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1 INTRODUCTION

ABSTRACT

This is the second paper in a series of catalogues of 22-GHz water maser observations
towards the 6.7-GHz methanol masers from the Methanol Multibeam (MMB) survey. In this
paper, we present our water maser observations made with the Australia Telescope Compact
Array towards the masers from the MMB survey between [ = 341° through the Galactic
Centre to [ = 6°. Of the 204 6.7-GHz methanol masers in this longitude range, we found
101 to have associated water maser emission (~50 per cent). We found no difference in the
6.7-GHz methanol maser luminosities of those with and without water masers. In sources
where both maser species are observed, the luminosities of the methanol and water masers
are weakly correlated. Studying the mid-infrared colours from GLIMPSE (Galactic Legacy
Infrared Midplane Survey Extraordinaire), we found no differences between the colours of
those sources associated with both methanol and water masers and those associated with
just methanol. Comparing the column density and dust mass calculated from the 870-um
thermal dust emission observed by ATLASGAL (APEX Telescope Large Area Survey of the
GALaxy), we found no differences between those sources associated with both water and
methanol masers and those with methanol only. Since water masers are collisionally pumped
and often show emission further away from their accompanying young stellar object (YSO)
than the radiatively pumped 6.7-GHz methanol masers, it is likely that water masers are not as
tightly correlated to the evolution of the parent YSO and so do not trace such a well-defined
evolutionary state as 6.7-GHz methanol masers.
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zel et al. 1981; Hofner & Churchwell 1996) and in bow shocks
from outflows and expanding shells (Hofner & Churchwell 1996;

Masers are useful tools for studying star formation as they are bright,
intense and observable at radio frequencies, thus allowing us to see
into the dusty environments of young stellar objects (YSOs).
Water masers were first discovered by Cheung et al. (1969) to-
wards Sgr B2, Orion A and W49 and are now known to be the most
widespread of the known maser species (e.g. Walsh et al. 2011).
They are found within the envelopes of evolved asymptotic giant
branch stars and around YSOs. For water masers accompanying
high-mass YSOs, very long baseline interferometry observations
have shown that they have found the discs surrounding them (Tor-
relles et al. 1998), in their high-velocity bipolar outflows (e.g. Gen-
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Carrasco-Gonzilez et al. 2015). The 22-GHz water maser 6, —
5,3 rotational transition is the brightest spectral line at radio fre-
quencies and shows much greater temporal variability than those
of other species (Brand et al. 2003). Other transitions of water
have also been observed, especially the higher frequency vibra-
tional transitions towards evolved stars (Menten & Melnick 1989).
Water masers are pumped by collisions with H, molecules within
shocks associated with outflows or accretion (Elitzur, Hollenbach &
McKee 1989; Garay & Lizano 1999) and may reside further away
from their parent YSO than 6.7-GHz methanol masers (see Forster
& Caswell 1989; cf. Caswell 1997).

Methanol masers have been empirically divided into class I and
class II types. Class I methanol masers appear spread around a star-
forming region, distributed over linear scales of up to 1 pc (e.g.
Kurtz, Hofner & Alvarez 2004; Voronkov et al. 2006; Cyganowski
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et al. 2009; Voronkov et al. 2014; Jordan et al. 2015), whereas class
II methanol masers reside close to their parent YSO (e.g. Caswell
1997). Modelling of maser pumping mechanisms has shown that
class I methanol masers are pumped by collisions with molecular
hydrogen, whereas the class II methanol masers are pumped by
infrared radiation (e.g. Cragg et al. 1992; Cragg, Sobolev & Godfrey
2002; Voronkov et al. 2005).

6.7-GHz methanol masers make ideal candidates to study the con-
ditions at the sites of young, high-mass stars as they are found exclu-
sively at sites of high-mass star formation (Pestalozzi, Humphreys
& Booth 2002; Minier et al. 2003; Xu et al. 2008; Breen et al. 2013).
The Methanol Multibeam (MMB) survey was conducted to make
an unbiased survey of the Galactic plane for 6.7-GHz methanol
masers. The MMB covered the entire Galactic plane observable
with the Parkes 64-m dish in Australia (longitudes 186°, through
0°, to 60°) with latitude coverage of |b| < 2°. For sources without
interferometric positions already available, the detections were fol-
lowed up with the Australia Telescope Compact Array (ATCA) and
the Multi-Element Radio Linked Interferometer Network to obtain
precise positions. Catalogues covering the entire MMB region have
now been published (Green et al. 2009, 2010, 2012; Caswell et al.
2010, 2011; Breen et al. 2015).

Another large-scale, unbiased survey for masers is the H, O south-
ern Galactic Plane Survey (HOPS; Walsh et al. 2011, 2014). HOPS
surveyed 100 deg? of our Galaxy for water masers and many other
molecular lines with the Mopra Radio Telescope, and the water
maser detections were subsequently followed up with the ATCA.
HOPS is ideal for studying water masers in all the different envi-
ronments that they form; however, for comparison with the MMB,
it lacks sensitivity (HOPS is estimated to be 98 per cent complete
down to 8.4 Jy compared to the MMB which is estimated to be
approaching 100 per cent completeness at 1 Jy).

It has been proposed (e.g. Ellingsen et al. 2007, 2013; Breen
et al. 2010a) that the presence and/or absence of different maser
transitions correspond to different evolutionary stages of the parent
YSO. Masers can be associated with ultra-compact H u (UCH 1)
regions (Phillips et al. 1998; Walsh et al. 1998) and at younger
stages embedded within infrared dark clouds (Ellingsen 2006).
Breen et al. (2010a) have shown that YSOs with only 6.7-GHz
methanol masers are at an earlier stage of evolution than those with
12.2-GHz methanol and OH masers. How water masers fit into this
evolutionary sequence remains unclear. There is now some evidence
that water masers may not fit such a well-defined evolutionary stage
as other types of masers. Water masers can be found at a wider range
of projected physical separations from their associated YSOs, and
so may not always be closely tied to the physical conditions there
(Breen et al. 2014; Titmarsh et al. 2014).

The conditions under which methanol and water masers form are
also very different. 6.7-GHz methanol masers benefit from strong
background radiation; however, this is not needed for 22-GHz wa-
ter masers to exist and modelling suggests that this may even sup-
press them. In addition, after shock destruction, water masers re-
form quickly (e.g. Hollenbach, Elitzur & McKee 2013), whereas
methanol forms slowly on dust grains (Dartois et al. 1999) and once
it has been destroyed it is lost in that region during that star forma-
tion episode. Water and methanol masers also have very different
excitation temperatures (~49 and ~646 K, respectively) and condi-
tions for strong inversion. The 6.7-GHz methanol masers are found
in dust temperatures of < 500 K and their ideal number densities are
10"2-10"3 m~3 and are quenched at >10"* m~3 (Sobolev, Cragg &
Godfrey 1997). These temperatures and densities are at the bottom
of the range of conditions water masers can be found in. They can
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be found under a wide range of conditions, but they mostly favour
temperatures of ~800 K and number densities of 10> m™3 (Gray
et al. 2016).

Since masers are found within the dusty envelopes of high-mass
star formation, it is useful to compare maser data to the thermal
dust emission. Dust emission is optically thin at submillimetre
wavelengths and is useful for tracing column densities and clump
masses. Submillimetre emission allows us to study the coldest, dens-
est regions where stars are forming. Recently, there have been two
large, unbiased surveys of the Galactic plane in the submillimetre
regime: the Bolocam Galactic Plane Survey (BGPS; Rosolowsky
etal. 2010) at 1.1 mm and the APEX Telescope Large Area Survey
of the GALaxy (ATLASGAL,; Schuller et al. 2009; Contreras et al.
2013; Csengeri et al. 2014) at 870 pm.

In this paper, we report the 22-GHz water maser follow-up of the
MMB in the longitude range / = 341° through the Galactic Centre
to [ = 6°. All the MMB sources in the range [ = 310°-341° have
also been observed for water masers. In addition, during all our
MMB follow-up observations, we also observed the ammonia (1,1)
and (2,2) transitions and, when available, an additional 2 x 2 GHz
continuum bands with 32 x 64 MHz channels. The rest of the water
maser, ammonia and continuum observations will be reported in
future publications.

2 OBSERVATIONS AND DATA REDUCTION

The observing strategy for the water maser follow-up of the MMB
survey is described in detail in Titmarsh et al. (2014). Here we only
repeat the essential details.

We targeted all the MMB sources for water maser emission in
the range / = 341° through the Galactic Centre to [ = 6°, in-
cluding those that had been observed before, with the ATCA. We
re-observed those that had been targeted before to ensure that we
had a statistically complete sample of water masers at one epoch.
The sources in the range / = 341°-2° were observed with the H214
array configuration on 2011 June 3-5 and / = 2°-6° were observed
using the H168 configuration on 2011 August 8. At 22 GHz, the
primary beam of the ATCA is 2.1 arcmin and the synthesized beams
of the H214 and H168 configurations are ~9.6 and ~12.4 arcsec,
respectively.

