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ABSTRACT

We present a study of the mid-infrared environments andcéetian with star formation trac-
ers of 6.7 GHz methanol masers taken from the Methanol NBdam (MMB) Survey. Our
ultimate goal is to establish the mass of the host star amydsitionary stage for each maser
site. As a first step, the GLIMPSE survey of the Galactic Piangilised to investigate the
environment of 776 methanol masers and we find that while thnity of the masers are
associated with mid-infrared counterparts, a significeadtfon (17%) are not associated with
any detectable mid-infrared emission. A number of the maeenterparts are clearly ex-
tended with respect to the GLIMPSE point spread functionwadmplement an adaptive
non-circular aperture photometry (ANCAP) technique tced®ine the fluxes of the maser
counterparts. The ANCAP technique doubles the number oereagith flux information
at all four wavelengths compared to the number of the coomeding counterparts obtained
from the GLIMPSE Point Source Catalogue. The colours of theencounterparts are found
to be very similar to the smaller study carried out by Ellieg$2006). The MMB masers are
weakly associated with Extended Green Objects (EGOs) addW&X Survey (RMS) em-
bedded sources (YSO and HlIl classifications) with 18% and @P#tasers associated with
these objects respectively. The majority of MMB masers (b0%ve detectable GLIMPSE
infrared counterparts but havet been identified with previously recognised tracers of mas-
sive star formation; this confirms that the MMB survey haspgbeential to identify massive
star forming regions independent of infrared selection.

Key words: surveys - masers - infrared:stars - radio lines:stars s:tmmation - tech-
nigques:photometric

1 INTRODUCTION guence lives. Massive stars enter the main sequence before a
tion has finished and therefore whilst still deeply embeddeah
obscuring dusty nebula (Garay & Lizano 1999; Zinnecker &Kéor
2007). Due to the observational difficulty in identifyingettrief
and rare early stages of massive star formation, it has belgn o
. . . within the last decade that massive young stellar objecté3Ms)
ergy may trigger new generations of star formation (e.g.dgireen and high mass “protostellar objects” (HMPQave been identi-

1992I).. th do_ur undters:a{ndlmg of the ftorn;atlont_of m_z;f]_sn/_eszm fiedin large numbers (e.g. Lumsden et al. 2002; Beuther 208R;
very limited in contrast to low mass star formation. This igdn Urquhart et al. 2011).

part to the rarity of high mass stars but also to their largtadices
from the Sun (typically> 1 kpc) and their very brief pre-main se-

Massive stars (M 8M () are a key component in the evolution of
the Interstellar Medium (ISM). They provide the bulk of ttaalia-
tion that ionizes the ISM and transfer kinetic energy inte t8M
via stellar winds, outflows and supernovae. This injectibrem

1 as these objects are likely hydrogen-burning they shouictlgtnot be
referred to as “protostellar” but we reproduce here theimaigacronym of
* Email:M.Gallaway@herts.ac.uk Beuther et al. (2002) to avoid confusion.
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Despite these limitations a tentative evolutionary seqadar

Maser Multi-Beam (MMB) Survey: a deep, high resolution, un-

massive star formation has emerged. The sequence commencetargeted survey of the Galactic Plane and Magellanic Clovitts

with a sub-millimetre bright cold core with a typical diareebf

< 0.5 pc, a mass ol0? — 10> M, and a typical temperature of
10-20 K, embedded within a much larger molecular cluri00
Mg which in turn is embedded within a giant molecular cloud. The
presence of an Infrared Dark Cloud (IRDC) is often observied a
this point (Simon et al. 2006; Peretto & Fuller 2009; Kauffma&
Pillai 2010; Peretto et al. 2010; Peretto & Fuller 2010), thvat de-
tection of an IRDC is dependent upon observing the cloudhagai
diffuse mid-infrared background. The core collapses inhydro-
statically supported optically thick protostellar embryhich then
accretes material from the core, most likely via a circuttestelisk.
The onset of the main sequence does not halt the accretioch wh
continues until the young massive star is hot enough to m®du
ionizing UV photons. These photons ionize the surroundiagem
rial, creating an Hll region. Initially the Hll region is graationally
bound (Keto 2003) but as the ionizing flux rises the surroogdiot
core is unable to contain it gravitationally.

At this point the inflow of material becomes important in
guenching the expansion of the HIl region. The ionized gastis
tained as a< 10000 AU diameter bubble (Kurtz 2005) and is ob-
served in the radio waveband as a Hyper Compact HIl (HCHII)
region. During this phase the material trapped within theHHC
region continues to accrete. Eventually a combination déiced
inflow and increased UV flux results in the HCHII expanding to
form an Ultra Compact HIl (UC HIl) region (Hoare et al. 2007)
and as a consequence any further accretion may be termiiéed
UCHII region continues to expand, with the rate of expansiod
final size and morphology being determined by the mass of the
driving core and the density of the surrounding ambient nedte
(Ellingsen, Shabala & Kurtz 2005). Finally, the ionizingusce be-
comes visible as a main sequence massive star (Hoare etat. 20
Purcell 2006; Keto 2003; Motte et al. 2008; Wood & Churchwell
1989, and references therein).

One of the principal tracers of massive star formation is the
6.7 GHz Class Il methanol maser (Menten 1991), thought to be
exclusively associated with massive star formation (Mirgeal.
2003; Cragg, Sobolev & Godfrey 2005; Ellingsen 2006; Walsh
et al. 1999; Green et al. 2012) and to primarily trace theestay
tween the infrared-dark phase and the UC Hll region (Van dalt W
2005; Ellingsen 2006). Whilst much work has been recently ca
ried out on the evolutionary period of star formation trabgdhe
Class Il methanol masers (e.g. Breen et al. 2011; Breen &ddén
2011; Ellingsen et al. 2011; Breen et al. 2010a,b) a numbdeof
tails remain unclear, particularly the minimum bolometuiminos-
ity traced by the masers (Minier et al. 2003; Xu et al. 2008] an
the relationship between the masers and their wider irdrarsi-
ronment. In part this is due to the historical lack of an usbth
and large sample of masers with positions sufficiently gestd al-
low reliable identification with infrared and sub-mm coumptats.

the goal of providing the first comprehensive catalogue as€l|

6.7 GHz methanol masers (Green et al. 2009; Caswell et a0;201
Green et al. 2010; Caswell et al. 2011; Green et al. 2012). The
6.7 GHz methanol masers were first found using a multi-beam re
ceiver on Parkes and then individually re-observed withXREA

and Merlin interferometers to obtain sub-arcsecond mmsti{see
Green et al. 2009, for further details of the survey strategiie
Parkes MMB survey region encompasse$74 < [ < 60 and

|b] < 2 (Green et al. 2009), with plans to later extend the survey
to the Northern Galactic Plane. With this two step approdeh t
MMB Survey will provide an essentiallgompletesurvey of 6.7
GHz methanol masers in the Galaxy, each with positionalracgu
suitable for follow-up comparison studies in the infrared sub-
mm.

