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ABSTRACT

Class II methanol (CH3;OH) masers are amongst the clearest signposts of recent high-mass star formation (HMSF). A complete
catalogue outlines the distribution of star formation in the Galaxy, the number of young star-forming cores, and the physical conditions
of their environment. The Global View on Star Formation (GLOSTAR) survey, which is a blind survey in the radio regime of 4—
8 GHz, maps the Galactic mid-plane in the radio continuum, 6.7 GHz methanol line, the 4.8 GHz formaldehyde line, and several
radio recombination lines. We present the analysis of the observations of the 6.7 GHz CH3;OH maser transition using data from the
D-configuration of the Very Large Array (VLA). We analyse the data covering Galactic longitudes from —2° < [ < 60° and Galactic
latitudes of |b| < 1°. We detect a total of 554 methanol masers, out of which 84 are new, and catalogue their positions, velocity
components, and integrated fluxes. With a typical noise level of ~18 mJy beam™!, this is the most sensitive unbiased methanol survey
for methanol masers to date. We search for dust continuum and radio continuum associations, and find that 97% of the sources are
associated with dust, and 12% are associated with radio continuum emission.

Key words. masers — surveys — ISM: molecules — radio continuum: ISM - radio lines: ISM — stars: formation — techniques:

interferometric

1. Introduction

The Global View On Star Formation (GLOSTAR) survey (Brun-
thaler et al. 2021) is an unbiased survey that observed the Galac-
tic plane with the Karl G. Jansky Very Large Array (VLA) in D-
and B-configurations and the Effelsberg 100 m radio telescope in
order to find and characterise star-forming regions in the Milky
Way. Being both sensitive and having high angular resolution,
the data contain a wealth of information that has already been
used to catalogue new radio sources (Medina et al. 2019), to
identify supernova remnants (SNR; Dokara et al. 2021) and to
find new methanol (CH30H ) masers in the Cygnus X region
(Ortiz-Leon et al. 2021).

In studying high-mass star formation (HMSF), methanol
masers have proven to be indispensable. Interstellar methanol
maser emission was first discovered by Barrett et al. (1971) at
25 GHz towards Orion-KL. Since then, many other methanol

* Member of the International Max Planck Research School (IM-
PRS) for Astronomy and Astrophysics at the Universities of Bonn and
Cologne.

maser lines have since been discovered, such as those at 6.7
and 12.2 GHz (Batrla et al. 1987; Menten 1991b). These are di-
vided into two types based on their pumping mechanism, colli-
sional (Class I: Batrla et al. 1987; Cragg et al. 1992; Voronkov
et al. 2010, 2014; Leurini et al. 2016) or radiative (Class II:
Menten 1991a,b; Caswell et al. 2010). In particular, Class II
CH;OH masers have already proven to be one of the clearest
signposts of HMSF with the 6.7 GHz transition being the bright-
est and most widespread in the Galaxy (Menten 1991b, 1993;
Walsh et al. 1997, 1998). Second only to the 22.2 GHz H,0
maser in its intensity and abundance, methanol maser emis-
sion at 6.7 GHz is unique in that it exclusively traces high-
mass star forming regions (Minier et al. 2003; Ellingsen 2006;
Xu et al. 2008). The 6.7 GHz line from the 5; — 6yA* tran-
sition of the methanol molecule requires specific conditions in
order to begin masing. These are met in the surrounding dust
and gas of massive young stellar objects (MYSOs) with den-
sities greater than 10°cm™ and temperatures > 150K (e.g.,
Sobolev & Deguchi 1994; Cragg et al. 2005) due to the in-
tense radiation of the MYSOs. While some of the earliest de-
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tections of Class II methanol masers were made toward ultra-
compact Hm regions, namely the archetypical W3(OH) (Batrla
et al. 1987; Menten et al. 1992), it was found that in fact very
few of these methanol masers have radio continuum counter-
parts (Walsh et al. 1998; Beuther et al. 2002; Urquhart et al.
2013, 2015; Hu et al. 2016; Billington et al. 2019). It is thus
clear, that most 6.7 GHz methanol masers probe MY SOs located
in regions of recent high-mass star formation, and finding and
studying them can provide insight on the distribution of these
regions in the Galaxy and to characterise them.

Due to their usefulness in the study of high-mass star for-
mation, many targeted surveys (e.g., Menten 1991b; MacLeod
et al. 1992; Caswell et al. 1995; Caswell 1996; Ellingsen et al.
1996; van der Walt et al. 1996; Walsh et al. 1997; Ellingsen 2007;
Yang et al. 2019b) and unbiased surveys (Rickert et al. 2019;
Pestalozzi et al. 2005; Pandian et al. 2007; Caswell et al. 2010;
Green et al. 2010; Caswell et al. 2011; Green et al. 2012; Breen
et al. 2015; Ortiz-Ledn et al. 2021) have been performed, cul-
minating in over 1000 Class II 6.7 GHz methanol masers being
discovered in our Milky Way Galaxy. However, with the techno-
logical upgrades to the VLA (Perley et al. 2011), the methanol
data from the GLOSTAR survey provides the most sensitive and
unbiased catalogue to date.

Here, we report on the detection of 554 6.7 GHz methanol
masers in the region of [ = —2° to 60° and |b| =< 1° (see Fig. 1
for survey coverage); 84 of these represent new detections. We
used an automated search algorithm to search and verify all de-
tections manually. We look for associations at other wavelengths
to identify the physical properties of the population of sources
with detected maser emission and the difference in these proper-
ties for newly detected sources with respect to the total popula-
tion.

In addition to the part of the Galactic plane listed above,
the Cygnus X star formation complex was also covered by the
GLOSTAR survey. The 6.7 GHz methanol maser content of
Cygnus X has been discussed in a recent article by Ortiz-Leén
et al. (2021).

We structure this paper as follows: In Section 2 we give a
summary of the data used in this paper along with its calibra-
tion and imaging. Section 3 describes the algorithm used to de-
tect masers in the VLA data. Section 4 details the production
of our methanol maser catalogue and their general properties.
Section 5 discusses our comparison with other surveys and asso-
ciations with other wavelengths. We present the conclusions and
summary in Section 6.