For calibration, we used PKS B1934—638 for the primary flux
density, PKS B1253—055 for the bandpass and PKS B1646—50
for the phase calibrator on the 2011 June 3 observations and PKS
B1714—336 for the 2011 June 4-5 and August 8 observations. We
spent 1.5 min observing the phase calibrator every ~10 min, and in
between we observed groups of six nearby MMB targets for 1.5 min
each. Each target was observed at least four times, giving a total
on-source time of > 6 min, over an hour angle range of 6 h or more
to ensure sufficient uv-coverage for imaging.

We used the Compact Array Broadband Backend (Wilson et al.
2011) with two zoom bands of 64-MHz bandwidth with 2048 spec-
tral channels. We centred the first band at the 22.235-GHz water
maser transition and the second half-way between the ammonia
(1,1) and (2,2) transitions at 23.708 GHz. This corresponded to a
channel width in velocity of 0.42 and 0.39kms~! for the water
and ammonia bands respectively and velocity resolutions for uni-
form weighting of the spectral channels of 0.50 and 0.47 kms™!
and velocity coverages of >800kms~'. The 50 detection limit for
these observations ranged from ~125 to ~250 mJy depending on
weather conditions and total time on-source. In addition, 2 x 2 GHz
continuum bands with 32 x 64 MHz channels were available for
the 2011 August observations.
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The water maser data were reduced in MIRIAD (Sault, Teuben &
Wright 1995) using standard techniques for ATCA spectral line
data, and all the velocities were corrected to the local standard
of rest (LSR). We inspected the image cubes within an arcminute
radius of each methanol maser position to find the associated water
masers, and the spectra were produced from these image cubes by
integrating the emission at each maser site.

For masers previously observed with the ATCA by Breen et al.
(2010b), our positions agreed to within < 2 arcsec. The astrometric
accuracy of ATCA measurements of water masers is, under ideal
conditions, around 0.4 arcsec (Caswell 1997) and is set by the pre-
cision to which the coordinates of the phase calibrators have been
measured and other systematics such as the antenna positions. For
observations at 22 GHz, varying water vapour content in the atmo-
sphere degrades the phase calibration and the typical astrometric
accuracy for the current observations is estimated to be within an
arcsecond in good weather conditions.

Many maser sites consist of a collection of emission ‘spots’. The
spread of the maser spots also limits the positional accuracy we
can achieve for each maser site since there is some physical scatter
of these spots. Hence, the measured position of the maser site can
change as water masers are variable and a different spot may now be
the strongest. However, from epoch to epoch, we expect the change
due to scatter in the strongest maser spots to be of the same order
as the astrometric accuracy or lower.

3 RESULTS

Here we report the 22-GHz water masers detected towards the 6.7-
GHz methanol masers in the Galactic longitude range 341°-6°. We
found 101 of the 204 MMB sources in this range to have associated
water maser emission (~50 per cent). Fig. 1 shows a histogram
of the offsets between the target methanol masers and the water
masers detected around them. We have used an offset of < 3.0
arcsec from the 6.7-GHz methanol maser to establish association
with the exception of G05.885—0.393 (for details see Section 3.1).
Note that 3 arcsec is not the positional uncertainty of our maser sites,
rather the angular separation we deem reasonable to determine if
masers are associated with the same YSO. We have used a 3-arcsec
criterion in this paper and in Titmarsh et al. (2014) as it will include
all the real associations and is consistent with what has been used in
other large, high-resolution surveys of water masers with the ATCA
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Figure 1. Separations between methanol maser targets and our detected
water masers. We found masers out to offsets of over 50 arcsec, so we have
zoomed in on the x-axis for clarity.
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Figure 2. Linear separations between methanol maser targets and our de-
tected water masers. We only show up to 1 pc for clarity.

such as Breen et al. (2010b) and Caswell et al. (2010). The spectra
of the associated water masers taken with the ATCA are presented
in Fig. Al, and comments on individual sources of interest are in
Section 3.1. We have only determined maser associations based on
their angular separation. We did not use their velocities as water
masers are well known for showing emission a long way from
the systemic velocity of the region often spanning many tens to
hundreds of km s~!.

We have looked at the distributions of the physical separations
in the plane of the sky as we have good distance estimates to these
masers. The distances were taken from Green & McClure-Griffiths
(2011) or Motogi et al. (2011) where available, of which a few are as-
trometric distances but the majority are the kinematic distances with
the near—far ambiguity resolved using H 1 self-absorption. For the
remaining sources, we used the 6.7-GHz methanol peak velocities
and the Reid et al. (2009) rotation curve to estimate their distances.
For 15 sources, the Reid et al. (2009) rotation curve produced very
unrealistic distance estimates, particularly near the Galactic Centre
where non-circular motions are large. For these sources, we used
estimates which utilize a Bayesian approach which takes into ac-
count a range of distance estimations including any trigonometric
parallax distances of nearby sources, CO and kinematic distances
(Reid, private communication).

The distribution of projected distances between the methanol
and water masers is given in Fig. 2. Given the varying distances
to the masers, determining association based on linear separations
is desirable; however, for ease of comparison with previous work
and consistency with the previous instalment of this catalogue, we
have used the 3-arcsec angular separation criterion. This will make
little difference to our results as most of the water masers we have
classified as associated are within 0.05 pc of their methanol maser
and all are within 0.2 pc. There are a small number of masers that
we have classified as not associated within 0.05 pc. A couple are
separated by less than 3 arcsec; however, these were close pairs
of methanol masers with only one water maser detected (within
3 arcsec of both of them) and the water masers have been assigned
to the closest methanol maser. The rest have separations greater than
3 arcsec. Further analysis of linear separations has been left to future
publications.

The results of the search are summarized in Table 1: column 1
gives the source name (Galactic longitude and latitude) of the target
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Table 1. Positions and parameters of 101 water masers associated with 6.7-GHz methanol masers. RA and Dec. are in J2000 coordinates. Epochs are coded
1,2, 3 and 4 for 2011 June 3, 2011 June 4, 2011 June 5 and 2011 August 8, respectively. Associations with 12.2-GHz methanol masers (Breen et al. 2012)
are indicated with an ‘m’, associations with the 1665 MHz transition of OH masers (Caswell, 1998; Caswell et al. 2013) are indicated with an ‘0’ and sources
marked with an “*” are within the survey region for OH by Caswell (1998) and no emission was detected. Sources observed for water masers in 2003 and/or
2004 by Breen et al. (2010a) are indicated with a ‘w’. Distance estimates are from Green & McClure-Griffith (2011) or Motogi et al. (2011) where available;
others are the near kinematic distances (these are in italics) and the remainder are from Reid (private communication; these are in square brackets).