In this paper we describe a follow-up study which has been
carried out with an interim MMB catalogue of 824 6.7 GHz maser
and the GLIMPSE (Galactic Legacy Infrared Mid-Plane Survey
Extraordinaire) infrared survey of the Galactic Plane (Berin
et al. 2003). The GLIMPSE survey (including the individualll
and 3D surveys) covers65 < I < 65 and approximatelyb| < 1
in 4 infrared bands (3.6, 4.5, 5.8 and .01 respectively and usu-
ally referred to as Bands 1 to 4 in that order) with the IRAC egan
on Spitzer

Our interim catalogue is derived from those masers that had
been interferometrically positioned at the time this worksvear-
ried out. The interim catalogue includes 684 masers in thgifode
rangel86° < I < 20° that have already been published in Caswell
(2009), Caswell et al. (2010), Green et al. (2010), Caswetll.e
(2011) and Green et al. (20£2)The remaining 140 masers lie in
the longitude range0° < I < 186° and will be reported in a fur-
ther publication (Fuller et al., 2012, in prep). Note that mterim
catalogue does not include 23 masers from the publishetbgag
whose positions had not yet been interferometrically deiteed at
the time this work was carried out.

Using GLIMPSE we seek to identify the infrared counter-
parts of the masers so that we may investigate both their@mvi
ment (i.e. are the masers preferentially found towardsieft dark
regions such as IRDCs?), the colours of the maser counterpar
and the likely nature of their exciting sources. This workidzi
upon that of Ellingsen (2006) but with a much larger sample of
masers and an aperture photometry approach that is nothiase
the limitations of the GLIMPSE point source catalogue inioag
of crowding or high background. Future publications wilbexine
the spectral energy distributions and infrared luminesitdf the
masers (using MIPSGAL, Hi-GAL and ATLASGAL data; Carey
et al. 2009a; Molinari et al. 2010a; Schuller et al. 2009) treir
association with other tracers of massive star formatioalirRi-
nary work in characterising the nature of the MMB masers is in
cluded in the present paper from comparisons with the Red MSX
Source (RMS) survey (Urquhart et al. 2011, 2008; Lumsdem. et a

Many of the presently known methanol masers were discovered 2002).

via large-beam single dish observations of IRAS point sesifsee
Pestalozzi et al. 2007 for a compilation of detected maskesice
are both biased towards bright far-infrared sources andtbave
positions measured to an accuracy of better than an arcenorut
s0. Most of the infrared/maser comparison studies that heea
carried out so far are limited to small samples of masers @/pos
sitions have been measured interferometrically or intelmyeother
means (e.g. Ellingsen 2006; Pandian et al. 2010).

2 METHOD

The process of comparison with the GLIMPSE survey was per-
formed in two ways: a detailed inspection of GLIMPSE cut-out

These constraints have now been addressed by the MethanoP The MMB catalogue is available http:/astromasers.org



images centred on each maser and a positional cross-matich of
maser coordinates with the GLIMPSE point source catalggues
similar to that performed by Ellingsen (2006). The first noeth
allows a detailed investigation of the appearance of theemas
counterparts and the wider environments in which the mamers
found, whereas the second method permits the study of treeéaf
colours of a large sample of masers. We use the GLIMPSE |, Il &
3D survey data and images for maximum areal coverage.

The GLIMPSE Point Source Catalogue contains 69.7 million
sources extracted from the GLIMPSE |, Il & 3D images which are
considered to be high reliability>99.5%) point sources (Church-
well et al. 2009). A less reliable but more complete GLIMPSE
Point Source Archive (GPSA) contains some 104 million point
sources. In order to be included in the GPSC each source mast b
point source that is detected at least twice in one wavehelpand
and once in an adjacent wavelength band (referred to as #ig “2
criteria) with a signal-to-noise of greater than 5 for boghedttions.
The criteria for the remaining bands are relaxed to be eith8e
or upper limits. For the GPSA the 2+1 criteria are relaxed dea
tection > 50 twice in any one wavelength band or once in two
adjacent wavelength bands, resulting in a more completéebat
reliable catalogue of point sources.

We cross-matched the MMB catalogue to the GPSC and
GPSA using a2 matching radius (for discussion of this particular
selection see Sect. 2.2). Within the GLIMPSE |, Il & 3D survey
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forming complexes/Giant Molecular clouds (e.g. Solomoralet
1987). RGB images were generated by a script with IRAC bands 1
2 and 4 (i.e. 3.6, 4.5 and;@m) represented by blue, green and red,
respectively and overlaid with the MMB catalogue. The RGB im
ages were used to classify the maser counterparts by ememn
and extension, in addition to the identification of maseoais
ated with Extended Green Objects (EGOs), Infrared Dark @ou
(IRDCs) and infrared clusters.

IRDCs have high levels of extinction, oftety, > 100, and ap-
pear as dark “holes” within the diffuse 8.0n emission associated
with Polycyclic Aromatic Hydrocarbons (PAHSs) (Parsonsoffip-
son & Chrysostomou 2009; Simon et al. 2006; Peretto & Fuller
2009; Egan et al. 1998). We identify IRDCs in the GLIMPSE im-
ages by the absence of background &0 emission and a reduc-
tion in the number of background stars. Given the often ulag
and filamentary appearance of IRDCs (Simon et al. 2006; ®eret
& Fuller 2009), visual associations of masers and IRDCs ate u
ally more accurate than simple nearest-neighbour matcfsieg
e.g. Parsons, Thompson & Chrysostomou 2009) and so we choose
the visual approach here.

For EGOs and infrared clusters our visual search is comple-
mentary to positional cross matches against the CyganatsKi
(2008) EGO and (Mercer et al. 2005; Bica & Bonatto 2008; Froe-
brich, Scholz & Raftery 2007) cluster catalogues. By visuek-
amining the GLIMPSE cutouts we can search for associatedsEGO

area the MMB catalogue contains 776 6.7 GHz Class Il methanol and/or clusters that may have been missed in the catalogG3s

masers. When cross-matching against the GLIMPSE catadogele

are identified by the presence of bright green extended @&miss

find 430 of these masers with counterparts in the GPSC and 519in the cutout images, using a similar process to that emgldye

with counterparts in the GPSA (note that the GPSA contaihs al

Cyganowski et al. (2008). Infrared clusters and clustediciates

sources found in the GPSC cross-match, i.e. the GPSC is a moreare identified by inspecting the GLIMPSE images and, wheaéd-av

reliable subset of the GPSA).
However, less than half of these sources have detectiork in a

able, UK Infrared Deep Sky Survey (UKIDSS) Galactic Plane Su
vey images (Lucas et al. 2008). We identify clusters viallowar-

4 wavelength bands (219 sources from the GPSC and 253 fromdensities of infrared stars, taking as a lower limit the prne of at

the GPSA) and only~75% have detections in any 3 GLIMPSE
bands. This is an inevitable outcome of the GLIMPSE points®u
detection algorithm which, although highly successfuhia tietec-
tion of stellar point sources, may not be optimised for ttencted
and complex environments of massive star fomation (see 3&ct
of Robitaille et al. 2008, and references therein for furtiscus-
sion). Visual inspection of the GLIMPSE cut-out images aonéd
that this is indeed the case; the majority of MMB masers wesre a
sociated with emission in all 4 bands, in many cases with logisu
emission or emission extended beyond 8pétzerPSF, that is not
catalogued within the GPSC or GPSA.

