object evolves towards the main sequenee iBha strong linear corre-
lation between clump mass and bolometric luminosity, whth most massive stars forming
in the most massive clumps. We find that the MYSO and Hll-negiobsamples are likely
to cover a similar range of evolutionary stages and that th@rity are near the end of their
main accretion phase. We find few infrared-bright MYSOs aisded with the most massive
clumps, probably due to very short pre-main sequencertifeiin the most luminous sources.

Key words: Stars: formation — Stars: early-type — ISM: clouds — ISM:maillimetre — ISM:
H u regions.

1 INTRODUCTION tial influence upon the evolution of their host galaxies amidife
generations of star formati005). Thesesstave
a profound impact on their local environment through powlerf
outflows, strong stellar winds, optiggr-UV radiation and super-
novae, shaping the interstellar medium (ISM) and regujasitar
formation. Our understanding of how galaxies evolve ovento-

Massive stars{ 8 M, and 18 L,,) play an important role in many
astrophysical processes, from the formation of the firstisol-

terial in the early Universe_(Dunne ef Al 2D03) to their sabs

* The full version of Tables1, 3, 6 and 7, and Fig. 3 are only kg logical timescales depends critically_on various assuongtithat
in electronic form at the CDS via anonymous ftp to cdsartrassg.fr are made about massive star formation, such as how the fdedba
(130.79.125.5) or via httpcdsweb.u-strasbg/bgi-birygcat? IMNRAS/ L introduced by massive starffects the star-formation rate, or the
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universality of the initial mass function (IMF). Howevehet un-
derlying physical processes involved in the formation ofssiee
stars are still poorly defined and this presents a major auodiur-
thering understanding of the massive star formation itsedf how
galaxies evolve (e.g.. Silk & Maman 2012 and Scannapiectl et a
2012).

Outside the Milky Way, we are generally restricted to stud-
ies of global star-formation properties integrated oveirerstar-
forming complexes or even groups of complexes, which render
it impossible to study either feedback processes or ther@mvi
mental dependence of star formation (Kennicutt & Evans [p012
Within the Milky Way we are able to probe massive star-forgnin
regions in far greater detail, which provides the best ofymity
of understanding the processes involved in massive stanafor
tion. Furthermore, the Milky Way consists of a large range of
environments including the Galactic centre with its exteediv-
radiation and cosmic-ray fluxes, intense star-formingaegfound
in the spiral arms (e.g., W43, W49 & W51; often described as
“mini-starbursts”) and the reduced metallicity of the auBalaxy
(Kruijssen & Longmore 2013). Many of these environmentsehav
extragalactic analogues and an understanding of how tfiegta
star formation in the Milky Way will provide crucial insightnto
star formation in the era of galaxy formation.

Despite their importance, our understanding of the initial
conditions required and processes involved in the formagiod
early evolution of massive stars is still rather poor in camp
ison to low-mass stars. Massive stars are rare and the eegion
where they form are significantly more distant than low-msias
forming regions. Massive stars form almost exclusively linse
ters I4), making it hard to distinguish betwe
the properties of the cluster and individual members. Furnttore,
the Kelvin-Helmholtz contraction time is shorter than tteera-
tion time for massive stars. Consequently, massive prateseach
the main sequence while still deeply embedded in their retal
vironment and so all of the earliest stages can only be praibed
far-infrared and (sub)millimetre wavelengths.

Itis still not yet clear how massive stars obtain their finals®
as much of this needs to be acquired after they have reacked th
main sequence when radiation pressure would be expectaitto h
accretion. this problem can be overcome through accretiarav
disc (e.g [ 20111), however, the mechanism byclhi
this happens is still an open question. Currently, theréveoeom-
peting accretion models by which an embedded protostar can a
quire the mass required to evolve into a massive star; thestha
“monolithic accretion” and “competitive accretion” modgle.g.,
McKee & Taml 2002| 2003 and Bonnell et al. 1097, 2001, respec-
tively).

Our ability to make significant progress in this field has been
dramatically enhanced in recent years with the completiba o
large number of Galactic-plane surveys that cover the wivalee-
length range from the near-infrared to the radio (e.g., tKéD$S
GPS/ Lucas et &l. 2008; GLIMPSE. Benjamin ét al. 2003; MSX,
[Price et al. 2001; MIPSGAL, Carey et al. 200%rschelHi-GAL,
Molinari et al. |2010); APEX Telescope Large Area Survey of
the Galaxy (ATLASGAL),Q; Bolocam Galac-
tic Plane Survey (BGP al. 2b11; methanol rhakim
(MMB) survey,O; and the Co-ordinated Badi
and Infrared Survey for High-Mass Star Formation (CORNISH)
IPurcell et al. 2013 ard Hoare etlal. 2012). These survey=fiheb
large spatial volumes required to address the major proltem
studying Galactic massive star formation — its intrinsidtya At
last we can identify and study statistically significant pées over

the full range of evolutionary stages, from the pre-stélaough to
the post-compact HIl region stage when the star emergesifsom
natal environment.

1.1 Evolutionary sequence

In spite of the observational challenges associated wigsivastar
formation, an outline of an evolutionary sequence has eadsoger
the past decade from a combination of observations and mcather

modeling (e.g.._Zinnecker & Yorke 2007). This sequence can b

roughly divided into four distinct stages:

(i) Pre-stellar: consisting of a massive, dense clump thatav-
itationally bound but shows no evidence of being associeiitul
any embedded point source at infrared wavelengths or atiears.

(ii) Clump-core collapse: the clumps collapse and fragnreot
cores that form a protostar surrounded by an accretion Assthe
protostar gains mass it begins to warm its natal envelopztimy
class Il methanol-maser emission through radiative pugpirthe
disc 7.

(iii) Protostellar swelling and contraction: Numericalnsi
ulations with high accretion rates have been performed by
Hosokawa & Omukai| (2009) arld_Hosokawa €t al. (2010). These
models reveal that the high accretion rates lead to a dramati
swelling up of the protostar from a few solar radii td00 R,
as its stellar mass increases from 5 to 1Q the increased vol-
ume of the protostar results in lower internal densities tma-
peratures, which delays the onset of core hydrogen burrseg (
alsol Hoare & Fran¢o 2007). Above 1QMhe Kelvin-Helmholtz
timescale is lower than the accretion timescale and as aeeons
quence the protostar begins to contract and the interngleran
ture gradually increases. When the temperature exceédéddre
hydrogen burning begins and the star joins the main sequeitice
a mass 0f~30 M,. This implies there are no stars more massive
than this at ZAMS onset and accretion must continue post-8AM
for larger stars. Observationally, protostars that haveyet be-
gun to form a Hu region will have luminosities between 3.and
10° Lo; we will refer to these objects as massive young stellar ob-
jects (MYSOs| Wynn-Williands 1982). The RMS survey has iden-
tified ~600 MY SOs located throughout the Gal tal.
[2013; Mottram et dl. 2011b). The most luminous of these eorre
spond to the range predicted by the Hosokawa et al. models (i.
<10 Ly).

(iv) Formation of the Hu region: once core hydrogen burning
has begun and the star has joined the main sequence it wifi beg
to emit a sifiicient amount of ionizing radiation and aiHregion
will form around it. This will begin as a hyper-compactuHegion
but will rapidly expand, transitioning through the ultranspact
(UC) and compact Hr region phases before breaking out of its
natal clump and evolving into the more classicalitdegions that
are observable at optical wavelengths. The thermal breamdshg
emission from the ionized gas within therHegions can be read-
ily detected at radio wavelengths (elg., Wood & Churchwegd
andl4). Radio continuum observations carethe
fore be used to distinguish between MYSOs andiHegions

(Hoare & Franco 2007; Hoare et al. 2007).

In order to test this evolutionary sequence we need to cempil
a large sample of massive star-forming regions with ficant
number of sources that the statistical properties of eadestan
be determined.
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1.2 Identifying an evolutionary sample of massive star

forming clumps

All of the earliest stages of massive star formation takecela
while the forming stars are deeply embedded in dense clumps
I4), where they may remain hidden, even at mid
infrared wavelengths (e. 009). Howdwetther-

mal emission from dust at submm wavelengths is optically amd

is therefore an excellent tracer of column density and totds of

a clump 9). The ATLASGAL survey is a blind
870um survey covering 420 square degrees of the inner Galactic
plane. Its unbiased coverage and fairly uniform sensjtpibvides

an ideal resource for identifying a large and represergaample

of massive, star-forming structures (Contreras kt al.|]20tGuhart

et al. 2014b). Furthermore, ATLASGAL is complete to all dens
clumps (LogN(Hz)) > 22 cnt?) with massesNeump) > 1000 M,
located within the inner Galactic disc at heliocentric aigtes up

to ~20 kpc (Urguhart et al. 2013a; hereafter Paper I) and previde
uniform set of measurements that can be used to test theggdpo
evolutionary sequence.

In two previous studies we have used the ATLASGAL Com-
pact Source Catalogue (CSC: Contreras ket al.|2013) as agtart
point and cross-matched the positions of dense clumps hitbet
of methanol masers identified by the MMB survey (Paper|) and
compact Hi regions identified by the CORNISH VLA 5 GHz con-
tinuum survey [(Urquhart et Al. 2013b; hereafter Paper Ihese
two studies identified a large sample~800 massive star-forming
clumps. This was used to derive a minimum surface densiggthr
old for massive star formation and provided some of the ggen
evidence that methanol masers trace one of the earliestssiag
the formation of massive stars. Furthermore, we used thacBal
distribution of the methanol masers to estimate the standtion
efficiency (SFE) across the inner Galaxy and found it to be approx
imately three times lower in the Galactic Centre than in fise ¢tf.

Longmore et &l. 2012a).

In this paper, the final in this series, we investigate thepro
erties of the ATLASGAL clumps associated with MYSOs and
H u regions identified by the Red MSX Source (RMS) survey
(Hoare et dl. 200%; Urquhart etlal, 2008b; Lumsden kt al.[poa3
clusion of this sample of young massive stars will produce th
largest and most comprehensive sample of massive stairigrm
clumps to date and cover the whole accretion process fromahe
liest, most deeply embedded stage to the creation and eérpanfs
an ionized nebula that disrupts the natal environmentirigakic-
cretion and setting the final mass of the star.

The structure of this paper is as follows: in Sect.2 we give
a brief summary of the individual surveys used and desciibe t
matching procedure and reliability checks performed. lct Sewe
discuss the correlation of RMS-associated clumps withanepses
of methanol masers and idregions presented in Papers| and Il
and look at the Galactic distribution of the whole samplethiis
section we also distinguish between clumps associatedtwitlor
more of the diferent tracers from those associated with a single
tracer (i.e., methanol-maser, mid-infrared bright and jgact radio
emission) in order to identify relatively clean sampleshwitich to
look for evolutionary trends that might be present in thesa.din
Sect. 4 we derive properties of the associated clumps angaem
the statistical properties of the observationally defindasamples.
In Sect. 5 we investigate the empirical relationships betwaump
mass, bolometric luminosity and radius with respect to tfient
subsamples and discuss their implications. We present enagyn
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Figure 1. Schematic of the Galactic disc as viewed from the Northern
Galactic Pole showing the positions of the Galactic bar aedspiral arms.
The orange wedges show the coverage of the ATLASGAL sun&yraisg

a mass sensitivity of 1,000 Mat a distance of 20 kpc. The brighter wedge
shows the inner most 20n longitude not included in the RMS survey. The
spiral arms are labeled in black and Galactic quadrantsiaea @y the ro-
man numerals in the corners of the image. The Galactic lodgitovered
by the AMGPS, MMB and CORNISH surveys are indicated by redebl
and green curves, respectively. The Sun is located at thecdpiee wedges
and is indicated by the symbol. The dot-dashed cyan circle shows the
Solar circle and the inner most thick green circle shows dlation of the

5 kpc molecular ring where most of the molecular gas in thesGatesides.
Background image courtesy of NAGAL-CaltecfR. Hurt (SS¢Caltech).

of our main findings and give an overview of this series of pape
in Sect. 6.

2 SURVEY DESCRIPTIONS AND MATCHING
STATISTICS

2.1 ATLASGAL

ATLASGAL is one of the first systematic surveys of the inner
Galactic plane in the submillimetre band. The survey was car
ried out with the Large APEX Bolometer Camera (LABOCA,;

.@9), an array of 295 bolometers observing at
870um (345GHz). The APEX telescope has a full-width half-
maximum (FWHM) beam size of 192t this frequency and has
a positional accuracy of2”. The initial survey covered a Galactic
longitude region of 300< ¢ < 60° and|b] < 1.5° but this was
later extended to include 2806< ¢ < 300 and-2° < b < 1° to
take account of the warp present in this part of the Galadéng
I9). This extension increasing the dveoxer-
age of the survey to 420 sq.degrees and includes the Sagittar
spiral arm tangent and the Carina star-forming complex.

Using the source extraction algorithnSExtractor
(Bertin & Arnout$ | 1996) a total of 10000 dust clumps have
been identified in the ATLASGAL emission maps. An initial
catalogue of the inner 150 sg. degrees of the Galactic plade a
a detailed description of the method and consistency checks

are presented inh_Contreras et al. (2013, i.e.,°330¢ < 21°)
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while a description of the rest of the catalogue is preseimed  rapje 2. SUmmary of the ATLASGAL-RMS associations.
a subsequent research note (Urquhart et al., 2014). Theewhol
catalogue is 99 per cent complete~do-, which corresponds to a ATLASGAL-RMS matches  Number

flux sensitivity of 0.3-0.5Jy bearh (see Fig.1 of Csengeri etlal. Total 1056

[2014 for survey sensitivity as a function of Galactic longit). Luminosity> 1000 Le 964

The dfective radius of the clumps range from 20-10Gvith a Luminosity < 1000 Ly 17
No distance available 75

mean of and median value 8807, and so the majority of sources
are extended with respect to the APEX beam.

We present a schematic of the Galactic plane in[Fig. 1 show-
ing the ATLASGAL coverage of the inner Galactic disc. This-su
vey covers~2/3 of the surface area of the Galactic disc (assum-
ing the molecular disc has a Galactocentric radRs;, < 15 kpc)
and 97 per cent of the surface area located inside the Sotde ci  to map these embedded RMS sources to their host dust emission
and all of the 5kpc molecular ring where the vast majorityl@ t ~ clumps (see Sect.3.1 of Paperll for more details). The éamiss
molecular gas in the Galaxy is located (i.e., 4 kp&sc < 6Kpc; masks are produced by the extraction algorithm and confish o

I_1975). The full ATLASGAL compact source cata- image the same dimensions as the original emission map karewh
logue (CSC) therefore provides a comprehensive censusnsede  the pixel values have been changed to integer values tlade ezhch

dust clumps located in the inner Galaxy and is complete tpall pixel to the catalogue identification number. Matching tbarse
tential massive star-forming compact clumps with masseatgr position with its associated pixel therefore provides aamibigu-
than 1000 M out to a heliocentric distance of 20 kpc (see Sect. 4.5 ous match to the ATLASGAL source, even in cases where the
and Paper | for details). clump morphology is irregular. We have inspected the mfcaned

images, dust emission and positions of the RMS sources ffor al
detections and identified a small number of sources (22) evtiner
match did not appear to be reliable. These tended to havartesk

The RMS survey is a Galaxy-wide sample of massive young angular separation (betweed0-250'; see Fig R for typical angu-
stellar candidates selected by comparing near- and midrad lar offsets) between the dust and the RMS source and were found
colours to those of previously identified MYSOs and iHre- to be more extended Hregions that have broken out of their natal
gions (Lumsden et &l. 2002). Although near-infrared imagese environment. Any properties derived for their associatechp are
used to help aid in the colour selection a detection in thisewa  unlikely to provide any reliable information about the telaship
length range was not required since many will be deeply ecdtd ~ between the host clump and its associated star formatiorsand

2.2 RMS Survey

and do not have a near-infrared counterpart. This initiatid- these have been removed from the sample.

infrared-selected sample has been followed-up by a corepreh After the exclusion of this relatively small number of les§i-r
sive multi-wavelength programme of observations. Thesea- able matches we are left with a sample of 1056 MYSO andrét
tions were carefully chosen to distinguish between geneinbed- gions for which distances and luminosities have been détexn

ded MYSOs and Hi regions from other dust-enshrouded contam- We further filter this sample to exclude sources with lumities
inating sources (e.g., evolved stars, planetary nebulanaadby lower than 1000 (see Mottram et al. 201flb and Sct.4.6.1 for
low-mass YSOs). These included radio continuum obsemstio details on the luminosity determination); this is to enstina the
(Urguhart et all 2007a, 2009), a mixture of targeted midaired sample contains only embedded sources that are going tongeco
imaging (e.g.._Mottram et al. 2007) and archival images iobth massive stars. This reduces the sample to 964, which comdso
by the Spitzer GLIMPSE legacy project._(Benjamin etlal. 2005), ~90 per cent of the RMS catalogue located within the ATLASGAL
near-infrared spectroscopy (e.g., Clarke et al. 2006; €oepal. region and includes approximately two-thirds of the wholdR

M) and molecular-line observations to obtain kinemdig sample of these objects for which a distance is availables&h
tances (e.gl. Urquhart etlal. 200i7b, 2008a, 2011). RMS sources are associated with 768 ATLASGAL clumps, with

A detailed description of these follow-up observations and 151 clumps harbouring two or more embedded massive stars. We
discussion of the properties of the final catalogue are ptede failed to find a match for 154 RMS sources but the majority efth
inlLumsden et al! (2013). The RMS survey has identified agprox were found to be more extendediHtegions that have already dis-
mately~1700 MYSOs and Hi regions and represents the largest rupted their natal environment to the extent that the dussson
and best-characterised sample compiled to date. Distasees  falls below the ATLASGAL sensitivity or lower luminosity YSs.
available for~90 per cent of the catalogue; these are a compilation Of the other 92 RMS source matched to an ATLASGAL clump
of maser parallax (e. M-OQ) spectrophotioent.g., (i.e., 1056-964), distances are not available for 75 matches and 17
Mlml) and kinematic distances taken fromitbe | have bolometric luminosities below the threshold (i<eL000 L).
ature (e.g.._Roman-Duval et/ al. 2009; Green & McClurefitnis See TablEI2 for a summary of these ATLASGAL-RMS matches.

