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Figure4. GLIMPSE [3.6]-[4.5]versus 8.0-pum colour-magnitude diagram.
The OH masers with associated GLIMPSE point sources are represented
with solid circles if they do not have associated methanol multibeam (MMB)
masers and as solid triangles if they do. The solid squares represent methanol
masers with associated GLIMPSE point sources but without associated OH
masers; these methanol masers are from Ellingsen (2006). Sources within
30 arcmin radius of / = 320.0°, b = 0.0° are represented with dots.

contrast to fig. 19 of Ellingsen (2006), which shows that methanol
masers with associated OH masers are generally brighter at 8.0 pm
than those without. Perhaps the data are not numerous enough to
reveal the colour and magnitude difference between the two species
of masers. Thus it is still necessary and interesting to compare the
MIR properties of GLIMPSE sources associated with OH masers
and methanol masers in a larger and more complete sample, in order
to investigate the maser evolutionary sequence.

4.2 WISE colours

Since WISE has lower angular resolution than GLIMPSE, we take
6 arcsec as the criterion to search for the WISE counterparts for
266 interstellar OH masers. Among 266 OH masers, 205 OH
masers have WISE counterparts. After cross-matching them with
707 MMB masers, we obtain 32 OH masers without an associ-
ated methanol maser (solitary OH masers), which also lie in the
MMB survey region. We obtain 139 OH masers that have associ-
ated methanol masers. We also search for the WISE counterparts for
the 35 methanol masers without an associated OH maser (solitary
methanol masers) from table 1 of Ellingsen (2006) article and we
find 23 WISE counterparts within 6 arcsec. For comparison, we se-
lect the WISE sources within 20 arcmin radius of / = 300°, b = 0°.
The comparison sample includes 7729 sources and has enough
colour and magnitude information for a detailed MIR environment
study. We then construct the colour—colour and colour—-magnitude
diagrams for these four samples, including the comparison sample,
to investigate the MIR environment of masers. The maser-associated
WISE sources are clearly offset from the vast majority of compar-
ison sources in most of the colour—colour and colour—magnitude
diagrams and their colours are much redder. These features are the
same as their GLIMPSE features. This can be clearly seen in Fig. 5,
which plots the [12]-[22] versus [3.4]-[4.6] colour—colour diagram,
showing the deviation between the maser-associated WISE sources
and the comparison sources.

Fig. 6 plots the colour—-magnitude diagram of [3.4]-[4.6] colour
versus 22-pum magnitude, which shows that the solitary OH masers
have a brighter MIR source counterpart at 22 pm compared with
solitary methanol masers. We also plot histograms of the four bands
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Figure 5. Colour—colour diagram constructed from the WISE point-source
catalogue. The OH masers with WISE counterparts are represented with solid
circles. Sources within 20 arcmin radius of / = 300°, b = 0° are represented
with dots. Only sources for which there is flux density information for all
four bands have been included in the plot, i.e. 181 of 205 OH masers with a
WISE point source within 6 arcsec and 7728 of 7729 out of the comparison
sample.
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Figure 6. WISE [3.4]-[4.6]versus 22-pum colour—magnitude diagram. The
OH masers with associated WISE point sources are represented with solid
circles if they do not have associated methanol multibeam (MMB) masers,
while methanol masers with associated WISE point sources are represented
with solid squares if they do not have associated OH masers. WISE point
sources within 20 arcmin radius of / = 300°, b = 0° are represented with
dots.