As the primary aim of our work is to obtain accurate mid-
infrared colours of the MMB masers we have implemented an
adaptive non-circular aperture photometry techniquesretl to as
ANCAP) to measure the fluxes of masers in all four IRAC banals. |
Sect. 2.1 we describe our visual inspection and classificatieth-
ods, followed by our aperture photometry technique in Se2t.Fi-
nally we inspect the relationship between MMB masers andw@ nu
ber of other published catalogues of star formation tra@egs Red
MSX Survey objects, Urquhart et al. (2011), and ExtendeceGre
Objects, Cyganowski et al. (2008)) in Sect. 2.3.

2.1 Visual ingpection of GLIMPSE images

GLIMPSE 12 arcminute FITS cut-out images were obtained for
all four IRAC bands via the NASA/IPAC Gator database query
tool, with each image centred on an MMB maser. We select im-
ages of this size as it is the typical angular size of many IRDC
complexes (e.g. Peretto & Fuller 2009; Simon et al. 2006)stad

least 10 stars as cluster members, and with the maser lyihgnwi
the projected bounds of the cluster.

2.2 Adaptive Non-circular Aperture Photometry of the
maser counterparts

We have implemented an adaptive non-circular apertureopit

try (ANCAP) technique to measure the fluxes of extended iiafta
counterparts to the masers and provide as large a samplesefsna
with fluxes in all 4 GLIMPSE bands as possible. Our technique
is based on that used by Cyganowski et al. (2008) to measere th
fluxes of EGOs within the GLIMPSE image archive. The “region”
feature of the SAO DS9 FITS viewer was used to draw non-arcul
apertures around our sources. The counterparts are iédrifithe
presence of a co-located peak in all four IRAC bands withinc2 a
seconds of the maser, a radius selected to be consistenprsith

ous studies by Ellingsen (2006) and the typical resolutfdiR&C
wavelength band 4 (gm). If a clear peak cannot be identified in
all four bands within 2 of the maser we do not undertake photom-
etry for this maser, to avoid including local regions of nelsity
which may encompass large areas and multiple shorter waytéle
sources. By utilising all four bands to identify the couptat the
rate of misidentification is reduced. In the case where tisemore
than one possible counterpart we also make no measureroent, t
avoid confusion.

Figure 1 illustrates the process used in identifying the in-
frared counterpart. In this example there are two masetifield,
marked by the red and blue circles in each frame. If we useg onl
the band 4 image to determine our association we would incor-
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rectly associate both masers with the large “double-lotmdgjéct.
However by inspecting the band 1 image we see that in fact only
the maser marked with the red circle is associated with acsour
with flux in all four bands. In our example, Figure 1 bands 3 4nd
would be rejected for aperture size and shape determinatieto
the likelihood of contamination. In this case band 2 wouldibed
for this function.

The aperture shapes are selected to avoid contamination fro
field sources, whilst containing as much flux as possiblefeRre
ence is given to band 4 when choosing the aperture shape, a

2.3 Cross-matcheswith other catalogues: RM'S, EGO and
infrared clusters

Earlier lower angular resolution investigations overlateasively
with the GLIMPSE/MMB region studied here. In particulareth

has been intensive study of red objects selected from the MSX
survey (Lumsden et al. 2002), which has yielded the Red MSX
Source (RMS) survey catalogue (e.g. Urquhart et al. 2008120

|.-The RMS catalogue is the result of a Galaxy-wide search for

though in cases where selecting the aperture in band 4 caused/assive Young Stellar Objects (MYSO) and contains over 2000

avoidable contamination band 3 is used instead. The bagkdro
is removed by subtracting the mean level contained in an-iden
tically sized aperture located in an area of the image reptas
tive of the background local to the maser source. Both apertu
and background regions are constant in size, shape andoposit
across all four bands. The aperture sizes used are typieafijthan
20" in radius. The DS9 funtools plugithttp://www.cfa.
harvard.edu/  ~john/funtools/ds9.html) allows us to
integrate the flux in both regions and thereby obtain a rawtfux
which we applied unit, scale and aperture corrections diedt

in the IRAC cookbook(http://ssc.spitzer.caltech.
edu/postbced/irac_reduction.html) . Figure 2 shows a
set of IRAC images overlaid with the region which make up the
aperture and the background.

In order to confirm the reliability of our measured aperture
fluxes we compare against those sources that are also cxhiain
the GLIMPSE Point Source Catalogue (GPSC) and the GLIMPSE
Point Source Archive (GPSA). Within our sample of aperture-p
tometry measurements there are200 sources in common with
the GPSC and- 300 sources in common with the GPSA (the exact
number in common varies from band to band). Plots of the aper-

objects that have been classified as either Young StellagdBhj
(YSO), compact or ultracompact HIl regions, OH/IR stars or
evolved stars based on their IR morphology, free-free radics-
sion, distance and luminosity. The RMS catalogue and itstcoc-
tion are detailed in Urquhart et al. (2008, 2011) and avéelald
http://ast.leeds.ac.uk/RMS

A cross-match of MMB masers with the RMS catalogue has
been made to identify the subset of MMB sources categorized i
the RMS catalogue as YSOs or Hll regions. The propertiesefi ev
a small sample of these well-studied objects can then yisigts
as to the likely nature of the less-well-studied majorityMi1B
sources. Within the region covered by both the MMB and RMS
surveys there are 983 RMS objects of HIl region or YSO classifi
cation and 673 MMB masers. Note that the RMS does not cover the
inner region of the Galaxy<{10° < I < 10°) and the MMB cat-
alogue does not currently extend beyond longitad®. Although
the RMS objects were discovered by MSX colour selection and
initially had a positional accuracy e£18’, all of the catalogue
objects have since had more accurate positions determioed f
GLIMPSE or by dedicated near- or mid-IR imaging (Mottramlet a

ture measured magnitudes (ANCAP) versus the GPSC and GPSA2007; Urquhart et al. 2008). We thus selected a cross-nmgehi
magnitudes at each waveband are shown in Figure 3. For the ma-dius of 2’ to identify RMS objects associated with MMB masers.

jority of sources in common with the GPSC and GPSA we measure

magnitudes that are in either close agreement or up to a fayv ma
nitudes brighter than tabulated in the Catalogue or Arclinate
that the typical magnitude errors in the GPSC and GPSA<are
0.2 mag). The latter sources are consistent with those thaeoh-

EGOs are extended bright objects with excess emission at 4.5
pm (IRAC band 2), often coloured green in three colour IRAC
images (Cyganowski et al. 2008). They are thought to identif
emission from shocked molecular gas via the presence ddreith

nique identifies as extended objects, hence the GPSC and GPSACO bandhead or shocked:Hines (Cyganowski et al. 2009), with

have underestimated the total flux of these objects. We déstiify

a few objects €10 in total) within the common sample where our
aperture photometry measurementsfafeter than those from the
GPSC or GPSA. In general these objects lie within regionsof-c
plex background and, as our background subtraction metHod d
fers substantially from that used by GLIMPSE (which detemsi
the background via annular regions using DAOPHD T is likely
that the discrepancy in measurements is caused by diffbeeht
ground subtraction. In any case the fraction of sourcestaitein
this way is small £5%) and so we are confident that our aper-
ture photometry technique yields good results for the nitgjaf
sources.