[2011) and the RMS project’s own analysis (see Urquhart @04 The associated RMS sample consists of 361 MYSOs, 25
and Urquhart et al. 2014 for more details). MYSO/H 1 regions and 578 hi regions. The MYS@H u regions

classification is used when there is iffszient data to distinguish
between these two stages. We checked the matches for alpossib
systematic fiset between the RMS and ATLASGAL matches and
Of the ~1700 MYSOs and Hi regions identified by the RMS sur-  although there is evidence of a subtigeet this is small compared
vey 1232 are located in the region covered by ATLASGAL; this to the APEX pointing uncertainty and so can be neglected.
corresponds to approximately 80 per cent of the RMS catalogu The RMS sample of ki regions consists of a mixture of com-
Following the same matching procedure developed for the COR pact and UC Hu regions that are associated with compact radio
NISH comparison we have used the ATLASGAL emission masks emission and more extendediHregions that are radio-quiet but

2.3 ATLASGAL-RMS associations
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Figure 2. Left panel: Normalised source counts for the ATLASGAL-RM&tohes are shown as a function dfset between their position and that of the
peak of the submillimetre emission of their associated ABIGRL source. We have truncated tkexis of this plot at 40 as there are only 34 matches that
have a larger angular separatiagB(Q”) and the surface densityfectively falls to zero. The bin size is’2Right panel: Cumulative distribution of angular

offset of the methanol masers, MYSOs and kgions drawn from the MMB, AMGPS, CORNISH and RMS surveys.

Table 1. ATLASGAL-RMS associations and the properties of the emleedsburces.

ATLASGAL name RMS name fset RMS LogLpe] Compact radio
(@) classification (b) emission
AGAL010.323-00.161  G010.320800.1570B b YSO 44 no
AGAL010.439+00.009 G010.441200.0101 76 H 1 region 44 no
AGAL010.472+00.027 G010.471800.0256 n H 1 region 55 yes
AGAL010.624-00.384  G010.623500.3834 % H 1 region 56 yes
AGAL010.884+00.122  G010.885800.1221 b YSO 38 no
AGAL010.95%00.022  G010.959200.0217 7] H 1 region 51 yes
AGALO011.034+00.061  G011.034£00.0629 &0 H 1 region 50 yes
AGAL011.171-00.064 G011.172300.0656 29 H u region 44 yes
AGAL011.497-01.485 G011.500401.4857 0 YSO 33 no
AGALO011.756-00.149  G011.758800.1502 73 H 1 region 41 no

Notes: Only a small portion of the data is provided here, thktable is available in electronic form at the CDS via anmoys ftp to cdsarc.u-strasbg.fr

(130.79.125.5) or via httgcdsweb.u-strasbg/égi-biryqcat? MNRAS/.

can be classified from their mid-infrared morpholﬂgy.is there-
fore useful to further distinguish between the compact ateheled

peaked towards smalleiffeets, revealing a strong correlation be-
tween the positions of the embedded MYSOs andrdgions and

H u regions depending on their association or absence of radio the submillimetre emission peak. Approximately, 70 pet oéthe

emission; in this way we classify 339 iHregions as compact (as-
sociated with radio emission) and 239Hegions as extended. In

matches have angular separations less tharah@ over 85 per cent
have separations less thar’2@nly 34 matches have angular sep-

Tabl€ we present a complete list of ATLASGAL-RMS matches arations betweer40 and 80 arc seconds. The majority of these are
and the angularféset between the embedded object and the peak classified as radio quiet hlregions (20), which suggests they are

of the dust emission, the RMS source classification, bolomiet
minosity and a flag to indicate the RMS sources that are astsaki
with compact radio emission.

In the left panel of Fid.2, we plot the surface density of
sources as a function of the anguldfset of the tracer position
from the peak of the host-clump submillimetre emission, dbr
matches with separations less tharf 4Dhe distribution is clearly

1 The radio emission from these extendeduHegions is either filtered
out by the interferometric radio continuum observatiore I.
@hmg) or their surface brightness, which decreaséses expand,
has fallen below the sensitivity of these observations ¢smission in Pa-
per Il for more details).

more evolved and may be close to breaking out of their natiahjpl
Of the remaining fourteen large-separation matches, fieecam-
pact Hu regions and nine are MYSOs; these appear to be geniune
associations and their location on the edges of these clomapde
the result of an interaction between the clump and its enuient
(e.g.JThompson et Al. 2012).

In Papers| and Il we found similar strong positional correla
tions between the peak of the dust emission and both the natha
masers and radio-continuum traced compaatreigions. The right
panel of Figl2 shows the cumulative distribution of the dagsep-
arations of the RMS sources, together with those of the pusvi
two source samples. It is clear that there is no significafemdince
in the distribution of separations between the three sasnplech
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are all strongly correlated with the position of the peaktaumnsis-
sion. The young embedded massive stars pin-pointed by taese
ers are preferentially found towards the centre of theit blosnps,
where the highest column and volume densities are likelyeto b
found. Furthermore, finding little ffierence between theftirent
samples, which are expected to cover all of the importanesiuiéd
stages, we suggest that the relative position of the fornmagsive
star within its host clump does not change significantly aher
course of its evolution.

All three distributions are, however, significantlyfférent to
that of the radio-quiet (extended) i regionst This is consis-
tent with our hypothesis that the radio-quietiHiegions are more
evolved than the more compact radio-louduHegions. As the
H u region expands it is likely to have a disruptive influence on
the surrounding molecular gas and dust, resulting in thé& péa
the dust emission being pushed away from the centre of the H
region (see¢ Thompson et al. 2006 for detailed discussiohesfet
processes). If we exclude these extendedrdgions then we find
that ~85 per cent of the embedded objects are located within 10
and that~95 per cent of sources are located withirt 20 the sub-
millimetre peak.

2.4 Methanol-maser associations betweeh= 20°-60°

In Paper| we presented a detailed comparison between nokthan
masers identified by the MMB survey and the properties ofr thei
host clumps. This study was restricted to the MMB survey @lon
as it provides an large sample of sources and unbiased gevera
of a large region of the Galaxy and uniform sensitivity, matke
ideal for conducting a detailed statistical study. Howewgnile the
the MMB catalogue covers the all of the southern Galactiogla
(Ibl < 2) it only covers the innermost 2@f the northern Galactic
plane (i.e.£ < 20°) and in order to examine the larger-scale Galac-
tic distribution we need to expand our sample of methanolensas
and their host clumps to include the whole of the northerraGal
plane covered by ATLASGAL.

Arecibo Methanol Maser Galactic Plane Survey (AMGPS;

[_2007) is a blind survey covering approxinga2él

square degrees of the northern Galactic plgne 85.2°-53.7 and
bl < 0.41°). The majority of the detected masers have been fol-
lowed up with MERLIN to obtain accurate positio
). We have used these updated positions to determiinashe
sociation with ATLASGAL sources and, where a match has been
identified, to calculate the angulaffeet between the peak of the
submillimetre emission and the maser. We have matched 38of t
86 methanol masers reported by Pandian let al. (2007); thesesa
sociated with 57 ATLASGAL clumps with three masers found to
be associated with a single clump.

For the regions not covered by the MMB or AMGPS sur-

accurate positions are included in the analysis that faldwtotal

53 methanol masers from the Pestalozzi et al. (2005) catalage
matched with 53 ATLASGAL clumps.

2.4.1 Combined methanol maser sample

In total, we have matched an additional 112 methanol masams f
these two catalogues that are associated with 110 ATLASGAL
clumps in thef = 20°-60° region not covered by the MMB survey.
This brings the total number of methanol-maser-associtedps

to 740 and represents the largest sample of methanol masers a
their host clumps. However, this sample includes 146 methan
masers located within 10of the Galactic Centre (i.e{| <10°),
which is not covered by the RMS or CORNISH surveys and so
these are notincluded in the analyse presented in this.pemsire-
duces the number of methanol maser associations considered

to 594.

2.5 Survey sensitivities and coverage

We have previously mentioned that the ATLASGAL is complete
to all compact clumps with masses in excess of 10Qad/la he-
liocentric distance of 20 kpc across the inner Galactic.di$ds is
shown by the orange shaded region in Fig. 1. The only significa
feature beyond 20 kpc in this longitude range is the farsiderent

of the Scutum-Centaurus arm, however, this is known to begis
out of the planel (Dame & Thaddeus 2011) in this direction and i
unlikely to be covered in the ATLASGAL survey.

Lumsden et al.| (2013) estimated that the RMS survey is
~90 per cent complete for all MYSOs and compactiHegions
with luminosities over a few 0, to also to a distance of 20 kpc;
this is roughly equivalent to a zero age main sequence (ZA3ES)
of spectral type of BO or earlier. The CORNISH survey hasra 5
sensitivity of 2 mJy beam}, which is sificient to detected an un-
resolved, optically thin, Hi region powered by a ZAMS star with
a spectral type of BO.5 or earlier to the same distances &RNi&
and ATLASGAL surveys. (Hoare etlal, 201.2; Kurtz el al. 1994). F
nally, the MMB survey has a flux sensitivity of 0.17 Jy beam
which corresponds to a luminosity efL000 Jy kpé at 20 kpc (see
Fig. 12 of Paper ). The AMGPS has a similar flux sensitivityraes
MMB and is therefore likely to have a similar luminosity seiws
ity.

With the exception of some of the outer Galactic, warped,disc
all the constituent surveys are therefofieetively complete, above
the relevant limits and within the observed longitude rangmit
to the edge of the Galaxy. However, to avoid introducing a dis
tance bias when comparing the properties of the clumps iatsdc
with the diferent tracers we will use a distance-limited sample that

veys we have used the catalogue of methanol masers compiledwe define as having heliocentric distances between 3 and;5 kpc

by |Pestalozzi et al| (2005). We note that this catalogue kas b
compiled from a mixture of interferometric and single-dighta
and, as a consequence, the positional accuracy is not as-cons

this range has been chosen as it includes the highest soemse d
ties of all three tracers and covers a large range of clumpeguro
ties (masses, column densities and sizes) and therefalitatas

tent as the MMB and AMGPS surveys. As methanol masers are statistical robust comparisons betweeffetent subsamples (see

thought to be intimately associated with the star-fornraimcess
one would expect them to be coincident with an embedded #lerm
source and, although the extinction will be high at mid-anéd
and shorter wavelengths, these objects should be detectiw i
far infrared. We have therefore cross-matched these iéttschel
70 and 16@im HiGAL images O) and removed
any matches where the methanol maser is not coincident Vdth a
infrared point source. This insures that only methanol msaséth

Sect. 4.1 for more details).

Although the surveys have comparable completeness the over
lap in Galactic longitude and latitude between them is nah&o
geneous (see Fig. 1 for longitude range covered by eachyjurve
and so care needs to be taken to avoid introducing a seldmfisn
We have a uniform coverage of our sample of MYSOs and H
region over the whole ATLASGAL region whet§ > 10°, how-
ever, we only have unbiased coverage for the methanol masers
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the regions covered by the MMB and AMGPS (i.e., 280¢ < 20°
and 38 < ¢ < 54). Itis this more limited range in longitude that
will be used in the analysis to come when comparing the xeati
number of each type of association.

3 MASSIVE STAR FORMING CLUMPS

Combining the associations discussed in the previousosestith
those presented in Papers| and Il, we have identii€d00 em-
bedded sources that are associated with 1256 ATLASGAL cump
Of these clumps, 1131 are located within the 280 ¢ < 350°
and 10 < ¢ < 60° region where the overlap between théel-
ent surveys is reasonably uniform, which corresponds tocxpp
mately 15 per cent of the 7255 of ATLASGAL clumps within this
region see Fidl]1 for survey coverage and source distribulibe
embedded sources located in the overlapping survey regeakb
down as follows: 594 methanol masers, 361 MYSOs, 61 rie-
gions and 25 YS@H u regions, where the distinction between the
MY SOs and Hu regions comes from the RMS and CORNISH clas-
sifications. This represents an increase in the number dianet
masers discussed in Paper [-b¥12 and a threefold increase in the
number of Hi regions discussed by Paper Il as well as expanding
the study to include the MYSO stage. This sample of massare st
forming (MSF) clumps is the largest of its kind and incorgesa
a large fraction of the whole Galactic population of thesgcis
(see Sect. 2.1 for discussion of survey coverage) and atbudies
many of the sources used in previous studies of massiveatar f
mation presented in the literature (e.g., radio continutuaies
of UC H i regions — Kurtz et al| (1994) and Wood & Churchwell
); mid-infrared bright samples of high-mass prottasteb-
jects (HMPO) —| Sridharan et al. (2002); IRAS colour selected
samples —- Molinari et all (1956) ahd Bronfman €t/al. (19964 a
methanol masers 98)). ATLASGAL is therefor
able to put all of these studies into a larger global framé&wor

In Fig[3 we present three-colour, mid-infrared images that
show examples of the massive star-forming environmentspand
sition of the embedded object with respect to the dust distion
of the clump. Approximately a third of the matched ATLASGAL
clumps are associated with two or more of the tracers andfibrer
are likely to host objects with a range of evolutionary sgageis is
discussed in more detail in SEct.13.2. In the upper panelshow s
examples of clumps associated with a single observatioaeét,
while in the lower panels we show examples of clumps hostirg t
or more of the dferent tracers. We will refer to these as multi-
phase clumps. Many of the most intense star-forming regions
the Galaxy fall into the multi-phase subsample (e.g., W439W
and G305). For the analysis that follows we will define fows-di
tinct subsamples: methanol maser, MY SOu legion and multi-
phase associated clumps. The properties for the indivicluatps
are given in Tablgl3 while the statistical properties of terfsub-
samples and combined sample of MSF clumps are given in Tbles
and®, respectivel.

3.1 Clump structure and morphology

The clump aspect ratios (i.&maj/6min) and the ratio of the inte-
grated to peak flux densities (compactness paramet&érfactor)

2 The aspect ratio and compactness parameter are discushedSiect. 3.2
while derivation and analysis of the rest of the parametees, @distance,
clump mass etc) is given in Sect. 4.

are two observationally derived clump parameters that eamskd
to obtain some insight into the structure of this sample of-ma
sive star forming cIumpEMoreover, these are relatively distance-
independent parameters, allowing us to compare the piepeaft
the massive star-forming clumps with the quiescent ATLASGA
clump population.

Fig.[4 shows the cumulative distributions of the aspect ra-
tios and compactness paramet¥rféctor) for the four subsam-
ples and the unassociated clumps. The distributions of path
rameters in the associated clumps are noticealffgrént to those
of the general population of ATLASGAL clumps, with the for-
mer being significantly more centrally condensed and spakftf.
Csengeri et al. 2014). The mean and median values for the asso
ciated clumps are.20 + 0.01 and 1.38 for the aspect ratio and
5.67+ 0.12 and 4.59 for th&-factor, compared t0.70 + 0.01 and
1.56 and 68+ 0.07 and 6.31 obtained for the quiescent clumps in
the ATLASGAL CSC, respectively. Using a Kolmogorov-Smivno
(KS) test to compare these two samples, we find that the null hy
pothesis that these are drawn from the same parent populzio
be rejected for the aspect ratio aMefactor with greater than3
confidence 1 < 0.001 for both parameters, wherés the proba-
bility that the two samples are similar).

A KS test confirms that there is no significanffdirence be-
tween any of the methanol maser, MYSO oritiegion associated
subsamples. The only fiierence between the four subsamples is
found for the aspect ratio of the multi-phase clumps whererdt
to slightly larger values is observed. The star formatigimigplace
within these clumps is more complicated and is likely to haad
an dfect on the clump structure.

An important caveat is that the location of the peak emission
and its intensity are likely to beffe@cted by the presence of the
embedded source itself as it warms its local environmentimgak
heated clumps more strongly peaked. Comparisons of theetemp
atures of star forming and quiescent clumps find averagedemp
atures of~20 and 15K, respectively (e.d.. Giannetti etial, 2013;
Sanchez-Monge et ‘al. 2013) and that the clump temperatoe
related with the luminosity of the embedded object with warm
clumps being associated with the more luminous and evolved
sources| (Urquhart et/al, 2011).

The lack of any significant ierences between the three sub-
samples suggests that the structure of the clump is nottsentsi
the evolutionary stage of the embedded object. Furtherntbee
quiescent clumps are themselves centrally condensed sjibca
ratios~2, just not to the same extent as the MSF clumps. The pres-
ence of an embedded thermal source might lower the aspézt rat
and Y-factor, but does not alter the fact that the massive stars ar
forming towards the centre of their host clumps.

