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ABSTRACT

We present the second portion of an unbiased survey of the Galactic plane for 6668-
MHz methanol masers. This section of the survey spans the longitude range 6° to
20°. We report the detection of 119 maser sources, of which 42 are new discoveries.
The masers are tightly constrained to the Galactic plane, with only four outside a
latitude range of +1°. This longitude region includes the brightest known 6668-MHz
methanol maser, 9.621+0.196, as well as the two brightest newly discovered sources
in the southern survey as a whole. We list all the sources associated with the 3-kpc
arms within +15° longitude and consider further candidates beyond 15° longitude.
We identify three new sources associated with the Galactic bar and comment on the
density of masers in relation to the bar orientation.

arXiv:1007.3050v1 [astro-ph.GA] 19 Jul 2010

Key words: masers — surveys — stars: formation — ISM: molecules.

1 INTRODUCTION

The Methanol Multibeam (MMB) survey is a project to sur-
vey the entire Galactic plane for 6668-MHz methanol masers
(Green et al] M) This species of maser is one of the
brightest observed, it is widespread throughout the Galaxy,
and it exclusively traces high-mass stars in an early stage of
their formation (Pestalozzi et al] m; Minier et al] m;
Xu et all M) This makes the 6668-MHz methanol maser
a powerful tool for understanding the processes of high-mass
star formation and studying the spiral arm structure of our
Galaxy (e.g. [Reid et all 2009; [Rygl et all[2010). By survey-
ing in an unbiased manner, with uniform sensitivity, the
MMB will establish a definitive catalogue for future studies.
More than 60% of the Galactic plane has now been observed
with the Parkes Radio Telescope and detections followed up
to yield accurate positions (<0.4 arcsec). The catalogue is
being released sequentially, as data reduction and follow-
up observations are completed. The first region to be re-
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leased covered Galactic longitudes 345° to 6° (Caswell et all
m% with a focus on recognising masers associated with
the Galactic centre. The current paper extends the Galactic
centre region to a longitude of 20°, and represents the re-
maining sources north of the Galactic centre which have high
resolution positions from the Australia Telescope Compact
Array (ATCA). For sources further north we are obtaining
positions with the Multi-Element Radio Linked Interferom-
eter Network (MERLIN) and the Very Large Array (VLA)
and these will be presented in a subsequent paper.

A number of targeted searches have previously been
made in the 6° to 20° longitude region presented here, with
the targets consisting of masers of other methanol transi-
tions and other molecular species (e.g. 12-GHz methanol
and 1665/1667-MHz hydroxyl masers), as well as various
star formation indicators (e.g. IRAS colour selected ultra-
compact HII regions). The targeted observations include
the first search for methanol at 6668-MHz (Im m)
that led to the discovery of maser emission in this transi-
tion. The other major targeted observations preceding the

MMB survey were: Schutte et all (1993); van der Walt et al!
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(1995); ICaswell et all (1995a); [Walsh et all (1997, [1998);
Slysh et all (1999); [Szymczak et all (2000); Beuther et al.
(2002). The combination of these observations resulted in
74 sources known in this region prior to the MMB survey
(Pestalozzi et all 2004). The positions for 45 of these were
presented in|Caswell (2009). During the course of the survey
three more sources have been detected (Ellingsen 2007 and
Cyganowski et al! [2009).

Of special interest, this survey region includes the
remaining sources regarded by |Green et all (2009b) as a
likely population associated with the enigmatic 3-kpc arms
(van Woerden et all [1957; Qort et all [1958; Banid (1977,
1980; [Lockman [1980). The presence of 6668-MHz methanol
masers in this interior Galactic feature conclusively demon-
strated the presence of high-mass star formation, in both the
well known near-side portion, and the recently discovered
far-side portion (Dame & Thaddeud 2008). Understanding
the nature and structure of this part of the Milky Way is
key to understanding the structure and dynamics of the in-
ner Galaxy.

2 METHANOL MULTIBEAM SURVEY
PARAMETERS AND EQUIPMENT

A full review of the survey techniques is given in|Green et al.
(2009a), so only a brief description is presented here to-
gether with details specific to the 6° to 20° longitude re-
gion. The survey has been conducted with a purpose-built
7-beam receiver on the Parkes radio telescope together with
subsequent ATCA observations (in the 6-km configurations)
to provide high resolution positions (positional accuracy of
~0.4 arcsec). At Parkes, blocks of the Galactic plane 2°
in longitude by 4° in latitude were initially raster scanned.
Maser sources in the resulting data cubes were first identi-
fied using an automated routine and then visually inspected.
Once the high resolution positions were determined with the
ATCA, seven-minute pointed Parkes observations, referred
to as MX observations, were subsequently obtained towards
the maser sources (including two sources known to exist out-
side the MMB latitude range). The Parkes beamwidth at
6668-MHz is 3.2 arcmin and the typical 1 ¢ noise level in
the survey cubes was 0.17 Jy. The MX observations typi-
cally reached noise levels of 0.07 Jy. The spectral resolution
at Parkes was 0.11kms™'. The latitude range of the MMB
was £2°, which was adequate for this region of the Galactic
plane, because only four sources are known to exist outside
+1° and only two of these lie more than 2° from the plane.

The survey cubes for 6° to 14° longitude were observed
over the period 2006 April to 2007 August, whereas 14° to
20° longitude were observed solely in 2007 August. Twelve of
the 32 scans in the 8° to 10° longitude region were repeated
in 2007 November due to higher than average noise in the
originals. The MX observations for the 6° to 20° longitude
region were taken in 2008 March, 2008 August and 2009
March.

As detailed in |Green et all (2009a), the velocity cov-
erage was designed to cover all the known CO emission of
Dame et all (2001), with multiple velocity settings where
needed (single setting coverage was ~180kms™"). For the
longitude range covered in this paper, two central velocity
settings were required: between 6° and 10° these were cen-

tred at +135 kms™! and —10 kms™!; and between 10° and
20° they were centred at +145 kms™! and 0 kms™?.

3 SURVEY RESULTS

Results are presented in Table [Tt column one is the source
name (Galactic longitude and latitude); columns two and
three are Right Ascension and Declination in J2000 co-
ordinates from ATCA observations; columns four and five
are the minimum and maximum velocities of emission (the
most extreme values observed in any observations); columns
six and seven are the MX peak velocities and flux densities;
columns eight and nine are the peak velocities and flux den-
sities observed in the survey cubes; and the final column pro-
vides extra information on the date of the ATCA observation
(if it was observed by us) or a reference for comparable ob-
servations made previously. All velocities are with respect to
the radio convention of the local standard of rest (LSR). For
sources in close proximity, individual source velocity ranges
have been determined from inspection of the higher spatial
resolution ATCA data. Parkes spectra for the sources are
given in Figure [II These are all MX spectra with the ex-
ception of 14.230-0.509, which is the survey cube spectrum
(the source is variable and was not detectable in the MX ob-
servations as discussed in Section[3.1]). Typical physical sizes
(£0.03 pc) and distances (>3 kpc) are such that maser spots
associated with an individual exciting star (or binary) are
spread over a diameter of less than 2 arcsec (Caswell [1997);
as such we treat emission features separated by >2 arcsec as
different maser sites (Caswell 2009; |Caswell et all|2010). All
our sources are separated by at least 10 arcsec, with the ex-
ception of the two pairs 18.733-0.224 with 18.735-0.227, and
19.472+0.170 with 19.4724-0.170n. For completeness, we list
the two additional sources known to exist outside the lati-
tude range of the MMB survey (Pestalozzi et all[2005) and
give measurements from our targeted MX observations.

For the 6° to 20° longitude region we detected 119
sources, corresponding to an average of 8 sources per de-
gree of longitude, with 42 new detections.

3.1 Remarks on sites of maser emission.

Here we provide additional details on notable sources and
sources with confused spectral structure. This includes:
11 sources which are associated with the 3-kpc arms
(Green et all [2009h); 4 sources with relatively large lati-
tudes; 6 with known variability; and 3 with velocity ranges
wider than 16 kms™*. The majority of sources within longi-
tudes 6° to 20° are located within the solar circle (inferred
from their positive LSR velocities) and therefore have a near-
far ambiguity for kinematic distance estimates. Where pos-
sible we remark on sources which have been allocated a near
or far distance in the literature.

6.189-0.358 This is the brightest (229 Jy) new detec-
tion of the MMB survey and is associated with the near
3-kpc arm.