3 See http://www.astro.wisc.edu/glimpse/glimpse_
photometry_v1.0.pdf for more details on this process.

shocked H emission recently confirmed in at least one object (De
Buizer & Vacca 2010). Cyganowski et al. (2008) have compéed
visually identified catalogue of EGOs drawn from the GLIMPSE
survey, with later VLA follow-up showing a high incidence of
these EGOs with Class Il 6.7 GHz methanol masers (18 out of 28
searched). Here, we perform the inverse of the Cyganowski. et
(2009) search by identifying MMB masers associated with EGO
to test the assertion of Cyganowski et al. (2009) on a mudetar
sample of masers. We identify EGOs associated with MMB nsaser
by cross-matching against the Cyganowski et al. (2008)amaia
using a matching radius of'2

The visual search process that we employed to find infrared
clusters and cluster candidates might be expected to iadbjkcts
that are merely asterisms rather than bona fide clusteroassist
in the identification of clusters we also included a postiaross-
match with catalogues of known clusters. The cluster cgteds of
Mercer et al. (2005), Bica & Bonatto (2008) and Froebricth@z
& Raftery (2007) were used, plus the the UKIDSS DR4 cluster
catalogue of 477 clusters (Lucas et al., in preparationjaie into
account the typical angular diameter of the infrared chssteur
matching radius was set t0.1
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Figure 1. The above images show an illustration of the process usegld¢otshe infrared counterpart. The above images are BaBdbLin) top left, Band
2 (4.5pum) top right, Band 3 (5.8:m) bottom left and Band 4 (8.0m) bottom right. The red and blue circles (dark grey and lgylely in the print version),
which are 2 in radius, indicate maser positions.
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Figure 2. Example of the regions used in the non-circular aperturégohetry. The above images are Band 1 (3r6) top left, Band 2 (4.5:m) top right,
Band 3 (5.8um) bottom left and Band 4 (8.0m) bottom right. The vector in each image has a length of 1 emate. The red and blue polygons (dark greay
and light grey in the print version) are the apertures anétdracind respectively.
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as expected for the extended objects whose flux we recoveuviaperture photometry technique whereas the point soneesurements of the GPSC and
GPSA underestimate the flux from extended objects.



Figure 4. IRAC RGB image of a maser counterpart, with red, green and
blue being bands 4, 2 and 1 respectively. The maser positarked with

the green circle is located within an IRDC and has no obsé&VvEbAC
counterpart.

3 RESULTS
3.1 Visual Inspection and catalogue cross-matching

Of the 776 masers within the GLIMPSE I, 1l & 3D survey region,
seven masers could not be used for the visual inspectioregsoc
due to the maser falling slightly outside the coverage oifviddal
images. For the remaining 769 masers we find that they areelbca
in one of the four following broad categories:

(i) Masers embedded within an IRDC with no IRAC counter-
part. Hence they are infrared-dark at IRAC wavelengths duexi
tinction (or the lack of infrared emission). This represesfo (37)
of our maser counterparts. Figure 4 shows a typical exanfpleso
category.

(i) Masers that are located within, or are located on thénper
ter of an IRDC but have a visible IRAC counterpart and theefo
are infrared-bright. This class represents 21% (164) ofsannple
of maser counterparts. Figure 5 shows a typical exampleisf th
category.

(iif) Masers that are infrared-bright ambt located within an
IRDC. This class contains 62% (473) of our sample. Figureofvsh
a typical example.

(iv) Masers that are infrared-dark (they have no identiéabl
counterpart in any band) but ametlocated within an Infrared Dark
Cloud. Our examination indicates that 12%(95) of our olsjece
of this type.

We identify a total of 112 EGOs associated with 608 MMB
masers located within the GLIMPSE | survey area (note that th
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Figure 5. IRAC RGB image of a maser counterpart, with red, green and
blue being bands 4, 2 and 1 respectively. The maser posgtioraiked with

the green circle. It is located within an IRDC but unlike FHigu4 it has a
clear infrared counterpart.

Figure 6. IRAC RGB image of a maser counterpart, with red, green and
blue being bands 4, 2 and 1 respectively. The maser posgtioraiked with
the green circle. It can clearly be seen that the IR counteipaxtended in

Cyganowski et al. 2008 catalogue is comprised of EGOs found this case.

only in the GLIMPSE | images) that had good imaging data. All
associated EGOs were found as a result of positional magchin
against the Cyganowski et al. (2008) catalogue. The viseich
described in Sect. 2 did not identify any more EGOs than tie co
responding visual search of Cyganowski et al. (2008), sstguge
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that the Cyganowski et al. (2008) catalogue of 304 EGOsjelgr
complete (at least towards 6.7 GHz masers). Our resultyithpt

In Figure 7 we show [3.6}[4.5] versus [5.8}[8.0] colour-
colour plots of the maser counterparts compared to a sanople p

~18% of masers are associated with EGOs, with the implication ulation of 15000 sources drawn randomly from the GLIMPSE

that EGO-targeted searches would only be able to id@% of

Point Source Catalogue (from those sources with detectibad

the masers. Conversely, we find that the fraction of EGOs that 4 bands). We show the colours of maser counterparts drawm fro
have a 6.7-GHz maser counterpart is 37%. but varies acaprdin the GLIMPSE Point Source Catalogue (GPSC), GLIMPSE Point

to the Cyganowski et al. (2009) EGO classification as ’likely
be a massive YSO outflow’ or 'possibly’. With this distinatiove
find 25% (41/165) of the 'possible’ EGOs are associated with a
MMB maser, increasing to 52% (69/133) for ’'likely’ EGOs. The
latter statistic is in agreement with a small sample ingasibn by
Cyganowski et al. (2009), yielding 18 methanol masers tdea8
likely’ outflow EGOs, although their result was biased bg tBGO
sample preferentially containing several known masers.

Source Archive (GPSA) and the ANCAP photometry measured
here. A reddening vector ol x = 10 is displayed, and was cal-
culated based on that of Gutermuth (2005) and referencesirthe
The maser counterparts are, as expected for YSOs, muchrredde
than the general stellar population and show colours camgigith

the smaller sample of 6.7 GHz masers investigated by EHimngs
(2006). All three photometric systems show good agreennethisi
colours of the maser counterparts, although the ANCAP @vunt

The combined infrared cluster catalogue used to cross matchparts occupy a marginally wider range in colour space than th

with the MMB contains 118 clusters and cluster candidatékimwi

the region covered by our maser sample. It is found that eight

masers are located within one arcminute of these clustercioss
matching with the early results of the UKIDSS Cluster sedteh
cas et al., in prep.) shows that only six more MMB masers, but o
306 that are currently covered in the region examined, atieirwi
1 arcminute of a cluster or cluster candidate. Thus the toial-
ber of masers that are found within af an infrared clusters (or
candidates) is 14.

We find a total of 82 MMB masers within’2of an RMS ob-
ject. Within the overlapping region common to both MMB and
RMS surveys there are 983 RMS objects (of type HIl region

or YSO) and 673 masers, thus the detection fractions of maser

GPSC or GPSA sample.