MMB target Equatorial coordinates 6.7-GHz methanol

name RA Dec. Vok 7 A Spk Sint Vok Vi A Offsets Epoch Dist. Assoc.
(1.b) (hms) ' (kms™") dy) (ykms™) (kms™") (arcsec) (kpc)
341.218—0.212 1652 17.88 —442652.8 —39.5 —51.1 —34.8 106.0 505.0 -379 —-50.0 =350 0.6 1 3.1 mow
341.2764+0.062 16511938 —4413449 —-749 —-77.1 —-70.8 1.6 6.9 -70.5 =775 —655 0.5 1 11.5 mow
341.97340.233 16530296 —433455.1 —139 —-17.1 =87 1.2 6.1 —-11.5 —125 —105 04 1 1.0 *
342.446—0.072 16555991 —432423.1 —-202 282 —18.6 1.0 43 -30.0 =325 —14.0 0.7 1 20  m*
342.48440.183 16550230 —431300.1 —494 532 —31.5 149 108.0 —419 —445 385 0.3 1 129 m*w
342.954—0.019 1657 30.63 —425834.6 —6.1 —-158 27 33 20.9 —4.1 —-140 =20 03 1 07 *
343.502—0.472 1701 18.46 —4249373 —48.6 —50.7 —255 3.6 26.0 —420 —430 -32.0 09 1 30 m*
343.756—0.163 170049.88 —422608.8 —388 —450 —53 348 268.0 —-30.8 =325 =240 0.7 1 25 0F
344.227—-0.569 170407.90 —4218393 —1.4 -52.1 10.1  11.0 230.0 —19.8 =330 —105 1.4 1 2.1 mow
344.581-0.024 17025771 —4141539 =34 —353 19.1  366.0 2840 1.6 —5.0 2.5 0.2 1 162 ow
345.003—0.223 17051092 —412906.6 —83.6 —86.8 21.8 113 623 —-23.1 =250 -20.1 0.6 1 22 mow
345.0124+1.797 165646.88 —401408.2 —113 =312 9.6 88.7 534.0 —-122  —-160 —10.0 09 1 1.3 mw
345.131-0.174 17052323 —412110.6 —-27.1 —323 —209 49 40.8 —-289 -31.0 -—-28.0 0.2 1 27 0%
345.407—-0.952 17093543 —4135563 —162 —254 —11.8 04 33 —143 —155 —14.0 0.8 1 1.5  ow
345.424—-0.951 17093855 —4135046 —141 —-263 —-9.0 09 7.7 —-132 =210 -50 0.1 1 14 w
345.44140.205 170446.87 —405238.1 —203 375 3.6 2.7 42.4 0.9 —13.0 20 0.1 1 108 *
345.487+0.314 17042837 —404629.8 5.7 —584 7.6 1.7 12.9 —226 —240 =215 19 1 23w
345.5054+0.348 17042295 —-4044246 -—-224 —-262 —9.6 48 454 —-17.8 =231 —10.5 3.0 1 10.8  mow
345.807—0.044 170659.84 —404408.2 2.7 -3.8 3.6 1.0 4.1 -2.0 -3.0 —-0.5 0.0 1 10.8 m*
345.824+0.044 170640.70 —404009.8 —204 —241 —12 8.1 44.5 -103 —-120 -9.0 0.1 1 109 *
345.949—-0.268 170823.61 —404521.3 -8.1 —-11.8 =38 12 7.8 -219 -225 214 03 1 141 *
345.985-0.020 170727.57 —4034434 -77.6 —-90.5 —699 113 777 —84.1 855 —81.7 02 1 1.0 *
346.036+0.048 17 0720.01 —4029489 —123 205 -7.6 5.0 19.7 —6.4 —-145 -39 0.1 1 109 *
346.23140.119 170739.05 —401752.6 —91.9 —1094 -90.2 3.1 10.0 —-95.0 —-96.6 —92.6 0.6 1 107 *
346.517+0.117 170833.07 —4004 147 2.2 —4.3 35 0.6 3.8 -1.7 -3.0 1.0 1.4 1 109 *
346.522+0.085 17084221 —400508.4 8.1 -59 102 23 16.8 5.7 4.7 6.1 1.1 1 109  *w
347.23040.016 1711 11.14 -3933272 —-748 —788 —68.8 9.6 33.1 —689 —699 —68.0 04 1 1.5 *
347.583+0.213 171126.74 —3909224 —100.4 —1045 —-93.1 0.5 6.0 —102.5 —103.8 —96.0 0.3 1 53 m*
347.62840.149 17115097 —-390929.8 —923 —95.0 —904 6.7 20.3 -96.5 —989 —-950 09 1 53 ow
347.631+0.211 17 1136.13 —3907069 —-89.8 —97.1 —854 245 973 —919 —-940 —89.0 1.0 1 57w
348.550—0.979 17192030 —390351.8 —24.1 —-254 —154 0.8 4.1 -106 —190 -7.0 1.3 1 1.7 mo
348.579-0.920 171910.61 —-390024.5 —10.6 —-169 -85 8.0 30.4 —-150 -160 —14.0 04 1 19 o
348.617—1.162 1720 18.64 —390650.7 —9.3 —-235 —42 15 8.0 —-114 215 -85 0.1 1 19 m
348.6544+0.244 17143241 -—-381616.7 18.1 13.3 209 17.0 633 16.9 16.5 175 0.5 1 112 *
348.8844+0.096 17 1550.08 —381012.7 —785 —90.3 —73.1 53 46.5 —-745 =790 —=73.0 0.6 2 11.1  mow
348.892—0.180 17 1700.17 —381928.2 7.1 —-183 133 15 14.0 1.5 1.0 2.0 0.9 2 1.2 ow
349.067—0.017 1716 50.70 —380514.3 13.0 —9.0 169 09 3.8 11.6 6.0 16.0 04 2 113 ow
349.0924+0.106 17 1624.54 —3759458 —-80.5 —87.3 —546 158 115.0 —81.5 —83.0 —78.0 0.6 2 56  mow
349.15140.021 17165586 —375947.7 15.2 12.5 229 0.8 6.2 14.6 14.1 250 03 2 1.3 *
349.799+0.108 17 1827.70 —372503.5 —60.7 =735 —=55.0 4.1 18.2 —624 —655 =574 05 2 51 m*
350.0154+0.433 17174536 —370311.5 —253 —41.6 -85 1.8 17.7 —-304 370 -29.0 1.0 2 129 ow
350.1044-0.084 17 1926.64 —371053.0 —74.0 —83.3 —62.1 152 140.0 —68.1 —69.0 —675 04 2 53
350.18940.003 172001.38 —370930.3 —655 —67.6 —61.3 0.6 23 —624 —650 —62.0 04 2 51 %
350.3404-0.141 17195339 -365721.2 —549 —-90.1 514 0.8 14.2 —584 —60.0 =575 25 2 1.5 m*
350.356—0.068 172047.54 —-370341.6 —71.3 —744 —63.1 04 1.6 —67.6 —68.5 —66.0 0.3 2 1.2 *
350.520—0.350 17222540 -370513.4 —-269 —-384 —-92 33 30.8 —246 250 -—220 1.0 2 30 %
350.686—0.491 17232859 —-370148.6 —14.1 —17.1 —11.5 22.0 575 —13.8 —150 —13.0 05 2 2.1 mow
351.16140.697 17 1957.44 —-3557532 -=3.7 —174 28 45.1 3410 —52 -7.0 —20 038 2 1.8 ow
351.41740.645 17205336 —354700.0 —7.3 —434 137 156.0 2800 —-104 —-120 —-6.0 1.1 2 1.7  mow
351.581-0.353 17252520 —-361244.0 —-91.6 —112.8 —58.8 110.0 864.0 —942 —1000 —88.0 2.3 2 51  ow
351.61140.172 1723 21.23 —-3553323 —-20.1 —88.7 —17.2 1.1 27.2 —43.7 —460 =315 03 2 46 m*
351.775-0.536 17264257 —-360919.1 —-0.4 —28.7 281 619 769.0 1.3 —9.0 3.0 1.6 2 04  mo
352.133—-0.944 17292226 -360500.5 —124 —13.6 2.6 22 12.6 —-7.8 —188 5.6 0.7 2 21w
352.517—0.155 17271129 —-351932.0 —48.6 —504 —443 22 10.0 —-51.3 =520 —49.0 0.7 2 11.5 ow
352.584—0.185 17272951 3517143 -77.2 =797 -76.4 1.2 2.6 —-856 —926 —79.7 0.8 2 5.1 *
352.630—1.067 173113.82 —354408.5 10.6 —182 18.1 141 1260 -3.0 —8.0 -20 1.1 2 09 ow
352.855—-0.201 1728 17.61 —-3504125 —602 —62.7 —-56 038 9.6 514 —541 —=50.1 0.5 2 113 *
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Water towards methanol: 341° to 6° 161
Table 1. — continued.
MMB target Equatorial coordinates 6.7-GHz methanol
name RA Dec. Vi Vi Vi Spik Sint Vi Vi Vi Offsets Epoch Dist.  Assoc.
(1, b) (hms) ' (kms™") dy)  dykms™) (kms™") (arcsec) (kpe)
353.216—0.249 172927.68 —3447483 —145 —-514 105 4.8 30.6 —23.0 -250 —-150 1.8 2 3.3 *
353.27340.641 17260155 —341515.1 —-522 —117.8 6.3 182.0 954.0 —44 =70 =30 04 2 0.8 w
353.537—0.091 17294125 -342628.6 —603 —72.1 —55.6 0.6 3.7 —56.6 —59.0 —54.0 02 2 1.0  m*
354.308—0.110 17314852 —3348292 9.1 4.0 209 6.1 39.7 187 110 195 05 2 [11.6] *
355.3444-0.147 173329.02 —-324758.8 10.0 5.7 1240 127 38.0 19.9 19.0 21.0 0.4 2 [11.5] o
355.34640.149 173328.89 —3247495 9.2 6.8 213 49 16.7 9.9 9.0 125 03 2 [11.5] *w
355.538—0.105 173459.58 —324623.2 —-15 —4.7 0.9 2.3 7.1 3.8 =35 50 0.6 2 17.7
355.6664+0.374 17332489 —-322421.0 —-33 56 3.1 0.4 2.0 34 —45 06 0.3 2 164 *
357.558—0.321 174057.15 —-311059.6 —46 —56.6 388 287 455.0 -39 =55 00 0.6 2 1.8 -
357.922—0.337 17415500 —305254.8 4.0 —-14.1 79 1.4 8.0 —49 =55 —40 08 3 2.5 -
357.965-0.164 174120.10 -304516.7 —-52 —61.1 373 33 34.1 —88 9.0 3.0 2.3 3 3.9 w
357.967-0.163 17412027 —3045062 0.6 —-742 103.1 57.8 2220 —42 —6.0 00 0.6 3 2.2 mow
358.3806—0.483 174337.69 —-3033502 —-19 —6.8 42 7.1 283 -60 -70 =50 19 3 3.5 ow
358.460—-0.391 174326.72 —-302711.8 —45 —195 —-18 32 28.0 1.2 -0.5 4.0 0.7 3 [3.51 -
358.931-0.030 17430996 —295146.0 —-21.6 —-253 —125 0.7 7.2 —159 -22.0 —145 0.7 3 6.4 -
358.980+0.084 174250.32 —2945414 -81 —103 6.1 0.4 3.0 6.2 5.0 7.0 1.9 3 [3.8] -
359.1384-0.031 174325.62 —-2939173 —-13 —121.4 49.7 304.0 2300 -39 =70 1.0 0.6 3 3.7 ow
359.436—-0.104 17444056 —292815.8 —56.7 —61.1 —388 134 704 —46.7 —53.0 —450 0.5 3 7.9 mow
359.436—0.102 17 4440.05 —2928124 —57.1 —612 —541 132 803 —54.0 —58.0 -53.6 2.1 3 8.0 w
359.615—-0.243 174539.08 —292330.3 234 —6.1 657 802 4570 226 140 270 04 3 7.7 mow
359.970-0.457 1747 20.18 —291159.0 4.7 2.7 12.8 1.1 6.1 23.8 20.0 24.1 0.4 3 83 ow
0.167—0.446 17474546 —2901294 140 7.6 18.1 28 225 138 95 170 0.2 3 8.0 -
0.315-0.201 174709.10 —284616.0 199 133 338 29 18.7 194 140 270 05 3 7.8 mw
0.376+0.040 17462138 —2835399 388 —156 715 119.0 483.0 370 350 400 04 3 8.0 ow
0.4964-0.188 1746 03.95 —282451.8 0.9 —-9.9 208 1.5 12.4 0.8 —12.0 20 1.0 3 3.6 mow
0.546—0.852 1750 14.41 —-285430.1 173  —950 1237 2040 3250 1.8 8.0 200 13 3 7.0 mow
0.8364-0.184 1746 52.80 —280736.0 —52.8 —58.7 16.1 09 20.3 3.6 2.0 5.0 1.4 3 4.6 m
1.008—0.237 17485528 —281148.0 0.8 —0.5 32 1.7 4.5 1.6 1.0 7.0 0.2 3 2.9 -
1.147-0.124 17484850 —280111.1 —222 —-254 0.8 43 51.6 —-153 =205 —14.0 03 3 4.1 -
2.1434-0.009 175036.11 —270547.1 60.0 549 794 1.7 13.0 627 540 650 07 4 7.3 ow
2.521-0.220 175221.15 —2653203 24 —0.8 4.1 3.8 18.6 42 =75 50 0.8 4 2.6 -
2.536+0.198 175046.49 —263945.1 4.9 -0.9 125 05 5.4 32 2.0 205 04 4 2.2 mw
2.591-0.029 17514670 —264350.5 —-122 —-152 -89 28 124 —-82 95 —40 07 4 421 -
2.615+0.134 17511228 —263736.7 97.6 957 1032 0.5 32 945 935 1040 05 4 7.5 m
3.312—0.399 175450.02 —261748.6 7.4 0.3 103 34 12.9 0.5 0.0 10.0 3.0 4 0.6 -
3.502—0.200 17 5430.08 —260200.3 47.5 453 485 0.6 1.5 439 430 455 1.0 4 6.3 m
4.4344-0.129 175519.73 —-2503446 —-60 —280 538 20 26.9 -09 —15 8.0 0.2 4 [43] -
4.676+0.276 17551832 —2446453 —-09 —69 1.7 0.2 1.5 4.4 -55 6.0 0.2 4 1.6 -
5.618—0.082 17584490 —2408384 —-274 -330 —156 03 35 —270 —-280 —185 24 4 5.1 m
5.630—0.294 17593452 —241423.6 180 16.1 209 1.8 6.9 10.6 9.0 220 1.1 4 34 m
5.65740.416 175656.53 —2351413 188 126 212 4.6 304 20.1 13.0 220 07 4 131 -
5.677—-0.027 17583994 —-240356.7 —93 —144 0.1 1.4 9.8 —11.5 —145 —11.0 0.6 4 [451 -
5.885—-0.393 180030.44 —2404008 11.8 —=59.7 460 463 269.0 6.7 6.0 7.5 3.8 4 1.2 ow
5.900—0.430 180040.72 —2404189 123 —134 304 22 28.2 104 0.0 106 2.6 4 1.6 w