6.368-0.052, 7.601-0.139 and 7.632-0.109  These
three new sources all have high velocities (144.1km s~



154.7kms™! and 157.0kms™! respectively) and are po-
tentially associated with the Galactic bar. For the closely
spaced pair, 7.601-0.139 incorporates the features between
155 and 157 kms™!, whilst 7.632-0.109 incorporates the
features outside these velocities. All three sources may be
linked to the known high velocity Hi at these longitudes,
which extends from the plane to high latitudes (see for ex-
ample [McClure-Griffiths et all[2005). 6.368-0.052 displays a
feature of 0.2 Jy at 136kms™' in both the MX taken 2008
March and the MX taken 2009 March, however it has not
been confirmed with the ATCA.

6.539-0.108, 6.588-0.192 and 6.610-0.082 We have de-
tected a new source amongst two previously known sources.
The new source, 6.588-0.192, has three blended peaks be-
tween 4 and 6kms™*. 6.539-0.108 has a clear feature at
13.5km s~ ! and 6.610-0.082 has a clear feature at 0.8 kms ™!,
both known from previous observations. Additionally we de-
tect weak emission between 6 and 7kms™! in the spectrum
of 6.539-0.108 and weak emission (<0.9Jy) at 5-6kms™*
and ~10kms™' in the spectrum of 6.610-0.082. The fea-
tures in both spectra near 6kms™' may partially be a
sidelobe response of the new source 6.588-0.192. A fourth
source may exist in the region, but it could not be resolved
with the ATCA, and would require future VLBI observa-
tions. LSR velocities near zero at this Galactic longitude
imply heliocentric distances of either a few kpc or beyond 10
kpe. [Downes et all (1980) ascribe the associated HiI region
6.553-0.095 to the far kinematic distance based on formalde-
hyde absorption. They also speculated that it might be in
the 3-kpc arm, but this seems unlikely since the velocities
do not correspond with either of the arms as defined in

Dame & Thaddeud (2008).

6.795-0.257 This source has a wide velocity range
of 19.3kms™! with the features between 25kms~ ' and
30kms™! probably separated from the bright feature at
~14kms™' by approximately one arcsecond. Overall the
features increased in flux density between the survey cube
observation and the MX (2009 March).

7.166+0.131 This is a new source to the survey and
clearly associated with the far 3-kpc arm. It also exhibits a
wide velocity range of 16.5kms™!.

8.139+0.226 'This source, when first discovered by
Schutte et all dl&% had a peak flux density of ~15 Jy. A
position was obtained in 2000 by- (Im with a peak
flux density of only 3.5 Jy. The survey cube spectrum (taken
2006,/2007) showed a higher peak flux density of 5.2 Jy. The
MX taken in 2009 showed a peak flux density of over twice
this at 11.4 Jy. On the basis of a lack of formaldehyde ab-
sorption, ) suggest the associated compact
Hir region is most likely at the near kinematic distance.

8.669-0.356 and 8.683-0.368 The spectra of this close
pair of sources contain a feature at ~36 kms~" which is likely
to be variable and could not be clearly attributed to either
one of the sources. 8.669-0.356 comprises only the small fea-
ture at ~39kms ™!, whilst 8.683-0.368 contains all other fea-
tures seen in the spectrum. (1980) ascribe the
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associated HII region to the near kinematic distance based
on a lack of formaldehyde absorption.

8.832-0.028 This is a bright new source (159 Jy) also
recently positioned by (M) with the ATCA. It

is associated with the near 3-kpc arm.

8.872-0.493 This new source was also recently posi-
tioned by (@) with the ATCA. It is poten-
tially associated with the molecular cloud 8.9-0.5 (velocity
of 12kms~*) from|Solomon et all (1987), which was claimed
by the authors to have kinematics matching those of the near
3-kpc arm. However, the kinematics do not match an ex-

trapolation of the arm based on|Cohen & Davies (1976) nor
the more recent definition of Dame & Thaddeud (2008). Ap-
plying current kinematic models, the velocity of 8.872-0.028
(~23kms™!) would place it in either the Carina-Sagittarius
or Perseus arms. If the maser is associated with the 8.9-0.5
molecular cloud (with a 10kms™' unusual velocity), then
that would place it more likely in the Perseus, rather than
the Carina-Sagittarius arm. In either case the source is un-
likely to be associated with the near 3-kpc arm.

9.621+0.196 and 9.619+0.193 This famous source and
its companion have been extensively studied since discovery

in 1991 (Menten [1991; Norris et all[1993; (Walsh et all (1997,
[1998; [Phillips et all [1998; [Caswell 2009). There has also
been extensive monitoring of 9.621+0.196 by
.Mﬂ) \Goedhart et all (2003, 2004); Iw_wmm
( [Vlemmings et all (2009), with [Goedhart et all
m) detecting periodic flares (see Section[3] for details).
The weaker source, 9.61940.193, probably has just two fea-
tures. Several authors have postulated the pair lie within
the 3-kpc arm (e.g. [Caswell et aljw; Hofner et al“LM;
Green_et, all [ZMQH) and recent trigonometric parallax mea-
surements of 12 GHz methanol m M) estab-
lished a heliocentric distance of 5.2+0.6 kpc (corresponding
to a Galactocentric distance consistent with 3-kpc arm esti-
mates).

9.986-0.028 This source consists of a group of three
strong (>10Jy) features between 40kms™' and 45kms™*
(two of which are blended in the Parkes spectrum), an
outlying strong feature at 47kms™' and other weaker
(<10Jy) emission between 40kms™" and 52kms™'. The
47kms~! feature was the brightest at 35Jy in the origi-
nal [Schutte et all (1993) Hartebeesthoek observations, but
had decreased to 28 Jy in the ATCA observations made
in 2000 by [Caswell (@) In our observations this fea-
ture is stable between the survey cube (2007 January) and
MX (2009 March) observations with a peak flux density
of ~27Jy. Meanwhile the feature at 42kms~! which had
shown a steady increase from ~15Jy to 26 Jy between the
Schutte et all (1993) and [Caswell (2009) observations now
dominates the spectrum. Our survey cube and MX obser-
vations find a peak flux density of ~70Jy. The 43.5kms™*
feature decreased from 32 Jy in 1993 to 20 Jy in 2000, in-
creased to 24 Jy in the survey cube and decreased to 20 Jy in
the MX. The 40.5kms™" feature has been stable at ~25 Jy
across all the observations with the exception of the survey
cube where it flared to 38 Jy.
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10.205-0.345, 10.287-0.125, 10.299-0.146, 10.323-0.160
and 10.342-0.142 These are the first of four groups of
sources which are in the direction of the W31 complex. The
close proximity of all these sources leads to confusion in
the Parkes spectra, however the high spatial resolution of
the ATCA observations allows identification of the different
source features: 10.205-0.345 has emission between 5 and
11kms™! with a peak at 7.2kms™'; 10.287-0.125 contains
the three features with velocities less than 5kms™"; 10.299-
0.146 is the small feature at ~20 kms™'; 10.323-0.160 is the
feature at 6kms™* and the double feature between 9 and
13kms™!; 10.342-0.142 exists between 7 and 17kms ™", but
not including the bright peaks of the previous mentioned
source. 10.323-0.160 has been monitored for variability by
Goedhart et al! (2004). 10.287-0.125 and 10.342-0.142 are
associated with Extended Green Objects (Cyganowski et all
2009). Wilson et all (1984) detected methanol absorption at
23 GHz.

10.320-0.160 and 10.356-0.148 These sources, also
in the direction of W31, have emission at higher veloci-
ties: 10.320-0.160 comprises the features between 35 and
40kms™!; 10.356-0.148 the features between between 49 and
54kms™ 1.

10.444-0.018, 10.472+0.027 and 10.480+0.033 Al-
though close to W31 spatially, the high velocities of this trio
of sources separates them from the complex. 10.4724-0.027
and 10.48040.033, separated by ~6 arcmin, and originally
identified as 10.47+0.03, were highlighted by [Caswell et al.
(1995b) as extremely variable and have been monitored for
variability by |Goedhart et all (2004). The sources have a
very wide range of velocity emission which is comparable to
the nearby source 10.444-0.018.

10.627-0.384 and 10.629-0.333 This is the fourth
group of sources which have been loosely associated with
W31. 10.627-0.384 includes the small feature on the edge
of the absorption at approximately -6kms™!, but not the
outlying features. Absorption was also evident in the Parkes
spectrum shown by |Caswell et all (19954). 10.629-0.333 is
kinematically associated with the near 3-kpc arm as de-
fined by [Dame & Thaddeus (2008). Although marginally
offset in peak velocity, the close spatial association of 10.627-
0.384 together with its emission at negative velocities, im-
plies this source is also associated. The other 3 groups of
sources previously mentioned are offset in position and ve-
locity from 10.627-0.384 and 10.629-0.333, so do not appear
to be associated with the near 3-kpc arm as defined by
Dame & Thaddeus (2008). This implies that 10.629-0.333
and 10.627-0.384 may be a chance spatial alignment with
W31 and not actually associated. Conversely if the whole
W31 complex is associated with the near 3-kpc arm, as was
suggested by [Downes et all (1980), the 3-kpc arm kinemat-
ics differ from that observed by [Dame & Thaddeus (2008).
Fish et all (2003) argues that 10.629-0.333 is unlikely to be
at the far distance based on HI absorption observations to-
wards an associated compact HII region.