We investigate trends in colour with aperture size in Fidgdire
where the aperture size is defined as the effective radilseafdn-
circular aperture (i.e. the radius of a circle with the samneaas the
non-circular aperture). In general the infrared colourghefcoun-
terparts display no marked trend with aperture size, aghdhere
is a weak trend toward a bluer colour with increasing aperituthe
[3.6]—[4.5] colour. This may be due to increased contamination by
fore- or background stellar objects as the aperture sizeases.
There appears to be considerably larger scatter in the ilou
volving the 8.0um band, which could result from a contribution
from extended PAH emission to the counterpart fluxes.

The largest sample of masers investigated in the GLIMPSE

associated RMS objects and RMS-associated MMB masers are 8%wavelength bands prior to the MMB Survey was that of Ellimgse
and 12% respectively. Of the 82 MMB masers matched to an RMS (2006), who identified 41 Class Il 6.7 GHz masers (drawn from

object 56 are associated with type “YSO or YSO?", 22 with “HII
regions”, 2 with “UC HiIl regions” and 2 with “HIlI/YSO” blends

a statistically complete sample) to have counterpartsénGRSC
and GPSA. Figure 9 shows [3:6]8.0] versus [3.6}[5.8] and

We did not find any associations between MMB masers and the [5.8]—[8.0] versus [3.6]-[4.5] colour-colour diagrams, plus a

evolved star categories in the RMS survey.

3.2 Adaptive Non-circular Aperture Photometry

As previously mentioned, there are 769 masers from the MMB su
vey with available GLIMPSE images in all 4 wavelength bands.
Using the method described in Sect. 2.2 we successfully gegha
to obtain aperture photometry in all four GLIMPSE bands talva
a total of 512 masers. The remaining 257 masers either had-no d
tectable counterpart to a level ofJas in categorie§ andiv) in
Sect. 2.2, a total of 132 masers) or were in regions too cedfts
reliably identify an infrared counterpart in all four ban@stotal of
125 masers). A simple positional association with the GLB&EP
Point Source Catalogue (GPSC) or Archive (GPSA) resultsdn a
tal of 219 and 253 masers respectively with infrared coates

measured at all four wavelength bands (see Sect. 2). Herrce ou

adaptive non-circular photometric method more than dautile
number of masers with known infrared counterparts measated
all four bands over catalogue-based searches.

[3.6]—[4.5] versus [8.0] colour-magnitude diagram (c.f. Figs=15
19 of Ellingsen 2006) of the 512 maser ANCAP infrared counter
parts compared to the Ellingsen sample. It can be seen iRithise
that there is a close correspondence in colour-colour atalico
magnitude space between the masers whose infrared coargerp
were determined by our ANCAP method and the GPSC/GPSA
sample of Ellingsen (2006). The close correspondence leettie
two samples lends weight to the overall accuracy of the ANCAP
procedure. While the bulk of our ANCAP counterparts lie ie th
same colour-colour and colour-magnitude space as thegBém
sample, there are a small number of counterparts with bluercs

der colours. The counterparts with blue colours lie in thredpmi-
nantly stellar region traced by the random GLIMPSE PSC sampl
(the blue dots in Figure 9) and as such are likely to be forausio
stellar contaminants.

We list the measured magnitudes for a representative sample

of the infrared counterparts to the MMB masers in Table 1. The

full version of this Table is contained in the Online Suppésand
comprises infrared counterparts to 626 masers publish@dswell
(2009), Caswell et al. (2010), Green et al. (2010), Caswetil.e
(2011) and Green et al. (2012). We will publish the magnituolie
the remaining infrared counterparts simultaneously whth posi-
tions and fluxes of the 6.7 GHz masers (Fuller et al. 2013,ep)or
All statistics and figures of the infrared counterparts gnésd in
this paper refer to the full interim catalogue of 769 masers.

4 DISCUSSION

Here we draw together the results of our visual inspectiothef
GLIMPSE images, our adaptive non-circular photometry of ex
tended IR counterparts to the MMB masers, and the resultseof t
catalogue cross-matches. We dwell upon three main isfwesnt
vironments of the MMB masers, the colours of their infraredre-
terparts and the role of the masers as tracers of star f@mati
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Table 1. Adaptive Non-Circular Aperture Photometry (ANCAP) magudi¢s for a representative sample of 20
MMB 6.7 GHz masers. The full version of this table is contdirely in the online version of the paper. An
ellipsis indicates that we were unable to measure an irfreoeinterpart to the maser at the appropriate wave-
length, as discussed in Section 2.2. The Morphology Classsorefers to the four classes discussed in Section
3.1. Where it was not possible to classify the morphologyhefémission the entry is blank.

Source name Equatorial coordinates ANCAP Magnitudes Maggy
1, b) RA (2000) Dec. (2000) 3.em 45um 58pum 8.0um Class
©°) (hmss.s) "

312.108+0.262 140849.31 -611325.1 11.2 9.5 9.3 9.7 3

312.307+0.661 14092495 -604700.5 9.9 8.6 7.4 5.9 3

312.501-0.084 1412 48.95 -612603.2 10.7 9.8 8.0 6.7 3

312.597+0.045 141314.35 -611657.7 11.5 9.8 9.0 8.4 3

312.598+0.045 141315.03 -611653.6 11.6 10.0 8.5 7.3 3

312.698+0.126 141349.85 -611024.1 125 10.6 9.5 8.5 3

312.702-0.087 1414 25.12 -612229.0 12.7 10.6 9.3 8.8 3

313.469+0.190 141940.94 -605147.3 10.6 7.6 6.1 5.3 3

313.577+0.325 142008.58 -604200.8 9.6 8.1 6.5 5.3 3

313.705-0.190 142234.74 -610826.8 10.5 8.1 6.4 5.7 3

313.767-0.863 142501.73 -614458.1 8.1 6.4 55 4.8 3

313.774-0.863 142504.80 -614450.3 ... e e e 2

313.994-0.084 14 24 30.78 -60 56 28.3 13.5 10.9 10.2 9.4 3

314.221+0.273 142512.89 -603138.4 8.9 7.1 5.7 3.7 3

314.320+0.112 1426 26.20 -603831.3 5.8 4.5 2.0 1.9 3

315.803-0.575 143946.46 -604239.6 10.2 8.8 7.1 6.3 3

316.359-0.362 144311.20 -601713.3 . e e e 3

316.381-0.379 14432421 -601737.4 110 10.0 8.1 6.6 3

316.412-0.308 14 43 23.34 -601300.9 12.8 11.3 9.5 8.0 3

316.484-0.310 14 4355.37 -601118.8 12.7 9.7 7.6 6.4 3

316.640-0.087 1444 18.45 -595511.5 3

GPSC
T T

GPSA ANCAP

[3.6]-[4.5]
N

[3.6]-[4.5]

—_—
[3.6]-[4.5]
= N

-1 o 1 2

[5.8]-[8.0]

-1 o 1 2 3 4 5
[5.8]-[8.0]

1 2 3 4 5
[5.8]-[8.0]

Figure 7. [5.8]-[8.0] v [3.6]-[4.5] colour plot of GPSC, GPSA and AN®AInfrared counterparts respectively. This illustratesttoadening of colour space
with increased source numbers and the general consistéeojoor space between the three datasets. Reddening végter 10

4.1 Theinfrared environmentsof MMB masers

From our visual inspection of the GLIMPSE images we see tiTat 6
GHz methanol masers appear to occur in one of two envirorsnent
those that are embedded within an infrared dark cloud (IR&rE)
those that are associated with bright, often extended,imfidred
emission. We also observe an apparent intermediate stagrelyh
there is a bright mid-IR counterpart associated with theemas
turn embedded within an IRDC. We find 5% of our MMB maser
sample to be associated with IRDCs, 62% of the sample to loe ass
ciated with bright mid-IR emission and a further 21% to beoass

ated with mid-IR emission embedded within IRDCs. The remain
ing 12% of the MMB maser sample are not associated with any
mid-IR emission or visible IRDCs within the GLIMPSE images.