2. Observations

The GLOSTAR survey (Medina et al. 2019; Brunthaler et al.
2021) is an on-going survey with the VLA and the Effelsberg
100 m telescope between 4-8 GHz of the Galactic mid-plane
from -2° < [ < 60° and |b| < 1°, and the Cygnus X star-
forming complex. The VLA observations used in this work were
conducted in D-configuration with a typical angular resolution
of 18” at 6.7 GHz. Using methanol, formaldehyde, and radio re-
combination lines as well as radio continuum data, the survey
aims to detect various tracers of different stages of early star
formation in order to gain information on the start of the stel-
lar evolution process of massive stars. The full details can be
found in Brunthaler et al. (2021). The observations used in this
work were carried out using ~300 hours during the time period
from December 2011 until April 2017 where the program IDs
and details are summarised in Table 1. Observations that were
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Table 1: Summary of the VLA observations

Observing Date Galactic coverage ~ Program Calibrator
D-conf. 1D

2014-10-05¢ -2°<l<-1°;1b| < 1.0° 14B-254  J1820-2528
2014-09-264 -1°<1<0°;]b] <1.0° 14B-254  J1820-2528
2014-09-28¢ 0°<l<1°;]b| <1.0° 14B-254  J1820-2528
2016-01-09¢ 1°<1<2°;|p < 1.0° 15B-175 J1820-2528
2016-01-17¢ 2°<1<3°;]b| <1.0° 15B-175 J1820-2528
2016-01-21¢ 3°<l<4°;|p <1.0° 15B-175 J1820-2528
2016-01-22¢ 4° <1<5%; bl < 1.0° 15B-175 J1820-2528
2016-01-16¢ 5°<1<6°;]b| <1.0° 15B-175 J1820-2528
2017-04-03 6° <l<7°;b<1.0° 17A-197  J1820-2528
2017-03-31 7°<1<8 ;b <1.0° 17A-197  J1820-2528
2017-02-20 8°<1<9°;bl<1.0° 17A-197  J1820-2528
2016-01-24¢ 9° <1< 10°; bl < 1.0°  15B-175 J1820-2528
2013-05-164 10° << 11°;]b < 1.0°  13A-334  J1811-2055
2013-05-17 11° <1< 12°;1b| < 1.0°  13A-334  J1825-0737
2017-03-06 12° <1< 13°;1b| < 1.0°  17A-197  J1825-0737
2017-04-04 13° <1< 14°;1b| < 1.0°  17A-197  J1825-0737
2017-02-19 14° <1< 15°; 1| < 1.0°  17A-197  J1825-0737
2014-07-14 15° <1< 16°; b < 1.0°  14A-420  J1825-0737
2014-07-24 16° <1< 17°;1b] < 1.0° 14A-420  J1825-0737
2014-08-05 17° <1< 18°; b < 1.0°  14A-420  J1825-0737
2014-08-14 18° <1< 19°; b < 1.0°  14A-420  J1825-0737
2014-07-12 19° <1<20°;1b] < 1.0° 14A-420  J1825-0737
2014-07-23 20° <1< 21°; bl < 1.0° 14A-420  J1825-0737
2014-07-28 21° <1<22°; bl <1.0°  14A-420  J1825-0737
2014-07-27 22° <1<23°; b <1.0° 14A-420  J1825-0737
2014-08-26 23° <1<24°; bl < 1.0° 14A-420  J1825-0737
2014-07-16 24° < 1<25°;|bl < 1.0° 14A-420  J1825-0737
2014-07-29 25° <1<26°; b <1.0° 14A-420  J1825-0737
2014-08-13 26° <1<27°; bl < 1.0° 14A-420  J1825-0737
2014-08-28 27° <1<28°; b <1.0° 14A-420  J1825-0737
2013-04-09 28° <1<29°; bl < 1.0° 13A-334  J1804+0101
2013-04-06 29° <1<30°; bl < 1.0°  13A-334  J1804+0101
2013-04-11 30°<1<31°; b <1.0°  13A-334  J1804+0101
2013-04-15 31° <1<32°; bl < 1.0°  13A-334  J1804+0101
2013-04-16 32° <1<33°; b <1.0° 13A-334  J1804+0101
2013-04-20 33° <1<34°; b < 1.0°  13A-334  J1804+0101
2013-04-29 34° <1 <35°; b < 1.0°  13A-334  J1804+0101
2013-05-02 35°<1<36°; b <1.0° 13A-334  J1804+0101
2014-07-07 36° <1<37°; bl < 1.0°  14A-420  J1907+0127
2014-07-04 37° <1< 38 ;b < 1.0° 14A-420 J1907+0127
2014-08-01 38° <1<39°; bl <1.0° 14A-420 J1907+0127
2014-08-25 39° <1<40°; bl <1.0° 14A-420 J1907+0127
2014-08-07 40° <1 <41°;1b| < 1.0°  14A-420 J1907+0127
2014-07-21 41° <1< 42°; bl < 1.0°  14A-420  J1907+0127
2014-07-09 42° <1<43°;1b| < 1.0° 14A-420 J1907+0127
2014-07-17 43° <1 <44° ;b < 1.0°  14A-420 J1907+0127
2014-08-03 44° <1 <45° ;b < 1.0°  14A-420  J1907+0127
2014-06-29 45° <1<46° ;b <1.0° 14A-420 J1907+0127
2015-11-25 46° <1 <47°;1bl < 1.0°  15B-175  J1922+1530
2015-11-13 47° <1< 48° ;|| < 1.0° 15B-175  J1922+1530
2015-11-21 48° <1<49°; b <1.0° 15B-175  J1922+1530
2015-11-14 49° <1< 50°;1bl < 1.0° 15B-175  J1922+1530
2015-11-22 50° <1<51°; b <1.0°  15B-175  J1922+1530
2015-11-11 51°<1<52°; b < 1.0° 15B-175  J1922+1530
2015-11-20 52° <1<53°;1b <1.0° I5B-175  J1922+1530
2015-11-10 53° <1<54°;|b| <1.0° 15B-175  J1922+1530
2015-11-27 54° <1< 55°; b < 1.0° 15B-175  J1922+1530
2015-12-17 55° <1<56°;1b| <1.0° I5B-175  J1922+1530
2015-11-28 56° <1< 57°; b < 1.0° 15B-175  J1925+2106
2015-11-08 57° <1<58°;1b| <1.0° I5B-175  J1925+2106
2011-12-15 58° <1<59°; bl <1.0° 11B-168  J1931+2243
2011-12-29 59° <1<60°; bl <1.0° 11B-168  J1931+2243

2 These observations were conducted with the VLA in DnC configuration.

performed in the DnC hybrid configuration are marked in the
table.
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Fig. 1: Methanol maser detections plotted as white crosses on top of the D-configuration continuum images from GLOSTAR where
the flux has been limited to be between 0.2 and 2 mJy beam™' for visibility. The red ‘x’s show the positions of all new methanol
masers as discussed in Section 4.5.
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2.1. VLA data calibration

As detailed in Brunthaler et al. (2021), a modified version of
the VLA scripted pipeline' (version 1.3.8) for CASA? (version
4.6.0) was adapted to work with spectral line data. We high-
light the relevant changes here: no Hanning smoothing was per-
formed on the first pass when producing the preliminary im-
ages to preserve the spectral resolution where possible; Han-
ning smoothing is performed on a select few sources after an
initial inspection; the rflag flagging command was only ap-
plied to the calibration scans to avoid flagging spectral lines
erroneously; statwt was not used to modify the statistical
weights. The complex gain calibrators used for different fields
include: J1804+0101, J1820-2528, J1811-2055, J1825-0737,
J1907+0127, J1955+1530, J1925+2106, and J1931+2243, and
the flux calibrators are 3C 286 and 3C48.