6.7-GHz methanol maser; columns 2 and 3 give the position of the
water maser in right ascension and declination (J2000); column 4
the peak velocity; columns 5 and 6 the minimum and maximum
velocities of the emission; column 7 the peak flux densities; column
8 the integrated flux densities; columns 9, 10 and 11 the peak, mini-
mum and maximum velocities of the associated 6.7-GHz methanol
masers; column 12 the angular offsets; column 13 the epoch of the
water observations and column 14 lists the distances to the MMB
sources.

Column 15 of Table 1 lists the associations with 12.2-GHz
methanol and OH masers from Breen et al. (2012), Caswell (1998)
and Caswell, Green & Phillips (2013). Note that the 12.2-GHz asso-
ciations are complete, coming from targeted observations towards

the MMB sources. The OH observations are not complete towards
all the MMB sources. Caswell (1998) surveyed the Galactic plane
between [ = 312°-356° and |b| < 026 and will have detected most of
the masers above ~3 Jy, and we have indicated MMB sources that
lie within the area of this survey, but no OH emission was detected.
Also indicated in this column are sources that were observed for
water maser emission in Breen et al. (2010b).

MMB targets for which no associated water maser emission was
detected are presented in Table 2. Column 1 is the source name of
the target MMB maser; column 2 is the 5o detection limit; columns
3,4 and 5 are the epochs, associations and distances, respectively,
the same as for Table 1. Since water masers are variable, some of
these methanol maser targets have been found to have water maser
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Table 2. 6.7-GHz methanol masers with no associated water maser emission. Column 1 is the name of the target methanol maser given in Galactic coordinates;
column 2 is the 5o detection limit; column 3 is the epoch of observation coded 1, 2, 3 and 4 for 2011 June 3, 2011 June 4, 2011 June 5 and 2011 August 8,
respectively. Column 4 gives associations with water masers detected in the Breen et al. (2010a) 2003 or 2004 observations but not in ours are indicated with
a ‘w’, associations with the 1665 MHz transition of OH masers (Caswell 1998; Caswell et al. 2013) are indicated with an ‘0’ and sources marked with an “*’
are within the survey region for OH by Caswell (1998) and no emission was detected. Column 5 is the distance to the methanol maser. Distance estimates are
from Green & McClure-Griffith (2011) where available; others are the near kinematic distance (these are in italics) and the remainder are from Reid (private
communication; these are in square brackets).