for the WISE sources associated with solitary OH masers and soli-
tary methanol masers. We find that at 4.6, 12 and 22 um there is a
trend that the WISE sources associated with solitary OH masers are
brighter than the WISE sources associated with solitary methanol
masers; it is most obvious in the 22-um band (shown in Fig. 7).
This result may have a bias because the 22-pm magnitude depends
on the distance. However, the WISE sources associated with these
two kinds of masers all suffer from the same effect and the obvi-
ous tendency could still illustrate some problems. The 22-pum band
should trace the same dust emission components as the 24-pum band,
which likely comes from very small grains (VSGs) out of thermal
equilibrium or a combination of emission from VSGs and from a
larger grain population with temperature closer to 25 K (Anderson
et al. 2012). The OH masers with brighter 22-um emission may
trace a later evolutionary stage of the central star than the methanol
masers, because of the higher dust temperature. Cragg et al. (2002)
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Figure 7. The distribution of 22-pum magnitude. The dashed curve shows
the distribution of the methanol masers without associated OH masers and
the solid curve is that of the OH masers without associated methanol masers.
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Figure 8. WISE [3.4]-[4.6]versus 22-pum colour-magnitude diagram for
the OH masers, as in Fig. 5. The OH masers with WISE counterparts are
represented with solid circles. Sources within 20 arcmin radius of / = 300°,
b = 0° are represented with dots.

found that the gas-phase molecular abundance is the key determi-
nant of maser activity for both CH3OH and OH masers. A large
CH;O0H column density can be easily reached in SFRs, due to a
high abundance of methanol ice on grain mantles (Dartois et al.
1999). OH abundance can be enhanced by the photodissociation or
ion—-molecule process after the H,O molecules are injected into the
gas phase. Charnley, Tielens & Millar (1992) and Charnley et al.
(1995) predicted that a maximum of methanol abundance appears
before a peak of OH abundance. If these models are confirmed by
further chemical modelling, this would support the proposed evo-
lutionary sequence mentioned above. Alternatively, the stellar mass
range associated with OH masers may extend to higher masses than
that for methanol masers, as revealed by Ellingsen (2006).

The distinctive colour—colour and colour—-magnitude properties
of the WISE sources associated with OH masers provide an oppor-
tunity to create a WISE-selected target sample for future OH maser
searches. Fig. 8 is the [3.4]-[4.6] versus 22-um colour—magnitude
diagram, showing that the majority (~80 percent) of the WISE
sources associated with known OH masers are located in a domain
with [3.4]-[4.6] > 2 and 22-um magnitude <3, while almost no
sources in the comparison field are located in this domain. On the
other hand, it is possible to estimate the detection rate and effi-
ciency of an OH maser search targeted towards WISE point sources
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Figure 9. WISE [3.4]-[4.6] colour versus detection rate/efficiency diagram
(22-pm magnitude <3). The detection rate is represented with a solid line
and the efficiency is represented with a dashed line.

by comparison with one blind or untargeted OH maser survey. One
untargeted survey with the Parkes telescope by Caswell et al. (1980)
has detected 19 interstellar OH masers in the region / = 330°-340°,
b = —0.3° to 0.3° at a sensitivity of ~0.1 Jy. For a search with a
single dish, any targets that lie within half the FWHM beam could
be searched only once in a single pointing. Considering the spatial
coverage of the Parkes beam (~10 arcmin at 1.66 GHz), the actual
targeted WISE sources could be deduced. Based on these, we plot the
dependence of the detection rate and efficiency with the [3.4]-[4.6]
colour (under 22-pum magnitude <3) in Fig. 9, using WISE sources
and OH maser data in the Caswell et al. (1980) surveyed region.
From this figure, for WISE sources satisfying the criteria [3.4]—
[4.6] > 2 and 22-um magnitude <3, 84 percent (16/19) detection
of known OH masers in the blind survey is expected; this detection
rate/percent is consistent with that (80 per cent) shown in Fig. 8 for
all known OH masers. Therefore, this also suggests that it is more
reasonable to estimate a detection efficiency of OH maser searches
using the criteria [3.4]-[4.6] > 2 and 22-pm magnitude <3, under
which a detection efficiency of ~10 per cent would be achieved. We
searched for the WISE All-sky Data Release and found about 7559
point sources satisfying the criteria. These WISE sources would
provide a potential target sample for further OH maser searches,
especially with the newly built 65-m radio telescope in Shanghai. It
should be noted that this new telescope has a similar beam size to
the Parkes dish. As a simple estimation, considering the beam cov-
erage of the Shanghai 65-m or Parkes telescope, the target pointing
positions are reduced to 5209 towards these WISE-selected sources;
thus ~500 ground-state interstellar OH masers should be detected.
The expected total number of ground-state interstellar OH masers
would be ~600 in our Galaxy, after considering that 84 per cent of
all OH masers would be detected from the above statistics.