2.2. Spectral line data imaging

To process the spectral line data, we image it in two steps. We
first produce a so called “dirty” image (or unCLEANed), which is
just the direct Fourier transform of the uv data with the tclean
task in CASA. We search these cubes for preliminary sources.
We then properly CLEAN smaller sub cubes centered on these
sources to search for additional sources. This approach was cho-
sen to address the computation limitations imposed by the sheer
volume of data used. With the available computing resources at
the time, it would take a month to produce a 2° X 1° CLEANed
data cube for the methanol data, where a dirty image would take
only three days.

2.2.1. Imaging “dirty” cubes

Using the CASA task tclean we produce preliminary, mo-
saicked, and primary beam corrected images with the fol-
lowing task parameters: niter=0, a cube size (imsize) of
2500 x 2500 pixels, and a pixel size (cell) of 2.5” for the
D-configuration data. The number of channels (nchan) and
the rest frequency (restfreq) are set to 1800 channels and
6668.518 MHz, respectively. We use a ‘natural’ weighting pa-
rameter for better sensitivity in detecting sources. On average,
the 1o root-mean-square (rms) noise in the line free channels
of the dirty cubes is found to be ~18 mJy beam™' for a single
channel (0.18kms™!), which is better than the estimated noise
for a single pointing of ~40 mJy beam™! based on a 15 second
integration time. This is due to the mapping strategy where each
field has been overlapped by six neighbouring fields resulting in
sensitivities that are at least a factor of two better. The achieved
sensitivity is about a factor of 2 better than previous VLA tar-
geted surveys (e.g., Hu et al. 2016). We are able to detect weak
and isolated masers in the “dirty” image itself which leads to sav-
ings in computational time. Weak masers that are in the vicinity
of strong masers and with similar velocity may be missed but
will be found in the next stage of our imaging approach.

2.2.2. Imaging of individual masers

In order to find weaker masers that are hidden in the side lobes
of stronger masers, we use the CLEAN algorithm on small sub-
sets of the data. We select on average 16 pointings that cover the

! https://science.nrao.edu/facilities/vla/
data-processing/pipeline/scripted-pipeline
2 https://casa.nrao.edu/
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positions of sources detected from the “dirty” images. They are
split out for further imaging and deconvolution to make smaller
cubes (~0.2° x 0.2°, Av ~55kms™"). These sub-cubes are im-
aged with a cell/pixel size of 2.5 and the imaging is restricted
to the velocity ranges over which significant signal was detected.
The sub-cubes have a spatial extent of 350 x 350 pixels and
spectral extents of 300 channels centered on the peak velocity.
Included at the beginning and end of the 300 channels are line
free channels to estimate the spectral noise. For deconvolution,
a CLEANing threshold of 38 mJybeam™ was chosen (~20 of
final cubes). Using the tclean task of CASA (version 5.4.0),
the images were made with parameters: gridder=‘mosaic’,
deconvolver=‘hogbom’, weighting=‘uniform’, and a vari-
able niter. The number of minor CLEAN cycles was set to either
1000, 5000 or 10000 depending on the strength of the maser in-
volved. These iteration values were found to optimize the auto-
matic cleaning for many sources by maximizing image fidelity
while avoiding over-cleaning. The weighting parameter was set
to ‘uniform’, since it gives a better angular resolution and thus
more accurate positional information.

2.3. Complementary continuum data

In addition to the methanol line data, we also use GLOSTAR-
VLA radio 5.8 GHz continuum data to search for associations
with methanol masers. Radio sources such as ultra-compact
Hu regions (UCHn) are a clear indicator of HMSF, however their
relationship with methanol masers is not yet fully understood
and thus, a study of the associations and the physical proper-
ties of these sources may give insight on the overall formation
process of high-mass stars in this stage of their evolution. The
full analysis of continuum maps in the D-configuration and B-
configuration will be presented in forthcoming papers (Medina
et al. in prep; Dzib et al. in prep; Yang et al. in prep) while the
D-configuration continuum catalogue for the pilot region is al-
ready complete (Medina et al. 2019). We also make use of the
Co-Ordinated Radio ‘N’ Infrared Survey for High-mass star for-
mation (CORNISH Hoare et al. 2012; Purcell et al. 2013) which
used the VLA in the B and BnA-configuration at 5 GHz to sup-
plement our comparisons.

3. Source extraction

Here we give a technical description of the algorithm used for
automatically selecting maser candidates from the “dirty” im-
ages. A description of the final catalogue is given in Section 4.1.

3.1. Source extraction code

As explained in Section 2.2, given the computational challenge
of imaging and deconvolving large mosaics, we adopted an ap-
proach of searching for the methanol masers in the dirty images.
We wrote a simple Source Extraction Code (SEC; Murugeshan,
C. 2015; Nguyen, H. 2015) to deal specifically with this data in
a rapid manner. This SEC was written to detect methanol masers
that have high brightness values in comparison to the surround-
ing noise. It was also adapted for absorption searches (see Brun-
thaler et al. 2021). It takes the “dirty” or fully CLEANed images
as input. The code was first used on the “dirty” images to pro-
duce a preliminary catalogue of detections which were verified
by visual inspection. The verified detections were CLEANed over
a small spatial and spectral extent (see Section 2.2.2). The code
was then used again on these sub-cubes to find any other masers


https://science.nrao.edu/facilities/vla/data-processing/pipeline/scripted-pipeline
https://science.nrao.edu/facilities/vla/data-processing/pipeline/scripted-pipeline
https://casa.nrao.edu/
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that were previously not detected on account of their proximity
to stronger sources.

The code scans through the images, saving the coordinates
where the brightness meets two criteria. The first and foremost
is that the emission surpasses a certain signal to noise ratio (S/N)
threshold. Secondly, we require that the emission is above this
threshold for at least two consecutive channels. If these two cri-
teria are satisfied, the code considers such a detection as real.

We select a 50 x 50 pixel “box” to start. Beginning from the
first channel, the root mean square (rms) of the box is calculated.
This is chosen to be the noise within the box. Next, the code se-
lects the pixel with the maximum flux. The ratio between the
maximum flux and the rms of the box then defines the S/N. This
is done iteratively for each channel within the boundaries of the
50 x 50 pixel box for the entire spectral extent of the given im-
age. For a given channel, where the S/N is above a user-defined
threshold, we check if it continues for at least another contigu-
ous channel in order to satisfy our main criteria described above.
If it also passes through three additional selection filters, which
we will define below, it qualifies as a potential source. We then
record the pixel coordinates, right ascension (RA), declination
(DEC), channel range, peak flux, the associated channel of the
peak flux, and the S/N. The code moves onto the next spatial box
and repeats the search along the spectral axis. After its comple-
tion, a catalogue of the potential sources is produced. As a final
check, we always verify each source visually. A flow diagram
illustrating the algorithm is presented in the top of Fig. 2 and an
illustration of the physical movements of the search algorithm is
shown in the bottom.

In order to reduce false detections and repeated detections,
we describe the aforementioned filters used to improve the qual-
ity of detections:

— First filter (F1): This filter checks if the current potential de-
tection is within 200 pixels from the previous detection and
also appears in the same channel range. If these conditions
are met, it checks if the S/N of current detection is greater
than the previous detection. If this is the case, the current de-
tection is updated as the true detection and its coordinates
kept as a reference.