The difference in the environments traced by the masers in-
dicated that 6.7 GHz masers trace more than one common evolu-
tionary stage, as suggested by Ellingsen (2006) who alsudfau
similar fraction of 6.7 GHz masers (albeit from a much smalle
sample) to be associated with IRDCs. If we assume that the dif
ferent mid-IR environments reflect a common evolutionagmnih,
then a plausible scenario is that the IRDC-associated dratéal-
dark masers trace the earliest and most deeply embeddee phas
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Figure 8. Colours of the maser infrared counterparts as a functiopeitare size used in the ANCAP process.

Figure 9. Colour-Colour and Colour-Magnitude plots showing the geh&LlI

MPSE field population (dots), the maser counterpar&asured using our

ANCAP method (open circles) and the maser counterparts Ellimgsen (2006) (solid triangles). The reddening veatalicatesA, = 10.

star formation, followed by a transitional stage whereleygmbed-
ded source begins to break free of the IRDC, becoming visible
the mid-IR, and finally followed by a bright extended mid-IRgse
where the source exciting the maser has disrupted the IRRGyM
of the bright mid-IR sources are found to be extended withees

to the GLIMPSE point spread function and at least some ofthes
sources correspond to compact Hll regions rather than the-po
like morphologies expected by ultracompact or hypercormnpiic
regions.

However, this hypothesis does not take into account the dis-
tance of the maser — for example beyond a distance of 10 kpg-a ty
cal ultracompact HIl region would be unresolved in GLIMP BE-
curate distance determinations (free from kinematic distambi-
guities) are required to determine the spatial extent oéxtended
mid-IR emission combined with follow-up radio observasoto
confirm the HIl region hypothesis by detecting free-free siain
that is morphologically associated with the mid-IR emissfe.qg.
Hoare et al. 2007; Mottram et al. 2007; Urquhart et al. 2008)

To confirm that the IRDC-associated and infrared-dark nsaser
trace an embedded phase of star formation within an IRDOnegju
longer-wavelength observations, e.g. from the MIPSGALveyr
(Carey et al. 2009b) or the Hi-GAL survey (Molinari et al. 2@).

A study based on the results of the MIPSGAL and Hi-GAL surveys
is in preparation and preliminary results indicate thaséhmasers
do indeed trace embedded star formation within these cldads

addition, if these masers represent early deeply embeddasep

of massive star formation some of them may show detectable hy
percompact HIl regions, (e.g. Longmore et al. 2007). High fr
quency high resolution radio continuum follow-up obseinms

will be made to discover which masers are in this categorg Th
role of the infrared-dark masers that are not associatddlRIDCs

is much less clear. We hypothesise that these masers repdise
tant sources whose associated IRDCs have either been edrider
visible by foreground diffuse Galactic mid-IR emission,ave too
small or low contrast to be effectively detected by GLIMPSE.

4.2 Thecoloursof the mid-infrared counterparts of MMB
masers

Prior to the work carried out in this paper, the largest itigagsions

of the GLIMPSE counterparts of 6.7 GHz masers have been car-
ried out by Ellingsen (2006, 2007); Breen et al. (2010a) aretB

et al. (2011). In summary, Ellingsen (2006) took a sampleftf fi

six 6.7 GHz methanol masers and found that 29 masers (52%) hav
GPSC counterparts withir’2This leads to a colour-magnitude se-
lection criterion of [3.6]-[4.5}1.2 and [8.0k 10. In a follow up
paper (Ellingsen 2007) this criterion was used to selec6$67SC
objects. Of these the 100 brightest inu8 and the 100 reddest at
[3.6]—[4.5] were selected as candidates for radio observations in



order to detect 6.7 GHz methanol masers. This led to the tilatec
of 38 maser sources, of which nine were new discoveries.

Breen et al. (2011) followed up 580 6.7 GHz masers drawn
from the MMB catalogue at 12.2 GHz with the Parkes telescope
and identified 12.2 GHz maser counterparts towards a to2b0f
masers. Breen et al. (2011) also investigated the detestaiis-
tics and colours of their maser sample with the GLIMPSE point
source catalogue in the same manner as Ellingsen (2006)dérhe
tection statistics of the Breen et al. (2011) masers arer@esagent
with those of Ellingsen (2006), although there is marginhlgher
detection rate for 6.7 GHz masers without associated 12.2 GH
emission than for sites showing both maser transitionseBet al.
(2011) interpret this difference as an indication thatsswéth both
maser transitions may be more evolved than those showing onl
6.7 GHz maser emission. The infrared colours of the maser-cou
terparts were found to be similar to the smaller sample ongdien
(2006).

In our visual inspection of the GLIMPSE images and posi-
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infrared emission (e.g. IRDCs or Extended Green Objects){ar

different mid-infrared colour or magnitude. We cannot g evo-
lutionary effects within our sample, although we can codelthat
the physical mechanism behind the GLIMPSE emission isylitel
be unrelated to that driving the masers themselves.

4.4 Methanol masersastracers of star formation

The MMB masers are found to be rather weakly associated with
Extended Green Objects (EGO) and Red MSX Survey (RMS)
sources, with~18% of MMB masers found to be associated with
EGO and 12% found to be associated with RMS HII regions or
YSOs (with 20 masers in common between EGO and RMS, which
is 3% of the total number of masers). We find that the EGO detec-
tion rate is consistent with that of Cyganowski et al. (20@88en

the split between “likely” and “probable” EGOs is considirac-
counting for masers that are associated with both EGOs an RM
objects, there are 23% of the MMB sample that are found to be as

tional cross-matches with the GPSC and GPSA we found that a sociated with either an EGO or an RMS object. A further 17% of

significant fraction of the maser counterparts (480 masetb
769) are extended in the mid-IR. As described in Sect. 3.2 @& m
sured the fluxes in all 4 IRAC bands of 512 MMB maser counter-
parts using our adaptive non-circular aperture phometrthoak
which is ~ a factor 2 increase over simply matching against the

GPSC or GPSA catalogues, an order of magnitude increase over

the sample of Ellingsen (2006) and more than doubling theBre
etal. (2011) sample . Despite the much larger size of our kawgp
find a striking agreement between the colours of our masat-cou
terparts and those of Ellingsen (2006) and Breen et al. (2F1g-
ure 9 reveals that both samples occupy a very similar colpaces
and are much redder than the typical GLIMPSE populationun o
larger sample we observe a marginally wider scatter in ¢elthan
Ellingsen (2006) and Breen et al. (2011), particularly ifooos in-
volving the 8um band, however there are no clear trends. A small
number of masers show stellar colours consistent with thergée
GLIMPSE population. These masers are likely to be chanee lin
of-sight alignments with foreground or background stars.