10.724-0.334 This source is associated with the near
3-kpc arm. It has significantly brightened from 1.5 Jy in the
survey cube observation to 5 Jy in the MX.

10.822-0.103 This source had three features in the sur-
vey cube observation, between 68 kms~! and 74kms~!. The
ATCA data detected all three, but at minimal signal-to-
noise. The MX taken 2009 March only detected one feature

at a velocity of 69kms™?.

10.886+0.123 Both the survey cube and MX data
(2008 March) show consistency in the shape of the spec-
trum and the peak flux densities of the features, although
the ATCA spectrum had flux densities a factor of two lower.

11.034+0.062 The 25kms~! feature seen in the spec-
trum is a sidelobe response to 10.9584-0.022.

11.109-0.114 This new source to the survey was also
detected by |[Ellingsen (2007), but listed as 11.15-0.14.

11.908-0.102 and 11.904-0.141 Of this pair of sources
11.904-0.141 accounts for the features between ~40 and
45kms™" and 11.903-0.102 for the lower velocity features.
No variability was present between the observations of
Caswell et all (1995a) and [Caswell (1997), however our ob-
servations find that for 11.903-0.102 the original peak fea-
ture at 36 kms™ ' has increased from 1.8 Jy (Caswell [1997) to
4.5 Jy. Additionally the feature at 33.8 kms ™! has increased
from 1.5Jy (Caswell [1997) to ~11.5 Jy.

11.936-0.150 This source only contains the features
seen between 45 and 50kms~'. Features <45kms™' are
side-lobe responses to 11.904-0.141.

11.936-0.616 This source is associated with an
Extended Green Object (Cyganowski et all [2009).
Solomon et all (1987) attribute the associated molecu-
lar cloud, 12.00-0.60, to the near kinematic distance based
on a velocity-linewidth argument.

12.025-0.031 This is a known source clearly associated
with the far 3-kpc arm.

12.181-0.123, 12.199-0.033, 12.202-0.120, 12.203-0.107
and 12.209-0.102 This complex cluster of 5 sources is di-
vided as: 12.181-0.123 which consists of the two features at
~30kms™!; 12.202-0.120 which comprises the features be-
tween 20 and ~32.5 kms~1; 12.203-0.107 which is the feature
peaking at 20.5kms™!; 12.209-0.102 which is composed of
the weak features between 15 and ~23kms™—'; 12.199-0.033,
although spatially close, is well separated in velocity.

12.625-0.017 The brightest feature of this maser at
21.6kms™' has increased from ~10 Jy (2007 August) to
almost 25 Jy (2008 March).

12.681-0.182 This source has previously been seen to
vary from maximum flux density to minimum flux density
by a factor of 1.5 over a three month period (Caswell et al.
1995H) and was a source monitored for variability by
Goedhart et all (2004), who found that all maser peaks ex-
hibited a simultaneous variation with a quasi-periodic time-
scale of 30760 days. We made three observations, the orig-
inal survey cube in 2007 August and two MX observations



taken 2008 March and 2009 March. The 2007 August and
2008 March spectra show consistent spectral features (with
flux densities comparable to within 5%) with the exception
of the two features at 59 and 60 kms™', which decreased by
~20%. In the 2009 March spectrum the features at 57.5, 59
and 60kms™" had all decreased from the 2007 August flux
densities by 12%, 60% and 46% respectively.

12.889+0.489 The features of this source were seen to
vary from maximum flux density to minimum flux density
by a factor of 1.3 over an eight month period (Caswell et al.
1995H) and it was then monitored for variability by
Goedhart et all (2004) and |Goedhart et all (2009). It has
been shown to have a short period of only 29.5 days. The
MMB survey cube observations have a peak flux density of
78.9 Jy (2007 August) and the MX 68.9 Jy (2008 March).
See also Section[3l

12.909-0.260 This source is associated with W33 and
has been monitored for variability bylGoedhart et al! (2004).
The authors found the 39.4kms™" and 39.8 kms™" features
showed little variation, whilst the 35.9kms™! feature had
a monotonic increase from 12 to 20 Jy over their duration
of their observations. We find a peak flux density of 245
Jy at 39.9kms™' in the survey cube rising to 269 Jy in
the later MX (2008 March). Additional MX observations in
2009 March found 210 Jy (at 39.4kms™ ') and 250 Jy (at
39.9kms™'). The feature at 35.9kms™" had a flux density
of 25 Jy at the time of the survey cube, 22.5 Jy in 2008
March MX, and 22 Jy in 2009 March MX. The nearby object
listed as 12.79-0.19 in [Menten (1991) and not detected by
either|Caswell et all (1995a) or|Caswell (2009) was again not
detected in a targeted MX observation. Clear absorption of
~2 Jy was found in the Parkes spectrum, but no detectable
spectral structure indicative of maser emission. In agreement
with [Voronkov et all (2010), this location is about 7 arcmin
from 12.909-0.260 and the 5 Jy peak flux density listed by
Menten (1991) implies 12.79-0.19 was a sidelobe response to
12.909-0.260.

18.696-0.156 This is a new source detected by the
MMB survey and is clearly associated with the far 3-kpc
arm.

14.101+0.087 This source is associated with the near
3-kpc arm and a position was recently obtained by |Xu et al.
(2009).

14.230-0.509 This source was observed as a single fea-
ture peak of 3.6 Jy at 25.3 kms ™! in the survey cube observa-
tions. It was then undetectable in both the 2008 March MX
and the ATCA observation taken in 2008 October. Fortu-
nately it was detected again with the ATCA in 2009 January
and a position was successfully obtained, with a peak flux
density of 0.4 Jy at the original velocity of 25.3kms™'. It
was then undetected in a subsequent MX taken 2009 March.

14.521+0.155 This is a new source associated with the
near 3-kpc arm. A feature of 0.5Jy at -2kms™" was seen in
the MX observation (2009 March) which was not present in
the prior survey cube observation.
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14.991-0.121 This source includes two weak features
at 52.5kms™ ! and 54kms™'.

15.034-0.677 This source is associated with the Hit
region in M17 (Caswell [1997). The brighter of the two fea-
tures in this source was observed in the survey cubes to be
stronger than any previous observations with a peak flux
density of 51.6 Jy. The weaker of the two features has re-
mained constant at ~10 Jy.

15.607-0.255 This source was originally observed at
0.85 Jy, but faded to 0.4 Jy in an MX taken 2008 March
and then was not detectable (<0.2 Jy) in the MX taken 2008
August. It was however detected again in 2008 October with
the ATCA (with a peak flux density of 0.4 Jy).

16.302-0.196 The velocity range of emission is nomi-
nally 46.9 kms™! to 53.6 kms ™, but there is a weak spectral
feature at ~41kms™! in one MX, which was not seen in the
original survey cube observation, or the ATCA observation.

16.585-0.051 The 59kms™! feature of this source was
seen to be steadily decreasing in flux density over a period
of 6 months by |Caswell et all (1995a). We find this feature is
marginally weaker at 18 Jy (compared to ~20Jy in Caswell
et al.). The feature at 64kms™' has remained stable at
~15 Jy, but the 62km s~ feature has significantly increased
from 18 Jy to 37 Jy. In the current observations we do not
detect (<0.15 Jy) the two weak features at 52.8 kms™' and
54.2kms™! seen by Caswell et al., instead finding a range of
emission from 56.5 to 69.5km s~ . However for completeness
we list the full velocity range in Table [l

16.864-2.159 and 17.021-2.403 Both these sources lie
outside the latitude range of the MMB survey, but were
re-observed with MX observations for completeness. 16.864-
2.159 was originally discovered by |Caswell et all (1995d) in
a targeted search towards OH masers and has since been
observed by [Walsh et all (1997, [1998) and [Szymczak et all
(2000). Its spectrum has not changed over the >10 year pe-
riod of these observations and our own. 17.021-2.403 was
discovered by |Szymczak et al! (2000) in a targeted search
of IRAS sources and our observations expand the velocity
range of the source with the detection of a weak (<1Jy)
feature at 18 kms~!. The feature at 21 kms~! has also in-
creased significantly from the original observation of ~1 Jy
to 4 Jy.