— Second filter (F2): The next filter checks if the current de-
tection is within 200 pixels of the previous detection, but ap-
pears in a different channel range. Since side lobe artefacts
appear in the same channel range as the source, we consider
the detection a potential source if the channel ranges are dif-
ferent. This helps to differentiate multiple sources within the
same box.

— Third filter (F3): The final filter checks if the current detec-
tion is more than 200 pixels away from any previous detec-
tion. An angular separation of 200 pixels (~8.3’) is chosen as
typically this is the largest extent of any side lobe feature. If
this criterion is met, the code selects the pixel as a potential
source.

We chose a S/N value of 6 when searching through the
“dirty” images. This choice is based on the general statistics of
the cube in order to balance dismissing artefacts as well as pick-
ing up weak sources. For the CLEANed sub-cubes, we use a lower
S/N value of 4 as it was found to be the most efficient in detect-
ing the generally weaker sources that were initially hidden in the
side lobes of the nearby stronger sources.

Since the algorithm picks out just one maximum in a given
box, it is possible that real but weaker sources are missed if they
lie in the same box. It was found that a box size of 50 pixels (cor-
responding to ~2’ ; in comparison the primary beam of the VLA

Select 50x50 pixel box

starting at the BLC of the Repeat loop
image until TRC of
+ image is

reached

Starting at Chan 1:
Find maximum value
Find root-mean-square
Compute S/N in the box

:

FILTERS:

Check if S/N > threshold
for two or more channels
Check if F1, F2, F3 are
passed

NO

YES

lterate to
subsequent
channel

Select pixel

as potential
source

v

Store information:
position, flux, velocity
extentetc... ina
preliminary catalogue

Shift 50x50 pixel
box to right

Fig. 2: Top: Algorithm flow chart for the Source Extraction Code
(SEC) which details the selection of the positions and channels
of maser candidates based on the signal-to-noise (S/N) ratio (see
Section 3). Bottom: Illustration of process used by the SEC. A
50x50 pixel box that starts from the bottom left corner (BLC)
iterates first through channels to detect sources until it reaches
the top right corner (TRC).

at 6.7 GHz is 6.5) substantially minimizes the run time without
losing too many additional sources. Furthermore, because we are
using a “dirty” image, there are noisy structures in the neigh-
bourhood of strong sources. In the direct vicinity of a potential
strong source, the code will reliably pick out the pixel coordi-
nates of the real source as side lobe features will never have a
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Fig. 3: Example of the Source Extraction Code (SEC) on unCLEANed and CLEANed data sub-cubes. Left: Example peak intensity
map of a dirty sub-cube towards / = 26.5270deg, b = —0.2674 deg which is an example of the data used when making preliminary
detection catalogues with our SEC. Velocities of known sources are shown in red text while pink squares highlight the final source
detections. In this “dirty” image, the bottom two sources would not have been detected. Right: Once we CLEAN the image, we can
see how the two bottom sources would indeed be detected by our SEC and as such, illustrates how running the SEC again on the

cleaned sub-cubes can lead to new detections.

higher flux than the actual source. The spillage of side lobe fea-
tures into adjacent boxes is mitigated by the utilisation of the
filters defined above.

Given the simple nature of the algorithm, the code can be
easily parallelized. The parallelization is done by splitting the
spatial extent of the image into smaller patches. The code was
then run individually on each of these patches. Each process cre-
ates its own search catalogue which is then combined when all
processes are finished. For a strong source, side lobe artefacts
can spill over onto the next patch and be picked up in a different
catalogue. We resolve this by verifying visually.

3.2. Catalogue creation

After performing the initial pass with the SEC on the “dirty” im-
ages, we cross check with all known masers in the survey range
in the case that there are weaker known sources that do not pass
our initial noise threshold criterion. We further inspect all the
potential SEC detections, looking at their spectra and moment
maps. We examine the positions, velocities, and intensities of the
detections to decide which SEC candidates are to be considered
real. We visually check for any velocity features that have very
large offsets from other velocity features along the line of sight
to also be considered as a new maser. From this, we compile a
list of candidates for further cleaning.

For these maser candidates, we make smaller CLEAN images
as described in Section 2.2. We run our SEC code with modified
settings (box size of 5 pixels and no filters) in order to pick up
weaker sources that would have been hidden by a nearby strong
source. We visually inspect each cube at the end to ensure that
we pick up all possible masers in the data. Shown in Fig. 3 is
an example of two new methanol maser detections that were not
found in the “dirty” image cube due to the presence of nearby
strong sources.
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From this final visual inspection, we compile a final list of
detections. As we are interested in determining the methanol
masers’ properties, we perform a 2D Gaussian fit of the bright-
ness distribution in each channel whose peak intensity is above
40. We use the CASA task imfit on a 14 X 14 pixel box (~2x
the restoring beam) which is centered on the pixel with maxi-
mum intensity. As discussed in Ortiz-Ledn et al. (2021), the error
in maser position is determined by the astrometric uncertainty
Ores/(2%S/N), where Oy is the (VLA) restoring beam, and S/N
is the ratio between source intensity and rms (Thompson et al.
2017). Given that the average beam size in the D-configuration
methanol maps across the whole Galactic plane is 15", and a
maser detection with S/N=10, the precision in position is ~ (7.
We further discuss the reliability of our position measurements
in Section 4.5. We visually verify the result of the source fits,
as well as determine the peaks of each maser site. We refer to
each velocity peak as a maser spot inside one maser site (Walsh
et al. 2014). These are listed in Table 2 for a few examples of
new masers sites while the complete catalogue can be found on-
line. The positions for all emission channels of a given maser
site are given as an offset to the position of the maser spot with
the strongest emission within the maser site.

4. Results
4.1. Detections

We have detected a total of 554 CH3;OH maser emission and 6
cases of methanol absorption in the range of GLOSTAR sur-
vey coverage (—2° < [ < 60°, |b] < 1°; see Ortiz-Ledn et al.
(2021) for the 13 masers found in the Cygnus X region, or the
online table for all 567 GLOSTAR masers). Of these detections,
we have determined 84 (~15%) of them to be new detections.
As we require that for a source to be detected, a minimum of
two adjacent channels must meet our S/N threshold, our esti-



H.Nguyen et al.: GLOSTAR: 6.7 GHz Methanol Maser Catalogue

80

B Total
=0 New

Number of sources

60 50 40 30 20 10 0
Galactic Longitude [°]

Fig. 4: Distribution of detected masers along Galactic longitude.
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bin.
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Fig. 5: Distribution of detected masers along Galactic latitude.
The bin width used is 0.08°.

mated completeness level may be higher than the 40~ noise level.
We have overlaid the detections on top of the GLOSTAR D-
configuration continuum emission in Fig. 1 and displayed their
spatial distributions in Figures 4 and 5. We note that within the
GLOSTAR Galactic longitude range, the CH3;OH 6.7 GHz maser
source distribution seems to peak towards / = 30°, which is
not surprising given the multiple crossings of spiral arms of the
Milky Way as is evident from Fig. 6. The distribution in Galactic
latitude is presented in Fig. 5, which shows that the majority of
sources are in the range of |b| < 0.5°.