MMB masers have no detectable mid-infrared counterpaittsgre
being associated with an IRDC or with no detectable couatérp
which means that 60% of the MMB sample are infrared-bright bu
arenot associated with other known massive star formation tracers
such as EGO or RMS objects.

The question thus arises as to why the RMS and MMB sur-
veys are only weakly correlated, if the hypotheses that bgibs

of object trace current massive star formation are corréatéon-
sider this question we must first recall that RMS is a survey ith
primarily based on infrared selection, with specific MSXaolcri-
teria required for selection as a candidate massive YSO ¢dem

et al. 2002) followed by detailed inspection at other wangths

to weed out contaminants (Urquhart et al. 2008). The MMB sur-
vey on the other hand does not rely upon infrared selectieneiyn
upon the initial detection of a 6.7 GHz maser by Parkes arslits
cessful recovery at higher angular resolution by the ATCé\a8y
difference between the populations traced by RMS and MMB may
simply be due to a difference in the intrinsic mid-infraresazirs

As noted in Ellingsen (2006) the masers appear to occupy a of RMS sources and 6.7 GHz masers.

colour-space similar to that of Class 0 protostars as medeti
Whitney et al. (2003). However, itis also similar to the mygoccu-
pied by HIl regions as shown in Cohen et al. (2007) and we shoul
not draw the conclusion that the maser counterparts irgriap-
resent a Class 0-like object with an in-falling envelopehwitt first
excluding the possibility that some, at least, are Hll regio

4.3 Therdationship between maser and infrared properties

With our large sample of maser infrared counterparts andniwe-
sured properties (e.g. 6.7 GHz flux, luminosity, velocitpgea) of
their corresponding masers from the MMB Survey we are in the p
sition to search for correlations between properties ofinfrared

We investigate the colours of the RMS and maser populations
in Figure 10, by plotting thg3.6] — [4.5] colour versus thé3.0]
um magnitude for maser counterparts both associated andainas
ciated with RMS sources. It can clearly be seen in Figure &0 th
the RMS-associated masers are both brightés.a} xm and bluer
in [3.6] — [4.5] than those maser counterparts that are not associated
with RMS objects. The former is relatively easy to explaire da
the fact that all RMS sources were selected from the MSX Surve
The MSX Survey was much shallower than GLIMPSE and has a
limiting magnitude of~6.2 at 8.2um (Cohen, Hammersley & Egan
2000), although may reach deeper in regions that are le$gsazh
by the diffuse Galactic background. Hence the non-assoniaf
MMB masers that are fainter than a magnitude-@.2 at 8.0um

and 6.7 GHz maser emission. This would enable us to search forwith RMS sources is entirely consistent with the limiting gna

potential evolutionary effects similar to those suggestgdreen

& Ellingsen (2011) and Breen et al. (2012) in which the lunsity

and velocity range of water and methanol masers are founeé to b
correlated with the volume-averaged density of their hadecular
clumps. We searched for trends in all of the measured IR ptiepe
contained in this paper (magnitude, colour, morpholog\gires}
each of the measured 6.7 GHz properties from the MMB survey
(6.7 GHz flux and velocity range). We found no significant tien

tude of MSX. A total of 304 of the 512 MMB maser counterparts
for which we obtained photometry via the ANCAP procedure are
fainter than magnitude 6.2 at 8.0n.

Secondly, it can be seen that the masers extend to a bluer re-
gion in[3.6] — [4.5] than the RMS sources, extending into the do-
main wherg3.6] — [4.5] < 1. The RMS sources are (by definition)
selected to be red in MSX bands, with one key criterion belag t
Fo1um > Fsum, corresponding approximately (8] — [21] > 0.8.

in any case. There is no tendency for the MMB masers to have mea If this is similar to a corresponding criteridf.6] — [4.5] > 1 for

surably different properties for different morphologicidsses of

the typical RMS source this could fully account for the oleer
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Figure 10. Colour - Magnitude diagram comparing masers with counter-
parts within RMS (solid circles) to the GLIMPSE masers (op@&ngles).
We show a reddening vector df;, = 10.

absence of RMS sources with.6] — [4.5] < 1 in Figure 10. A
secondary effect may arise from the poorer angular resoludf
MSX relative to GLIMPSE for 8.um measurements. We might
then interpret the fact that masers trace bluer objectstti@RMS
as being due to contamination of the MSX photometry by nearby
potentially stellar, objects. In Figure 11 we show 8 GLIMPSE
images of two MMB masers that are not associated with an RMS
source. The large circle marked on the image representsetima b
size of MSX at 8.Qum and shows the presence of a number of ad-
ditional objects within the MSX beam. The flux from these latel
objects increases the 8.n MSX flux sufficiently that these two
masers fail thgg] — [14] selection criterion of the RMS Survey. We
checked a random sub-sample of MMB masers using MSX pho-
tometry and found that this is generally the case for thosgensa
with bright MSX counterparts. The RMS survey is thus natyral
biased towards bright massive star forming regions thasatated
on the scale of the MSX beam.

Hence the reason that MMB and RMS appear to trace weakly
related populations is entirely consistent with the propsrof the
initial RMS selection criteria, i.e. towards brighter iafed coun-

terparts with[8.0] S 6.2 and for regions with relatively uncon-
fused MSX photometry. The MMB survey thus offers a powerful
technique for identifying massive star forming regiong thande-
pendent of infrared selection (e.g. Ellingsen et al. 1996nd@sen,
Shabala & Kurtz 2005).

Looking in more detail at the classifications of RMS objects
found in the MMB maser sample, we see that the majority of the
RMS objects found to be associated with masers belong tog@ Y
category (56/82 objects), with the next highest categasp@ation
being “HIl region” (22/82 objects). This is consistent wihr vi-
sual inspection of the GLIMPSE images wher80% of the MMB
maser sample were found to be point-like (similar to the near
IR/Spitzermorphology of YSOs found by Urquhart et al. 2008)
and the remainder either extended or infrared-dark.

The RMS survey were able to determine unambiguous kine-
matic distances, and hence luminosities, for 78 of the 82 RMS

» - * "
. & P 5 -
. . . L
- . " 2 ’
L > s - . .
. .
’
. - » = ... »
> = s & I
p » > v
& .
. 2 TR 3
- . > -
. .
: SHO R ;
2 . e » . B i w [ Y . g
- . 8 »v» . -
.' - - E - * it 7
L .
- - .
. »
» . .... . >, . "
g P » X B
. 8 . - 9.
. ~Q‘. . * o~y " B
» N 2 LY
e . s > a
- e - 'S » & :
. Sk .
s >
» A
.o’ - Ay v -
- » ‘ .- . 5
. .® % 4 »
- . .". . 2 2 .
» 4 > . .
. o
» - L » ]
» . Y »
L3 : * . ‘e
. .. -
> 3 . 2 »’ L
. . »
2 3 > . ‘.. .
. .
., 5
> .