16.976-0.005 This is a new weak source with a peak
flux density of 0.7 Jy at 6.6kms™?.

17.638+0.157 This source was discovered in 1991
by MacLeod & Gaylard (1992) with a peak flux density
of 25Jy at 21kms™'. It was observed again in 1992 by
Caswell et all (1995a) with a flux density of 25Jy and in
1999 by ISzymczak et all (2000) with a reduced flux density
of 20 Jy. A position was determined with the ATCA in 2003
(Caswell 12009), finding a significantly further reduced flux
density of 9.5 Jy. Our survey cube observations in 2007 Au-
gust found an increase again with a peak flux density of
35 Jy. The MX in 2009 March recorded a peak flux density
comparable to the original value of 25 Jy.
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18.073+0.077 This source contains two bright features
separated by approximately 6 kms™?.

18.159+0.094 The relative intensity of the two strong
features at 58 to 59 kms ™! has varied, with the 58.4 kms™?
feature remaining relatively constant at ~8.5 Jy, but the fea-
ture at 59 kms~! decreasing from 10.3 Jy in the survey cube
(2007 August) to just shy of 2 Jy in the MX (2009 March).
In addition to the major features, the MX detected a small
feature (~1 Jy) at 54.5kms~!, which was only marginally
detected at 0.7 Jy in the survey cube and not detected in
the ATCA observations.

18.440+0.045 This source has noticeable changes in
its structure with the peak moving from ~58kms™' (2007
August) to ~62kms™" (2008 August) and a new feature ap-
pearing at ~60kms~!. The feature at 49 kms~"! is a sidelobe
of 18.460-0.004.

18.661+0.034 and 18.667+0.025 These are a closely
spaced pair of sources, previously listed as one known site,
but now distinguished as two sites. 18.6614-0.034 extends
to the higher velocities. 18.66740.025 is mainly the features
at 77kms~! and 80.5kms~! and is associated with an Ex-
tended Green Object (Cyganowski et all[2009).

18.785-0.227 and 18.733-0.224 These sources are a
closely spaced pair of new detections. The bright peak fea-
ture at 38kms~' belongs to 18.735-0.227, but the 3 other
peaks are 18.733-0.224.

18.888-0.475 This new source was also recently de-
tected by ICyganowski et al! (2009) associated with an Ex-
tended Green Object.

19.009-0.029 This new source was also recently de-
tected by |[Ellingsen (2007), listed as 18.99-0.04. It was seen
offset from a GLIMPSE source by 1.5 arcmin and is unlikely
to be physically associated.

19.249+0.267 This source does not include the feature
seen at 25kms™! which is a sidelobe of 19.365-0.030.

19.472+0.170n, 19.472+0.170 and 19.486+0.151 Two
sources separated by less than 4 arcsec, are distinguished by
an ‘n’ identifying the source with the more northerly dec-
lination (previously the southern site was instead identified
with an ‘sw’ e.g. [Caswell 12009, but we adopt an ‘n’ in ac-
cord with the Galactic centre region results of |Caswell et al.
2010). The northern site contains the features at 18.5, 22
and 23kms™' the southern site, the features between 13
and 16kms™!. 19.48640.151 comprises the other features
at 20.5kms™!, 24kms~! and beyond to higher velocities.

19.609-0.234 This source consists of two main fea-
tures, one at 36 kms~! and one at 40kms~'. The 36 kms™*
feature had been the strongest feature, at 0.4 Jy, in the
1992 discovery spectrum (Caswell et all 1995b). However
this feature was a marginal detection in the survey cube
data (2007 August). Fortunately the weak feature of 0.25
Jy at 40kms™?! in 1992 flared to 1 Jy in the survey cube,

allowing an ATCA position measurement in 2007 July (0.4
Jy peak). The 36 km s~! feature rose to 0.5 Jy in an MX
in March 2008, but was undetectable in an MX in March
2009. The 40km s~ feature had a peak flux density of 0.65
Jy in the MX measurement of 2009 March (and is shown in
Figure [I]). IKolpak et al! (2003); |Anderson & Bania (2009);
Roman-Duval et all (2009) ascribe this source to a far kine-
matic distance based on an absence of HI self-absorption,
whilst [Downes et all (1980) ascribe it to a near kinematic
distance based on an absence of formaldehyde absorption.

19.612-0.120 and 19.612-0.134 As identified by
Walsh et all (199€), in addition to the main source 19.612-

0.120 which has several features between 49 and 61kms™*,

there is a narrow offset source peaking at 52-53kms!.
Both [Kolpak et al! (2003) and |Anderson & Bania (2009) as-
cribe the associated HII region to a far kinematic distance
based on HI absorption and HI self-absorption, in contrast
to [Downes et all (1980), who ascribe it to a near kinematic

distance based on the absence of formaldehyde absorption.

19.667+0.114 This source peaked in emission at
16.3kms™! in the survey cube observation, but peaked at
14.2kms™! in the MX observation, with the 14kms™! fea-
ture doubling in strength from the MX observation from 1.1
Jy to 2.2 Jy. The features either side of the 16.3kms™" fea-
ture have also increased considerably in flux density (whilst
the original 16.3 kms™! feature has remained approximately
the same).

19.884-0.534 This source has been identified as a
far-side object from the presence of formaldehyde absorp-
tion (at a level of 7o) by |Sewilo et all (2004). In contrast
Roman-Duval et al! (2009) identify it as a near-side object
based on the ‘on-off’ HI self absorption technique, as do
Solomon et all (1987) based on a line-width to distance re-
lation.

4 DISCUSSION

Discussion of the global properties of the methanol maser
population will be deferred until the full MMB catalogue
is published. Here we discuss the properties of the sources
within the 6° to 20° longitude region with reference to those
in the Galactic centre region (Caswell et al![2010).

4.1 Galactic Latitude distribution

The maser population in the 6° to 20° longitude region is
confined to a narrow range of latitude (Fig. 2); 97% of the
sources (115 out of 119 sources) are at a latitude within 1° of
the Galactic plane. This narrow distribution is very similar
to that seen in the 345° to 6° longitude region (Caswell et all
2010). All four sources with latitudes outside 1° of the plane
were previously known (11.497-1.485, 16.864-2.159, 17.021-
2.403, 18.341+1.768).

4.2 Flux densities

The brightest 6668-MHz methanol maser detected to date,
9.6214-0.196, is within the current region and was found
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Table 1. Positions and parameters of methanol masers. The references are: W98: [Walsh et al! (1998), B02: Beuther et al. (2002), X09:
Xu et all (2009), C2009: [Caswell (2009). Position is from non-bracketed reference.

Source Name Equatorial Coordinates Velocity range MX data Survey Cube data Position
(1 b ) RA(2000) Dec(2000) VL Vi Vpk(MX)  Spr(MX) Vo (SC)  Spk(SC)  Refs, epoch
(O ) (hm s (27 (kms—!) (kms—!) (Jy)  (kms™!) (Jy)