The properties of a few example detections are listed in Ta-
ble 2, and we refer the reader to the online catalogue for the full
list of detections. We identify each maser source by its galactic
coordinates. The equatorial coordinates for the maser spot with
the highest peak flux, that is the main velocity component, is
given while the remaining maser spots (if any) are given as an
offset to this main maser spot. The velocity of each maser spot
as well as its peak flux and integrated flux are listed in the ta-

ble. The fluxes were determined using 2D Gaussian fitting (see
Section 3.2). Additionally, we report in the online catalogues ev-
ery velocity channel where emission was detected above the 40
level for a given maser.

4.2. Flux densities

The brightest 6.7 GHz CH3;0OH maser we detect is the well
known G9.6213+0.1961 with a peak flux density of ~5700 Jy.
This source is known not only as the methanol maser that reaches
the highest flux density, but, given its distance of 5.2 kpc, also
has the highest line luminosity (Sanna et al. 2015). Conversely,
the weakest maser we detect is the source G25.1772+0.2111
with a peak flux density of ~0.09Jy. For the newly detected
masers, the fluxes range from 0.16 Jy to 5.4 Jy. The median peak
flux density of the newly detected masers is 0.47Jy. The sur-
face density of new detections across the survey coverage is ~0.8
masers per sq. degree. We detect a total of 80 masers above 20 Jy,
none of which are new detections.

4.3. Distance determination

To calculate the luminosity of a maser source, the distance in-
formation is required. This can be obtained from the peak veloc-
ity of the maser and comparing it to a Galactic rotation curve.
However, there is an inherent kinematic distance ambiguity that
affects all sources within the Solar Circle (see Roman-Duval
et al. (2009) for an overview). To resolve this, we use the dis-
tances obtained from associated ATLASGAL 870 um emission
sources (Schuller et al. 2009) from the compact source cata-
logue (Urquhart et al. 2018, 2022) as they have been individ-
ually checked for HI self absorption. However, not every maser
source has a dust clump association from ATLASGAL and in
these cases, we use the Bayesian distance estimator from Reid
et al. (2019) to help resolve the kinematic distance ambiguity.
We show the distribution of our maser sample overlaid on an
artist’s impression of the Milky Way? in Fig. 7. We note that this
method is biased to the location of the spiral arms which can be
seen by its very smooth distribution along curves.

4.4. Luminosity

The luminosity is estimated across all the velocity channels in
which we have emission > 4¢. In this way, we use the line
flux, that is the velocity integrated flux density, S, in units of
Jykms~! to determine the luminosity:
Limaser = 47TDZSInlf/C (D
where D is the heliocentric distance to the source, f is the rest
frequency of the maser line (5; —6pA*, 6668.5192 MHz) and ¢ is
the speed of light. The total velocity covered, AVp, the estimated
distance, the velocity integrated flux density, Sy, and the final
isotropic maser luminosity, Lyser, are listed for a few example
sources in Table 3 and the rest are listed in an online catalogue.
As mentioned by previous studies (Breen et al. 2011; Billing-
ton et al. 2019; Ortiz-Le6n et al. 2021), a positive trend between
the total velocity width, AVp, of a maser source and its maser
luminosity is shown in Fig. 8. Given that we can take the veloc-
ity range of a maser as a proxy for line complexity, i.e., many
components, it might naively be expected that stronger sources
are more complex. However, it could also be that for weaker

3 https://photojournal.jpl.nasa.gov/catalog/PIA19341
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Table 2: Properties of methanol maser spots from D-configuration maps for a selection of sources.

Name a/Aa O0/A6 VLsr S\, Peak S\ It Notes
h:m:s/” d:m:s/” kms™! Jybeam™! Jy
€)) 2 ©) “) &) (6) Q)
G35.2260-0.3544  18:56:53.2332  +01:52:47.068  59.49 0.38+0.02 0.39+0.04 YANGI9
G35.2260-0.3544 -0.17 -0.34 59.13  0.12+0.02  0.16+0.04
G35.2260-0.3544 0.27 0.03 59.31 0.20+0.02 0.19+0.03
G35.2260-0.3544 1.32 0.84 59.67 0.14+0.02 0.23+0.04
G35.2476-0.2365  18:56:30.3917 +01:57:08.664  72.25 1.40+0.02 1.47+0.03 MMB
G35.2476-0.2365 -1.30 1.68 71.53  0.12+0.02 0.14+0.03
G35.2476-0.2365 -0.91 -0.42 71.89 0.08+0.02 0.10+0.03
G35.2476-0.2365 0.12 0.16 7243  1.34+0.02 1.33+0.04
G35.2476-0.2365 2.08 1.03 72.79 0.10+0.02 0.22+0.05
G35.3974+0.0252  18:55:50.7873  +02:12:18.699  89.07 0.36+0.01 0.36+0.02 MMB
G35.3974+0.0252 -2.04 -2.05 88.89 0.12+0.01 0.15+0.03
G35.3974+0.0252 -0.29 0.39 89.25 0.27+0.02 0.32+0.03
G35.3974+0.0252 0.76 -0.28 89.43  0.19+0.02 0.25+0.04
G35.3974+0.0252 0.76 -0.50 89.61 0.11+£0.02 0.14+0.04
G35.4166-0.2839  18:56:59.0536  +02:04:54.463  56.11 1.67+0.02 1.69+0.03 NEW
G35.4166-0.2839 -0.05 -0.49 55.75 0.21+£0.01 0.23+0.02
G35.4166-0.2839 0.00 -0.02 5593 0.73+0.01 0.72+0.03
G35.4166-0.2839 0.17 -0.07 56.29 1.35+0.02 1.35+0.03
G35.4166-0.2839 -0.04 -0.20 56.47 0.48+0.02 0.55+0.04
G35.4571-0.1782  18:56:41.0152  +02:09:57.411 56.11 0.26+£0.02 0.31+0.05 NEW
G35.4571-0.1782 -1.16 0.92 54.67 0.12+0.02 0.21+0.04
G35.4571-0.1782 -0.08 -0.11 54.85 0.19+0.02 0.30+0.05
G35.4571-0.1782 -1.41 -2.16 55.21 0.09+0.01 0.17+0.04
G35.4571-0.1782 1.16 0.48 55.39  0.11+£0.01  0.09+0.02
G35.4571-0.1782 -0.66 0.20 55.57 0.24+0.02 0.32+0.04
G35.4571-0.1782 -1.01 0.30 55.75 0.20+£0.02 0.21+0.04
G35.4571-0.1782 -2.15 -0.36 5593 0.23+0.02 0.27+0.04
G35.4571-0.1782 -0.45 -0.46 56.29 0.17+0.02 0.21+0.04
G35.4571-0.1782 -2.15 -2.03 56.65 0.12+0.02 0.18+0.04

Notes. Column (1) gives the GLOSTAR source name based on the GLOSTAR Galactic coordinates.
Columns (2) and (3) are the GLOSTAR equatorial coordinates of the position of the maser velocity
component with the highest intensity. For sources with multiple components, we list their position
offsets with respect to the component with the highest intensity. The position uncertainties are ~1.1”
(see Sect4.5). Column (4) gives the LSR radial velocity of the peak of the component. Columns (5) and
(6) give the peak and integrated fluxes at the peak velocity, given by (4). Column (7) Source references.