4.3 Bubble-like structures

The Spitzer—-GLIMPSE images revealed a large number of full
or partial ring-like structures, which were referred to as bubbles
(Churchwell et al. 2006, 2007). Bubbles are a common phenomenon
in the ISM. Most of them may be produced by newly formed
massive stars and clusters, which excite PAHs in the swept up
shell; the PAHs are strong emitters at 8 pm in the photodissocia-
tion regions (PDRs) surrounding the Hu region (Deharveng et al.
2010). Churchwell et al. (2006, 2007, hereafter CHO6, CHO7) have
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Table 6. Maser-associated bubbles.

Catalogue No. I b Rout Eccentricity (R) (T) Morphology flags ~ Name (OH) Name (CH30H)
(deg) (deg)  (arcmin) (arcmin)  (arcmin)
N2 10.747  —0.468 8.31 0.56 6.95 1.23 B G10.623-0.383
No65 35.000 0.332 2.59 0.49 2.15 0.54 C G35.024+0.350
N68 35.654  —0.062 6.06 0.72 4.68 0.74 C,CC G35.577-0.029
S36 337971  —0.474 3.56 0.66 2.73 0.69 C G337.916—0.477
S62 331316  —0.359 2.50 0.58 2.02 0.45 B G331.342—-0.346  G331.342-0.346
S66 330.781 —0.414 7.42 0.69 5.63 1.37 B,CC,MB G330.878—0.367
G330.878—0.367
S110 316.809  —0.031 1.82 0.63 1.42 0.36 C, TP G316.811-0.057  G316.811—-0.057
S122 313.418 0.128 8.69 0.78 6.22 1.31 C G313.469+40.190  G313.469+0.190
S169 301.122  —0.152 4.06 0.34 3.40 1.07 B G301.136—0.226  G301.136—0.226
CN15 0.562 —0.843 1.03 0.73 0.71 0.27 B, BC G0.546—0.852
CN71 5.894  —0.463 6.17 0.38 5.45 0.96 B,FL,Y G5.886—0.393
G5.885—0.392
CNI135 9.612 0.196 0.48 0.69 0.34 0.13 C,BC G9.619+0.193 G09.619+0.193
G9.620+0.194
G9.6214+0.196 G09.621+0.196
CSl1 359.965  —0.502 2.74 0.67 2.15 0.42 B, Y G359.970—-0.457  G359.970—0.457
CS43 354.715 0.297 0.51 0.70 0.38 0.11 CY G354.724+0.300  G354.724+0.300
CS46 354.619 0.492 1.25 0.50 1.04 0.24 C,BC, Y G354.6154+0.472 G354.615+0.472
CS55 353.417 —0.375 1.34 0.91 0.78 0.15 B G353.410—0.360  G353.410—0.360
CS73 352.174 0.297 6.80 0.62 5.52 1.02 B G352.16140.200
CS106 350.327 0.096 1.02 0.75 0.74 0.18 B, CS G350.3294-0.100