The similarities between the compactness and shape of the
MSF clumps lead us to conclude that the structure of the clump
envelopedoes not evolve significantly during the early embedded
stages in the massive star-formation process. This isstemsiwith
the results of previous studies (e.g., HMRO: Williams e2ai04
and UC Hu regions| Thompson et/al. 2006), but for a much larger
sample which strengthens their findings. This result suggeat,
in order for the quiescent clumps to form massive stars, eyl
either to be initially, or to become much more centrally cemskd
and spherical in structure. However, once the star formdtegins,

3 The Y-factor is defined as the ratio of integrated to peak subméiie
fluxes and provides an estimate of how centrally condensedritission is
towards the centre of the clump.
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Figure 3. Examples of the 87@um dust emission and local mid-infrared environments of tlaéctred sources. The upper panels show clumps associated wit
a single massive star-formation tracer, while the lowerefmshow examples of clumps where two or more tracers aralftube embedded (multi-phase
associations). The positions of the methanol masers, MY&@sHn regions are indicated by green squares, and red and blusestagspectively. The
mid-infrared images are composed of the GLIMPSE 4.5, 5.888dm IRAC bands (coloured blue, green and red, respectivelyg. dontours overlaid on

all panels show the 87%0m dust emission while the hatched circle in the lower-lefneo of each image shows the size of the ATLASGAL beam. Théoton
levels start at @ and increase in steps determined by a dynamic power law.

Table 3. Derived clump parameters. The bolometric luminosity giigetihe sum of all RMS sources embedded in each clump.

ATLASGAL Association Aspect Peak flux Int. flux Compactness sy Distance Rc Radius LogN(H2)] Log[Mciump] LOg[Lpoll Log[Myir]

name type ratio (Jy bearh) (Jy) parameter (km$) (kpc) (kpc) (pc)  (cm?) (Mg) (Lo) (Mg)
AGAL028.244+00.012 HIl 21 104 1211 116 1065 85 42 506 2242 37 442 307
AGAL028.288-00.362 HIl 14 274 2573 94 488 116 58 772 2284 43 553 367
AGAL028.301-00.382 MMYSO 18 156 1705 109 855 9.8 46 568 2259 40 4.03 364
AGAL028.336+00.117  YSO 16 192 999 52 810 50 48 214 2268 31 394 291
AGAL028.608+00.019 HIl 15 293 2021 69 1012 87 43 529 2287 39 4.69 350
AGAL028.649+00.027 HIl 11 310 1353 44 1036 86 42 331 2289 37 459 333
AGAL028.68%#00.177 HIl 11 071 185 26 1029 9.8 47 091 2225 30 4.35 258
AGAL028.816+00.366 HII 16 273 802 29 864 9.6 46 325 2283 36 413 326
AGAL028.861+00.066 MMYSO 16 382 2313 61 1028 86 43 551 2298 40 511 373
AGAL029.436-00.174  YSO 16 091 322 35 856 52 47 128 2236 27 377 252

Notes: Only a small portion of the data is provided here, thktable is available in electronic form at the CDS via anmoys ftp to cdsarc.u-strasbg.fr
(130.79.125.5) or via httgcdsweb.u-strasbg/égi-biryqcat? MNRAS/.


http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/MNRAS/
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Table 4. Summary of derived parameters for the methanol maser, MY&iHar regions associated subsamples. The™indicate that the given value is the
mean of the logarithmic values.

Parameter Number  Mean  Standard error  Standard deviation diakle Min Max
Heliocentric distance (kpc)
Methanol masers 269 &L Q025 416 7.70 Q002 1962
MYSOs 210 557 023 329 451 112 1528
H n regions 373 21 021 406 847 112 1847
Multi-phase 230 20 025 382 591 165 1708
Effective radius (pc)
Methanol masers 223 A7 Q06 097 091 Q00 559
MYSOs 164 079 004 054 064 015 283
H u regions 320 »5 004 078 107 017 501
Multi-phase 210 40 006 093 119 020 523
Physical Gfset (pc)
Methanol masers 546 g 002 041 014 Q00 355
MYSOs 359 023 002 029 013 001 253
Compact Hu regions 339 8 002 037 019 000 336
Extended Hi regions 236 ®5 Q04 064 033 003 414
NH3z line width (kmsT)
Methanol masers 105 B Q008 079 220 130 500
MYSOs 105 187 006 064 180 060 480
H n regions 173 53 008 106 240 Q70 1100
Multi-phase 129 54 008 090 250 090 590
Kinetic temperature (K)
Methanol masers 98 231 061 603 2219 1385 4242
MYSOs 95 2071 046 453 2007 1385 3364
H u region 151 2370 040 493 2251 1565 4115
Multi-phase 123 242 046 512 2346 1452 4208
<Log[Clump mass (M)]>
Methanol masers 264 . 004 065 328 103 499
MYSOs 210 21 004 051 291 152 421
H u regions 373 310 003 052 345 172 477
Multi-phase 230 52 004 056 350 193 534
<Log[H2 Column density (cr?)]>
Methanol masers 314 poul Q002 038 2254 2194 2381
YSOs 210 256 002 033 2251 2204 2368
H 1 regions 375 256 002 039 2262 2192 2414
Multi-phase 231 220 003 046 2284 2196 2430
Virial ratio
Methanol masers 88 N 011 102 Q053 Q04 929
YSOs 91 or7 Q005 047 067 018 249
H n regions 163 ®5 Q05 061 048 011 400
Multi-phase 124 58 004 040 051 006 302
<Log[Bolometric luminosity (L)]>
Methanol masers 199 B Q07 096 384 -2.40 528
YSOs 361 1 003 053 387 301 566
H u regions 578 89 003 061 440 302 638
Lbol-Mciump ratio (Lo/Mo)
Methanol masers 199 ® Q72 1010 423 012 10961
YSOs 210 1574 135 1960 937 063 14301
H n regions 343 1615 107 1980 1099 Q71 18454
Multi-phase 219 172 158 2336 1081 056 10682
it proceeds more rapidly than the clump can adjust and thex¢ifie graph in approximately a third of cases the tracers are inefsso-
morphological clump properties change little as it proseélthis ciated with the same embedded sources. However, in themamgai
suggests a fast star-formation process as explored by Esehal. two-thirds this multiplicity of tracers present in a clungdikely to
(2014). indicate that multiple evolutionary stages may be presemis is

not altogether surprising, given that most of the obseowaii evi-
dence supports the hypothesis that all massive stars foctusters
3.2 Multiplicity and there is no reason to expect all of the star formatiom¢giace
in a clump to be coeval. Itis still an open question whethedkv-
As mentioned above, we have four@00 massive star-forming  mass stars form before, after or at the same time as theirhigs

ClumpS that are associated with two or more of the three itsace Counterparts in a cluster. However’ this may have Serioq[gi_im
(~30 per cent of the MSF clumps). As discussed in the next para-
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Table 5. Summary of derived parameters for all massive star formimgps.

Parameter Number Mean  Standard error  Standard deviation diakle Min Max
Angular dfset (*) 1695 890 026 1071 540 Q16 8258
Aspect Ratio 1130 .50 001 048 138 100 897
Y-factor 1130 %7 Q12 392 459 114 4605
Distance (kpc) 1082 .83 012 4.00 602 002 1962
Effective radius (pc) 917 .18 003 085 095 Q00 559
Physical Gfset (pc) 1480 31 001 044 018 000 414
Line width (kms1) 512 237 Q04 093 220 Q60 1100
Kinetic Temperature (K) 467 288 025 530 2226 1385 4242
<Log[Clump Mass (M)]> 1077 329 002 060 333 103 534
<Log[H. column density (cr?)]> 1130 2267 001 041 2261 2192 2430
Viral Ratio 466 067 Q03 064 Q053 Q04 929
<Log[Bol. lum (Ls)]> 1163 411 002 072 411  -240 638
Lboi-M ciump ratio (Lo/Mo) 971 1411 057 1768 891 012 18454
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Figure 4. The cumulative distributions of the aspect ratio and cormesss parametely{factor) are presented in the left and right panels, regbgtin these
plots we show the distributions of the four subsamples of MiBFps and the unassociated clumps separately (see legfepdnel for colours and line styles

for both plots).

cations when trying to attribute observed properties tortiquéar
evolutionary stage. This problem may be particularly agutases
where a particular sample has been selected using a singge-ob
vational tracer (e.g., radio continuum or the presence oétnamol
maser) as there may be multiple evolutionary stages prasémd
same clump that remain hidden.

To investigate the issue of multiplicity further we present
Venn diagram in Fid.J5 showing how the methanol masers, MY SOs
H u regions are distributed amongst the associated ATLASGAL
clumps. We use a distance-limited sample of all massive star
forming clumps located in the MMB and AMGPS survey regions
(see Seck.2]5). This sample consists of 241 clumps andiagoid
any potential bias due to theffirent completeness as a function
of distance of the tracers used (see $eci}.1.2 for mordsjeta
Furthermore, we exclude the clumps associated with the 25 RM
sources classified as MY3@n as some ambiguity about their na-
ture remains. We will focus the following statistical arsify on
this distance-limited sample. Before starting this arnialyge note
that methanol masers have been found to be positionallgictgint
sometimes with MYSOs and H regions (e. gM-QS
ISridharan et al. 2002). We therefore need to determine \&hétie

detection of a methanol maser indicates the presence ofiaatis
embedded object or is likely to be physically associatedh \ai
embedded MYSO or ht region.

The methanol masers, MYSOs anditiegions in this sample
have astrometry accurate to an arcsec or better and so wbelare a
to distinguish between genuine coincidences, in which ntioee
one of the three tracers is found in the same core, from casesew
two tracers are associated with separate cores in the samg.cl
Using a matching radius of”2 we find a total 113 cases in the
whole sample of 246 clumps where the methanol maser is consid
ered coincident with the MYSO or H region present in the same
clump. There are 39 of these positional coincidences in the d
tance limited sample, which corresponds to approximatelfy ¢f
all of the methanol masers associated with the multi-phhseps
(76 in total). As a point of reference;’ds the typical extent of
the spread of groups of methanol-maser s 2009)
corresponds to a physical size of 0.1 pc at 10 kpc. This istalso
radius of a typical core that is likely to form either a singlkar
or small group of no more than a few stars. These positional as
sociations are therefore likely to be genuine and may inditzat
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Table 6.List of RMS-methanol maser associations with angular sgjoas<2”.

ATLASGAL RMS Methanol RMS GFset
name name name classification ") (
AGAL010.323-00.161 G010.320800.1570B  G010.32300.160 YSO ®5
AGAL010.472+00.027 G010.471800.0256 G010.47200.027  Hu region 040
AGAL010.95%400.022 G010.959200.0217 G010.95800.022  Huregion 058
AGALO011.034+00.061  G011.034000.0629 G011.03400.062  Hu region 098
AGAL011.990-00.271 G011.992000.2731 G011.99200.272 YSO 148
AGAL012.024-00.031  G012.026000.0317 G012.02800.031 YSO 36
AGAL012.198-00.034 G012.199300.0342B G012.19900.033 YSO ®B2
AGAL012.888+00.489 G012.890000.4938C G012.88400.489 YSO 079
AGAL015.029-00.669 G015.035700.6795 G015.03400.677  Huregion Q099
AGAL017.637#00.154 G017.638000.1566 G017.63800.157 YSO 16

Notes: Only a small portion of the data is provided here, thktable is available in electronic form at the CDS via anmoys ftp to cdsarc.u-strasbg.fr

(130.79.125.5) or via httgcdsweb.u-strasbg/égi-biryqcat? MNRAS/.
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Figure 5. Venn diagram showing the distribution of the methanol maser
MYSOs and Hu regions identified with their associated ATLASGAL
clumps with distances between 3 and 5kpc (i.e., distameiteld sample).
For the multi-phase clumps that are associated with a meltimaser an
additional number is given in parenthesis; this gives thmber of clumps
where the embedded MYSO oriHegion is found to be positionally coin-
cident with the methanol maser (angular separaticti’) and likely to be
tracing the same object.

an evolutionary transition of some sort is taking place ld@Hists
these positional coincidences and the angufesed between them.

In total, 141 methanol masers are included in the distance-
limited sample. Of these, we find 29 that are positionallynci
dent with an MYSO and 10 are positionally associated with an
H u region; these correspond t20 and 6 percent of the asso-
ciated methanol masets. Urquhart etlal. (2007a) found kieata-
dio continuum emission at 5 and 8 GHz towards six of these H
regions is unresolved with a mean spectral indexaf (values
range between 0.3 and 2, with a standard error on the meag of 0.
and standard deviation of 0.7). ThemHegions are therefore op-
tically thick and making these sources good candidate lopper
pact (HC) Hu regions, which is the stage prior to the formation

of the UC region. The radio continuum emission seen towdrels t
other four Hu regions is also found to be unresolvt al.
[2013; Walsh et al. 1998), however, these have only been wizser
at one frequency and their spectral indices cannot be estilnéhe
association of these compact radio sources with methansérmrsa
may indicate that accretion continues after the formatibthe

H u regions through ionized infall (Keéto 2003, 2007) or through
the partial shielding of the ionizing radiation by the atione flow
0). In the full sample we have found a tdtado
sources where the position the methanal is coincident WwéHhu
region and these may provide basis for a more statisticelysé
HC Hu regions.

The proportions of methanol masers associated with MYSOs
and Hu regions are similar to those reported et al.
(2002) and_Walsh et hl[ (1998), however, the analysis pteden
here on a distance limited sample with accurate astrom&tnore
robust. Methanol masers are therefore present over a largger
of the early evolutionary stages, from the beginning of efton to
after the formation of the H region. However,-74 per cent of this
sample of methanol masers are not withihd either an MYSO
or Hu region and therefore they are likely to be tracing a stage tha
precedes MYSO'’s and hiregion stages. For completeness we es-
timate the corresponding number of MYSOs and kegions that
are coincident with a methanol maser to be approximatelynzB a
10 per cent, respectively.

Since a methanol maser coincident with a MYSO on Fe-
gion is not considered to be tracing a separate stage (gular
offsets< 2”), it is reasonable to combine these clumps into the
MY SO and Hu region subsamples. In the distance-limited sample
(i.e., between 3 and 5kpc; see Sect.4.1.2 for details) tuer®5
methanol maser only clumps, 60 MYSO only clumps (41 MYSOs
+ 19 MYSOs coincident with a methanol maser) and 63 k-
gion clumps (54 Hu regions+ 9 H u regions coincident with a
methanol maser), 17 clumps that host a MYSO andrigion, 18
clumps that host a methanol maser and kegion, 9 clumps that
are associated with a methanol maser and MYSO, and 9 clumps
that host all three tracers. The methanol maser, MY SQj rd-
gion and multi-phase subsamples each inclu@b per cent of the
clumps, with approximately a third of all tracers being assed
with one of the multi-phase clumps. This highlights the némd
careful analysis of high-resolution multi-wavelengthalat order
to properly distinguish between clumps containing mugtigvolu-
tionary stages and those genuinely associated with a sifaarlky
well-defined stage.
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We have now identified three relatively clean subsamples of
methanol-maser, MYSO and htregion only associated clumps
that will be the primary focus of this paper. In the analysiatt
follows, we will not refer to specific survey matches but te gub-
samples they have been used to define.

4 DERIVED CLUMP PROPERTIES

In this section, we describe the procedures used to derig@rpa
eters for all of the associated clumps and present the asalf/s
these parameters. As well as discussing the statisticplepties

of the whole sample we will also make comparisons of the clump
properties of the methanol maser, MYSO and kegion subsam-
ples. We will restrict our analysis to comparisons prinyeoil these
three subsamples as these provide the best opportunitgndifid
differences that may be linked to the evolutionary stage of the em
bedded objects. However, we include multi-phase clumpd iof a
the plots for completeness and to facilitate comparisorhn wie
other subsamples.

4.1 Distances
4.1.1 RMS-MMB distance comparison

Distances have already been obtained for the vast majdritlyeo
ATLASGAL-RMS matched sources-Q0 per cent; see Urquhart et
al. 2014 for details). Although parallax and spectrophatrio dis-
tances have been adopted where available, a large numbenare
matically derived distances estimated using a sourceialraeloc-

ity (as measured from Ngor 13CO observations) and a model of
the Galactic rotation curve. The ngar kinematic distance am-
biguities (KDAs) have been resolved in an analysis of aalhiv
H 1 spectra (e.gl. Urquhart et|al. 2012). The MMB survey has con-
ducted a similar analysis using the sameddta and the velocity of
the peak maser component as a proxy for the velocity of thed nat
cloud (Green & McClure-Gfiiths 20111).