Table 3: Estimated distances and maser luminosities from D-configuration maps for the maser sources listed in Table 2. Refer to the
online table for a complete list of sources.

Name AVp Dist. Note S Tt Linaser.D
(glon, glat) (kms™h) (kpc) (Jy kms™1) (Lo)
(D 2 €) ) 5 (6)
G35.2260-0.3544 0.72  9.43+0.36 B  096+0.07 5.8x1077
G35.2476-0.2365 090 4.84+0.61 B  3.26£0.08 52x1077
G35.3974+0.0252 090 5.90+0.54 A 1.22+0.07 22x 1077
G35.4166-0.2839 090 3.20+0.37 A 453+0.07 2.7x10°°
G35.4571-0.1782 1.80 4.10+0.38 A 227+0.13 14x10°°

Notes. Column (1) is the GLOSTAR source name. Column (2) gives the total
velocity extent of maser emission above the local 40 level. Column (3) gives
the distance obtained from the Bayesian distance estimator (Reid et al. 2019)
or from the ATLASGAL compact source catalogue (CSC) (Urquhart et al.
2018, 2022) as marked in column (4) with a B or A respectively. Column (5)
and (6) give the maser integrated flux and luminosity, respectively.

sources, there may be other velocity components but that these
components might not meet the S/N threshold and are thus not
considered. We have fit a power law in the form of AVp oc LY ..

to the relation and found @ = 0.32 + 0.01 which supports the
positive trend we see (a Spearman correlation test yields a coef-
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Fig. 6: Distribution of detected 6.7 GHz methanol maser velocity with respect to Galactic longitude. Black crosses represent detec-
tions of known sources in the GLOSTAR survey and red crosses represent new detections. The coloured spiral arms are as follows:
magenta — 3 kpc, red — Norma-Outer, blue — Scutum Centaurus, green — Sagittarius Carina, and yellow — Perseus. The dashed lines
represent the updated spiral arm models of Taylor & Cordes (1993) as used in e.g., Schuller et al. (2021) while the solid lines are
the spiral arm descriptions from Reid et al. (2019). The background shows the CO emission from Dame et al. (2001).

ficient » = 0.74 and p-value <« 0.0013 which strongly supports
the correlation).

4.5. Comparison with other maser surveys

The Arecibo Methanol Maser Galactic Plane Survey (AM-
MGPS, Pandian et al. 2007) which used the 305 m Arecibo
radio telescope to cover the ranges of 35.2° < [ < 53.7°
and |b| < 0.41° to detect 86 masers. The survey has an rms
noise level of ~85mly in each spectral channel after Han-
ning smoothing and averaging both polarizations. Of these
masers, only G35.374+0.018 at 96.9 km s~! and G36.952-0.245
at 61.7 kms~! were not detected by our survey. This may be due
to the time variability of methanol masers, making these sources
candidates for long term observations.

The Methanol Multibeam (MMB) survey (Green et al. 2009)
is a comprehensive unbiased survey that covers a large por-
tion of the Galactic plane ranging from 186° < [ < 60° and
[b| < 2°. It uses the Parkes 64 m radio telescope to make pre-
liminary detections which are followed up using the higher res-
olution interfermometers: Australia Telescope Compact Array
(ATCA) or Multi-Element Radio Linked Interferometer Net-
work (MERLIN, Thomasson 1986) to improve the accuracy in
their reported positions to be better than < 1” . The survey sen-
sitivity is ~0.2Jy. Of the ~1000 sources in their complete cat-
alogue (Caswell et al. 2010; Green et al. 2010; Caswell et al.
2011; Green et al. 2012; Breen et al. 2015), 404 lie within the
GLOSTAR data presented here. Of these, 394 were detected in
our survey. As GLOSTAR is an unbiased survey, it is useful to
compare the catalogues resulting from these surveys.

To supplement our comparison, we also use the Yang et al.
(2019b) catalogue of 6.7 GHz CH3OH masers that were obtained

through a targeted search towards sources from the Wide Field
Infrared Survey Explorer (WISE) point source catalogue using
the 65m Shanghai Tianama Radio Telescope (TMRT). These
surveys were used to help in the identification of our SEC de-
tections in Section 3 where weak sources that were close to the
40 threshold were conclusively kept as a detection given match-
ing coordinates and velocities. This results in 113 detections that
were not detected by Yang et al. (2019b). There are some masers
from Yang et al. (2019b) that were undetected in the GLOSTAR
survey, with the majority having fluxes below our sensitivity
limit. While the sensitivity of the observations done by Yang
et al. (2019b) with the TMRT is 1.5JyK™!, they also include
weaker masers that were previously detected in literature in their
catalogue.

We make a final check with the webtool, Maserdb*
(Ladeyschikov et al. 2019), which is an online collection of cat-
alogues of many maser species (e.g., OH, H,O). We find that our
catalogue has 84 new 6.7 GHz CH3OH maser emission sources
(see Fig. 1).

Next, we compare the GLOSTAR and the MMB positions.
Shown in Fig. 9 are the position offsets to the GLOSTAR D-
configuration detections. The mean offsets are 6/ = -0.18 =
1.21 arcsec and 6b = 0.04 = 1.03 arcsec. This indicates that there
are no systematic offset in the astrometry with respect to the
MMB catalogue. However, the standard deviation of the offsets
suggests that the astrometric uncertainty is closer to ~1.1 arcsec-
onds, which is slightly larger than the statistical uncertainties of
0.7” determined for a 100 detection.

We show in Fig. 10 the flux distributions of the GLOSTAR
methanol maser detections. We highlight the subset of sources

4 maserdb.net
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Fig. 7: Distances of 6.7 GHz methanol masers from GLOSTAR
D-configuration VLA observations plotted on top an artist’s ren-
dition of the Milky Way. We have used the distance estimator
(Reid et al. 2019) to assign the near or far distance to a source
(red stars) except for maser sources with an ATLASGAL dust
clump association, for which we use the reported distance from
Urquhart et al. (2018, 2022) (green triangle).
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Fig. 8: Total velocity range of maser emission vs. integrated
maser luminosity as blue crosses. We see a positive trend. The
green line represents a power law fit to the data with an expo-
nent of 0.32 + 0.01. A Spearman correlation test yields a rank
coefficient of r = 0.74 and p-value <« 0.0013 which indicates a
positive correlation and is consistent with previous studies using
a smaller sample (e.g., Ortiz-Ledn et al. 2021).
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Fig. 9: Comparison of the positions of matching MMB and
GLOSTAR methanol maser sources. The red shaded ellipse is
centered on the mean offsets of 6/ = —0.18 arcsec, and 6b =
0.04 arcsec. It shows the half-axes standard deviations in Galac-
tic Longitude and Latitude which are 1.21 arcsec and 1.03 arcsec
respectively.

that have a MMB counterpart as well as the subset of new
sources. In comparison with the MMB catalogue, we directly see
that our increased sensitivity finds new weaker sources. How-
ever, there are 74 sources above the survey cube detection thresh-
old of 0.7 Jy that one would have expected to be detected by the
MMB. There are several reasons as to why they were not de-
tected by the MMB. Given that these observations were taken
years apart, it could be the result of variability, making these
sources possible candidates for long term observations. Further-
more, ~30 of these sources are situated near bright sources and
as such, were not able to be initially resolved by the MMB in
their blind survey. Examples of these are shown in Appendix A.