06.189—0.358 18 01 02.16  -23 47 10.8 -37.5  -27.1 -30.2 228.57 -30.2 221.60 2007JUL19
06.368—0.052 18 00 15.82 -2328 43.8 141.0 1478 144.1 1.50 144.1 1.49  2007JUL22
06.539—0.108 18 00 50.86 -232129.8 12.7 13.8 13.1 0.60 13.4 0.50  C2009
06.588—0.192 18 01 16.09  -23 21 27.3 3.5 7.0 5.1 8.01 5.0 7.70  2007JUL21
06.610—0.082 18 00 54.03 -23 17 03.1 -6.6 7.5 0.8 23.40 0.8 21.20 C2009
06.795—0.257 18 01 57.75 -23 12349 121 31.4 16.3 91.07 16.3 55.08  C2009
06.881+0.093 18 00 49.38  -22 57426  -3.8 -1.5 -2.3 3.12 -2.1 3.25  2007JUL21
07.166+0.131 18 01 17.48 -224144.0 745 91.0 85.7 2.58 85.7 2.47  2007JUL22
07.601—0.139 18 03 14.43 -2227009 151.0 156.5 154.6 8.69 154.7 8.12  2007JUL22
07.632—0.109 18 03 11.63  -2224 324 146.5 158.9 157.0 6.55 157.0 6.26  2007JUL22
08.139+0.226 18 03 00.75 -214809.9 18.8 21.8 19.9 11.40 19.9 5.24  C2009
08.317—0.096 18 04 36.02 -214819.6 44.0 49.2 47.6 3.82 47.1 3.03  2007JUL21
08.669—0.356 18 06 18.99 -21 37 32.2  35.8 39.7 39.2 9.96 39.0 10.46  C2009
08.683—0.368 18 06 23.49 -213710.2  35.8 45.6 43.2 102.00 43.2 141.70  C2009
08.832—0.028 18 05 25.67 -21 19 25.1 -6.0 5.9 -3.8 159.08 -3.8 126.80  2007TMAR21; (X09)
08.872—0.493 18 07 15.34  -213053.7  22.5 27.5 23.3 33.86 23.3 27.37  2007JUL21; (X09)
09.215-0.202 18 06 52.84 -2104 275  36.0 50.0 45.5 11.96 45.6 9.16  2007JUL21
09.621+0.196 18 06 14.67 -20 31 324  -4.8 8.9 1.3 5239.85 1.3 5196.00  C2009
09.619+0.193 18 06 14.92  -20 31 44.3 5.0 7.0 5.5 70.00 5.4 65.00 C2009
09.986—0.028 18 07 50.12  -20 18 56.5  40.6 51.8 42.2 67.58 42.2 70.24  C2009
10.205—0.345 18 09 28.43  -20 16 42.5 5.6 11.0 6.6 2.03 7.2 1.28  20080CT20
10.287—-0.125 18 08 49.36  -20 05 59.0 1.5 6.0 4.6 7.19 4.5 8.29  C2009; (W98)
10.299—-0.146 18 08 55.54  -20 05 57.5 19.0 21.0 19.9 0.94 20.0 1.51  C2009
10.320—0.259 18 09 23.30 -2008 06.9  35.0 39.6 39.0 9.50 39.0 8.87  C2009
10.323—-0.160 18 09 01.46  -20 05 07.8 4.0 16.0 11.5 90.05 11.6 94.62  C2009
10.342—-0.142 18 08 59.99  -20 03 35.4 6.0 18.0 15.4 15.05 14.8 14.00  C2009
10.356—0.148 18 09 03.07 -20 03 02.2  49.6 54.2 49.9 1.45 50.0 1.20 2010MAY22
10.444—-0.018 18 08 44.88 -1954 38.2  67.6 79.0 73.3 24.27 73.4 24.92  C2009
10.4724-0.027 18 08 38.20 -19 51 50.1 57.5 77.6 75.0 28.01 75.1 35.07  C2009
10.480+-0.033 18 08 37.88 -19 51 16.1 57.0 66.0 59.5 22.53 59.5 24.07  C2009
10.627—-0.384 18 10 29.22  -19 55 41.1 -6.0 7.7 4.6 4.23 4.6 3.78  C2009
10.629—-0.333 18 10 17.98 -1954 04.8 -13.5 1.0 -0.2 4.97 -0.4 4.20 C2009
10.724—-0.334 18 10 30.03 -1949 06.8  -2.5 -1.6 -2.2 4.78 -2.1 1.51  2007FEBO05
10.822—-0.103 18 09 50.52 -1937 14.1  68.0 74.0 72.0 0.28 72.1 0.90 2007TFEBO06
10.886+0.123 18 09 07.98 -192721.8 14.0 22.5 17.1 12.03 17.2 12.24  2007FEBO06
10.958+-0.022 18 09 39.32 -1926 28.0 23.0 25.5 24.5 12.30 24.5 16.63  C2009
11.034+0.062 18 09 39.84 -1921 20.3 15.2 21.0 20.5 0.55 20.6 0.89  C2009
11.109-0.114 18 10 28.25 -1922 29.1 22.0 34.5 24.0 15.02 24.1 14.81 2007FEBO05
11.497—1.485 18 16 22.13  -19 41 27.1 4.8 17.0 6.6 68.40 6.7 61.75  C2009
11.903—-0.102 18 12 02.70 -18 40 24.7  32.0 36.7 33.9 11.30 33.8 11.60  C2009
11.904—-0.141 18 12 11.44 -18 41 28.6  39.5 45.0 42.9 64.89 42.8 66.53  C2009
11.936—0.150 181217.29 -18 40 02.6  46.0 50.0 48.5 2.15 48.4 2.30  C2009
11.936—-0.616 18 14 00.89 -18 53 26.6  30.1 44.6 32.3 42.91 32.2 49.32  C2009
11.992-0.272 18 12 51.19 -18 40 384  56.0 60.5 59.8 1.89 59.8 1.60  2007TFEBO06; (W98)
12.025—0.031 1812 01.86 -183155.7 105.0 113.1 108.3 96.26 108.3 103.10  C2009
12.112-0.126 18 12 33.39 -183007.6  38.0 52.0 39.9 2.98 39.9 2.80 2008JAN23
12.181-0.123 18 12 41.00 -182621.9 29.0 31.0 29.7 1.92 29.7 1.40  C2009
12.199-0.033 18 12 23.44 -18 22 50.7  48.2 57.1 49.3 13.67 49.3 16.91  C2009; (2008JAN23)
12.202—0.120 18 12 42,93 -18 25 11.8  26.0 27.0 26.4 0.80 26.4 0.60  C2009
12.203-0.107 18 12 40.24 -18 24 475  20.0 32.0 20.5 2.43 20.5 1.83  C2009
12.209—-0.102 1812 39.92 -1824 179  16.0 22.0 19.8 11.48 19.8 10.16  C2009
12.265—0.051 18 12 35.40 -18 19 52.3  58.0 70.9 68.5 2.25 68.3 2.56  C2009
12.526+0.016 18 12 52.04 -1804 13.6  38.8 44.0 42.6 3.07 42.5 3.30 2008JAN23
12.625—0.017 18 13 11.30 -1759 57.6  21.2 28.0 21.6 25.49 21.6 23.61  C2009; (B02)
12.681-0.182 18 13 54.75 -18 01 46.6  50.0 62.0 57.5 350.98 57.5 350.50  C2009
12.776+4-0.128 18 12 57.57 -174749.2  30.4 33.0 32.8 0.84 32.9 0.90 2007TNOV25
12.889+0.489 18 11 51.40 -173129.6  28.0 43.0 39.3 68.88 39.2 78.93  C2009
12.904—0.031 18 13 48.27 -17 45 38.8  55.8 61.0 59.1 19.99 59.1 40.34  2008JAN23

12.909—-0.260 18 14 39.53 -17 52 00.0  34.7 47.0 39.9 269.05 39.9 245.48  C2009
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Table 1. Positions and parameters of methanol masers cont.

Source Name Equatorial Coordinates Velocity range MX data Survey Cube data Position

(1 b ) RA(2000) Dec(2000) VL Vi Vpk(MX)  Sp(MX) Vo (SC)  Spk(SC)  Refs, epoch

(° ) (hm s (%7 (kms™") (kms™" ) (Jy)  (kms™!) (Jy)