In total there are 120 ATLASGAL clumps that are associated

with both an RMS and MMB source that have an assigned kine-
matic distance. For 95 of these matches, the kinematicraista
are in reasonable agreement. This corresponds3tper cent of
this sample, which is similar to the reliability estimatedrh other
studies (e.gl. Busfield etlal. 2006: Anderson & Bania 2009Ya-
ble[d we provide a list of the 25 sources and their associatehp
eters for which the distance discrepancy is larger thanfdc5 k

Differences of only a few knt§in the velocity of the local
standard of rest (Msg) can be enough to change the kinematic dis-
tance solution from near to far or vice versa, moving the aaur
velocity so that it aligns with an absorption feature in ther H
spectrum or breaking the alignment between the source itseloc
and an absorption feature, leading to an incorrect distaote
tion. Methanol-maser emission often consists of a numbstrofg
peaks spread over several ki velocity (7.2+5.3km s, where
the uncertainty is the standard deviation, estimated fitwancbm-
bined MMB catalogue) with the strongest peak changing awres t
and, although normally close to the systemic velocity ofgberce,
can difer suficiently to produce errors in the distance solution.
Molecular-line observations of thermally excited traisis pro-
vide a more reliable measurement of the clump systemic irgloc
and we have therefore adopted the RMS distances in cases wher
the MMB and RMS kinematic distances disagree.

4.1.2 Distance and Galactic distribution

The kinematic distances presented in Papers| and Il wepei-cal
lated using the Brand & Blitz (1993) Galactic rotation cyruile
the RMS distances are calculated usinglthe Reid et al. |(2@89)
tation curve. To maintain consistency with the results gméesd in
the previous two papers we have recalculated the RMS kinemat
distances using the Brand & Blitz (1993) model. However,thar
vast majority of sources, theftitrences in distance given by the
two rotation curves is smaller than their associated uaigyt and
so the statistical results are robust against the choiceodei

We have collected together distances for 1082 MSF clumps
and show the distribution of these distances for all the catexl
clumps and the four associated subsamples i Fig. 6 whilagifdF
we show the Galactic distribution as viewed from above ththro
ern Galactic pole. The overall distribution seen in Elg. Gsists
of two prominent peaks centred at approximately 4.5 andKfc5
Looking at the Galactic distribution shown in Hig. 7 it is atehe
4.5 kpc peak coincides with the inner part of the Scutum-&nuis
arm and the northern end of the Galactic baf at 30°, while the
11.5kpc peak is associated with the far segment of the Peasau
between/ = 10— 60° and the location where the latter coincides
with the southern end of the Galactic bar alsoat 330°. The
presence of the dip between these two peaks is due to a combina
tion of several factors: 1) the low number of clumps locatéithiw
3-4kpc of the Galactic centre; 2) the rotation curves tentbio
cate sources away from the tangent point; and 3) there isexralen
lack of any prominent features of Galactic structure in ¢hieigis.
A detailed discussion of the Galactic distribution of thetinagol
masers, MYSOs, Hi regions has been presented in a number of
recent papers (i.€.. Green & McClure-@ths| 2011, Papers| and
Il andlUrquhart et al. 2014) and so will not be discussed here.

Comparing the distance distributions of the four subsample
we find that the Hi-region, methanol-maser and multi-phase as-
sociated clumps have a similar distribution to each oth&rtésts
of combinations of these do not reveal any significaffiedences,
however, the MYSO distribution is shown to be significantiffet-
ent from the other three subsamples, with a much higheridiract
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Figure 7. Galactic distribution of all MSF clumps with masses lardent 1000 M,. Different symbols and colours are used to indicate tfierént subsamples
(see legend for details). The background image is the sapressnted in Fig. 1. The orange wedges show the ATLASGALitodg coverage our to a distance
of 20 kpc where is has a clump mass sensitivity-@000 M,. The smaller of the two cyan dot-dashed circles represenibtius of tangent points, while the

larger circle traces the Solar circle.

being located within 6kpc. In Sect. 4.6 we find that the MYSOs 4.2 Clump radius

are systematically less luminous thanitfegions and so the lower
number of more distant MYSOs found is likely to be due to the se
sitivity of the 21um MSX band |(Mottram et al. 201f1b). As men-
tioned in Sedi.2]5, we define a distance-limited sample talbe
sources located between 3 and 5 kpc. This is indicated byetie v
cal cyan lines shown in Fifi] 6; this distance range has beeoted
as it includes the peaks in the distributions of all threesantples
ensuring the largest numbers of sources in each evolusi@tage
and the largest spread in clump mass range while minimisiag t
potential bias due to distance.

In Fig[8 we present the distribution of physical radii for AT-
LASGAL associated clumps (grey filled histogram) and ther fou
subsamples. The radius of each clump has been estimategitssin
heliocentric distance and th&ective radius given in the ATLAS-
GAL CSC. To help put these sizes into context we have added two
vertical lines at radii of 0.15 and 1.25pc. These have been su
gested as the nominal boundaries between cores and cluntps, a
clumps and clouds, respectively (elg.. Bergin & TafallaB0®ur
sample includes sources that are large enough to be cldsaffie
clouds but, as there are no obvious breaks in the radiughdistr
tions, these distinctions appear somewhat arbitrary.isréeason,
and to avoid introducing unnecessary confusion, we willgyme-

fer to all of the ATLASGAL sources as clumps, but with the cave
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Table 7. Summary of RMS and MMB source parameters where the kinerdistiance ambiguity solutions disagree.

RMS MMB RMS Vs MMBV sr AV sr RMS distance MMBdistance RMSflag MMB flag

name name (knr$) (kms1) (kms1) (kpc) (kpc)
G011.034600.0629 G011.03400.062 14 205 51 142 29 F N
G013.656200.5997 G013.65700.599 474 512 38 41 120 N F
G014.390900.0216  G014.39600.020 231 269 38 25 135 N F
G018.460800.0034 G018.466000.004 52 494 -2.8 121 39 F N
G281.705901.0986  G281.716001.104 -10 09 19 17 42 N F
G294.5117#01.6205 G294.51401.621 -153 -119 34 26 10 F N
G311.229200.0315 G311.236000.032 2 248 -4.4 55 136 N F
G314.319400.1125 G314.32000.112 -489 -435 54 36 88 N F
(G318.9486:00.1969  (G318.94800.196 -338 -34.6 -0.8 24 105 N F
(G319.836600.1963  G319.83600.197 -132 -9.2 40 117 0.6 F N

Notes: Only a small portion of the data is provided here, thktable is available in electronic form at the CDS via anmoys ftp to cdsarc.u-strasbg.fr
(130.79.125.5) or via httgcdsweb.u-strasbg/égi-biryqcat? MNRAS/.

a parsec. Given that the median radius of the clumpslipc it

C T T confirms that the star formation is concentrated in the imost
[ = All MSF Clumps part of the host clump where the densities are highest andewhe
Methanol Masers S L . .
1201 MYSOs the gravitational potential is deepest. This also sugdestthere is
C ,\'A*L'J'lt'iep%jggg ] little star formation taking place towards the edges oféfesmps
100 ] where we might expect star formation to be triggered by sthackl
2 r ] expanding Hi regions.
§ 80 T 7 In the lower panel of Fig]9 we show the cumulative distribu-
g C ] tions of the separations in the associated methanol mag¥S0Os
5 60 7] and extended and compactiHegions. As discussed in Sect. 2.3
b r the distribution of the extended tregions is very dierent from
40 <7Lr ] that of the other three samples and the feedback from theatent
[ star is likely to be having a significant impact on its natainap.
20 A Z ] The other three samples look similar and a KS test compahiag t
methanol masers and MYSOs finds no significarfifedence be-
00 1 ) 3 p 5 tween them. However, the KS test comparing the methanolisiase

and MY SOs with the sample of compactuHegions is able to re-
ject the null hypothesis that they are drawn from the samerpar
population { < 0.01 for both comparisons). The compactiH
regions are located at slightly larger distances from thek pef
the submillimetre emission-Q.14 pc for the methanol masers and
MYSOs, and 0.19 pc for the compactiHegions). This dference

is small but statistically significant and probably reflettts fact
that even the compact iiregion sample includes a range of evolu-
tionary stages with the most evolved starting fi@et the structure
of their host clumps.

Clump Radius (pc)

Figure 8. Distribution of the &ective radii of all ATLASGAL massive
star forming clumps and the four associated subsamplesvdrtieal long-
dashed cyan coloured lines indicate the notional radiirseipg cores from
clumps (0.125 pc), and clumps from clouds (1.25 pc), resmdgt The bin
size is 0.2 pc.

that the sample covers a larger range of sizes than miglmanityi
be expected.

The mean and median radius for the whole sample of massive
star forming clumps is.18+ 0.03 pc and 0.95 pc, respectively. Al-
though there appears to be #fdience between some of the radius 4.4 NH; line widths and kinetic temperatures
distributions of the subsamples, KS tests of the distameiteld
subsamples reveal no significanffdrences between any of them.
For the distance-limited sample the mean and median valges a
0.8+0.03 pc and 0.75 pc, respectively.

In Paper Il we used the line widths of the ammonia (1,1) ttaorsi
to estimate virial masses for approximately 100 clumps dyd,
comparing these with the isothermal clump masses, asstssed
gravitational stability. Extending this work we have comgzhthe
positions of our sample of matched clumps with three reggmnib-
lished ammonia surveys made with th@dtsberg 100-m Telescope
2) and the Green Bank Teles e
In Fig.[d we show the variation in projected physical sepanabe- [2011 and Dunham et'al. 2011b) and extracted the line widtts an
tween the position of the peak submillimetre emission aad o kinetic gas temperatures, derived from the ratio of the; NH1)
the embedded massive stars. In the upper panel we presesit a hi and (2,2) lines, for 512 and 467 clumps, respectively. Inueer
togram of the distribution of the whole sample; this cleatypws and lower panels of Fif.10 we present the FWHM velocity dispe
a strong correlation between the emission peak within a glum sion and kinetic temperature of the gas, respectivelyHewnthole
and the position of the embedded objects, wieid) per cent within matched sample of clumps and the four associated subsariyges
0.5 pc of each other and60 per cent within a couple of tenths of have excluded sources with kinetic temperatures larger 45K

4.3 Physical separation
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Figure 9. Distributions of the projected physical separation betwte

peak of the dust emission and position of embedded objeetupper panel
shows the distribution of all massive star-forming clumpgthvbin size of

0.1pc (filled grey histogram). In the lower panel we preséet¢cumula-
tive distribution function for the three tracers, spligithe Hu regions into
compact and extended subsamples (see[Selt. 2.3). Thalvdashed cyan
line shown in both plots indicates the median clump radiustie whole

sample (i.e., 0.95pc).

as these are not accurately probed by the KIH1) and (2,2) tran-
sitions and are therefore not reliable.
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Figure 10. NH3z (1,1) line width and kinetic gas temperature distributions
(upper and lower panels, respectively) taken from the ebsiens reported
by[Urquhart et a1/ (2011). Dunham ef al. (2011a) land Wiene ¢2012)

In cases where two or more observations are available fatiayar clump
we have adopted the mean value. The bin sizes used in the ampgérwer
plots are 0.3km3g and 2K, respectively.

source (e.g., outflows or stellar winds) and likely to be gprty
of the clump prior to the onset of star formation.

The mean and median values for the kinetic temperature of
the gas towards the centre of a clump is 225K and 22.3K,
respectively. We find no correlation between the kineticgera-

The mean and median values for the line widths of these mas- ture of the gas with distance £ 0.02 with a significance of 0.65);

sive star forming clumps are 2.80.04kms?! and 2.2kms!, re-
spectively, and we find no significantfi#irence in the line widths
for the four subsamples. These line widths are fairly tyipfoa
massive star forming regions and significantly wider thamegally
found towards quiescent, infrared-dark cloudsl.(7-1.9 kms?;
[Chira et all 2013; Wienen etlal. 2012). There is a weak cdioela
between the line width and distanae=£ 0.17 with a significance
< 0.01) but this is expected given that the size of clumps in@gas
with distance and our data are consistent with[the Larso81(19
size-line width relation. Since we find no significantfeience be-
tween the line widths of the various subsamples these lange |
widths are unlikely to be driven by feedback from the embedde

although the beam dilution increases with distance the Higlamgy
factor is relatively constant presumably due to the clumybstruc-
ture of a source. Inspecting the plot presented in the loweep

of Fig.[IQ we see that the distribution of the MYSO subsamgple i
clearly diferent from the other subsamples, which are broadly sim-
ilar to each other.

The median kinetic temperature of the MYSOs-BK lower
than found for the other subsamples. A KS test on the kinefic t
perature using a distance-limited sample confirms that tN&®I
subsample is significantly fierent from the Hr region subsample
but not from the methanol masers subsampleajues are 0.003
and 0.016, respectively). The clumps associated with MY&®@s
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therefore colder than those associated kgions| Urquhart et al.
dZTli) found a correlation between the kinetic temperatofehe
gas to the bolometric luminosities and since ther Ifegions are
significantly more luminous than the MYSOs (see $ect. #1Bi%)
would explain the dference in temperature between them. Given
the proposed evolutionary sequence we might have expeloted t
methanol masers to be associated with colder clumps anthéris-
fore unclear why the methanol masers have a similar temperat
to the Hu regions.

4.5 Isothermal clump masses and column densities

Detailed descriptions of the determination of clump massaol-
umn density are presented in Paper | and so we will only psoaid
brief summary of the procedure here. The isothermal clumgses
are estimated using tmg%) method assurhatg t
the total clump mass is proportional to the integrated fluxsitg
measured over the source:

v _ D’SR
cump = Bv(TduSt) Kv’

whereS, is the integrated 87@m flux density,D is the distance

to the sourceR is the gas-to-dust mass ratio (assumed to be 100),
B, is the Planck function for a dust temperatirgs, andx, is

the dust absorption céiicient taken as 1.85 c¢hg2 (Schuller et al.
2009 and references therein).

To be consistent with the analysis presented in Papers lland |
and the masses derived from similar studies ;
), we assume that the gas and dust are in lbeal t
modynamic equilibrium and adopt a kinetic temperature df 20
estimate the total clump mass and peak column density.

The peak column densities are estimated from the peak flux
density of the clumps using the following equation:

@)

SR
Bv(TduSt) Q Ky LMY ’

whereQ is the beam solid angley is the mean molecular weight
of the gas, which we assume to be equal to &8s the mass of
the hydrogen atom, and andR are as previously defined.

As in Papers| and Il we estimate the uncertainty in the de-
rived clump mass and column density to-H&0 per cent, assuming
an error of+5K for the gas temperature and an absolute flux un-
certainty of 15 per cen 09), added in catade.
However, as noted in the previous papers, these unceesiate
unlikely to have a significant impact on the overall disttibos or
the statistical analysis.

Ny = @

We have determined distances and masses for 1077 clumps

associated with one of the three tracers of interest ane ttiistri-
butions are shown in Fig 1. The upper panel of this figurevsho
the clump-mass distribution while in the lower panel we préshe
mass distribution as a function of heliocentric distandee Tlump
masses range from as little as a fed0 M, to 10 M, with a peak

in the distribution between 2-3000Jyiwhich probably reflects the
completeness level of the survey. Adopting a standard IM§.,(e
Kroupa & Weidnet 2003) and an upper limit for the star-forimiat
efficiency of 30 per cent (e.03) we use a Monte-
Carlo simulation to estimate the minimum clump mass require
to form a cluster containing at least one massive star (sperfa
for details). We find that clump masses»1000 M, are needed

to form a cluster with 820 M,, star (cf/ Tackenberg etlal. 2012).
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Figure 11. Upper panel: The isothermal clump-mass distribution of all
matched clumps with a distance and the four subsamples. iBtrébd-
tion of the whole sample is shown by the filled grey histograhilevthe
distributions of the methanol-maser, MYSO,ni-tegion and multi-phase
subsamples are shown in green, red, blue and magenta, tresiyed dust
temperature of 20K has been assumed. The vertical dashadicgandi-
cates the ATLASGAL sensitivity limit at 20 kpc. The bin siz 0.5 dex.
Lower panel: Mass-distance distribution of all associatiednps. See leg-
end for colours and shapes of individual source types. The klack line
and the grey filled region indicated the ATLASGAL surveysnsfumass
sensitivity limit and its associated uncertainty assunartust temperature
of 20+5 K and for an unresolved source (i.e., 29radius). Nearly all of the
clumps are extended with respect to the beam, which produsgstematic
offset between the sensitivity curve and the data points.

Approximately 800 of the 1100 MSF clumps for which we are
able to estimate a mass for satisfy this criterion, corredpm to
~65 per cent of the sample. We also note that it is still posdidn
clumps below this mass threshold to form a massive star,Hait t
the fraction that actually does will be lower.

Fig.[1d shows a significant flierence between the masses of
clumps associated with MYSOs and the other three subsamples
The MYSO associated clump distribution has a median value of
~1000 M,, while the methanol maser, iregion and multi-phase
clump associations have values of 1900, 2800 and 33Q0ri
spectively. A KS test on the distance-limited sample revé¢aat
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Figure 12. Ny, distribution for the whole ATLASGAL CSC is shown by
the grey filled histogram and the massive star forming clunigsample
is shown as the hatched yellow histogram. The bin size is de25For
reference the upper axis gives the peak surface densittbe afumps.

the distribution of MYSO associated clumps is significamutilffer-

ent from that of the Hi region associated clumps & 0.00013)
but not significantly dierent from the methanol maser associated
clumps ¢ = 0.04). This suggests that there is a redlatience be-
tween the masses of clumps associated with MYSOs and thtise wi
H u regions.