MMB target Det. Epoch Assoc. MMB target Det. Epoch Assoc.
source name lim. Distance source name lim. Distance
(L, b) (mJy) (kpe) 4 D) (mJy) (kpe)
341.124—-0.361 250 1 * 3.0 353.378+4-0.438 200 2 * 13.9
341.238—0.270 250 1 m* 3.5 353.410—0.360 200 2 mo 3.4
341.367+0.336 250 1 * 11.2 353.429—-0.090 200 2 * 11.1
341.990-0.103 250 1 * 3.0 353.4644-0.562 200 2 WO 11.2
342.25140.308 250 1 * 9.9 354.206—0.038 200 2 * 5.0
342.33840.305 250 1 m* 10.3 354.496+-0.083 200 2 m* 11.7
342.368+0.140 250 1 * 0.6 354.6154-0.472 200 2 wmo 3.8
343.354—0.067 250 1 m* 9.9 354.7014-0.299 200 2 * 6.1
343.929+0.125 250 1 m* 18.6 354.7244-0.300 200 2 mo 5.8
344.419+0.044 250 1 * 4.4 355.184—0.419 210 2 * 0.1
344.421+40.045 250 1 wm* 4.7 355.34340.148 215 2 wmo [1.6]
345.003—0.224 250 1 wm* 2.7 355.545—0.103 225 2 11.7
345.010+1.792 250 1 wm 2.0 355.642+4-0.398 225 2 14.5
345.198—0.030 250 1 m* 10.8 356.054—0.095 225 2 [11.4]
345.205+0.317 250 1 * 11.8 356.662—0.263 225 2 o 6.6
345.498+1.467 250 1 - 1.5 357.559—-0.321 225 3 m [4.1]
345.576—0.225 250 1 * 5.5 357.924—0.337 210 3 m 16.9
346.480+0.221 250 1 m* 14.4 358.263—2.061 200 3 m [2.2]
346.481+0.132 250 1 w# 10.9 358.371—0.468 200 3 wm [3.4]
347.817+0.018 250 1 * 13.8 358.460—0.393 200 3 - 4.1
347.863+0.019 250 1 m* 13.1 358.721-0.126 200 3 m 0.6
347.902+0.052 250 1 m* 2.9 358.809—0.085 200 3 m 7.7
348.027+0.106 250 1 * 6.4 358.841—0.737 180 3 m 6.7
348.195+0.768 250 1 m 16.5 358.906+4-0.106 175 3 m 6.6
348.550—0.979n 250 1 m 2.2 359.938+4-0.170 170 3 - [7.2]
348.723—0.078 250 1 m* 11.2 0.092+4-0.663 150 3 m 8.2
348.703—1.043 250 1 m 1.3 0.212—0.001 160 3 wm 8.2
348.727—1.037 125 2 m 1.2 0.316—0.201 200 3 w 7.9
349.092+0.105 125 2 wm* 11.1 0.409—0.504 225 3 - 7.8
349.579-0.679 150 2 - 13.5 0.475-0.010 225 3 - 7.8
349.884+0.231 160 2 * 11.3 0.645—0.042 250 3 - 7.9
350.011—1.342 170 2 o 3.1 0.647—0.055 250 3 - 7.9
350.105+0.083 175 2 wm* 5.5 0.651—-0.049 250 3 m 7.9
350.116+0.084 175 2 * 11.4 0.657—0.041 250 3 ) 7.9
350.116+0.220 175 2 m* 17.8 0.665—0.036 250 3 - 8.0
350.299+0.122 175 2 wm* 11.3 0.666—0.029 250 3 m 8.0
350.344+0.116 175 2 m* 11.4 0.667—0.034 250 3 m 8.0
350.470+0.029 175 2 m* 1.3 0.672—0.031 250 3 - 8.0
350.776+0.138 175 2 * 11.4 0.673—0.029 250 3 - 8.0
351.24240.670 175 2 - 1.8 0.677—0.025 240 3 - 8.1
351.25140.652 175 2 - 1.8 0.695—0.038 230 3 - 8.0
351.382—0.181 175 2 m* 5.4 1.3294-0.150 225 3 - 17.0
351.41740.646 175 2 wmo 1.8 1.719-0.088 225 3 m [4.2]
351.445+0.660 185 2 m 1.17 2.703+0.040 125 4 m 7.5
351.688+40.171 185 2 m* 12.1 3.2534+0.018 125 4 m 1.4
352.083+40.167 185 2 m* 11.0 3.442—-0.348 125 4 - 2.0
352.11140.176 190 2 wm* 53 3.91040.001 125 4 o 4.4
352.525—-0.158 200 2 w# 11.2 4.3934-0.079 125 4 m 1.0
352.604—0.225 200 2 * 5.1 4.569—0.079 135 4 - 2.8
352.624—1.077 200 2 - 17.8 4.5864-0.028 140 4 4.8
353.363—0.166 200 2 * 5.1 4.866—0.171 150 4 - 1.8
353.370—0.091 200 2 m* 5.2
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emission in past studies. The 15 sources where this has occurred
were observed by Breen et al. (2010b) to be associated with the
target methanol masers and are discussed in Sections 3.1 and 4.3.
Extending to a multi-epoch search by including these sources with
the ones in Table 1, we can partially account for variability over
several years and increase to a detection rate of ~56 per cent.

3.1 Comments on individual sites of maser emission

341.218—0.212. This water maser showed strong variation in its
flux density, with a peak flux density of 120 Jy in 2003 and 33 Jy in
the 2004 observations of Breen et al. (2010b). In our observations
in 2011, it had increased again to 106. Jy. Although the intensity
varied greatly, the velocities of the emission remained similar over
these three epochs.

345.003—0.223 and 345.003—0.224. This pair of methanol
masers has been found to show variability in both sites (Caswell,
Vaile & Ellingsen 1995). Goedhart, Gaylard & van der Walt (2004)
monitored these methanol masers over more than four years and
found no periodicities on these time-scales. The water maser as-
sociated with 345.003—0.223 was also detected by Breen et al.
(2010b) in 2003 to have a peak flux density of 3.0 Jy, in 2004 at
3.7 Jy. It had two main features, and Breen et al. (2010b) found the
peak to be the feature at 15km s, but in our observations in 2011
the other feature at —83.6km s~ had flared to 11.3 Jy to become
the peak.

345.010+1.792 and 345.012+1.797. 345.010+1.792 is associ-
ated with an UCH 1 region (Caswell 1997), and many other class
II methanol maser transitions (Ellingsen et al. 2012). Breen et al.
(2010b) detected water maser emission in 2003 with a peak flux
density of 2.0 Jy, but it was not detected in their 2004 observations
(detection limit of 0.2 Jy) or in our observations. 345.012+1.797
was observed by Breen et al. (2010b) in 2003 and 2004 and in
our observations to have peak flux densities of 50, 29 and 88.7 Jy,
respectively.

349.0924-0.106. This water maser showed strong variation in its
flux density, with a peak flux density of 34 Jy in 2003 and 154 Jy in
the 2004 observations of Breen et al. (2010b). In our observations
in 2011, it had decreased again to 15.8 Jy. Although the intensity
varied greatly, the overall shape of the spectra remained similar with
the peak velocity at ~80km s~ in all three epochs.

351.41740.645. In 2003 this water maser had peak flux density
of 1400 Jy observed by Breen et al. (2010b, note that it was not
observed by them in 2004). In our observations, its peak flux density
had decreased to 156. Jy, and the peak was a different feature. The
spectra at both epochs had many features, but the spectra in 2003
had a larger total velocity range than in 2011 (=58 to 50kms™!
compared to —43.4 to 13.7kms™").

351.581—0.353. In 2003 this water maser had peak flux density
of 1600 Jy observed by Breen et al. (2010b, note that it was not
observed by them in 2004). In our observations in 2011, the spectra
maintained similar velocities although its peak flux density had
decreased to 110 Jy.

352.630—1.067. This water maser showed strong variation in its
flux density, with a peak flux density of 35 Jy in 2003 and 700 Jy in
the 2004 observations of Breen et al. (2010b). The peak feature was
in the centre of the spectra ~0 km s~! for the Breen et al. (2010b)
observations and only this feature showed strong variation with
the features on either side remaining similar in each epoch. In our
observations, the peak feature was at 10.6 km s~! (peak flux density
of 14.1 Jy) and the central feature at ~Okms~' had decreased
to ~10 Jy.

Water towards methanol: 341° to 6° 163

353.27340.641. This water maser was identified by Caswell
& Phillips (2008) to be associated with an unusual water maser
dominated by a blueshifted outflow. It was observed by Breen
et al. (2010b) in 2004 with peak flux density of 366 Jy, in
2007 by Caswell & Phillips (2008) with a peak of 45 Jy and
in our observations in 2011 with a peak flux density of 182 Jy.
It remained dominated by the blueshifted emission at all epochs
with the strongest emission coming from the features clustered
around ~50kms~!.

357.965—0.164 and 357.967—0.163. This is a pair of two dis-
tinct methanol maser sites with a small separation (7 arcsec). We
used the near kinematic distances of 3.9 and 2.2 kpc, respectively
(they are the same within errors) rather than the H 1 self-absorption
distance from Green & McClure-Griffiths (2011) of 15.2 kpc. We
have chosen the near distances as 357.965—0.164 is also associ-
ated with a rare 23.4-GHz class I methanol maser and very strong
9.9-GHz class I methanol maser whose flux density is more than an
order of magnitude stronger than in other known sources (Voronkov
etal. 2011), and the Green & McClure-Griffiths (2011) distance was
identified as unreliable in their paper. The systemic velocity of the
region is ~—3.0kms~! as that is the median velocity of the 6.7-
GHz methanol maser emission for both sources. 357.967—0.163
has the stronger methanol maser emission and is also accompanied
by a 12.2-GHz methanol maser and an OH maser (Breen et al. 2012;
Caswell et al. 2013). Its water maser emission is continuous over
177kms~". In our observations, it had a velocity range of —74.2
to 103.1km s~ with a peak velocity of 0.6kms~' and a peak flux
density of 57.8 Jy. Breen et al. (2010b) observed this source in 2003
and found it to have continuous emission over —80 to +100km s~!
with a peak velocity of 0kms™! and a peak flux density of 40 Jy
and in 2004 a velocity range of —81 to +87 kms~'!, peak velocity
of —65kms~! and peak flux density of 57 Jy. 357.965—0.164 is
the weaker 6.7-GHz methanol maser of the two with the smaller
velocity range with most of its emission around the systemic ve-
locity (—6.0 to 0.0km s~!) and no OH counterpart. Its water maser
is also the weaker of the two and has a velocity range of —61.1 to
37.3kms™!, but most of the strong emission is within a couple of
km s~ of the peak (—5.2kms™"), close to the systemic velocity of
the region. The higher velocity features are very weak in comparison
(< 0.5 Jy).