For the masers with counterparts in both surveys, we com-
pare the peak fluxes in Fig. 11. The fluxes do not show a system-
atic difference. G9.6211+0.1956 is already known to be a peri-
odic Class II CH3;OH maser with a period of ~244 days (e.g.,
Goedhart et al. 2007; van der Walt et al. 2009)° . We detected
two main velocity components for this source at the known ve-
locity of 1.3kms~'and at a new velocity of —88.7kms~!. Given
the large difference in velocity, we consider these to be distinct
entries in our catalogue. Both of these spatially coincide with
the known MMB maser at the same position. The component at
1.3kms ! has a high peak flux density of >5700Jybeam~! in
both the GLOSTAR and the MMB spectra with matching veloc-
ity, which corresponds to the velocity of the host source. As such

5 In periodic methanol masers, certain velocity components show pe-
riodic variability with a wide range of periods, ranging from 20 to
> 500days. As discussed in a future publication, the several epochs
at which the GLOSTAR data were taken and comparison with MMB
spectra will lead to the detection of new candidates of these interesting
sources (e.g., Goedhart et al. 2018, and references therein)
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Fig. 10: Flux distribution of detected masers. The vertical dashed
red line corresponds to the average 40 noise level for the
methanol D-configuration data (~70 mJy beam™"). We show the
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new detections peaks at lower flux densities.
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Fig. 11: Comparison of GLOSTAR vs. MMB peak flux densi-
ties for masers detected in both surveys. The black line indicates
the 1:1 equality line. Red circles denote sources for which the
percent difference was greater than 50%.

we consider this the true association for the following analysis.
The component at the velocity of —88.7kms~! is much weaker
with a peak flux density ~1Jybeam~!. Emission at this veloc-
ity seems to not yet have been detected towards this source and
deserves further study.

In Fig. 12 we compare the flux distributions between the
GLOSTAR, MMB, and Yang et al. (2019b) catalogues for
masers within the GLOSTAR survey coverage. It is evident that
there are masers that were below our detection threshold and
were not detected. The detection comparison between the three
maser surveys is shown in Fig. 13 and details how many masers
are detected by each survey and their overlap. There are 44
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Fig. 12: Flux distribution of masers as reported in the
GLOSTAR, the MMB (Green et al. 2009) and the Yang et al.
(2019b) catalogues. The vertical dashed red line corresponds
to the average 40 noise level for the GLOSTAR methanol D-
configuration data (~70 mJy beam™!). The sources of the other
surveys that were not detected in the GLOSTAR survey are well
below the sensitivity level of our unbiased search.

sources that we did not detect but were detected by Yang et al.
(2019b) or by both Yang et al. (2019b) and the MMB. Of these,
14 have reported fluxes below our sensitivity limit. Variability
may also account for some of the other non-detections, however,
long term observations would be needed to confirm this nature
of maser activity. We also see that while there are some known
masers that we do not detect, the majority of our new detections
are in the lower flux bins as expected.

4.6. Absorption detections

While detections of the 6.7 GHz 5; — 6pA* CH3OHline are
widespread, the absorption detections are comparatively more
sparse. Only a few studies have confirmed the 6.7 GHz line in
absorption thus far (e.g., Menten 1991b; Pandian et al. 2008;
Impellizzeri et al. 2008; Ortiz-Leén et al. 2021; Yang et al.
2022). Absorption in this line can occur towards radio contin-
uum emission and the cosmic microwave background (CMB).
In conjunction with maser emission detections, we are also sen-
sitive enough to detect absorption features and indeed we find
a few absorption sources (listed in Table 4), where an example
is shown in Fig. 14. A systematic search was not yet performed
and thus a comprehensive list of all absorption detections is not
presented in this work. An in-depth analysis of the absorption
sources detected in the GLOSTAR data will be performed in a
future work, for which we will use the complete GLOSTAR D-
configuration continuum source catalogue (Medina et al. in prep)
to check for methanol in absorption.

5. Discussion
5.1. Association with ATLASGAL sources

Methanol masers are known tracers of star formation and the
Class II 6.7 GHz methanol maser is thought to exclusively trace
the early stages of HMSF (Minier et al. 2003; Ellingsen 2006;
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Table 4: Examples of absorption features detected. The source is listed with equatorial coordinates (J2000), the peak velocity feature,

and the peak flux density.

Common Name a 0 VPeak S Peak
h:m:s dim:s  kms™!  Jybeam™!
Sgr B2 17:47:18.71 -28:22:53.54 70.4 2.0
G08.67-0.36 18:06:19.02  -21:37:30.29 35.6 -0.2
G10.62-0.38 18:10:28.62  -19:55:48.40 -1.3 -0.4
G012.81-0.20 18:14:13.95 -17:55:38.31 36.0 -1.6
G34.26+0.16 18:53:18.03  01:15:00.09 59.7 -0.2
W49 19:10:12.97  09:06:10.98  12.55 -0.3
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Fig. 13: Venn diagram presenting the overlap between the
GLOSTAR methanol maser catalogue, the MMB (Green et al.
2009) and the Yang et al. (2019b) catalogues over the same re-
gion as GLOSTAR. We detect 112 masers that were not detected
by the MMB or the Yang et al. (2019b) catalogues, while not
detecting 44 known masers.

Xu et al. 2008). Billington et al. (2019) recently used the
MMB and ATLASGAL surveys to do a comprehensive study
on the physical environments of the regions these masers orig-
inate from. They used newly available distances and luminosi-
ties to compare with the clump properties as determined in AT-
LASGAL and JPS (JCMT Plane Survey: Moore et al. 2015;
Eden et al. 2017) to determine correlations for maser associ-
ated sources. As seen by previous studies (e.g., Urquhart et al.
2013, 2015; Billington et al. 2019), there is a ubiquitous as-
sociation with the MMB masers and dust continuum sources
(99%), strongly correlating these masers with the earlier stages
of HMSF. Billington et al. (2019) determined that clump masses
and radii are not indicative if a clump has a 6.7 GHz methanol
maser, whereas clump density may be able to do so. Further, they
determined a lower density threshold of n(H,) > 10*! cm™ for
the “turn on" of maser emission. As such, with our sample, espe-
cially our new weaker detections, it is interesting to see if these
correlations hold.