4.5.1 Column densities

Because there are relatively few unresolved ATLASGAL sesfc
distance is therefore not a factor in the column-densityedet
tion limits and, by assuming a constant dust temperaturearee
able to estimate the column densities for all ATLASGAL s@src
and identify all of the most compactRyz < 100’) and high-
est column-density (Lo®\(H.)) = 22cnt?), pre-stellar and pro-
tostellar clumps located across the inner Galactic disg.[IA
shows the distribution of estimated column densities fentinole
CSC and for the MSF-associated subsample. The quiescempslu
have significantly lower column densities compared to thase
sociated with MSF; median values ate 1.5 x 10?2cm2 and
~4.1x 10?2 cm?, respectively. Furthermore, the distribution for the
MSF and quiescent clumps are veryfdient and a KS test is able
to reject the null hypothesis that these two samples arerdfieam
the same parent population< 0.01).
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Figure 13. Fraction of massive star forming clumps as a function of peak
column density. The bin size is 0.15 dex and the uncertaitie estimated
using binomial statistics.

also mean that the MSF requires higher density clumps, which
would imply that the non-MSF clumps might be sterile rattneamt
simply being younger and less evolved.

The upper axis of Fif. 12 gives the peak mass surface densitie
of the clumpsZ¢jump, Which range from~0.1 to 109 cm?. These
values are similar to those reported by Battersbhylet al. \pfom
aHerschelstudy of IRDCs (0.2-5 g ci?). [Krumholz et al./(2008)
calculated that, for the monolithic accretion model, rtidéafeed-
back is needed to prevent massive cores from fragmentirtgeln
model this feedback comes from the high accretion lumiressit
from a surrounding low-mass protostellar population awgires a
minimum clump surface density &,mp > 1 gcnT?. This value is
significantly larger than the peak surface density valuésroened
for much of our sample and the clump-averaged surface dessit
are significantly lower still. This might present a problean the
monolithic accretion model, however, strong magnetiafiglp-
port (~mG) would reduce the need for radiative feedback and for a
minimum surface-density thresh0014).

Fig.[13 shows the fraction of massive star forming clumps
in the CSC as a function of column density in Fig. 12. This plot
demonstrates that the massive stars are primarily fornminipe
highest column-density clumps of the Galactic disc and that
fraction of MSF clumps increases rapidly with increasinguom
density, saturating above >3 10?3 cm (~1gcnt?). This is con-

sistent with the finding df Csengeri et al. (2014) from an gsial

Similar differences in column and surface densities have been of the mid-infrared properties of ATLASGAL sources. It irfgd
reported by _Butler & Tenl (2012) from a comparison of starless that the free-fall time decreases as a function of increasii-

cores to the sample of more evolved luminous MYSOs and H
regions studied by Mueller etlal. (2002), and by _Giannetilet
) from a comparison of pre-stellar and protostellamgs.
This would suggest that the central density increases éstar for-
mation begins or that star formation can only occur in thénégg
density clumps. This is consistent with our finding that rgn#i-

umn density (i.e.n o« N) and may provide an explanation why no
very massive pre-stellar clumps have been identified ceisidhe
Galactic centre (e.g.. Tackenberg et al. 2012; Ginsburfj 20a2).
This again suggests a fast star-formation process with eeds
being related to the peak column density of the clump.

Looking into this in a little more detail, we find that therear

cant diference exists between the MSF subsamples with respect toonly 70 clumps located in the Galactic disc with column déesi

their morphology and structure (see SEcil 4.2), which alggests
that the increase in density would need to precede the ofstdro
formation. Another possibility is that the clumps do evolter the
star formation begins, but do so in a self-similar way, tlee, den-
sity andradial distribution is maintained. Alternatively, it could

larger than X107 cm2 that are not associated with one of the mas-
sive star-formation tracers we have considered so far, ahdl@

of these have column densities above 2073 cm 2. However, this

is not to say that they are not already forming stars, sinisepbs-
sible that they have simply not been picked up by one of theethr
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surveys investigated in this series of papers. Csengeli (2Gi.4)

compared the ATLASGAL GaussClump catalogue with YHESE

and MSX point-source catalogues and determined a conservative
lower limit to the fraction of star forming clumps 6f33 per cent.
This is a factor of two larger than we have determined her®&/if8F
clumps and suggests that many of the high column densitypgum
that have no associations may still be forming stars.

Comparing the sample of the 70 highest-density unassdciate
clumps with theWISE catalogue, we are able to match 57 with
mid-infrared point sources indicating that most are cutyeiorm-
ing stars. Further investigation of the three highest cokdensity
clumps reveals that AGAL287.5960.629 is associated with the
Eta Carina cluster, AGAL337.91®0.477 is associated with the
extended green object G337-9148 (EGO;I.
M) and AGAL327.30400.552 is associated with an extended
H u region that has a complicated structure and so is not in the
RMS sample. A full analysis of these high column density sesr
is beyond the scope of this work but will be reported in a fatur
paper, however, from a preliminary examination of this skemye
can already conclude that there are likely to be few very imass
pre-stellar clumps in the Galaxy. This is consistent winfihding

of [Ginsburg et 21.[(2012) from a search of the BGPS for massive

proto-clusters located in the northern Galactic plane.

J. S. Urquhart et al.

One important caveat is that we have assumed a temperature

of 20K for the whole population of clumps and, although thss i
reasonable for the massive star-forming clumps it is likelyn-
derestimate the column densities of the quiescent clumpsaxthe
temperatures are likely to be lower15K; e.g.3;
\Wienen et di_2012). However, as mentioned above, a reduofio
5K will result in an increase o£50 per cent in the derived column
densities. Even allowing for aflierence of 10 K between the star-
forming and quiescent clumps would result in the column ieiss
of the latter being underestimated by at most a factor of two,
responding to 0.3 dex. This is equivalent to the width of twihe
bins in Fig[I2, and will have little impact on the dominandéhe
high column-density part of the distribution by the masstar-
forming clumps. Furthermore, these column-density esgmare
averaged over the beam, which samples a larger physica atal
larger distances, resulting in the column densities baingrsely
proportional to distance. The fact that many of the MSF clsiian
also some of the most distant is likely to flatten the overialiribu-
tion and lower average column density of the sample.

In Fig.[14 we show the cumulative distribution functions all
MSF-associated clumps and the unassociated quiescer plopa
ulation for the whole ATLASGAL catalogue. KS tests compgrin
the N(H,) distributions of the methanol maser, MYSO andt lre-
gions associated clumps in the distance-limited subsamygdind
that the methanol-maser and MYSO distributions are notifsign
cantly diferent ¢ = 0.016) and neither are those of the methanol
masers and Hi regions ( = 0.58). However, the MYSO and K
region distributions are significantlyfiégrent ¢ = 0.0004) and are
therefore unlikely to be drawn from the same population.

We have found several significantfidirences between the
MYSO and Hu region associated clumps — the former are sig-
nificantly colder, less massive and have lower column diessit-
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Figure 15. Comparison of clump mass and column density for the four
subsamples of massive star-forming clumps. The dashedomval cyan
line indicates the nominal column density sensitivity of tATLASGAL
survey (N(H) ~10%2 cm2) while the long-dashed red line shows the result
of a linear fit to the data. The slope has a value.66@ 1.29.

other three subsamples, consistent with these objectg Ibeane
active star forming regions.

In Fig.[IT8 we compare the clump masses and column densities
of the four MSF subsamples. We evaluate the observed ctorela
between these two parameters using a partial Spearmaretiame
test to account for the mutual distance dependence in botmpa

eters (see Yates etlal. 1986, Collins & Mann 1998 and Paper| fo

and these do not appear to be due to any distance bias. Howevermore details). This gives a correlation @agient of 0.81 with an as-

the methanol-masers associated clumps have not been founed t
significantly diferent from the MYSO and ht region associated
clumps, which would suggest that their properties are sdmesv
in between these other two subsamples.

The multi-phase clumps are clearly associated with signifi-
cantly more massive and higher column density clumps than th

sociated significance df< 0.01, wheret is the student-t statistic,
which confirms a strong correlation between these two paee
Our sample is therefore likely to include not only all of thghest
column-density clumps but also all of the most massive ckimp
the Galactic disc. It also means that we are unlikely to haigsead
any embedded massive protostars that might have remaidedrhi
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due to high levels of extinction as there are no very massives
that are not already included in our sample.

4.5.2 Clump mass function

In Fig.[18 we present the fiierential mass distribution for the AT-
LASGAL clumps associated with at least one of the three teace
of interest. On this plot, the vertical cyan dashed linedatis the
nominal sensitivity limit and the solid red line shows theutis of
a linear least-squares fit to the bins above the peak in the digs
tribution shown in the left panel of Fig. 12000 M,). This line
provides a reasonable fit to all of the bins above the pealeafidss
distribution except for the two highest mass bins, whictuigges-
tive of a break in the power-law or perhaps that the distidouts
log normal, however, there are too few bins populated inyats
this further. The derived exponent (vhere dN/dM « M?) of the
fit to the high-mass tail for all associations-i$.85+ 0.15.

tween-1.5 and-1.8 (e.g.. Solomon et al. 1987 Heyer et al. 2001;
[Roman-Duval et al. 2010). Recent measurements have found th
clump formation éiciency, the ratio of mass in dense clumps to the
total cloud mass, is relatively invariant to galactic lacat cloud
mass and environment7-15 per cent]_Eden etldl. 2012, 2013;
Battisti & Heyell 2014). The similarity of the ratio of dendemp
mass to cloud mass for all clouds, anffelience in the slopes of the
cloud and clump mass functions, suggests that lower maseden
clumps are preferentially forming and very mass dense ciuang
rare, even in very massive GMCs.

4.5.3 Virial masses

A detailed description of the virial mass calculation isegiin Pa-
per Il and so will only be briefly covered here. We first make & co
rection to the measured ammonia (1,1) line width so thattiebe
reflects the average velocity dispersion of the total colwhgas

(i.e.Fuller & MyerH 1992):

AV?

avg

= AV +8n2x —=

corr

() o

Hp  HNH3

whereAv,, is the observed NElline width corrected for the reso-
lution of the spectrometek, is the Boltzmann constarify, is the
kinetic temperature of the gas (again taken to be 20 K).grahd

tinH, are the mean molecular mass of molecular hydrogen and am-
monia taken as 2.33 and 17, respectively. We then use tlosvialy
equation to estimate the virial mass for each clump:

Mi) _ 5 1 (Ra Avavg ’
M, ] = 8in2aaG \ pc gl

where Ry is the dfective radius of the cIumpG is the gravi-
tational constant and; and a, are corrections for the assump-
tions of uniform density and spherical geometry, respebtiv
(Bertoldi & McKee|199P). For aspect ratios less than 2 theiwal
a, ~ 1, which is suitable for this sample of clumps, and the value
of &y ~ 1.3 (e.g., see Beuther etlal. (2002) and Paper Il for more
details). We estimate the uncertainty in the virial masse@bor-
der 20 per cent allowing for @10 per cent uncertainty each in the
distance, the fitted line width, and spectrometer channdthyand
the uncertainty in the measured source size.

In Fig[14, we plot the virial ratiod = Myir /Mgumg) Versus the
clump mass for a sample of 466 MSF clumps for which we have

4)

We have repeated this process for the methanol-maser anda radius and that have been detected in one of the three ammoni

H n-region associations, fitting the slope to the mass binsetiay
mass completeness limit. Since the majority of the MYSOridist
bution falls below the nominal mass completeness of theeyume
do not include them in this analysis. We obtain values forstbpe
of —1.91+ 0.09 and-1.90+ 0.22 for the methanol-maser and HlI-
region subsamples, respectively. Comparing the slopesthaid
associated uncertainties, we find no significafitedénce in these
two subsamples. These values are in good agreement withdieos
rived for samples covering similar evolutionary stagesrasgnted
here (e.gl. Williams et &l. 2004, Reid & Wilson 2005, Beitet al.
[2006) and starless ATLASGAL clumps_(Tackenberg ét al. P012)

these have reported power-law exponents with values batw28

surveys discussed in SECLK.4. In a recent paperftiann et al.
m) have shown that the critical virial parameteg, ) for an
isothermal sphere that is in hydrostatic equilibrium (izeBonnor-
Ebert sphere; Ebért 1955; Bonnor 1956) that is not suppdyes
magnetic field isx, = 2. Clumps witha > 2 are subcritical and
unless pressure confined by their local environment willagxp
Clumps witha < 2 are supercritical and unstable to collapse un-
less supported by a strong magnetic field. The solid blacizbior

tal line shown in Fid_Il7 indicates the = 2 locus and the grey
shaded area shows the region of parameter space where duenps
gravitationally unstable. These virial ratios are a usefahsure of

a clump’s stability and although not definitive for any peutar

to —2.3. From this we conclude that the clump-mass function does clump they do provide some measure of the stability of thaufzep

not change significantly as the embedded massive star avolve

The slope of the clump mass function is consistent with
the upper end of the range found for Galactic samples of giant support (i.e.q¢ =
molecular clouds (GMCs), which are generally found to be be-

tion as a whole.
Even allowing for an equal amount of magnetic and kinetic
1;[Bertoldi & McKee 199|2) we find that the vast

majority of the clumps are likely to be unstable and in a stidte
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Figure 17. Virial ratio () as a function of clump mas$4iump) is shown
for the four subsamples. The solid and dash-dotted lindsatelthe criti-
cal values ofr for an isothermal sphere in hydrostatic equilibrium witldan
without magnetic support, respectively. The light greydshg indicates the
region where clumps are unstable and likely to be collapgiitgout ad-
ditional support from a strong magnetic field. The long-@ashyan line
shows the result of a linear fit to these data.

gravitational collapse. Since all of these clumps are inptteeess
of forming massive stars we should expect smaller regiortseto
collapsing locally. However, the fact that parsec scalenglsi are
unstable implies that they are also undergoing global pséa

The distribution of the whole sample in Fig]17 reveals argjro
trend for decreasing values af with increasing clump masses,
which implies that the most massive clumps are also the (gast
itationally stable. A log-log linear regression fit to thestiibu-
tion gives a slope 0f0.53:0.16, which is similar to values re-
ported by Kaimann et al.[(2013) from their analysis of massive
star formation studies in the literature (elg.. Sridharzail&2002;
\Wienen et dl. 2012). As noted by Kémann et dl.[(2013) the trend
for decreasing virial ratios with increasing clump massvigtes a
relatively simple explanation to the relative sparsity efywmas-
sive pre-stellar clumps, of which very few have been founiside
the Galactic centre (Ginsburg efal. 2012; Tackenberg R0d12).
The larger values af found for lower mass clumps may indicate
that feedback from the embedded stars is able to play a bigtger
in stabilising their natal environment on smaller scalesufgh the
injection of turbulence and heating of the circumstellarstope.

Comparing these observed values of (i.e., ¢ < 2)
[Kaufmann et al.[(2013) found them to be inconsistent with the
monolithic accretion model, which requires > 2. They con-
cluded that magnetic fields would need to be included but that
this would represent a major modification to the original eiod
Conversely, the observed valueswotio satisfy the conditions re-
quired for competitive accretion to be viable for a largepme
tion of the MSF clumps (where < 1; 1 2005).
Parsec-sized, globally collapsing clumps provide the fléwne-
terial that is funneled into the centre of the proto-clusted onto
the competing protostars (e.g.. Schneider gt al. [2010). edery
as|Kaufmann et al.[(2013) point out, this does not rule out the
monolithic accretion model, and there are a number of lawass
clumps (i.e.,<1000 M; & Ladal 2003) that are unlikely to

form a stellar cluster and therefore competitive accreisamot vi-
able for all clumps.

The distributions of the four subsamples presented il Hg. 1
reveal a clear dierence between the MYSOs andilegions with
the former generally having lower clump masses and higHaesa
of @ compared to the latter. However, these are largely due to the
significant diference in clump mass of the two subsamples that has
already been discussed and so we will not dwell further os thi
difference here.

4.6 Luminosities
4.6.1 RMS Bolometric luminosities

We calculate the Iluminosities of RMS sources using the
model spectral energy distribution (SED) fitter developed b
Robitaille et al. |(2007) and applying a similar method tot ttia-
cussed in_Mottram et hll_(2011b). For this process, we stiht w
near-infrared photometry from the 2MASS (Skrutskie ét 8D@),
UKIDSS (Lucas et dll 2008) or Vista-VVV_(Minniti et bl. 2010)
surveys and mid-infrared photometry taken from Met
2003) and WISE (Wright et 4. 2010) — ee Lumsden bl al. (2013)
for a discussion on the preferred choice of values when tvmoare

are available for a particular wavelength. We complemeatéh
near- and mid-infrared measurements wlitarschelfar-infrared
photometry provided by the Hi-GAL surv,
and submillimetre data from the ATLASGAL CSC (Contreraslét a
[2013) and distances as discussed in $ectl4.1.2.

The fluxes are input into the SED fitter along with the allowed
range of distances which we set to the RMS distance assuming a
uncertainty of+1kpc. The fitter searches through 20000 models
which probe a range of properties of both the central (pstéo)
and surrounding material (Robitaille eilal. 2006), eachlitw can
be viewed from 10 dferent viewing angles, resulting in possible
200000 SEDs. The fitter also takes into account foregroutidex
tion and the dferent beam sizes of the various observations, re-
turning the best fit and all models within a given toleranaetiigh
chi-squared minimisation. We calculate the luminosity ander-
tainty using chi-squared weighting as discuss

). The mean chi-squared value for the best fitlig W|th
a mean delta-chi-squared value for the best 10 fits2fFig[18
shows the measured flux values and the model fit obtained frem t
SED fitter for G028.687400.1772, as a typical example. We are
primarily concerned with obtaining a good fit to these datd am
accurate estimate of the bolometric luminosity and so tleeipe
details of the models are somewhat irrelevant and may b@inap
priate anyway.