359.615—0.243. A strong methanol maser identified to be vari-
able by Caswell et al. (1995) and monitored by Goedhart et al.
(2004), and no periodicities in the variability were observed. The
associated water maser emission is also quite variable, in 2003 it
had a peak flux density of 7 Jy, in 2004 14 Jy (Breen et al. 2010b)
and in our 2011 observations 80.2 Jy.

0.546—0.852. The water maser has velocity range of
218.7kms~!. Water maser emission was previously detected by
Forster & Caswell (1999) who found the velocities of the maser
site to range from —12.95 to 56.90km s~!; these were some of the
features in the middle of the total velocity range we observed in
our observations (see Fig. Al). Breen et al. (2010b) found an even
greater velocity range of —60 to 110kms~! in 2003, and in our
observations we found weaker high-velocity features out to —95.0
and +123.7kms~'.

5.885—0.393. This source has been studied extensively in water,
OH and methanol, and the latest water information from Motogi
et al. (2011) gives an astrometric distance of 1.28"00: kpc, and
confirms the very large angular extent of more than 4 arcsec, which
is not surprising at this quite low distance. Some of the Motogi et al.
(2011) water features are within 2 arcsec of MMB methanol maser,
so even though we find the angular offset to be > 3 arcsec we can
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establish that this water maser emission is associated with the target
methanol maser.

4 DISCUSSION

Titmarsh et al. (2014) found that ~46 per cent of the 6.7-GHz
methanol masers had associated water maser emission. This is con-
sistent within uncertainties with this sample where we found ap-
proximately 50 per cent. To estimate the uncertainty in our number
of detections, we have used /Ny, where Ny is the number of
detections; however, this assumes that the non-detections are due
to purely stochastic effects. We know that source evolution and
variability play a major role in the detection statistics; however,
neither of these are well enough understood at present to be able
to account for them explicitly. Our results are also consistent with
previous searches for water masers by Beuther et al. (2002), Szym-
czak, Pillai & Menten (2005), Xu et al. (2008) and Breen et al.
(2010b).

The previous searches most similar to this study are those by
Szymeczak et al. (2005) and Breen et al. (2010b). Szymczak et al.
(2005) searched a statistically complete, but flux-limited (peak in-
tensity greater than 1.6 Jy), sample of methanol masers with the Ef-
felsberg 100-m telescope for water masers. They found that 41 out
of 79 methanol masers had associated water masers (a 52 per cent
detection rate, rms noise of 0.45 Jy). Our detection rate is consistent
within the combined uncertainties, although our sample has signifi-
cantly higher sensitivity (both in target methanol maser sample and
water maser observations) and higher angular resolution.

Breen et al. (2010b) searched a large sample of OH and 6.7-
GHz methanol maser targets with the ATCA for water masers (50
detection limit in a 1 kms~' channel typically less than 0.2 Jy) in
2003 and 2004. 198 of their 270 methanol masers had an associated
water maser in this two-epoch search, a detection rate of 73 per cent.
The main difference between our sample of methanol masers and
the Breen et al. (2010b) sample is that our sample is statistically
complete. The Breen et al. (2010b) methanol masers were primarily
those with associated OH masers or those without an OH maser
which had an accurate position from Caswell (2009), which was
biased towards sources with a higher 6.7-GHz peak flux density.

Another major survey of water masers is the HOPS which con-
ducted an unbiased search for water masers in Galactic longitudes
290° through zero to 30° and latitudes of £0°5 (Walsh et al. 2011,
2014). In the overlapping region between our survey and the HOPS
survey, there are 172 MMB masers. Of those, Walsh et al. (2014) de-
tected 57 to be associated with water maser emission (~33 per cent).
This is much lower than our survey, and is due to the significantly
lower sensitivity of the initial HOPS search which has an rms noise
of 1-2 Jy over most of the survey region and hence is likely to
have detected the majority of sources with peak flux density above
10 Jy compared to our survey which will have detected most of the
sources above ~0.25 Jy.

Considering only the sources in our survey above 10 Jy, we
find a detection rate of ~25 per cent. In addition, Walsh et al.
(2014) used a less strict offset criterion in assessing whether 6.7-
GHz methanol and water masers were associated with the methanol
and water masers being separated by no more than 0°001 in Galactic
coordinates which is equivalent to an angular separation of ~5.1
arcsec. From inspection of Fig. 1, it can be seen that this would
yield only a few more masers than using our 3-arcsec criterion,
but enough that if we extend our association radius for our masers
above 10 Jy to 5.1 arcsec we have a detection rate consistent with
that of HOPS.
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In future large surveys of maser associations, it may be desir-
able to determine maser associations based on a linear separation
criterion now that better distance estimates are becoming available.
However, we caution this only measures the component of the linear
separation in the plane of the sky. Also, some sources have outflows
and outflow sizes have dependences on age, environment and the
luminosity of the driving source, so there may not be a well-defined
linear scale for the water masers either.

4.1 Luminosities

There is evidence that the luminosities of 6.7-GHz methanol masers
increase as they evolve (Breen et al. 2010b, 2011). Hence, we com-
pared the luminosities of the methanol masers with and without
associated water masers to see if there was any evidence for these
being at different evolutionary phases. Previous work by Szym-
czak et al. (2005) using a statistically complete, but smaller sample
(79 methanol masers) with a greater detection limit (peak intensity
greater than 1.6 Jy) found no statistically significant difference be-
tween the methanol maser luminosities of those with and without
associated water masers.

Titmarsh et al. (2014) undertook the same comparison with the
MMB masers in the range [ = 6°-20°. We found a statistically signif-
icant difference in the luminosities after the removal of the outlying,
extremely luminous source 09.621+4-0.196 (luminosity ~60 000 Jy
km s~! kpc?). The difference became statistically significant be-
cause of the large reduction in variance in the population that have
associated water masers.

In this sample, however, we found no statistically significant
differences in the methanol maser integrated luminosities between
those with and without associated water masers. The mean of the
methanol luminosities with an associated water maser was higher
than that of methanol only sources as this was affected by the ex-
tremely luminous source 345.505+0.348 (85 500 Jy km s~! kpc?),
but the median luminosity was lower. With the exception of this
extremely luminous methanol maser, the two distributions of inte-
grated luminosities are very similar.

We previously found that there was a correlation between the
water maser peak and integrated luminosities and those of their
associated methanol masers (Titmarsh et al. 2014). Using the masers
in this paper, we obtain a similar result. Fig. 3 shows water versus
methanol peak and integrated luminosities respectively with linear
least-squares fit plotted. The peak luminosities have a Pearson’s
correlation coefficient of R = 0.68 and the fit has a slope of 0.65
(p-value of 5.8e—15). The integrated luminosities have a Pearson’s
correlation coefficient of R = 0.64 and the fit has a slope of 0.64
(p-value of 4.94e—13).

These correlations may be reduced in any individual source as
maser beaming means that the emission is not isotropic and the
methanol and water masers may be beamed in different directions.
However, over the whole sample this effect should average out.
Also, we have used the emission integrated over the whole velocity
range of the masers, rather than the peak, and this should average
out the effects of beaming in an individual source.

We find that the methanol and water maser luminosities are both
correlated with distance, so we expect there to be a partial correla-
tion between the maser luminosities due to this alone. Uncertainties
in distance estimates for the masers do not vary significantly across
the sample, with the exception of sources at LSR velocities near
O0kms~! which are at longitudes close to the Galactic Centre. Fur-
thermore, we do not have any evidence to suggest that there are
systematic differences in the intrinsic luminosity of star formation
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Table 3. Correlation coefficients between the methanol and water lumi-
nosities and with distance used to account for bias due to distance.

Peak Integrated
luminosity luminosity
(Jy kms™h)
Methanol-water (Ry,y) 0.68 0.64
Methanol—distance (Ry,q) 0.65 0.59
Water—distance (Ryq) 0.65 0.62

masers in different regions of the Milky Way. However, flux density-
limited searches (such as the MMB and this survey) tend to produce
correlations between distance and luminosity, since the less lumi-
nous sources are only detected nearby, whereas the more luminous
sources can be detected over a greater volume. This is believed
to be the reason for the partial correlation we find between maser
luminosity and distance. We have used the procedure in Darling
& Giovanelli (2002) to account for this. We found the correlation
coefficients between the water and methanol maser peak and inte-
grated luminosities and with distance (see Table 3) and calculated
the partial correlation coefficients using equation (1). Accounting
for the partial correlation, we find the maser luminosities to still
be loosely correlated. The water versus methanol maser peak and
integrated luminosities have partial correlation coefficients of 0.44
and 0.43, respectively. Following the approach in Wall & Jenkins
(2003), we calculate the standard error in the partial correlation
coefficients for a sample size of 100 and 3 degrees of freedom to
be 0.082. Applying a 7-test to the partial correlation coefficient, we
find that for our sample they are significant at the 99.9 per cent
confidence level,

R. = me - RWdRmd
c — .
V= R = Ry
Since there is evidence that 6.7-GHz methanol masers increase
in luminosity as they age, this may indicate that there is a trend for
water masers to increase in luminosity as they age, although this

may be over a long time-scale as water masers are well known for
their variability. This is consistent with Breen & Ellingsen (2011)

O]

who found, based on the 1.2-mm data from dust clumps associated
with water masers, some evidence that water masers increase in
luminosity as they evolve.