«
v
.
. *
v .
.
.
v

Figure 11. GLIMPSE 8.0um images of two masers from the MMB cata-
logue that are not associated with RMS sources. The largge cepresents
the beam size of MSX at 8m and the smaller circle indicated the posi-
tion of the MMB maser. The GLIMPSE images clearly reveal a hanof
nearby confusing objects, possibly stellar in nature, whiisx results in
the MMB maser infrared counterpart failing the RMS selattaiteria.

masers{12%), by this approach we are confident that our sample
of masers does not contain a significant fraction of low lursity
objects. The RMS survey contains YSOs with luminosity doan t
a few tens to hundred&s and so, if low-luminosity YSOs were
common in the MMB sample we would expect to have discovered
some of them in our catalogue cross-match.

The implication is that 6.7 GHz masers trace a range of evo-
lutionary stages in massive star formation, from those splge
embedded within their parent clouds that they are undddtece 8
wm (e.g. Parsons, Thompson & Chrysostomou 2009), to YSOs and
HIl regions. Caution must, however, be exercised as thétyésl
that massive star forming regions are highly complicateti@m-
fused complexes. We note that increasing the matching sddiu
MMB masers and RMS objects fronf 20 5” almost doubles the
number of matched MMB masers. A more sophisticated analysis
using maps of extended structures and precise point soosie p
tions, is needed to disentangle the precise relationstipdes 6.7
GHz masers, Hll regions and YSOs.

In a future publication we will investigate the bolometng |

sources associated with MMB masers. All of these RMS sources minosity of the MMB sample by usinglerschelmeasurements of

have luminosities that are consistent with massive stamifg re-
gions; the minimum luminosity found is ta o, with a median
for the sample of 3.210* L. Although we are only able to de-
termine the bolometric luminosity for a small fraction of MBV

their SEDs from the Hi-GAL survey (Molinari et al. 2010b). \Mle
also conducting distance determinations (e.g. Green & MieCl
Griffiths 2011) and additional multiwavelength follow-ufssmilar
to the RMS survey) to complement Herschel measurements so as



to achieve our goal of extending full evolutionary classifion to
all MMB sites.

45 Theinfrared cluster maser connection

The cross match of the MMB and the infrared cluster catalsgue
(Mercer, Bica and Froebrich catalogue, plus the UKIDSS D&4 ¢
alogue in preparation) yielded only 14 cross matches. Aabisu
spection of the GLIMPSE images and of the UKIDSS GPS (Lucas
et al. 2008) images, where available, shows that the mgjoirthe
maser-associated clusters are not distinct in the nearedrand
that only two masers are clearly associated with infraredtets.
We also cross-matched the RMS catalogue to our cluster sampl
with the result that only 28 clusters are associated with SR80

or Hll region. These two observations tentatively sugdest mas-
sive star formation has ended by the time a cluster becorsta-di
guishable in the near infrared. However, we must considefabt
that the cluster catalogues used in this work contain mostérby
clusters (Bica & Bonatto 2008), or clusters with predomthalow
mass star formation, whilst the MMB and RMS sources are sprea
over a wide range of distances. Therefore we should be egitio
drawing any firm conclusions from this match. Cross matcltiregy
MMB with the much deeper UKIDSS Infrared cluster catalogue
(Lucas et al in prep.), should provide a more reliable intiticedue

to the number of more distant clusters detected; a prelipicrass
match with the UKIDSS Infrared cluster catalogue so fargatis
that the lack of correlation between masers and infrarestets
continues within the deeper survey.

5 SUMMARY & CONCLUSIONS

We have carried out a detailed study of the mid-infrared renvi
ments of the 6.7 GHz methanol masers discovered in the MMB
Survey using theéSpitzerGLIMPSE survey. Our study comprises
776 6.7 GHz masers within the GLIMPSE |, Il and 3D survey
regions. We have implemented an adaptive non-circulartager
photometry technique (ANCAP) that determines the mid-IR flu
of infrared counterparts to the masers in all 4 GLIMPSE bands
Our ANCAP technique doubles the number of masers with fluxes
in all four bands (512 masers) compared with the correspondi
number of counterparts obtained from the GLIMPSE point seur
catalogue (219 or 253 masers depending on whether the leeliab
GLIMPSE Catalogue or complete GLIMPSE Archive are used).
We also examine the positional association of the masefs avit
number of star formation tracers: EGOs, IRDCs, RMS sournds a
infrared clusters.

We reach the following conclusions:

(i) Visual inspection of the images around each maser re&al
generally complex infrared morphology with the maser ceunt
parts often being extended with respect to 8mtzerPSF. The
morphology of the maser environments falls into one of faaald
categories:a) the maser is embedded within an IRDC with no
IRAC counterpart and thus has no detectable infrared couante
(37 masers)b) the maser is located within an IRDC and has a de-
tectable counterpart (164 masers)infrared-bright masers, often
with extended counterparts, and that are not associatedRCs
(473 masers); and) masers with no detectable infrared counterpart
and that are not associated with an IRDC (95 masers).

(ii) We find that colours of the MMB maser counterparts sam-
ple agree very closely with those of a smaller sample stubdied
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Ellingsen (2006) and Breen et al. (2011), but with a mardynal
larger scatter in colour. The region of mid-infrared colepace
traced by the masers is similar to that of Class 0 protostéist(
ney et al. 2003) and Hll regions (Cohen et al. 2007).

(i) We find 112 Extended Green Objects (EGOs) from the
Cyganowski et al. (2008) catalogue to be associated with MiVIB
GHz masers (out of 608 masers searched), with the implic#tat
EGO-targeted searches are able to detect only 18% of thetdz7 G
masers. We also investigated extensively the fraction dDE@at
have a 6.7 GHz maser counterpart, and show that the invéstiga
by Cyganowski et al. (2009) is compatible with our more ccetepl
statistics once the Cyganowski et al. (2009) sample is cterdefor
the “likely” rather than “possible” EGOs.

(iv) Few masers (and few embedded RMS sources) are found
within 1’ of infrared clusters which suggests that ongoing massive
star formation has largely ceased by the time a cluster ¢ethghle
in the near-infrared. However this result may be due to adst
bias in the catalogue of infrared clusters used.

(v) The MMB masers are found to be rather weakly associ-
ated with RMS objects. Only 82 MMB masers lie withif »f
an RMS object of type “HIl region” or “YSO”, with the major-
ity (56 masers) associated with type “YSO”. Combining tleisuit
with the EGO sample implies that 60% of the MMB masers have a
detectable infrared counterpart within the GLIMPSE sutvatare
notassociated with other known massive star formation trabées
corroborate the common belief that 6.7-GHz masers are iassdc
with an early stage of star formation, often extending eathan
the ultracompact HIl region phase (Ellingsen 2006; Walshlet
1998). Hence, the MMB survey offers a powerful way of identi-
fying massive star forming regions that is independent fshned
selection (Ellingsen, Shabala & Kurtz 2005; Ellingsen ef8b6).

(vi) MMB masers appear to trace a range of phases in the mas-
sive star formation process, with some masers associatdd wi
IRDC and some with infrared bright YSOs or HIl regions. Fetur
work to investigate the nature of infrared-dark masers goargy
and includes studies of the far-IR & sub-mm SEDs (using-be
schelHi-GAL survey, Molinari et al. 2010b) and of their high fre-
guency radio continuum to identify hypercompact Hll regide.g.
Longmore et al. 2007)
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