In a number of cases where there are multiple MYSOs or
H nregions associated with a particular MSX source the individ
ual embedded sources are not resolved in the longer wavkleng
surveys (i.e.MSX Herschel250pum, 350um, 500um and AT-
LASGAL). For these sources we only use the longer wavelength
photometric measurements to estimate the total bolomietmé-
nosity of all the embedded sources. The luminosity is théihtsg
tween the sources present using the ratio of their relatieifan-
infrared fluxes measured from the imaﬂe‘ﬁhe Herschelfluxes
have been used to fit SEDs to 845 RMS sources, which correspond
to ~88 per cent of the RMS sample considered here. The full esult

4 Note this is an important fierence to the method previously used
(Mottram et a b) where the nffidr-infrared fluxes were apportioned
before the SEDs were fitted.
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Figure 18. Spectral energy distribution for the RMS source
G028.687400.1772. The near-infrared fluxes (2MASS, VVV, or
UKIDSS) are shown in cyan, WISE and MSX mid-infrared fluxes ar
shown in blue and green, respectivelyerschel Hi-GAL PACS/SPIRE
fluxes are shown in red and the integrated ATLASGAL flux is show
black. The best-fit model obtained from the SED fitter is pldtas a solid
black curve while the 9 next best fits are shown as solid greyesu

of this process, along with details of flux determination anelysis
of the infrared colours will be presented in Mottram et aD12).

Bolometric luminosities for the other 119 RMS sources akeria
from[Mottram et al.[(2011b).

Fig.[T9 shows the luminosity distribution of all matched RMS
sources as well the MYSO andiHregion subsamples. The distri-
bution peaks at 1-2 10* L. However, the distributions of the two
subsamples are significantlyfidirent, with the MYSO and Hi-
region distributions peaking at 1 x 10* L, and~ 4 x 10* L, re-
spectively. This dierence in the luminosity function of these two
samples and the lack of very luminous MYSOs has been prdyious
noted and discussed by Mottram et al. (2011a). The lattav st
MY SOs with masses larger thar80 M, have a Kelvin-Helmholtz
contraction time that is shorter than their accretion ticaés re-
sulting in the rapid formation of an k region. It is interesting
to note that there are very few MYSOs with luminosities above
10° L,and none that have luminosities larger tharil2P L., which
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Figure 20. Comparison of the RMS bolometric fluxes obtained from SED
fits to the infrared and submillimetre photometry and thédCB 70um
flux. The red curve show the results of exponential fits toeeifide of the
peak of the distribution from which we estimate the uncaties. The bin
size is 0.1 dex.

it is likely that the methanol masers are more embedded than t
MYSOs and Hu regions, we use far-infrared wavelengths where
the extinction is less likely tofeect our analysis. We have there-
fore compared the bolometric fluxes of a large sample of MYSOs
and Hu regions identified by the RMS survey with thélerschel
70-um fluxes. In Figl2D we show the results of this comparison
in the form of a histogram showing the distribution of ratial-v
ues obtained. The distribution is skewed and so we take tak pe
of the distribution as the conversion factor and fit an exptiné
function to each side of the peak to estimate the asymmetderu
tainties; this gives &nol/Fracs 70.m CONversion factor 41°. Note
that in applying this conversion we are implicitly assumihgt the
Fooi/ Feacs 7oum IS approximately the same for both methanol maser
sources and MYSQH nregions.

We have used the publicly available level 2.5, tiles of
the Hi-GAL open-time Key ProjelO) ointed
from the HerschelScience Archiv@l We have used the high pass
filtered maps which have been calibrated and reduced with SPG

corresponds to a zero age main sequence (ZAMS) star with® mas v10.3.0 and combine both scan directions (parallel andogth
of ~30 My (lMg_tLLam_e_t_a.leglia). This is consistent with the mod-  nal). From these tiles we have extracted postage-stampetrfag
els of Hosokawa & Omukai (2009) and Hosokawa et al. (2010) de- all the methanol masers and performed aperture photonoegsti

scribed in the introduction of this paper and, indeed, itéacfrom
the plots shown in Fif.19 that the MYSOs are approximatelgran
der of magnitude less luminous than the more evolved contpact
regions. This also means that we are less sensitive to MY StBs w
increasing distance. A KS test of the distance-limited damg-
veals that the luminosity distributions of these two subjgasare
significantly diferent ¢ < 0.01), but this is also nicely explained

mate their PACS 7Qlm emission.The main objective here is not to
provide a complete set of reliable bolometric luminosifiesthe
methanol masers (this is being done by the Hi-Gal team ard wil
be published separately) but to provide a reasonable itiolicaf
their range and distribution.

We have used the 70m fluxes to estimate the bolometric lu-
minosities for~200 methanol-maser associated clumps and the dis-

by the Hosokawa et al. models and to be expected as the MYSOstribution of values is shown in Fig1L9. Although the lumiitpof
transition into Hu regions. any particular methanol maser is less reliable than thoseMS
sources, the overall luminosity distribution should beusihi.e.,

the sample size is large enough that the mean should be well de
termined). The luminosities cover the same range as thofeeof
MY SO subsample but the overall distribution is significgritht-

4.6.2 Methanol maser luminosities

Bolometric luminosities are not currently available foe timajor-
ity of the methanol-maser associated embedded sourceeudow
following the work of Mottram et al.[ (2011b) we are able to ob-
tain a rough estimate by scaling up their infrared lumino$ince

5 httpy/herschel.esac.esa/@tienceArchive.shtml.
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sample to insure only massive star-forming clumps are &&ldte.,Lyo > 1000 L) and the RMS completeness limit220 kpc, respectively. The bin size
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sources have been identified within the MSX beam, the lunitindss been apportioned between them resulting in someassireing located below the

sensitivity limit (se¢ Mottram et &1, 2011b for details).

ter. A KS test on the distance-limited subsamples is unable-t
ject the null hypothesis that the methanol masers and MY3©s a
drawn from the same population at the requirecc®nfidence level

(r = 0.003). We do find a significant fierence between the lu-
minosity distribution of the Hi regions and that of the methanol
masers I < 0.001). We note that many of the methanol masers
are located above the MSX 2im sensitivity limit (or would be if
they had an MYSO like SED) but do not have an MSX counterpart,
which is approximately 70 per cent of the sample. This is isbast
with methanol masers being associated with very luminojesctd
that are more embedded than the MYSOs andregion subsam-
ples, and therefore likely to precede these two more evohret
less embedded stages.

5 EMPIRICAL RELATIONSHIPS

As previously noted here and in Papers| and Il, all of the @sso
ated clumps appear to be rather spherical in structure eauteatly
condensed and the vast majority are associated with a simage
sive star-formation tracer. Even in cases where multigleers are
found, these tend to be clustered towards the centre of iosir
clump (e.g., see lower panels of Fig.2). These clumps tiigica
have masses of a few M, and radii of~1 pc, which are simi-
lar to the physical sizes and masses expected to form sthligr
ters (Lada m:a) It is therefore likely that the majoof
clumps are in the process of forming a stellar cluster. lofe$ that
the methanol masers, mid-infrared point sources and ramitre
uum emission are associated with the most massive membars of
young proto-cluster. The derived clump properties (e.gssnden-
sity, radius etc) and the bolometric luminosities of the edded
sources are therefore much more likely to be related to tHeedm
ded cluster rather than to a single star.

Before we begin investigating these relationships we oauti
that the mere existence of any correlations between thenaiase

properties of clumps does not imply causation (i.e., postérgo
propter hoc). Most are simply the result of the trivial fawt most
massive clumps tend to have more extremes within them. Se mor
massive clumps tend to be larger and contain more lumin@us st
and this alone may not be meaningful and care must theretore b
taken not to over-interpret these correlations. There asyelver,
potentially useful information about physics in the gradssof any
correlations and in the positions of sources in the relegarame-

ter space.

5.1 Mass-Luminosity relation

In this subsection we compare the clump masses and the bislome
luminosities of the embedded proto-clusters and examiaedia-
tionship between the physical properties of the clumps aei t
associated star formation. Mass-luminostWe{mp-Lool) diagrams
have previously been used in studies of low-m
) and high-mass star-forming regimes_(Molinari et QDQ
Glannettl etall 2013) and are taken to be a useful diagntmtic
with which to separate fierent evolutionary stages. Figl21 shows
the mass-luminosity distribution of all associated clurfgrsvhich
a distance and luminosity are available. We udgedént colours
and symbols to show the distributions of the methanol-maser
MY SO and Hu-region associated clouds and those associated with
multiple evolutionary stages (green, red, blue and magessaec-
tively). In cases where a clump is associated with multipSR
sources we have integrated the luminosity of each embeddedes
to obtain a total bolometric luminosity for each clump. IrgE2
we present a similar plot showing the correlation betweetiros-
ity and column density. It is clear from this plot and #gump-Lool
diagram in Fig2ll that the most massive stars are formingen t
most massive and dense clumps.

Molinari et al. (2008) developed a simple model for the for-
mation of massive stars based on the observational evidbate
their formation is a scaled-up version of the inside-outapse




ATLASGAL — properties of massive star forming clump23

|rr||| T T ||rr|||

Time

F 3

10f

Bolometric Luminosity (L

Clump Dispersion Phage et y

Time

Accretion Phase

Mathanal Magers =

e MYSOs «
(e HIl Ragians «
10 = Mulli-phase -
1 L ] 1 1 1 | | I 1 i 1 | | I 1 i 1 | | I 1 ] 1

10" 10® 10* 10°

Clump Mass (Mg

Figure 21. Clump mass-bolometric luminosity relationship for all M8Emps and their associated subsamples. The orange stemfied indicates the area
in which 90 per cent of the Monte-carlo simulations of ZAMS8Itr clusters are located, while the region highlightedyiey indicates the area where the
most massive star of each simulated cluster is located. dviner] middle and upper diagonal dash-dot lines indicatetggMcjump=1, 10 and 100 /M,
respectively. The solid black curves, running respegtiVedt to right, show the model evolutionary tracks calcetib [(2008) for stars with
final masses of 6.5, 13.5 and 3% Mespectively. The long-dashed diagonal red and dark diees show the results of a log-log, outlier-resistantedinfit

to the MYSO and Hr-region associated clumps and methanol-maser assoclategs; respectively.

model that has been successfully applied to low-mass starafo
tion. Using the turbulent core-collapse model with acalag ac-
cretion rates proposed by McKee & Tdn (2003) as their s@rtin
point, they calculated how the clump mass and source botamet
luminosity should change as the protostar evolves, produevo-
lutionary tracks for stars with final masses betwe&mand 35 M.
These tracks consist of a vertical and horizontal compotteait
IMolinari et al. (200B) refer to as thmain accretionand theenve-
lope clean-uphases, which we will also adopt here. Note that the
efficiency with which the clump mass is converted into stellassna
determines the position of the apex in mass-luminosity esplat

is not predicted by the model and are included for illusteapur-
poses only and no attempt is made to constrain the models.

where these two tracks intersect and we therefore expechdo fi
that a significant fraction of embedded sources will colldoing
the locus of apices.

The MYSO, Hu region and the multi-phase subsamples all
combine to form a continuous distribution that is conceetido-
wards thelpo/Mcump = 10 Lo/M, locus that extends over approxi-
mately 3 orders of magnitude in both axes. There is a broaghdpr
in the Lyo/Mcump Values but the upper and lower envelopes of this
range are well fitted by value of 100 and /M, respectively.
These three lines of constaniy/Mcump (i.€., 1, 10 and 1004/M)
are overlaid on Fi§. 21. We evaluate the correlation betvieeitu-
minosity and clump masses of these three subsamples userg a p
tial Spearman correlation test and obtain a correlatiofficéent of

Assuming that the accretion rate increases with the massr = 0.64 with a significance of < 0.001. The strong correlation

of the protostar (as favoured by the population synthesidemo
I_2011), and that this accelerates towards thefits
vertical track it will reach the end of its main accretion paavith
increasing rapidity. However, once the main accretion ehaes
ended it takes a long time before the embedded star begins-to d
rupt its natal clump dficiently to make much progress along its
horizontal track. A consequence of this is that a sourcesp#ind
a relatively large proportion of its embedded lifetime a tipex

observed is therefore statistically significant and notrémilt of
distance-related biases. A log-log linear regression fitése data
has a slope of.03+ 0.05. To check that the slope is ndfected by
a distance bias we repeated the fit for the distance-limiedpte
and obtained a slope of9+ 0.13. These values are slightly lower
but consistent with the slope reported lby Molinari et al.0g20
(~1.27) from a similar fit to a sample of 27 infrared-bright steg
and consistent with the results of a similar analysis priesehy
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Figure 22. Comparison of peak column density and bolometric luminosi-
ties for the four subsamples of massive star-forming cluriijpe dashed
vertical and dash-dotted horizontal cyan lines indicagertbminal column
density sensitivity of the ATLASGAL survey-(L0?2 cn?) and the luminos-

ity section cut applied to the RMS sourceslQ00 L;). The long-dashed
red line shows the result of a linear fit to the data.

[Giannetti et al.[(2013). Our analysis builds on the restfithese
previous studies confirming their main findings and showhig t
correlation holds for masses and luminosities an order afrmaa
tude larger than previously considered.

most the same distribution ibye/Mcump With approximately the
same mean value-(6 Lo/My). TheLpo/Mcump distribution for the
methanol masers is shifted to lower values with a signifigant
lower mean of~7 Lo/M,. Methanol masers are widely thought to
trace an earlier stage in the massive star-formation psdbes the
mid-infrared-bright MYSOs and H regions and their significantly
lower Lyo/Meump ratio is consistent with this hypothesis.
Differences in theépo/Mciump ratio for H r regions and IR-
selected HMPOs have been previously reported in the litexat
(e.g.]Sridharan et HI. 2002). However, no cledieténce between
the MY SO and Hi-region associated subsamples is seen ifElg. 23
and the KS test is unable to reject the null hypothesis treat éne
drawn from the same parent population= 0.026). The similari-
ties in theLpo/Mcump distributions suggest that these two subsam-
ples cover a similar range of evolutionary stages. As presho
noted, the MYSOs and Hi regions are concentrated around the
Lbo/Meump= 10 Lo/M, locus, which, according to the scenario out-
lined byl Molinari et al.|(2008), is likely to correspond tcethpex
between the main accretion and envelope clean-up phases. Th
would suggest that the majority of the MYSOs and kegions are
nearing the end of their main accretion phase, or that thesticn
has already been haltdd. Davies et @011) arrived at dasim
conclusion independently by modeling the Galactic stamfdion
rate from the RMS source counts. They found that an intermedi
ate radio-quiet phase was required between the end of the mai
accretion phase and the formation of the Hegion to obtain a sat-
isfactory qualitative fit to the lower-luminosity MY SO digiution.
This may also provide an explanation for the relatively Iss@
ciation rate of MYSOs and H regions with methanol masers that
are thought to be radiatively pumped in the accretion di€9(@nd

The methanol-maser associated sample covers a similag rang 10 per cent for MYSOs and Hregions, respectively; see Sect. 3.3).

of masses as the MYSO, idregion and multi-phase subsamples,
however, there is a clearffeet to lower bolometric luminosities

Although the MYSOs and H regions have simildt,o/Mciump
ratios and form a continuous distribution in the M-L diagram

for the same clump mass than for the other three subsamphes. O (Fig[21), the MYSOs dominate the lower clump-mass and lumi-

average, the methanol-maser associated clumps are apiteky

a factor of two less luminous than the other associated cump
The distribution is also significantly more scattered. Hesvethe
mass and luminosity of these clumps are still correlateti wéch
other although not as strongly (= 0.58 with a significance of

t < 0.001). From the log-log linear fit to these parameters we de-
termine the slope of.06 + 0.07, which is consistent with the slope
found for the MYSOs and Hi regions.

5.1.1 Evidence for an evolutionary sequence?

In this section we explore the hypothesis that the methaaskns,
MYSOs and Hu regions represent distinct evolutionary stages of
massive star formation (as outlined in Sect. 1.1). We willtpione
side the multi-phase clumps as these contain multiple &oolary
signatures and therefore cannot provide any insight inbmgés in
the clump properties as the formation procedes. As prelyionsn-
tioned, the luminosity-to-mass ratio has been proposeddiaga
nostic tool for distinguishing betweenftirent evolutionary states
and therefore, if the methanol masers, MYSOs and Hegions
are distinct stages we should expect to find a trend of incrgas
Lobol/Mciump ratios for these subsamples.

Fig.[23 shows the distribution of luminosity-mass ratios fo

nosity end of the parameter space while the tégions occupy the
higher end of both parameter ranges. However, there is nb obv
ous break in the combined distribution of the two subsamitiat
might be expected if the luminosities of the two groups orded

in different physical processes.