13.179+40.061 18 14 00.96 -1728 32.5  45.6 50.0 46.5 1.48 46.5 2.57  2008JAN23
13.657—0.599 18 17 24.26 -1722 125  45.0 52.7 51.2 32.22 51.3 33.71  C2009; (2008JAN23)
13.696—0.156 18 15 51.05 -170729.6  98.3 108.5 99.3 1.90 99.4 1.86 2007NOV25
13.713—-0.083 18 15 36.99 -1704 31.8  43.0 53.2 43.6 12.74 43.6 12.63  2008JAN23; (2007NOV25)
14.101+4-0.087 18 15 45.81  -16 39 09.4 4.4 16.6 15.4 87.26 15.4 86.55  C2009
14.230—0.509 18 18 12.59  -16 49 22.8  24.6 26.7 25.3 0.20 25.3 3.62  2009JANO09; (20080CT20)
14.390—0.020 18 16 43.77 -16 27 01.0  24.5 28.5 26.9 3.12 26.9 4.40  20080CT20
14.457—-0.143 18 17 18.79  -16 27 57.5  38.0 44.2 43.2 0.81 43.1 1.48  20080CT20
14.490+-0.014 18 16 48.06  -16 20 45.0  19.8 24.5 20.2 1.28 20.2 1.15  20080CT20
14.52140.155 18 16 20.73  -16 15 05.5 -3.0 6.0 4.1 1.40 4.1 1.31  20080CT20
14.604+-0.017 18 17 01.14 -16 14 38.0 22.1 35.8 24.6 2.33 24.7 2.30 2008AUG23; (W98)
14.631-0.577 1819 15.21 -16 30 04.5  23.9 25.9 25.2 1.10 25.2 1.18  20080CT20
14.991-0.121 1818 17.32 -1558 08.3  44.6 54.0 46.0 7.25 46.0 6.63 2008AUG23
15.034—-0.677 18 20 24.78 -16 11 34.6  20.0 24.0 21.3 47.48 21.3 51.59  C2009
15.094+4-0.192 18 17 20.82 -1543 46.5  22.5 26.5 25.7 13.63 25.8 18.62 2008AUG23
15.607—-0.255 18 19 59.34 -1529228  65.1 66.5 65.9 0.43 66.0 0.85 20080CT20
15.665—0.499 18 20 59.75 -1533 10.0  -5.0 -2.0 -2.9 42.60 -2.9 47.65 2008AUG23
16.112—-0.303 18 21 09.14 -1504 006  33.4 35.6 34.5 2.05 34.5 2.22  2008AUG23
16.302—0.196 18 21 07.83 -14 50 54.6  46.9 53.6 51.9 11.24 51.8 9.91 2008AUG23
16.403—0.181 18 21 16.39 -144509.0 39.1 40.0 39.2 0.47 39.2 0.50  20080CT20
16.585—0.051 18 21 09.13 -14 31485  52.0 69.5 62.1 36.74 62.1 33.30  2008AUG23; (W98)
16.662—0.331 18 22 19.46 -14 35 39.1 425 44.2 43.0 3.19 43.0 2.56 2008AUG23
16.831+4-0.079 18 21 09.53 -141508.6  57.2 69.4 58.7 4.06 58.7 4.44  2008AUG23
16.855+0.641 18 19 09.57 -13 57 57.5  23.0 25.0 24.2 1.67 24.2 1.49  20080CT20
16.864—2.159 18 29 24.42  -1516 04.5 14.0 20.0 15.0 28.93 - - 20080CT20; (W98)
16.976—0.005 18 21 44.68  -14 09 48.5 5.0 9.0 6.5 0.64 6.6 0.70  20080CT20
17.021-2.403 18 30 36.30  -15 14 28.5 17.0 25.0 23.6 4.90 - - 20080CT20
17.029—-0.071 18 22 05.21 -1408 51.0  90.4 96.0 91.4 1.10 91.4 1.69  2008AUG23
17.638+-0.157 18 22 26.30 -13 30 12.1 20.0 22.0 20.8 24.79 20.8 34.17  C2009
17.86240.074 18 23 10.10 -13 20 40.8 1073 119.6 110.6 1.44 110.5 1.42  2008AUG23
18.07340.077 18 23 33.98 -1309 25.0 44.0 57.5 55.6 5.74 55.8 6.00 20080CT20
18.159+-0.094 18 23 40.18 -13 04 21.0 54.0 60.0 58.4 8.46 59.0 10.25  2008AUG23
18.262—-0.244 18 25 05.70 -1308 23.2  72.0 81.0 74.3 22.48 74.2 22.98 2008AUG23
18.341+1.768 18 17 58.13 -120724.8  26.0 32.0 28.0 96.21 28.1 99.28  2008AUG23; (B02)
18.44040.045 18 24 23.32 -12 50 52.1 57.0 66.0 61.8 1.85 61.8 2.45 2008AUG23
18.460—0.004 18 24 36.34 -125108.6  46.7 50.0 49.4 24.23 49.4 25.30 2008AUG23; (W98)
18.661+0.034 18 24 51.10 -1239225  76.0 83.0 79.0 8.87 79.0 8.00 2008AUG23;
18.667+0.025 18 24 53.78 -1239204  76.1 81.0 76.6 8.71 76.6 8.78  2008AUG23
18.733—-0.224 18 25 55.53  -1242 489  44.0 49.0 45.8 2.34 45.9 2.30 2008AUG23;
18.735—0.227 18 25 56.46  -1242 50.0  36.3 38.5 37.9 4.71 38.2 3.59  2008AUG23;
18.834—0.300 18 26 23.66 -1239 38.0  37.5 44.0 41.3 5.01 41.2 7.47  2008AUG23
18.8744-0.053 18 25 11.34 -122736.8  37.7 40.6 38.7 12.77 38.7 9.80 2008AUG23
18.888—-0.475 18 27 07.85 -1241359  53.0 57.6 56.5 5.70 56.4 5.56 2008AUG23
18.999-0.239 18 26 29.24 -122907.1  65.0 69.8 69.4 1.05 69.4 0.90 2008AUG23
19.009—-0.029 18 25 44.78  -12 22 46.1 53.0 63.0 55.4 19.32 55.4 20.39  2008AUG23
19.249+-0.267 18 25 08.02  -12 01 42.2 12.5 21.0 19.9 2.32 19.8 3.35  2008AUG23
19.26740.349 18 24 52.38  -11 58 28.2 12.5 17.5 16.2 5.33 16.3 3.40 2008AUG23
19.365—0.030 18 26 25.79  -12 03 52.0  24.0 30.0 25.3 33.83 25.3 34.16  2008AUG23; (W98)
19.47240.170n 18 25 54.72  -115233.0 17.0 23.0 21.7 17.97 21.7 15.06  C2009; (2008 AUG23)
19.472+4-0.170 18 25 54.49  -11 52 36.5 12.7 17.7 13.8 3.30 13.8 1.97  C2009
19.486+0.151 18 26 00.39 -115222.6 19.0 27.5 20.6 6.04 20.9 5.00 C2009
19.496+-0.115 18 26 09.16  -11 52 51.7 120.0  122.0 121.2 7.55 121.3 5.60  C2009
19.609—0.234 18 27 37.99 -1156 37.6  36.0 42.0 40.2 0.65 40.2 1.00 2007JUL21
19.612—-0.120 18 27 13.48 -1153 15.7  52.5 53.5 53.1 0.93 53.0 0.98 W98

19.612—-0.134 18 27 16.52  -1153 38.2  49.0 61.0 56.5 12.48 56.5 11.74  2007JUL21; (W98)
19.614+4-0.011 18 26 45.24 -1149 314  30.8 34.8 32.8 3.99 32.9 3.80 2008AUG23
19.667+0.114 18 26 28.97 -11 43489 134 17.8 14.2 2.20 16.3 1.52 2010MAY22
19.701-0.267 18 27 55.52  -11 52 40.3  41.5 46.5 43.9 10.72 43.8 11.72  2007JUL21; (W98)
19.755—-0.128 18 27 31.66  -11 4555.0 115.5 124.0 123.1 3.63 123.1 2.31 2008AUG23
19.884—-0.534 18 29 14.37  -115023.0  46.0 48.0 46.8 4.74 46.8 6.83  2008AUG23; (B02)
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Figure 1. Spectra of 6668-MHz methanol masers. All spectra are from the MX observations unless stated otherwise.
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Figure 2. Longitude-latitude distribution of sources in the region 6° to 20°. Circles represent sources associated with the 3-kpc arms

(Green et alll2009H).

to have a survey cube peak flux density of ~5200 Jy. The
brightest new source detected in the survey is 6.189-0.358
with a survey cube peak flux density of ~220 Jy (and an MX
flux density of ~230 Jy). The weakest known source in this
region is 6.539-0.108 with a survey cube peak flux density
of 0.5 Jy (and an MX flux density of 0.6 Jy). The weakest
new detection in the region is 16.983+0.000 with a survey
cube peak flux density of 0.7 Jy (0.64 Jy in the follow-up
MX observation). Comparable to the 345° to 6° region we
had only three new sources with peak flux densities above
20 Jy: 6.189-0.358, 8.832-0.028 and 8.872-0.493, with survey
cube flux densities of 222 Jy, 127 Jy and 27 Jy respectively.
There were four sources at or below the survey cube 4 sigma
sensitivity limit of 0.7 Jy, two new (16.403-0.181 and 16.976-
0.005) and two known (6.539-0.108 and 12.202-0.120). All
four sources were confirmed with the higher sensitivity MX
observations and ATCA positioning observations.

4.3 Variability

The ratio of peak flux density between the survey cube and
the MX observations has a median value of 1.01. Only six
sources varied by a factor of 2 or greater, two sources increas-
ing, four decreasing (Fig. B). The two that increased were:
8.139+4-0.226, which had an MX flux density twice that of
the survey cube flux density; and 10.724-0.334, which had
an MX peak flux density three times the survey cube value.
The four sources which significantly decreased consisted of
two with reduced emission and two which disappeared be-
low the detection threshold of the survey. Both 10.822-0.103
and 12.904-0.031 decreased their emission by a factor of
>2 (0.9 to 0.3 Jy and 40 to 20 Jy respectively). The two
sources which dropped below our detection threshold rep-
resent ideal candidates for variability studies. The first was
the new source 14.230-0.509, which had four epochs of ob-
servations: it was seen in the survey cube (2007 August) at
3.62 Jy (3 channels > 2 Jy) then subsequently not seen with
the ATCA in 2008 October, before being seen again in 2009
January with the ATCA at 1.4 Jy and then not seen again
in 2009 March in an MX observation with Parkes. The sec-
ond was the new source 15.607-0.255, also with four epochs

of observations: it was seen in the survey cube data (2007
August) at 0.85 Jy, then reduced to 0.43 Jy in the 2008
March MX before being undetectable in the 2008 August
MX (i.e. <0.2 Jy) then rising again to ~0.4 Jy in the ATCA
observation in 2008 October.