We also fitted a general linear model to the methanol maser
luminosity, with the distance and water maser luminosity as the
independent variables (we used the logarithms of each of these
quantities in the modelling). This modelling showed that while
there is a significant dependence of the methanol maser luminosity
on distance, after taking that into account a significant dependence
on the water maser luminosity is still present. This is consistent
with the value calculated for the corrected Pearson’s correlation
coefficient which considers the partial correlation.

4.2 Velocities

6.7-GHz methanol masers are useful probes of the velocities of the
high-mass star formation regions they reside in. They typically have
narrow total velocity ranges (less than 16 kms~'; Caswell 2009) and
central velocities within &= 3 km s~ of the systemic velocity of the
region (Szymczak, Bartkiewicz & Richards 2007; Caswell 2009;
Pandian, Menten & Goldsmith 2009).

Water masers, on the other hand, are well known for their large
total velocity ranges with highly red- or blueshifted spectral fea-
tures commonly found. Within high-mass star formation regions,
10.472+0.027 is the most extreme, with features redshifted up to
250kms~' from the systemic velocity of the region and a total
velocity range of nearly 300 kms~! (Titmarsh et al. 2013).

Fig. 4 compares the velocity of the peak emission in the water
and methanol masers. Consistent with Titmarsh et al. (2014), we
found that most (~88 per cent) of the water maser peak velocities
lie within &= 10km s™~! of the peak velocity of the methanol masers.
We note that in both Titmarsh et al. (2014) and this paper we found
our peak velocities to be much more tightly correlated than Breen
et al. (2010b) who found 78 per cent of the water and methanol
maser peak velocities to be within & 10kms~' of each other. This
may be because their sample was biased towards sources with OH
masers which have been shown to be more evolved (Breen et al.
2010a).
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Figure 4. Water maser peak velocities versus associated 6.7-GHz methanol
maser peak velocities are shown with squares. The horizontal and vertical
bars represent the total velocity ranges of the water and methanol masers,
respectively. Also plotted is a dashed line with a slope of 1 and two dotted
lines showing a deviation of +10kms~! from the dashed line.
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Figure 5. Velocity ranges of the water masers associated with methanol
masers.

In Fig. 5, we show the total velocity ranges that the water maser
emission spans in this sample. In Titmarsh et al. (2014), where
we performed the same survey over Galactic longitudes | = 6°—
20°, we found the median velocity range to be ~17kms~' and
the mean to be 27kms™!, consistent with this sample where we
find the median and mean total velocity ranges to be ~17kms™!
and 32kms~!, respectively. In contrast to Titmarsh et al. (2014),
where only ~7 per cent of our of the masers had velocity ranges
greater than 50kms~!, this sample (I = 341°-6° through zero)
has ~20 per cent with velocity ranges greater than 50kms~'. We
can rule out being unable to detect high-velocity emission in the
first paper as we detected 10.472+4-0.027 which has a total ve-
locity range of nearly 300kms~' (the largest velocity range in
this paper is 0.546-0.852 with a velocity range of 218.7kms™").
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Figure 6. Velocity ranges of the water masers versus Galactic longitude.

In Fig. 6, we investigate the total velocity ranges versus Galac-
tic longitude. The three sources with the largest velocity ranges
(357.967—0.163, 359.1384-0.031 and 0.546—0.852) are all close to
the Galactic Centre, but otherwise the masers with velocity ranges
greater than 50 km s™! are spread across the longitudes surveyed.

We do, however, find our velocity ranges to be similar to those of
Szymczak et al. (2005) and Caswell et al. (2010). Szymczak et al.
(2005) found 33 per cent of their water masers to have velocity
ranges greater than 20 km s~' (we found 44 per cent) and 22 per cent
greater than 40 km s™! (we found 24 per cent). In the Caswell et al.
(2010) sample of 32 masers from an unbiased survey for water
masers, they found that 34 per cent of water masers with both
methanol and OH masers associated and 31 per cent of those with
just methanol had emission red- or blueshifted more than 30 kms™!
from the systemic velocity. For the current sample, we find that
26 per cent meet these criteria.

4.3 Variability

Water masers are well known for showing variations in their spectra.
Studying variability over long time-scales is very time consuming;
hence, variability studies over many epochs tend to be with smaller
sample sizes (Brand et al. 2003; Felli et al. 2007).

For comparison with our sample, we have focused on larger
surveys. Two such surveys are Breen et al. (2010b) and Walsh
et al. (2011, 2014) which have observed the same water maser
sites at more than one epoch. In the Breen et al. (2010b) survey,
they observed 253 waters in 2003 and 2004, and 17 per cent of
these were only detected in one epoch. These masers typically had
simpler spectra with only a few velocity features, and two-thirds
had peak flux densities of less than 2 Jy when they were detected.

Walsh et al. (2011) detected 540 water masers between 2008
and 2010 in an unbiased search for water masers in the Galactic
plane with the Mopra telescope. In 2011/2012, they followed up
these detections with high-resolution observations from the ATCA
(Walsh et al. 2014). 31 sites of water maser emission were not
detectable in the second epoch, and like Breen et al. (2010b), they
found that the most variable sources tended to be weaker with
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Figure 7. The first panel compares the peak flux densities of the water masers that were observed in both the MMB follow-up (observed in 2011) and the
Breen et al. (2010a) sample. The Breen et al. (2010a) observations that were made in 2003 are marked with open circles and those from 2004 are stars. The
second panel shows peak flux densities of water masers detected in the MMB follow-up and the HOPS high-resolution follow-up (observed in 2011 and 2012).
There were many sources detected in our observations that were not reported in HOPS. We have not included these as we do not know if they were not found
because the initial HOPS search was much less sensitive than ours, or because of variability. In both panels, where masers were detected in one epoch and not
the other, 30 upper limits on the flux densities are shown with arrows. Also plotted are dotted lines with slope of 1.

simpler spectra. Unlike Breen et al. (2010b), they found a smaller
fraction of the masers not detected in one epoch (~6 per cent). This
is likely to be because the Breen et al. (2010b) survey was much
more sensitive than the initial HOPS search (which is estimated to be
98 per cent complete down to 8.4 Jy) since there is a well-established
tendency for less luminous water masers to exhibit greater fractional
variability.

We have compared the properties of the water masers in the
current sample that overlap with the Breen et al. (2010b) and Walsh
et al. (2014) observations. All of the masers for which we have data
at more than one epoch showed some variations in their spectra.
Fig. 7 plots (on a log—log scale) the peak flux densities of our water
maser observations in 2011 against those in 2003/2004 from Breen
et al. (2010b) and against the 2011/2012 observations from Walsh
et al. (2014). There are a handful of masers that have the same
peak flux densities (within uncertainties) in two epochs; however,
most show variation, some of which may be from different spectral
features changing their relative intensities resulting in the peak flux
density being measured from a different feature. Even though the
masers in Breen et al. (2010b) were observed 7-8 years apart from
our observations, they showed no more scatter in Fig. 7 than the
HOPS masers that were observed within 12 months of ours.

4.4 Associations with GLIMPSE sources

The Spitzer Galactic Legacy Infrared Midplane Survey Extraor-
dinaire (GLIMPSE; Benjamin et al. 2003) surveyed the Galactic
plane in four infrared bands: 3.6, 4.5, 5.8 and 8.0 pm. Ellingsen
(2006) used point sources identified by GLIMPSE to compare the
colours of the mid-infrared (mid-IR) objects associated with 6.7-
GHz methanol masers to the general population of point sources.
They used 56 methanol masers, most of which came from a blind

single-dish survey for methanol masers in / = 325°-335° (Ellingsen
et al. 1996). They found that the mid-IR point sources associated
with masers tended to exhibit redder colours than sources without
masers, which is consistent with them coming from high-mass star
formation regions with similar Spectral Energy Distribution (SED)
properties to class 0 low-mass stars. Ellingsen (2006) also com-
pared the colours of 6.7-GHz methanol masers with and without
associated OH masers and found colours consistent with sources
harbouring an OH maser to be more evolved than those without.