In previous sections we have found that the MYSO popula-
tion covers a lower luminosity range than thenHegions and,
since the most massive clumps tend to be located at larger dis
tances, the lower number of MYSOs found to be associated with
the more massive clumps may simply reflect this. In this case w
might expect there to be a population of massive clumps assoc
ated with MYSOs that have yet to be found, however, there are
a few points that limit this possibility. First, comparingsthnce-
limited subsamples we still find that the MYSOs are assodiate
with clumps that have significantly lower mass and column-den
sity clumps than the H regions, which suggests that théfdirence
is not a selectionféect. Second, in Se€.4.5.1 we found that there
are practically no high column-density clumps in the Gatadisc
that have not already been associated with massive staafiom
We also found a strong positive correlation between clumpsma
and peak column density with more massive clumps being assoc
ated with high column densities (see [Fid. 15). We are thezeftso
very likely to already have identified the vast majority iftradl of

the whole sample of MSF clumps and for the clumps associated the most massive (i.eMcump = 1000 M, out to 20 kpc), compact

with the methanol maser, MYSO andiHregion subsamples and
present a summary of their properties in T&2#eThere is a clear

clumps located within the inner Galactic disc, which medeséd is
limited scope for the existence of large population of MY S0%

difference between the methanol-maser associated subsardple anbedded in more massive clumps in this part of the Galaxy.llyina

the MYSO and Hu-region associated clumps. The latter have al-

we find a similar correlation and slope to that in [igl 21 if veaic
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Table 8. Summary of the MSF clump parameters for sources locatedeleet®80 < ¢ < 350° and 10 < ¢ < 60°.

Association Clump Distance Lofol] Log[Mciumpl Lbo/Mciump
Type # (kpc) # (L) # (Mo) # Mean(lo/Mo)  #
Methanol masers 314 .%+0.2 298 43+03 197 37+02 269 68+ 0.7 195
MYSO 210 56+0.2 210 42+03 210 32+0.2 210 157+1.3 210
H n regions 375 &+02 373 48+03 343 37+02 373 164+11 343
Multi-phase 231 2+03 230 50+04 219 39+03 230 154+11 219

All MSF clumps 1130 74+01 1111 48+02 772 37+01 1082 160+ 0.7 772

MYSOs associated with the most massive clumps would be be-

T o cause such sources evolve into an kgion so quickly that we are
I ] Mfz”th'\gﬁglﬂgfsgeg ] unlikely to observe the MYSO stage. This would also explaityw
150} MYSOs H the methanol maser associated clumps appear to have similar
- — '&'leﬁ%ﬂg’s‘g : termediate properties to both thenHiegion and MYSO associated
I clumps, if they are tracing an earlier evolutionary stagbaih the
2 I MYSOs and Hu regions.
3 100+ - It is clear from the strong correlations between bolométric
o Lo .
g [ 1 mlnos_lty and both clump mass and column _densny that the most
5 I 7] ] ] massive stars are forming in the most massive and dense lump
b L % i McKee & Tan (2003) derived a formula for the accretion rateas
50 E function of time for a free-falling envelope:
3/4 05
i - XAX 1 A = 4 _m*f 3/4 ﬂ %
o R, m = soa0 (5] () () @
0.1 1.0 10.0 100.0 1000.0 wherem, is the time-dependent accretion ratg, andm,; are the
Bolometric Luminosity/Clump Mass (Lg¢Mg current and final mass of the star in,Mespectively, aneymp is
the clump surface density in g cf For a particulam,; the ac-
Figure 23.Ratio of total bolometric luminosity (integrated lumintysof all cretion rate is proportional tﬁgl/jmp and therefore stars forming in
objects embedded in the clumps) to clump mass for all ATLA&@GKMps the most massive and dense clumps will accrete mass mockyrapi
associated a methanol maser, MYSO on tegion (filled grey histogram).  than stars forming in a lower mass clump and will arrive on the
Green, red and blue hatched histograms show §3gMciump ratio distri- main sequence much sooner. For example, if we consider tw® st

butions of the methanol-maser, MYSO andiHegion associated clumps,

. T with the same final mass but forming in clumps where the sarfac
respectively. The bin size is 0.2 dex.

density is dfferent by an order of magnitude. In this case the star in
the higher surface density clump will arrive on the main ssupe
(~30M,) a factor of 3-5 faster than the one embedded in the lower
sider the distance-limited samples of MYSOs and i¢gions (the surface density clump.
slope is 1.0&0.13 and correlation céigcient is 0.63) and so this is Differences of bf two orders of magnitude in the peak sur-
unlikely to be due to limited flux sensitivity. face densities are seen in our data (i.e.,[Elb. 12) and thersfich
There are no MYSOs associated with very massive clumps, large variations in timescale seem plausible. Furtherpibedower
however, it is likely that a significant number of the metHano mass clumps appear to be forming less massive stars andisence
masers found to be associated with massive clumps are lgctual accretion rate is also dependent on the final mass of thetlséar,
MYSOs given that-20 per cent of methanol masers are coincident difference in the time taken to arrive on the main sequence iy like
with an MYSO (2”; as discussed in SeCiB.2). Therefore a num- to be significantly longer than the factor of 3-5 estimatedstars
ber of the more distant methanol maser sources are likelyeto b evolving in the lower mass clumps.
tracing luminous MYSOs that fall below the MSX 2in detec- The faster evolution times for stars forming in the most mas-
tion threshold. However, even taking this into account isloot sive and dense clumps means they arrive on the main sequeahce a
change the dierences in the overall distribution of the MYSO and form an Hu region in a fraction of the time taken for less massive
H 1 region subsamples seen in gl 21, which are still presahtin stars forming in lower-mass clumps. The lifetime of the MYSO
distance-limited analysis. Furthermore, we have foundiSgant stage is therefore anti-correlated with clump mass. Thislpiex-
differences in the clump mass, column density and kinetic temper plains all of the diferences seen in the properties of the MYSOs and
ature of clumps associated with MYSOs andilegions with the H n-region associated clumps and the similarities of both e§¢h
former having lower values for all parameters. There ararbte subsamples with those of the methanol-maser associategsiu
some diferences between the clump properties of these two sub- An important implication is that the MYSO stage for the most
samples. massive stars may be so short due to fast accretion rateseand v
The simplest explanation is that the massive stars forming high extinction that we are unlikely to observe it. All of thty SOs
in the most massive clumps evolve much faster than those em-identified will go on to form Hu regions, however, and if the Moli-
bedded in lower mass clumps, which is consistent with the de- nari model is correct then they are already near the end af the
creasing timescale with increasing MYSO luminosity found b main accretion phase and their final luminosity is unlikedyiri-
IMottram et al. [(2011a). In this case, the lack of very lum&ou crease significantly from its current value. This sample &f3Ds
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are therefore unlikely to be the progenitors of the most imass
early O-type stars. However, there are still a significannber

of MYSOs associated with the multi-phase clumps that hate no
been considered in the comparison presented here. Somesaf th
multi-phase clumps are also among some of the most luminuidis a
massive in the Galactic disc and may host MYSOs that are pos-
sible precursors to early O-type stars. There are also a eunfb
very massive clumps that are associated with methanol stsar
might also contain the earliest stages of the most massive ist
the Galaxy. Higher-resolution interferometric obsermas of these
MYSOs and methanol masers are required to investigate gwese
tential early O-type star precursors in more detail.

5.1.2 Comparison with expected cluster luminosity

The orange and grey shaded regions shown in[Elg.21 indicate
the possible range of bolometric luminosities of an embddde
stellar cluster and of its most massive star, respectiielyn-
ing in a clump of a given mass. These have been generated us
ing a Monte-Carlo simulation to randomly sample a standit@ |

) with a stellar-mass range of 0.1 to 120&1\d as-
suming ZAMS luminosities and a star-formatiofiiéency (SFE)
of 10 percent (see Paperll for a more detailed descriptiothe®f
model).

Comparing the measured source luminosities to the model val
ues, we find good agreement for MYSOs andiegions asso-
ciated with clumps with masses betweeh00 and a few thou-
sand M,. However, the match is significantly poorer for clumps
above and below this range, with the lower-mass clumps weder
to have excess luminosity and the higher-mass clumps beiteru
luminous compared to the model predictions. A similar digpa
was seen by Sridharan ef al. (2002) from their analysis of BsIP
This would suggest that the instantaneous SFE decreasdsras a
tion of increasing clump mass and is much lower for the more-ma
sive clumps than the 10 per cent SFE assumed in our modeledn pr
vious studies, low SFE has been associated with the lealsteelvo
clusters and is thought to increase as it evolves with anrdppi
of roughly 30 per cent (Lada & Lalda 2003 and references therei

If we assume that the low- and high-star formation in a given
cluster is coeval, then we would expect the most massive &tar
evolve into Hu regions on short timescales but that the rest of the
associated cluster members, particularly the lower-mass, swill
take much longer before they begin to make a significant imntr
tion to the total cluster luminosity. The higher accretiaes for
the more massive stars results in a similar formation timmeHe
whole cluster regardless of the large range of masses afidhed-
ual stellar members; approximately:3x 10° yr
). However, as previously mentioned the most massive st
the cluster reach the main sequence and form arrégion while
still deeply embedded and continue to accrete material $igraf-
icant period before attaining their final mass. The MY SCtilife
for the most massive stars30 M,) is estimated to be of order
~ 1 x 1 yr after which they join the main sequence and begin to
form a Hu region (Mottram et al. 2011b; Davies etlal. 2011).

So although the overall formation time is similar for all ster
members the most massive star is likely to reach the mairesegu
significantly ahead of the lower mass stars and dominatdlseec
luminosity. For a typical cluster consisting of 150Q Mf stars we
would expect to find 60 M,, 1-2x30 My, 5-10x15 M, 10-20 M,
with the rest of the mass residing in low- and intermediatssna
stars (cf. Table 2 df Zinnecker & Yorke 2007). When fully fazch
approximately 50 per cent of the cluster luminosity will bengr-

ated by the most massive 6Q,Mtar, with majority of the other
high-mass stars contributing the majority of the rest ofdluster’s
luminosity. If we now consider their contribution to the ster’s lu-
minosity at the time the most massive star joins the mainesszp.
(i.e., when it has a stellar mass ©80 M,). At this stage, due to
the flattening & of the L/M ratio with increasing stellar mass, the
most massive star is producing approximately a third of ralfi
mass luminosity, however, since luminosity is a strong fiomcof
stellar mass the rest of the clusters massive star popuolateonly
producing approximately 10 per cent of their final mass lwsin
ity. As a consequence, at the time the most massive star joins
main sequence it is contributing up to 75 per cent of the eftsst
total luminosity and result in a lower SFE than would otheevbe
expected.

We also find that the more massive stars are forming in the
most massive clumps and are therefore likely to join the rsain
quence faster than less massive stars forming in lower nhasps.

The diference between the time taken for the most massive stars to

reach the main sequence and cluster formation will be |dogene
most massive stars (i.e., clusters are less evolved). Hiecmost
massive stars are forming in the most massive clumps we would
expect the SFE to decrease with increasing clump mass, $ecau
the contribution from the lower mass cluster members idylike

be much smaller (as discussed in the previous paragraphhefru
more, the cluster formation times are estimated assumiigttie
surface density is constant for a give cluster, howeves, iiun-
likely to be true as there is likely to be strong density geats. \We
have already found that the most massive stars are formitigein
highest column density regions towards the centre of thejetu
where the gravitational potential well is deepest. The mitgjof

the lower mass stars are therefore likely to be forming inelow
density regions, which would lead to longer formation tinaesl
further lower the measured SFE.

The diference in cluster formation timescale and the time
taken for the most massive stars to join the main sequencé&wou
explain the low SFE seen in our data. Support for this hypothe
sis comes from the fact that, although the luminosities mneas
for the most massive clumps fall well short of the expectedviBA
cluster luminosities, however, there is a better match éemthe
expected luminosities of the most massive stars in a giveste
and the measured bolometric luminosity. Furthermore, jpePa
we found that there is a good correlation between the bolaenet
luminosities and the luminosities derived independerttyrf the
measured radio-continuum emission from the compactégjions.
Since the ionizing flux traced by the radio emission in a eust
is totally dominated by the most massive star, it would gihpn
suggest that the bolometric luminosity measured for thet mas-
sive clumps is also dominated by the most massive stars and th
the clusters are less evolved and the rest of the lower mass me
bers of the cluster are yet to make a significant contribui@n-
versely, the lower mass clumps have the highest SFE and are mu
less strongly bound, which may indicate that these are muaie m
evolved.

These results therefore suggest a scenario where the mest ma
sive stars form towards the centre of very massive grawitatly
unstable clumps with the lower mass stars forming eithevalte
or at later times as the proto-cluster is fed from the maggfeally
collapsing clump. However, more detailed modeling of theyea
stages of cluster evolution are need to investigate thibduyrthis
work is ongoing and will be reported in a subsequent pubboat
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Figure 24. The mass-size relationship of ATLASGAL clumps associatéith wiethanol masers, MYSOs andHregions. The colours and symbols are
explained in the legend, with the exception of the cyan stdrich indicate the distribution of the MPC candidates fouadards the Galactic centre
(Longmore et dl_2012H; Immer et &l. 2012). The beige shadgibm shows the part of the parameter space found to be defaidissive star formation
that satisfies the relationship(r) < 580 My (Res/pc)-23 (cf. i). The orange shaded area towards the tdpeotliagram indi-
cates the region of parameter space where young massitergusgenitors are expected to be found (@@). The long-dashed red line
shows the result of a linear power-law fit to the whole samplassociated clumps. The dashed cyan line shows the ségsitithe ATLASGAL survey

(Nn, ~ 10?2cm2) and the upper and lower dot-dashed lines mark surfacetiénef 1 gcm? and 0.05 g ci?, respectively. The diagonal light blue band
fills the gas surface densitg(gas)) parameter space between 116-129bt2 suggested by Lada etldl, (2010) and Heiderman| €t al. (204€pectively, to

be the threshold for ‘fEcient” star formation.

5.2 Mass-Radius relation

In Fig[24 we present a mass-raditd(mg-Rer) diagram of the
whole sample of ATLASGAL sources for which a distance has
been determined. We presented similar diagrams in Papedsil a
and found that the methanol-maser and-kegion associated sam-
ples were strongly correlated with each other. Here we tarilthat
work with increased sample sizes for the latter and inclusicthe

MY SO-associated clumps (the combined sample consistd@d0
massive star-forming clumps). As seen in the two previopem
there is a strong correlation between these parameterin Agiag

a partial Spearman correlation test to remove any depeadeinc
the correlation on distance yields a @ogent value of 0.85 with a
t-value< 0.001. We fit these parameters using a power-law which
yields logMcump) = 3.42 + 0.01 + (1.67 + 0.025) x Log(Rex);

the long-dashed red line shows the fit to these data. The &eagr
within the uncertainty with those determined in Papers | lhiadid

we find no significant dferences between thefiirent subsam-
ples, which all combine to form a continuous distributiorotwo
orders of magnitude in radius and almost 4 orders of magaiid

clump mass. Interestingly, the slope is similar to that tbfor clus-

ter mass as a function of radius as determined by Pfalzndn}20
(i.e., 171 + 0.07) suggesting a fairly constant SFE regardless of
Galactic location and environment, or clump mas$5 per cent).

In our earlier work we found nearly all of our associated
sources were located within a relatively narrow range ofaser
densities and this is also the case for the larger and moreleten
data set presented here. The diagonal dashed-dotted Nees o
laid on Fig[24 trace the lines of constant surface denkityas),
of 1gcnt? and 0.05 g cn?, respectively; these provide a reason-
able empirical fit to the upper and lower range of our sample
of MSF clumps. We also show the minimum threshold~df16-
129 M, pc2 proposed by Lada etlal. (2010) and Heiderman let al.
) (hereafter LH threshold) for flecient” star formation in
nearby molecular clouds (d 500 pc); this range is indicated by
the thick light blue band on thelgump-Rer diagram, however, the
0.05gcm? that efectively traces the lower envelope of the AT-
LASGAL clumps is approximately twice the LH threshold. This
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suggests that a surface density of 0.05 gmight better repre-
sent a minimum threshold of ficient” massive star formation.
The shaded regions shown in the lower-right part of [Ely. 24

some infrared extinction, which may indicates an assasiatiith
an infrared-dark cloud and therefore possibly located atribar

kinematic distance. Green & McClure-@iihs (20111) place this

correspond to the regions of parameter space where mas-clump at the far distance with a high level of confidence and so

sive stars are not typically found (empirically determinby
Kauffmann et &ll. 2010). Comparing the distribution of our sources
with the|Kaufmann et al.|(2010) threshold (i.en(r) > 580 M,
(Rer/pc)-33f we find good agreement with all but a handful of
sources located below this level, however, we note thatri@Ere

cal fit to the lower envelope of our distribution (i.e., 0.06y7?)
provides a tighter constraint for clumps larger thad.5 pc and
more massive than 500V

5.2.1 Massive proto-cluster candidates

The shaded area towards the top of Eig. 24 indicates therredjio
the parameter space where massive proto-cluster (MPCidzaed
are thought to be found (3012 for det&itan-
paring the upper end of the observed mass—radius distiiqutie
find 16 clumps satisfying the MPC criteria that are poterpia-
cursors to the next generation of young massive clustersG¥:M
ie., 2); these are broadly defined ashavel-
lar masseg 10000 M, and younger than 100 Mm al.
and references therein). The ATLASGAL region covers a
proximately 70 per cent of the Galactic disc (assuming taefet-
mation is distributed between 1-15 kjc; Ginsburg &l al. BGi#i
therefore this sample should include a large fraction ofttiel
Galactic population of MPC candidates. We find similar nuraloé
MPC candidates in the northern and southern Galactic pleimeh
is to be expected since the division is arbitrary. TRblet3 lise de-
rived properties for these ATLASGAL clumps and also inclide
four additional MPC candidates associated with the Galaetn-
tre region identified by Longmore etlal. (2012b) and Immeif.et a
(2012). These objects are also plotted in Eig. 24 as cyas. star

In Paperl, two additional clumps were identified as
potential MPC candidates (i.e., AGAL351.7780.537 and

AGAL352.622-01.077). However, the distances to these sources

are no longer considered reliable and they have therefoea be
excluded from this updated version of the table. A maser ve-
locity of 1.3kms?! was used to determine the distance to
AGAL351.774-00.537, placing it in the outer Galaxy, but the ve-
locity from an ammonia measurement -e8kms* and correla-
tion with H 1 data suggest that a near distance is more likely;
this source has been studied in detaillby Leurini bt al. 2007 a
is thought to be located at a distance of 1.8 ).