catalogued about 600 ring structures traced mainly by 8.0-pm emis-
sion between Galactic longitudes —65° and 65° by inspecting the
GLIMPSE I/II mosaic visually. Deharveng et al. (2010) studied a
gallery of bubbles, mainly from Churchwell et al. (2006), finding
that 86 per cent of their bubbles enclose H 1 regions. Good corre-
lation of MIR bubbles with known H 11 regions or radio continuum
emission at 20 cm and relatively low contamination from asymptotic
giant branch (AGB) star bubbles, supernova remnants (SNRs) and
planetary nebulae (PNe) reported in the literature indicates that bub-
bles are a good tracer of star formation activity (Churchwell et al.
2006; Deharveng et al. 2010). Deharveng et al. (2010) also con-
cluded that more than a quarter of the bubbles may have triggered
the formation of massive objects. The majority of studies into trig-
gered star formation by the expansion of bubbles take advantage of
multiwavelength data sets (typically with near-, mid-, far-infrared,
millimetre and radio wavelengths) to estimate the mass, age and
luminosity of triggering and triggered sources and compare the
kinematic properties of the young stars with the surrounding ISM.
The evidence of triggered star formation has thus been reported in
several known Hu regions and bubbles, e.g. Sh2-212 (Deharveng
et al. 2008), W51a (Kang et al. 2009), RCW120 (Zavagno et al.
2010), S51 (Zhang et al. 2012), N4 (Li et al. 2013b) and G52L (Li
et al. 2013a). Although these studies provide reasonable evidence
of triggered star formation, they always conclude with uncertain-
ties and open questions, such as the uncertainties of the association
between young stellar objects (YSOs) and the collected material
(Kang et al. 2009) and the age uncertainties of stars in the conden-
sation regions (Zavagno et al. 2010). Kendrew et al. (2012) took
a statistical approach to investigate the association of bubbles with
massive star formation and found a strong positional correlation
of massive young stellar objects (MYSOs) and bubbles. However,
it is not yet clear whether the expansion of bubbles could cause
the following generation of stars. Interstellar OH masers trace mas-
sive star formation; thus, the association study between interstellar
OH masers and bubbles may obtain indirect evidence supporting
triggered star formation by the expansion of bubbles.
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We use the catalogue made by Churchwell et al. (2006, 2007),
which contains 591 bubbles, to study the association between
bubbles and the 219 interstellar OH masers mentioned above.
Churchwell et al. (2006, 2007) measured bubble parameters, such
as the semimajor (R,,) and semiminor (r,,) axes of the outer el-
lipse. We use 1.2R,, as the criterion to cross-match the OH maser
positions and the bubble centre positions. The value is larger than
R,ui, because the definition of R, is subjective. We find that 18
bubbles are associated with 22 OH masers. Among them, one bub-
ble (CN135) is associated with three OH masers and two bubbles
(CN71,S66) are associated with two OH masers, respectively. These
associations may be caused by merely geometric effects, but still
need to be investigated. Here we assume all the masers are associ-
ated with bubbles. Then we cross-match these 22 OH masers with
707 MMB masers taking a 2-arcsec criterion. The result is that 10
methanol masers are associated with 10 OH masers and nine bub-
bles. Basic information about the 18 maser-associated bubbles and
the names of the associated OH masers and methanol masers are
listed in Table 6.

The low association between bubbles and interstellar OH masers
may be due to the maser sample we used. The 219 OH masers as
described above are mainly from targeted surveys. Therefore, many
bubbles may not have been searched for OH masers on the borders.
In addition, the low association may suggest that the young stars on
the borders of the majority of the bubbles are at an early stage and
have not developed physical conditions suitable for the pumping
of OH masers. Additionally, the result may simply imply that the
majority of the bubbles have not yet triggered star formation on
their borders, or that triggered star formation is inefficient on the
borders of bubbles.

We display false colour images of the bubbles (4.5 pm: blue;
5.8 um: green; 8.0 um: red) using the display program ps9' and
point out the positions of OH masers and methanol masers in the

! See http://hea-www.harvard.edu/RD/ds9/ref
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Figure 10. The three-colour (4.5 um: blue; 5.8 um: green; 8.0 um: red)
image of the bubble CN135 from the CHO7 catalogue, with three OH masers
(plus symbols) located on the border of the bubble and two methanol masers
(crosses) sharing the same sites with their associated OH masers.
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Figure 11. Same as Fig. 10, but for the bubble N65 from the CH06 cata-
logue. Notably only one OH maser (plus symbol) is located on the border
of the bubble.