Breen et al. (2010a) compared the GLIMPSE point source colours
of a sample of 113 6.7-GHz methanol masers with and without
associated 12.2-GHz methanol masers. They found no difference
in the colours of the two groups and they proposed that the masers
themselves are more sensitive than the mid-IR data to evolutionary
changes in the YSO.

Similar work by Gallaway et al. (2013) studied the mid-IR colours
of the mid-IR sources hosting the MMB masers. Since many of
the mid-IR sources associated with methanol masers were more
extended than the GLIMPSE point spread function, they used adap-
tive non-circular aperture photometry (ANCAP) to measure their
extended flux densities in all four GLIMPSE bands. Not all of the
maser counterparts were included, as some of the masers did not
have interferometric positions yet, were outside the GLIMPSE sur-
vey range, GLIMPSE fluxes were not available in all four bands,
or there was more than one possible counterpart. They found the
infrared colours of the maser-associated sources to be very similar
to those of Ellingsen (2006).

We used the Gallaway et al. (2013) ANCAP flux densities to com-
pare the MMB sources with and without associated water masers
in colour—colour and colour-magnitude diagrams. Any difference
in the infrared colours could point to differences in evolutionary
phase [like those with and without OH masers in Ellingsen (2006)].
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However, we found no statistically significant difference in the
mid-IR colours between the infrared sources associated with both
methanol and water masers and those with only methanol.

4.5 Associations with 870-um emission from dust clumps

The earliest stages of high-mass star formation occur embedded
within clumps of gas and dust. These clumps are well traced by
their continuum dust emission which is optically thin at submil-
limetre wavelengths allowing us to calculate their clump masses
and column densities (the column density is the molecular hydro-
gen column inferred from the observed dust emission, an assumed
dust-to-gas ratio of 1:100 and assuming that the dust emission is op-
tically thin). The ATLASGAL (Schuller et al. 2009) is an unbiased
survey of the Galactic plane at 870 um with the APEX telescope in
Chile. ATLASGAL had a spatial resolution of 19.2 arcsec and a 5o
sensitivity of 0.25 Jy beam™'.

About 95 per cent of the MMB masers lie within the region
surveyed by ATLASGAL. Urquhart et al. (2013) used the ATLAS-
GAL source catalogues of Contreras et al. (2013) and Csengeri et al.
(2014) to match the methanol masers with an associated dust clump.
They used a criterion of being within 120 arcsec of a peak in the
870 wm emission to define an association as this was the largest
clump radius (Contreras et al. 2013). If more than one clump was
within that radius, they chose the clump with its peak emission
closest. They then inspected the ATLASGAL images to determine
if associations were genuine. ~94 per cent of MMB masers within
the ATLASGAL survey range were found to have an associated
870-pum dust clump.

We used the ATLASGAL-MMB associations identified in
Urquhart et al. (2013) to compare the dust emission of the 6.7-
GHz methanol masers with and without associated water masers
and also to compare the 870-um emission with the results from
Titmarsh et al. (2014) using the 1.1-mm emission from the Galactic
plane in the BGPS (Rosolowsky et al. 2010). The BGPS is another
unbiased submillimetre survey of the Galactic plane which used the
Bolocam instrument on the Caltech Submillimeter Observatory to
make a continuum survey of the Galactic plane at 1.1 mm with an
effective resolution of 33 arcsec. Like ATLASGAL, the BGPS is
ideal for tracing cold, dense gas and dust cores.

Chen et al. (2012) used dust clumps from the BGPS for tar-
geted class I methanol maser observations. When they compared
the properties of the clumps with and without associated masers,
they found that BGPS sources with an associated class I methanol
maser had higher BGPS flux densities and beam-averaged column
densities than those without. They also found a correlation between
the intensity of the class I methanol masers and the beam-averaged
column density.

In Titmarsh et al. (2014), we found BGPS sources with an associ-
ated MMB maser to have higher integrated flux densities and higher
column densities than the general population. However, we found no
differences in these properties between the clumps associated with
an MMB maser with and without a water maser present. Like class
I methanol masers, water masers are also pumped by collisions, and
like Chen et al. (2012) we found a weak correlation between the
water maser integrated flux density and the beam-averaged column
density.

To make our ATLASGAL comparisons, we recalculated the
masses and column densities of the dust clumps, as we have dis-
tance estimates for all the MMB sources in our survey [Urquhart
et al. (2013) did not have distances for many of the sources around
the Galactic Centre] and we used u = 2.3 for the mean molecu-
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lar weight of the interstellar medium to be consistent with Chen
et al. (2012). Column densities and clump masses were calculated
according to equations (1) and (2) in Chen et al. (2012).

Unlike comparisons with the BGPS in Titmarsh et al. (2014), we
found no correlation between the integrated flux density of the water
masers and the ATLASGAL column densities of their associated
dust clumps. The correlation at 1.1 mm was weak; however, we
expected to observe similar results at 870 pm as sources with higher
integrated column densities tend to be more massive and there may
be a larger volume of gas where the conditions are appropriate for
maser emission in these clumps. Similar to our comparisons with
the BGPS, we also found no correlations between the water maser
luminosities and the clump masses or between the methanol maser
intensities and the column densities and masses. We also found no
differences in the distributions of the ATLASGAL column densities
and masses of the clumps with both methanol and water masers and
those with only methanol.

Fig. 8 shows the column densities of the clumps with an associ-
ated MMB maser compared to those of all the ATLASGAL clumps
within our survey region. The left-hand panel shows the distribution
of the clumps with associated masers zoomed in compared to all the
clumps within our survey region, and the right-hand panel shows
that the fraction of maser-associated dust clumps increases with
increasing column density. At the very highest column densities,
almost 100 per cent of clumps have an associated methanol maser.
Like our comparisons with the BGPS, the maser-associated clumps
are skewed towards the higher mass clumps; unlike our BGPS com-
parisons, the dust clumps with an associated maser appear to cover
the whole range of column densities of the general population.
However, this may be a sensitivity issue as the 5o sensitivity of AT-
LASGAL is 0.25 Jy beam ™!, corresponding to a hydrogen column
density of order 10?2 cm~2 (Schuller et al. 2010) whereas the BGPS
was sensitive to column densities greater than 10?! cm™2.

5 CONCLUSIONS

We have observed all the known 6.7-GHz methanol masers in the
Galactic plane between / = 341° and 6° (through the Galactic
Centre) with the ATCA for water maser emission. We detected
water masers towards 101 out of the 204 sources in this range
(~50 per cent) consistent with previous studies within their flux
density and angular resolution constraints.

In Titmarsh et al. (2014), we concluded that there may be a dif-
ference in the integrated luminosities between 6.7-GHz methanol
masers with and without associated water masers; however, the
current sample does not support this (which is consistent with
Szymczak et al. 2005). Like Titmarsh et al. (2014), we did find
a correlation between the methanol and water peak and integrated
luminosities, even after taking into account the partial correlation
due to distance. Since methanol masers increase in brightness as
they age, we interpret this to be evidence that water masers gener-
ally increase in brightness as they age.

Most of the peak velocities of the methanol and water masers are
well correlated (~88 per cent within &= 10kms~! of each other),
consistent with the previous paper in this series. However, in the
longitude range of this paper (! = 341° through the Galactic Centre
to [ = 6°), there are many more sources with high total velocity
ranges compared to the previous paper (I = 6°-20°). In our current
sample, we had ~20 per cent with velocity ranges greater than
50kms~! compared to the previous paper where it was ~7 per cent.
The total velocity ranges in our current sample are similar to those
found in Szymczak et al. (2005) and Caswell et al. (2010).
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dust clumps have an associated methanol maser.

Using the GLIMPSE sources and their flux densities in the four
Spitzer bands extracted by Gallaway et al. (2013), we found no
difference in the colours of the mid-IR sources associated with both
methanol and water masers and those with methanol only.

We used the ATLASGAL sources identified to have associated
MMB masers in Urquhart et al. (2013), and found that in the sub-
millimetre emission there were no differences between the col-
umn densities and masses of clumps with both water and methanol
masers associated and those with just methanol. We did find that
the clumps associated with methanol masers are skewed towards the
higher column densities compared to the general population. This
is consistent with our findings for 1.1-mm thermal dust continuum
emission in Titmarsh et al. (2014).

Our findings support the conclusions of Breen et al. (2014) that
unlike 6.7-GHz methanol masers, there is little evidence that water
masers trace a well-defined evolutionary stage of high-mass star
formation. Nevertheless, water maser observations can still pro-
vide us with valuable information the physical conditions of the
YSO.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure A1. Spectra obtained with the ATCA of water masers asso-
ciated with 6.7-GHz methanol masers. The velocity is the velocity
at the LSR.
(http://www.mnras.oxfordjournals.org/lookup/suppl/doi: 10.1093
/mnras/stw636/-/DC1).
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