In addition to those already mentioned, a further seven
sources within longitudes 6° to 20° are known to be vari-
able (and are individually noted in Section [31]). Of spe-
cial note 9.6214-0.196 has been shown to periodically flare
every 244 days (Goedhart et all 2004; lvan der Walt et al.
2009), with possible coincident variability in the magnetic
field (Vlemmings et alll2009). Our survey cube observations
were taken 2007 July 8 MJD 54289.5, lying within the rise
of the flare (van der Walt et all [2009) with the maser hav-
ing a peak flux density of ~5200 Jy. The MX observation
was taken 2008 March 17, MJD 54542.5, lying within the
rise of the subsequent flare, i.e. separated by approximately
a full period from the original observation, again with a
peak flux density of ~5200 Jy. 12.889+0.489 has also been
shown to have a periodic flare, with a period of 29.5 days
(Goedhart et all 2004, [2009). Our survey cube observation
was made 2007 August 26, MJD 54338.5, measuring a peak
flux density of 79 Jy for the 39.2kms™ ! feature. Assuming
the 29.5 day period and the time series of |Goedhart et al.
(2009), our survey cube observation is likely to lie in the de-
clining part of a flare. Our MX observation was made 2008
March 17, MJD 54917.5, measuring a peak flux density of
69 Jy for the same feature. According to the time series of
Goedhart et all (2009) this would place it on the rise of a
flare.

4.4 Individual source velocity spreads

Figure [I] shows that the spectra of the masers comprise
many narrow spectral features with individual widths of-
ten as small as ~0.3kms™ !, spread over a range of ve-
locities. The total velocity spread in an individual source
is dependent on the sensitivity of the observation and can
also change as a result of intrinsic variability of the compo-
nents (Section[3]). Therefore, the velocity ranges listed in
Table[] are the widest velocity spread over which emission
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has been detected, considering all the observations available.
This is the same convention as used for the masers in the
Galactic centre (Caswell et al] M) The mean spread in
velocity for a source is 7.2kms ™!, the median is 6.0kms™?!,
and 70% of the sources have emission spread over veloc-
ity ranges less than 10 kms™!. Only three sources of the
119 (<3%) have ranges greater than 16kms™": 6.795-0.257
(19.3kms™!), 7.166+0.131 (16.5kms™") and 10.47240.027
(20.1km sfl). This rarity in velocity spreads greater than
16 kms™" is comparable to both (2009) (<3%) and
Caswell et all (2010) (~1%).

4.5 Distribution of velocities

Consistent with the results for the central part of the Galaxy
(Caswell et al] M), all the masers in the longitude range
6° to 20° lie well inside the velocity coverage of the MMB
(which was chosen to fully sample the velocity range of the
CO emission of ) There are three sources
in the region with velocities of peak emission exceeding
125kms™" (6.368-0.052, 7.601-0.139 and 7.632-0.109) and
there are six sources with negative velocities of peak emis-
sion (6.189-0.358, 6.881+0.093, 8.832-0.028, 10.629-0.333,
10.724-0.334 and 15.665-0.499). Only one of the six sources
has a significantly negative velocity (<-10 kms™'), 6.189-
0.358.

4.6 Tracing Galactic structure

6668-MHz methanol masers have the potential to trace
the kinematics of Galactic structure: their velocities are
closely linked to the systemic velocities

m; Pandian et al] M), and they are only detected to-
wards regions of high-mass star formation
12002; Minier et al! [2003; [Xu_ et al! [2008), regions which are
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intrinsically associated with the spiral arms. Figure @ shows
longitudes and velocities of the 6668-MHz methanol sources
detected with the MMB survey between longitudes 345°
and 20° (this paper and |Caswell et all [2010). The masers
are shown in relation to the 3-kpc arms as defined by
Dame & Thaddeué (IM and the spiral arm loci based
on the logarithmic spirals of IGeorgelin & Georgelinl (|_1_9_7§)
with the updates of [Taylor & Cordes (1993) and the rota-
tion curve of \Brand & Bhtj (L%L‘ﬂ with IAU standard LSR
parameters. Figure @ includes an inset of the assumed spiral
arm pattern, oriented so as to readily recognise how indi-
vidual portions of the arms transform to the [,v domain. By
plotting in the /,v domain we can investigate Galactic struc-
ture without the need to correctly assign individual sources
to near and far kinematic distances. The figure shows that
there appear to be masers lying between the arms, but before
closer inspection of individual anomalies, there are two is-
sues that one must be aware of: the thickness of the arm loci
and the choice of rotation curve. Firstly, the arms plotted in
l,v diagrams are purposely thin to reduce obscuration, but as
such they do not account for the real spatial radial thickness
and velocity dispersion within the arms. Secondly, the loca-
tions (physical and in the /,v domain) of the arms depends
on the Galactic rotation curve adopted. If the spiral pattern
is broadly correct, any change in adopted rotation curve will
only alter the position of the arms slightly, leaving them as
continuous structures, not only in the Galactic disk, but also
in the [,u domain. For the Galactic structure investigation
presented here we use the Brand & Blitz (1993) curve, since
it closely approximates the assumptions made in deriving
the spatial pattern of the spiral arms. Furthermore we re-
sist adopting the most recently suggested rotatlon curve and
revised LSR suggested by m as it is pre-
liminary and requires revision [ZQld)
However, we note that near the Galactic Centre, where we
did choose the Reid et al. parameters (Caswell et al] M),
this choice had negligible impact on the interpretation of
that region. It would affect the current discussion in only
one instance (noted below), but would have more impact at
longitudes further from the Galactic centre.

4.6.1 The 3-kpc arm (ezpanding ring)

Table [2 lists 45 sources associated kinematically and spa-
tially with the 3-kpc arm features (denoted by filled cir-
cles in Figure)). This includes the 42 originally identi-

fied in [Green et all (2009b) and three additional sources,
from |Caswell et all (2010) and the current paper. A fur-
ther three sources (two new to the survey) between longi-
tudes 15° and 20° (17.862+0.074, 19.496+0.115 and 19.755-
0.128) have velocities in excess of 100kms™' and are po-
tential candidates of an extended 3-kpc structure. They
do not align with spiral arm loci (subject to the caveats
already mentioned), but they could be accounted for by
the far side of the 3-kpc arms if this is extended as a
continuous ring structure with a radius of ~3.5kpc (e.g.
Sevenster et al] M) An alternative explanation requiring
a shift in velocity of the Crux-Scutum arm (by ~30kms™")
seems less likely. Also within the 15° and 20° longitude
range are eight sources with velocities between 60kms™*
and 100kms™* (15.607-0.255, 16.585-0.051,16.8314-0.079,
17.029-0.071, 18.262-0.244, 18.6614-0.034,18.6674-0.025 and
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18.999-0.239) and seven sources with velocities be-
tween 35kms™! and 50kms™! (16.112-0.303, 18.735-0.227,
18.834-0.300, 18.874+0.053, 19.609-0.234, 19.614+4-0.011 and
19.701-0.267) which do not align with spiral arm loci. These
sources may also be accounted for by the continuation
beyond 15° of the 3-kpc arms structure as a ring. We
note that if an alternative rotation model were adopted,
the shift of the spiral arm loci might account for some
of these sources, but would leave a different group of or-
phans. For example, using the IAU solar parameter values
and flat rotation curve of [Reid et all (2009) would shift the
loci of the Crux-Scutum and Carina-Sagittarius arms by
about +15kms™'. This allows 16.585-0.051 (62.1kms™"),
16.831+0.079 (58.7kms™"), 18.999-0.239 (69.4kms™") and
19.6144-0.011 (32.8kms™') to be associated with the arms,
but disassociates 16.403-0.181 (peak velocity of 39kms™!),
16.662-0.331 (peak velocity of 43kms™'), 18.733-0.224
(peak velocity of 46kms™") and 19.884-0.534 (peak veloc-
ity of 47 km sfl). Hence, regardless of parameter and model
choice, there are 18 sources unaccounted for by the spiral
arms which are candidates for an extended 3-kpc arm struc-
ture.