bubble infrared images. As examples, Fig. 10 shows the three-
colour image of the bubble CN135. It shows that three OH masers
are located on the border of the bubble and two methanol masers
share the same sites with OH masers. Fig. 11 is the three-colour
image of the bubble N65. It only has one OH maser on the border
of the bubble. The remaining 16 bubbles have the same maser dis-
tribution as CN135 or N65 and many masers are associated with
bright emission at 8.0 pm. The 6.7 GHz Class II methanol masers
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Figure 12. Observed distributions of average bubble angular diameter
(2(R)), average bubble thickness (angular measure (7)) and bubble thick-
ness relative to the average outer radius ((7) /(Rou)). The dot—dashed curves
show the distributions of the 18 maser-associated bubbles and the solid
curves are those of all 591 bubbles. The solid circles are the medians of the
18 maser-associated bubbles, while the solid triangles are the medians of all
591 bubbles.

and interstellar OH masers are the tracers of massive star forma-
tion. This result confirms that massive star formation is ongoing on
the borders of bubbles and that bubbles may trigger massive star
formation by their outward expansion.

Beyond that, we study the properties of maser-associated bubbles.
The left panel in Fig. 12 is the average angular diameter (2(R)) distri-
bution of 591 bubbles and 18 maser-associated bubbles. We can see
from it that the average angular diameter of the 18 maser-associated
bubbles is slightly larger than that of the full 591 bubbles. The mid-
dle panel in Fig. 12 shows that there is a deviation of the average
angular thickness ((7)) between the 18 maser-associated bubbles
and all 591 bubbles. From the right panel in Fig. 12, we can see that
the ratio of average thickness to average outer radius ((7)/(Roy)) is
smaller than 0.3 for the 18 maser-associated bubbles. The 2(R), (T)
and (T)/(Ro.) medians for the 591 bubbles and 18 maser-associated
bubbles are labelled in Fig. 12. The 2(R), and (7) medians of the 18
maser-associated bubbles are 4.30 and 0.50 arcmin, larger than the
values of 1.82 and 0.25 arcmin for all 591 bubbles. The (T)/(Roy)
medians for the 18 maser-associated bubbles and the 591 bubbles are
0.182 and 0.228, respectively. Deharveng et al. (2010) suggest that
the large size of bubbles corresponds to a greater age or evolution
in the ISM with low densities. Churchwell et al. (2006) concluded
that bubble shell thickness increases approximately linearly with
shell radius. The measurements of larger average bubble angular
diameter (2(R)) and smaller thickness relative to the average outer
radius ((T)/(Rou)) of the 18 maser-associated bubbles may suggest
that the maser-associated bubbles are generally older than normal
bubbles. However, these results may simply be due to the artefacts
of small number statistics and need further study.

5 SUMMARY

In this article, we presented catalogues of all detected interstel-
lar OH masers of different transitions. We also used GLIMPSE
and WISE data to investigate the MIR environment of interstel-
lar OH masers and explore MIR environment differences between
OH masers and methanol masers. Additionally, we also studied the
association between OH masers and bubbles.

For maser action, one must have the presence of OH (from the
dissociation of water vapour), intense IR radiation (to populate
higher energy levels of OH, which then cascade to lower states that
are inverted by a combination of IR and collisions) and a long path
where the velocity dispersion is small, so that the maser intensity
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can rise to a level at which it can be detected. An assumption is
that the masers have spherical shapes, so radiate in all directions;
i.e. the masers are not beamed in a certain direction. We found no
obvious differences in the GLIMPSE colour—colour and colour—
magnitude diagrams for solitary OH masers, OH masers associated
with methanol masers and solitary methanol masers; this result is
different from previous studies (Ellingsen 2006). However, in the
WISE colour-magnitude diagram, the 22-pm magnitude of MIR
counterparts of solitary OH masers is significantly brighter than
that of solitary methanol masers. This may indicate that the stellar
mass range associated with OH masers can extend to higher masses
than that for methanol masers, or it may be because the OH masers
trace a later evolutionary phase than methanol masers. For bubbles,
22 OH masers are associated with 18 bubbles. Among them, 10
OH masers are also associated with Class Il methanol masers. OH
masers and methanol masers are usually found on the border of
bubbles, suggesting that there is ongoing star formation activity.
This result is indirect evidence of triggered star formation by the
expansion of bubbles.
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