For AGAL352.622-01.077, a positive radial velocity would place
this source in the outer Galaxy at a distance-@8 kpc, however,
this would also locate it too far from the Galactic mid-plaaed

so a near distance is more likely in this case as well; thisalss

noted by Green & McClure-Gifith$ [20111).

The MPC candidates located in the northern Galactic plane

have been previously identified by Ginsburg etal. (2012) smd

we include it in TablgD, with a footnote to indicate that itstence
is less robust than the others.

In the previous section we used thg/Mcump ratio as a means
to evaluate the current evolutionary state of the embed@eds-
mation, with higher values being associated with more @ablv
objects. However, this ratio can also be used as a proxy for th
SFE of a given clump. Given that some of the clumps identifeed a
MPC are associated with complexes previously describethas-
starbursts” (e.g., W49 and W51) it is somewhat surprisinfind
that their SFE values are rather less than spectacular. Wfe hmave
expected these mini-starbursts to stand out from the gepepa
ulation of MSF clumps and have much highgy/Mciump ratios.

[Moore et al[ 2012 comparely,/Misco ratios for RMS sources

matched with molecular clouds identified by the Galactiog=Sur-
vey (GRS]Jackson etldl. 2006) and found a ratio for W51 simi-
lar to that estimated in this paper from the sub-millimewatm-
uum (76 = 2.3L,/My). In W49, however, they found a value of
32+ 6L,/My, approximately 4 times larger than the ratio derived
from the dust emission. Taken at face value this implies thet
W49 molecular clouds have a significantly larger fractiomzfss

in high-density clumps but that the SFE and YSO luminosisgréi
bution within those clumps is not muchfidirent from that in other
regions.

The distribution of the Galactic-centre and disc samples oc
cupy approximately the same region of parameter space i2%ig
and, comparing the clump properties in Table 9, we find them to
be very similar. The column densities and sizes are veryeblos
matched but the Galactic-centre MPC candidates are mdygina
more massive. However, a KS test comparing these three param
eters reveals no significantfiérencesr( = 0.02, 0.23 and 0.01,
respectively). In contrast, there is a bigfdrence in the level of
star-formation activity associated with the two sampleish wery
little evidence forany star formation taking place within the Galac-

tic centre MPC candidates_(Longmore etlal. 2012b; Immer.et al

2012), while all of the candidates in the disc are extremetiva

star-forming regions.

We have identified our sample of massive star-forming clumps
by matching the ATLASGAL survey results with catalogues of
star-formation tracers and so it is not surprising that &lthe
MPC candidates that we have identified in the disc are star-

forming. Two recent detailed studies lby Ginsburg ét al. 23Ghd

Tackenberg et all (20112) searched for massive starlesgpslim

the BGPS and in a subsample of the ATLASGAL survey (i.e.,
10° < ¢ < 20°) and, although _Ginsburg etlal. (2012) identified a
handful of MPC candidates (e.g., W43 and WA49; see Tdble 9 for
full list), they found none that are starless. Since a dedastudy of

all potential MPC candidates has not yet been made of théasout

Galactic plane, similar to that performed by Ginsburg &(2012)

can be considered reasonably robust. We have checked the disi" the northern Galactic plane, it is possible that theresamae

tances assigned for the southern Galactic-plane candidatefind
them to be reliable, with the exception of AGAL329.62®.206,
where the distance looks a little less certain. Inspectfadhemid-
infrared images towards this clump reveals that it is asgediwith

6 Note we have reduced the value of the massflmient given by
Kauffmann et al.[(2010) by 1.5 to match the dust opacity value uséts

paper to estimate clump masses

starless MPC candidates located in the disc that have yet disb
covered, the number is likely to be very small and perhaps eve
zero.

It is currently unclear why the observed level of star forma-
tion is so very diferent for the Galactic centre and disc populations,
particularly since their clump properties are so simildristwould
not be expected if the formation processes were so véfgret.
The most significant dierence is that the velocity dispersion is sig-
nificantly larger and gas temperatures are higher for thacdhiat
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Table 9. Derived parameters for massive proto-cluster (MPC) caatd&l Masses have been estimated assuming a dust temperfa®@K for all sources
except G002.5800.016 for which a range of temperatures between 19 and 27ikaed from SED fits to individual pixels across the clumpe(s

Longmore et al. 2012b for details).

ATLASGAL Complex Association DistanceReg Log[Mciumpl LOg[N(H2)] Log[Lbol] Lbo/Mcump Reference
name name type (kpc)  (pc) &) (cm™?) (Lo) (Lo/Mo)
Galactic Disc
AGAL010.472+00.027 GAL 010.4600.02 MMHII 8.6 23 455 2394 554 973 12,4
AGAL012.208-00.102 MM/HII 13.6 28 458 2346 e e 1,4
AGAL019.609-00.234 e MM/HII 12.7 28 4.60 2368 566 1154 1,34
AGAL032.797%00.191 G32.80 HIl 13 25 4.49 2349 555 1165 1.4
AGAL043.148+00.014 W49A MMHII 111 23 452 2316 562 1263 1,3
AGAL043.164-00.029 WA49A Hil 11 31 477 2353 568 822 1,34
AGAL043.166+00.011 W49A MMHII 111 42 5.34 2419 604 504 1,34
AGAL043.178-00.011 WA49A MM 111 22 451 2316 . e 1
AGAL049.472-00.367 W51 (A&B) MM 54 22 461 2367 e e 1,34
AGAL049.482-00.402 W51 (A&B) MM 54 22 4.49 2359 . e 1
AGAL049.489-00.389 W51 (A&B) MMHII 5.4 14 470 2430 557 733 1,34
AGAL328.236-00.547 . MM 114 4.9 4.99 2340 516 147 12
AGAL329.029-00.206 e MM 12.0 33 469 2338 478 121 1,2
AGAL330.954-00.182 GAL 331.03-00.15  MRNHII 9.3 22 472 2407 575 1084 1
AGAL337.704-00.054 MM/HII 12.3 24 453 2353 516 421 1
AGAL350.111+00.089 MM 114 21 455 2327 1,2
Galactic Centre

G000.253-00.016 “The Brick” Starless? 8 28 51 2339 5,6
AGAL000.41100.051 (dy Starless? a 35 49 2323 6
AGAL000.476-00.007 (€Y Starless? 8 45 52 2353 6
AGAL000.494-00.019 (fP MM 8.4 27 48 2326 6

References: (1) this work, (2) Paper |, (3) Paper I (4) Ging et al.[(2012), (5) Longmore et dl. (201L2b),[(6) Immen5{2012)

Notes:2 Identified bl-12) as a massive clump butltrved mass was slightly less than the 20* M, required for inclusion in their

sample of MPC candidate8 The source names have been taken from the ATLASGAL ( AH N
nomenclature used mmgg)The distance to this source is uncertain and should be ustlad:autlon

centre population (a factor or a few) compared to those imlibe

It seems more plausible that the formation mechanism isahes
but that the much more extreme Galactic-centre environrmgent
somehow impeding the star formation in its local MPC cantgida
population. The dference in star-formation activity has led to sug-
gestions that the mode of star formation is fundamentalifgdint

in the Galactic centre compared to the disc eta
[2014 for a detailed discussion).

6 SUMMARY AND CONCLUSIONS

This is the third in a series of papers that use the ATLASGAL su
vey to conduct a detailed and comprehensive investigafiomas-
sive star-formation environments. The main aim of thesemjs

to use the unbiased coverage and uniform sensitivity of the A
LASGAL survey to map the dust emission over the inner Galac-
tic Plane to connect the results derived from samples sslac-

||._2_Qi3) while the letters in parentheses are the

piled and includes a large fraction of all embedded masses s

in the Galaxy. This representsl5 per cent of the whole catalogue
of clumps identified by ATLASGAL in the regions in which the
surveys are complete (28& ¢ < 350 and 10 < ¢ < 60°).

Using distances drawn from the literature, we derive clump
masses and column densities, bolometric luminositiessipaly
sizes and virial masses for the majority of these assoc@teaps.
These clumps have typical sizes and masseslgic and a few
thousand M, respectively. The embedded sources have luminosi-
ties of ~10* L, and appear to be warming their local environments
with typical gas temperatures eR0K.

We find that approximately a third of all clumps are assodiate
with two or more massive-star formation tracers and areetbes
likely to host multiple evolutionary stages. These clumpsspnt
a problem when trying to attribute derived physical projpsrto
a specific evolutionary stage and so have been excluded frem t
detailed analysis. We have identified 00 methanol masers that

ing different high-mass star formation tracers. We have combined are positionally coincident”) with a MYSO or Hu region; this

the ATLASGAL and RMS surveys to identify a large sample of
massive, submillimetre-continuum-traced clumps assedisvith
the formation of massive stars. These MYSO and-Hgion as-
sociated clumps are complemented with similar clumps ifiedt
through their association with either methanol masers orpaxt
radio-continuum emission (for details see Papers | antié) have
matched the ATLASGAL sources with additional methanol mase
identified outside the MMB region to obtain a more completa-sa
ple covering the whole inner Galactic plane. In total we hdes-
tified ~1700 embedded massive stars with300 clumps, which
is the largest sample of massive star-forming clumps yet-com

angular size corresponds to less than 0.1pc at 10kpc ane-ther
fore these sources are located in the same core within tgerlar
clump and very likely to be tracing the same embedded object.
These “multi-phase” sources may represent interestinfgon-

ary transition objects but also reveal that methanol meseras-
sociated with a wide range of evolutionary stages. Appraxaty

20 per cent of the methanol masers are positionally assacigith

a MYSO and a further 10 per cent are associated with anilie-
gion and therefore care needs to be taken to identify thasmias
ated with the pre-MYSO and H region stages. For the purposes
of our analysis, if a methanol maser is found to be coincidetit
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a MYSO or Hu region it has been classified as a MYSO omH
region, respectively.

We separate the sample of the clumps into four observatjonal
distinct subsamples; these are methanol-maser, MY S@xddion
and multi-phase associated clumps. We compare statipticpér-
ties of these subsamples to look for evidence to supportdhe c
monly assumed evolutionary sequence: methanol masey SO
— H n region. Our main findings are as follows:

(i) Clumps associated with a massive-star formation tracer
more spherical in morphology and centrally condensed thengst
of the quiescent population of ATLASGAL clumps. We find that
the young massive stars identified are tightly correlateith wWie
position of the peak of the submillimetre emission found dme
the centres of their host clumps, with typical projectedesafions

H u regions occupy a similar range of evolutionary stages vhiéh t
majority near the end of their main accretion phase.

(vii) Despite the close correspondence of thg/Mcump dis-
tributions of clumps containing MYSOs and idregions, these
two subsamples dominatefiirent ends of the mass-luminosity pa-
rameter space. The MYSOs dominate the lower-mass and lower-
luminosity part of the distribution while the I regions occupy
the more massive and luminous end. However, these two subsam
ples together form a continuous distribution with no breb&iope,
which might be expected if ffierent underlying processes were
producing the observed luminosity.

(viii) MYSOs are associated with significantly lower masslan
column-density clumps compared with thenHtegion subsample.
This is also true for a distance-limited subset of the dathsamis
unlikely to stem from any distance-related sensitivitysbielow-

of ~0.14 pc. The most massive stars are therefore predominatelyever, the diferences between these two subsamples are likely to

found towards the centres of spherical, centrally condinkanps.

(i) The massive star-forming clumps identified are strgrag-
sociated with the highest column-density clumps in the Galas-
sentiallyall clumps with column densities in excess of 2x30%°
cm 2 are host to current massive star formation. There is alsg-a si
nificant correlation between column density and clump mats w
the most massive clumps also having the highest columnttEssi
Our samples of MSF clumps therefore include all of the most-ma
sive clumps located in the Galactic disc.

(iii) No significant diference is found between tiefactors, as-
pect ratios or relative location within the clump, with respto the

submm peak, for any of the MSF subsamples, which would sug-

gest that the clump structure changes little as the embeatgjedts
evolve from the protostellar, through the MYSO to the contpac
H u-region stages. There are clearlffdiences between the clumps
currently associated with massive star formation and theemuoi-
escent population of clumps, which suggests that the sireicif
the pre-stellar clumps must evolve significantly before &iema-
tion begins but, once underway, it proceeds faster thanlthrepc
can evolve. This is consistent with a fast star-formatioocpss
(Csengeri et al. 2014).

(iv) Almost all of the subsample of massive star forming ghsm
for which we have ammonia linewidths have a virial parameter

result from the higher column densities associated withntlost
massive clumps as these are theoretically predicted taddsdher
accretion rates and faster evolution times. We conclude ttfea
MYSOs and Hu regions cover a similar range of evolutionary
stages, and the mainftBrence between them is due to a decreasing
MY SO lifetime with increasing clump mass as also suggested b
Mottram et al.|(2011a) arid Davies ef al. (2011). A consecgi@iic
the faster evolutionary times may be that the MYSO stage may n
be observable for the most massive stars.

(ix) The properties of the clumps hosting methanol maseds an
H u regions are much more closely matched. The KS test is unable
to distinguish between their clump-mass and column-dgmkg-
tributions. However, the methanol masers are significdatlg lu-
minous than the ht regions. The,e/Mciump ratio for the methanol
masers is-7 Lo/Mg, which is approximately half the value found
for the MYSOs or Hu region associated clumps and so these are
likely to be in an earlier evolutionary stage. The methanakets
associated with the most massive clumps are therefore agngm
sample of early O-type star precursor candidates.

(X) The bolometric luminosities determined for the most mas
sive clumps fall far below those expected for an embedddtaste
cluster for a fixed SFE at all clump masses, but are more densis
with the luminosity expected from the most massive starsciis

a < 2 and, unless supported by strong magnetic fields, are grav-ter. They are also consistent with ZAMS luminosities detiirede-

itationally unstable against collapse. These clumps are likely
to be undergoing global infall. Furthermore, we find a strang-
correlation between clump mass and the virial parameteh wi
the virial parameters decreasing with increasing clumpsnies

pendently from the radio emission from the compaat kFegions.
This suggests that the observed luminosities are primeoitying
from the most massive embedded stars in the forming clusgkr a
that the rest of the lower-mass stars have yet to make a sigmifi

Kauffmann et &ll. 2013). The most massive clumps are therefore thecontribution to the cluster luminosity.

least stable against gravity, which provides a simple exqilan as
to why no massive pre-stellar clumps have yet been identifidte
Galactic disc.

(v) We find a very strong correlation between clump mass
and the bolometric luminosity of the embedded methanolemas
sources( = 0.58) and MYSOs and hi regions ( = 0.64). The
bolometric luminosity for all embedded sources is linealdypen-
dent on clump mass. We therefore conclude that the most veassi
stars are forming in the most massive and highest columaigen
clumps.

(vi) The MYSOs, Hu regions and multi-phase subsamples form
a continuous distribution over three orders of magnitudenass
and four orders of magnitude in luminosity. All of these cjsn
are clustered at approximatelyo/Mcump = 10 Lo/Mo, which, ac-
cording to the scenario outlined by Molinari ef al. (2008)tfe
transition point the main accretion and envelope cleanhgses in
the formation of massive stars. This suggests that the MY&8@s

(xi) We compare the clump masses and radii to the empirical cr
terion derived by Kafimann et al.(2010) for high-mass star forma-
tion and those derived by Lada et al. (2010) and Heidermalj et a
M) for “dficient” low-mass star formation. We find a strong
correlation ( = 0.85) for all associated clumps that covers 2 or-
ders of magnitude in radius and four orders of magnitudeumpl
mass. We find no significantfiiérence between theftérent sub-
samples. All sources are above the threshold fdficient” low-
mass star formation and all but a handful of sources satisfy t
[Kaufmann et al.[(2010) criterion and so these clumps have the po-
tential to form massive stars.

(xii) We have identified a sample of 16 MPC candidates located
in the Galactic disc. This sample is likely to consist of @y&frac-
tion of the whole Galactic population of these objects. Wapare
the properties with those of a similar sample found towahds t
Galactic centre and find most of their properties to be siniifeass,
size and densities). However, while the MPC candidatesdéonn
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the disc are very actively forming massive stars, with a femg
classified as mini-starbursts, the Galactic-centre caeédare ef-
fectively starless.

Finally ATLASGAL provides a uniform set of measurements
that can be used to put the result of these previous studéesiore
Galaxy-wide context and in the developing evolutionaryusege
for the formation of massive stars. This sample of masdige-s
forming clumps we have compiled should provide an ideatisigr
point for more detailed studies in future, particularly WKLMA.
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