The actual structure of the 3-kpc arms has been var-
iously interpreted as an expanding ring (requiring an ex-
plosive precursor), as material orbiting a bar (either on a
circular orbit or an elliptical orbit with its major axis par-
allel to the bar) and as (lateral) arms flowing from the ends
of the bar. These physical interpretations attempt to ex-
plain the structure seen in longitude-velocity space, most
prominently the significant offset from Okms™' at longi-
tude 0°. This anomalous velocity either requires a circular
orbit with a radial expansion of ~50kms™! or an elliptical
orbit with appropriate semi-major and minor axes and an-
gle of inclination. Overall, the results from the MMB so far
are in accord with the initial notion of the 3-kpc arms as
simply an approximately circular ring uniformly expanding
(van der Kruit 11971). More elegant physical descriptions,
such as elliptical orbits, appear to have difficulty accounting
for the observations. As an example, we cite a recent sug-
gestion by [Rodriguez-Fernandez & Combes (2008). The l-v
plot corresponding to their orbits is shown in grey in Figure
[l This model is based on a gas flow model of the 2MASS
star count with a disk, bulge and nuclear bar and comprises
arms which extend around the bar forming an ellipse. In
this particular example the negative longitudes of the near
arm and the positive longitudes of the far arm match both
the CO emission (light blue shading in Figure M) and the
3-kpc maser distribution well. However, for the far arm at
negative longitudes the model deviates significantly from the
CO emission (although in doing so it does align with a num-
ber of masers at approximately —10° and velocities between
—50kms™" and —100kms™!). Similarly, for the near arm
at positive longitudes, the model also deviates significantly
from the CO (although it is possible that modifying the bar
characteristics within the model may account for the higher
maser density seen between longitudes 10° and 15°). We are
currently incorporating MMB data from beyond the longi-
tude range 345° to 20° into a more comprehensive analysis
of the 3-kpc arms, which will be described fully in a later
publication.

4.6.2  The Galactic Bar

Figure [ highlights seven sources with velocities greater
than those of the far 3-kpc arm. Four are previously
known and have been associated with the Galactic bar (see
Caswell et all 2010 for details). The other three are newly
detected sources between longitudes 6° and 7°. These three
sources (6.368-0.052, 7.601-0.139, 7.632-0.109) are also likely
to be associated with the bar, having kinematics which fit
the near-side of orbits following a barred potential (e.g.
Binney et all [1991; [Fux [1999). The bar is now traced by
methanol masers over the longitude range —5.3° to +7.6°.
Emission from an HII region provides evidence that star
formation in the bar can also be traced at large negative
velocities exceeding —200 kms™! (Caswell & Haynes [1982).
However, we do not detect any maser emission near these
velocities.

Two of the bar sources (354.701+0.299 and
354.7244-0.300) are spatially and kinematically associ-
ated with the high velocity CO emission feature identified
by Banid (1977) and labelled as ‘Clump 1’. The compression
and perturbation of Clump 1 would suggest star formation
(Fux 11999, and references therein) and the presence of
6.7-GHz methanol maser emission confirms it. We do not
detect any masers coincident with the second of Bania’s
CO structures, ‘Clump 2’. The high range of velocities
(>100kms™") and small spatial extent of this clump, could
be indicative of conditions too turbulent for the coherence
necessary for maser emission.

4.6.3 Orientation of the Bar

The most densely populated portion of the far 3-kpc arm is
between longitudes -10° and -15°. This may correspond to
enhanced high-mass star formation at the end of the Galac-
tic bar, where the bar meets the 3-kpc arms (Caswell et all
2010). This interpretation depends on the inclination of the
Galactic bar to the Sun-Galactic centre line-of-sight as well
as its length. Both of these are still a matter of debate, with
the orientation varying between 15° and 45° (e.g. [Peters
1975; Binney et al! [1991; [Fux 11999; [Englmaier & Gerhard
1999; [Rodriguez-Fernandez & Combes 12008), and the half-
length between 2 and 5 kpc. However, the bar descrip-
tions fall into two main categories: a short, bulge-like bar
with an orientation of 20°-25° (e.g. Bissantz & Gerhard
2002; Babusiaux & Gilmore [2005) and/or a long, thin bar
with an orientation of ~45° (e.g. Hammersley et all |2000;
Benjamin et all2005).

A bar orientation within the range 20°-25° (and a half-
length of 2.5 kpc) would imply the near-side bar end ly-
ing between 8° and 10° longitude and the far-side bar end
lying between -4.5° and -6° longitude. We find no corre-
sponding high density regions: there are only three masers
associated with the near-side and one with the far-side. A
bar orientation of approximately 45° (and a half-length of
3.5 kpc) would imply a near-side bar end at 22° longitude
and a far-side bar end at -12° longitude. The extent of ve-
locities for the near-side would depend on the nature of the
3-kpc arm structure beyond 15°, but we do find a high den-
sity of masers at longitudes 18° to 20° with velocities be-
tween 10kms™" and 60kms™! (20 masers). The far-side is



Table 2. Sources associated with the 3-kpc arms as identified by
Green et all (2009b) and |Caswell et all (2010). For source details
see: 1this paper; ACaswell et all (2010).

Name (1, b) Vpk Vonid Spr  Arm
(kms~!)  (kms™1) (Jy)
000.212—0.0012 49.5 45.8 2.40 Far
002.1434-0.0092 62.7 59.5 6.70  Far
003.442—0.3482 -35.2 -35.0 0.66 Near
005.618—0.0822 -27.1 -23.3 3.42  Near
006.189—0.358" -30.2 -32.3 221.60 Near
007.16640.131" 85.7 83.1 2.47 Far
008.832—0.028" -3.8 -1.6 126.80 Near
009.61940.193* 7.0 5.5 5.5 Near
009.6214-0.1961 1.3 2.1 5196.00 Near
010.629—-0.3331 -0.4 -6.4 4.20 Near
010.724—0.3341 -2.1 -2.1 1.51 Near
012.025—-0.025" 108.3 109.2 103.10  Far
013.696—0.156" 99.4 102.0 1.86  Far
014.1014-0.087* 15.4 10.5 86.55 Near
014.5214-0.155" 4.1 3.7 1.31 Near
345.198—0.0302 -0.5 -1.5 2.23  Far
345.4414-0.2052 0.9 -5.5 2.32  Far
345.50540.3482 -17.8 -16.8 307.00 Far
345.576—0.2252 -126.8 -124.6 0.65 Near
345.807—0.0442 -2.0 -1.8 1.21  Far
345.8244-0.0442 -10.3 -10.5 3.92 Far
346.03640.0482 -6.4 -9.2 10.42  Far
346.4814-0.1322 -5.5 -8.3 1.48  Far
346.5174-0.1172 -1.7 -1.0 4.00 Far
346.5224-0.0852 5.7 5.4 1.47  Far
347.5834-0.2132 -102.3 -99.9 3.18 Near
347.6284-0.1492 -96.5 -96.9 18.98 Near
348.0274-0.1062 -121.2 -118.6 4.54  Near
348.6544-0.2442 16.9 17.0 0.99 Far
348.723—0.0782 11.5 10.5 2.25 Far
348.892—0.1802 1.5 1.5 2.44  Far
349.067—0.0172 11.6 11.0 2.43  Far
349.1514-0.0212 14.6 19.6 3.33  Far
349.8844-0.2312 16.2 15.5 6.42 Far
350.1164-0.2202 4.2 4.0 2.31 Far
350.7764-0.1382 38.7 36.8 0.91 Far
351.581—0.3532 -94.2 -94.5 47.46  Near
352.584—0.1852 -85.7 -86.2 3.73  Near
352.604—0.2252 -81.7 -83.0 1.80 Near
353.363—0.1662 -79.0 -79.2 2.94 Near
354.4964-0.0832 27.0 22.5 7.78  Far
356.662—0.2632 -53.8 -50.5 10.10  Near
358.809—0.0852 -56.2 -55.4 11.99  Near
359.436—0.1042 -47.8 -49.0 59.70  Near
359.436—0.1022 -53.4 -56.0 1.50 Near

approximately coincident with the high density noted by
Caswell et all (2010).

4.7 Data Availability

The data from the MMB survey is being made publicly
available as each section of the survey is published. The
data are accessible from http://www.jb.man.ac.uk/mmb| or
http://www.astromasers.org.

Methanol maser catalogue: 6° to 20° 23

5 SUMMARY

‘We present the 119 sources detected by the Methanol Multi-
beam survey between longitudes 6° and 20°, including 42
new detections. Consistent with expectations we find a nar-
row latitude distribution. We list the 45 sources within +15°
of the Galactic centre associated with the 3-kpc arm fea-
tures. We associate sources with the Galactic bar and relate
the higher density regions of the 3-kpc arms to the interac-
tion of a Galactic bar at an orientation of ~45°.
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