We perform a cross-match with ATLASGAL sources us-
ing an emission map and distance threshold of 12”, which is
three times the pointing uncertainty of ATLASGAL and was
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Fig. 14: CH30H 6.7 GHz spectra of the maser source G0.677-
0.025 near Sagittarius B2. Broad absorption can be seen between
the velocity range of 50kms~' and 90kms~'.

determined from analysing the surface density distribution of
matches. We use the ATLASGAL CSC from / = 3° to 60° as the
source properties for sources in the Galactic Centre region are
not to the same confidence level. We find 363 associations within
12”7 (~65%) between GLOSTAR masers and the ATLASGAL
compact source catalogue (CSC; Urquhart et al. 2018, 2022)
for which the dust clump properties (e.g., clump mass, clump
temperature, bolometric luminosity) were calculated. The ~65%
association with dust emission is lower than expected from the
studies mentioned above. For masers without an ATLASGAL
CSC association, it is possible that they are still are associated
with dust as they could be associated with more distant clumps
well below the ATLASGAL threshold. They could also be sit-
uated at a closer heliocentric distance to us but are associated
instead with low-mass clumps.

To address this discrepancy, we visually inspect ATLASGAL
cutouts centered on the positions of the masers (examples can be
found in Appendix B) using dust continuum contours from lo
to 5o. We take this approach as the ATLASGAL CSC uses a
threshold of at least 60 for the sources they report but there are
still many potential dust continuum sources below this limit. In
this way, we find that there are an additional 72 maser sources
that show compact dust emission above 30. There are a fur-
ther 93 maser sources that can be associated to an extended AT-
LASGAL feature above 60 and 7 maser sources that are offset
slightly further than 12”. As such, we find that only 18 maser



H.Nguyen et al.: GLOSTAR: 6.7 GHz Methanol Maser Catalogue

- ;

g 102 -

) 3

o

'-Q 4

>

= 10! 3

2z

é) i

O 100 3

A E

»

E ]

1071 4

< E

@

5]

- 2

+ 1074 4

2 ®

Q T T T T T
1071 100 10! 102 103

Maser Peak Flux Density [Jy beam™!]

Fig. 15: CH30H 6.7 GHz maser peak flux density compared
to 870 um dust emission extracted from ATLASGAL maps to-
wards the maser position. Black crosses correspond to sources
that were matched to the ATLASGAL compact source cata-
logue (CSC). The remaining sources are marked in blue. The
red dashed line corresponds to the ATLASGAL 60 noise level
and the red circles highlight the new masers found in this work.

sources have no dust continuum emission which corresponds to
a methanol maser and dust continuum association of ~97%. The
result is in agreement with previous studies (e.g., Billington et al.
2019). From Fig. 15 we find that there seems to be a cluster of
new maser detections that are centered on the lower end of the
dust emission around the 60 noise level of ATLASGAL.

We compare the velocities of the maser’s median veloc-
ity and the velocities of the matched dust clumps in Fig. 16.
The ATLASGAL velocities were assigned by matching clump
positions with observations of molecular line transitions from
multiple molecular line surveys (see Urquhart et al. 2018, Sec-
tion 2.1 for details). A linear fit yields a slope and y-intercept
of 1.00 + 0.13 and 0.01 + 0.75 respectively and Spearman’s
rank coefficient of » = 0.98 and p-value < 0.0013 support-
ing the positive correlation. In fitting a Gaussian to the distri-
bution of the velocity offsets, we find a mean offset of 0.49 +
0.18 kms~!and dispersion of 3.69 + 0.1kms~!. The result is
in agreement with Billington et al. (2019), which compared
the total MMB sample with corresponding ATLASGAL sources
where they use sources with offsets of < 3c0. There are three
sources, however, with larger velocity offsets: G3.5022—-0.2005,
G9.6211+40.1956, and G10.3563—-0.1484. They were all previ-
ously detected in the MMB with G3.5022-0.2005 being asso-
ciated with millimeter dust continuum (Rosolowsky et al. 2010)
and G10.3563-0.1484 associated to a YSO candidate (Dehar-
veng et al. 2015). G9.6211+0.1956 is associated with the well
studied Hm region of similar name where its shock fronts have
been studied (e.g., Liu et al. 2017, and references therein). As
mentioned in Section 4.5, there are two sources in our cata-
logue with vastly different velocities associated with this AT-
LASGAL source. The maser at 1.3kms™! is consistent with the
well studied clump velocity. This other velocity component at
—88.7kms™! would be an interesting target for future studies.

We show the cumulative distribution functions (CDF) of the
clumps associated with GLOSTAR masers and clumps associ-
ated with just the new detections in Fig. 17 for different asso-

ciated clump properties such as dust temperature, bolometric
luminosity, clump mass, luminosity to mass ratio, clump size,
and H; density. This compares a sample of 364 maser associ-
ated clumps, with that of 45 clumps associated with newly de-
tected GLOSTAR masers. Urquhart et al. (2022) showed CDFs
(in their Figure 7) that compared the clump properties for differ-
ent evolutionary stages of ATLASGAL sources, showing indeed
that one can distinguish evolutionary stages by certain proper-
ties. Furthermore, Billington et al. (2019) compared the prop-
erties of ATLASGAL clumps with the subset that have MMB
methanol maser associations. They found that maser associated
sources have higher dust temperatures, bolometric luminosities
and luminosity-to-mass ratios, which is expected as these are re-
gions in the process of developing high mass stars (see Fig. 10
from Billington et al. 2019). In contrast to these works, we inves-
tigate the ATLASGAL sample of sources that have GLOSTAR
methanol maser associations with the subset of those that are
newly detected masers. We perform Anderson-Darling tests for
all CDFs instead of Kolmogorov—Smirnov tests as the Anderson-
Darling test is more sensitive to changes at the boundaries, which
is the subset of our sample that we are more interested in, given
that most of our newly detected masers are weaker. The results
are shown on the plots in Fig. 17. Clump luminosity is the only
statistically different sample to the 30 level (p-value < 0.0013),
while dust temperature and luminosity-to-mass ratio are signif-
icant only to the 20" level (p-value < 0.05). In obtaining more
clump properties for the masers without an ATLASGAL CSC
counterpart, it will help to better determine the significance of
the Anderson-Darling tests on these properties. Furthermore, we
see that for the dust temperature, bolometric luminosity of the
clump, and luminosity-to-mass ratio, the mean properties for the
new maser detections are slightly lower but they extend to sim-
ilar limits on the high end as the general population of masers.
One might naively expect this as lower luminosity masers may
trace earlier stages of development.

We also compare the 6.7 GHz methanol maser luminosity to
the dust clump properties of luminosity and mass in the left and
middle panels of Fig. 18. To test if these two dust clump proper-
ties are correlated to the maser luminosity, we perform a Spear-
man’s rank correlation test that yields values of r = 0.28 and
r = 0.18 respectively (with p-value <« 0.0013) and so there is a
weak but significant correlation. The left panels of Fig. 18 shows
the comparison between maser and clump luminosities, and the
distribution of the clump luminosities where we have plotted for
reference, the dust core luminosity value of ~200 L as found
by Ortiz-Ledn et al. (2021) to be the lower limit of methanol
maser associated clumps in the Cygnus X region. There are a
few sources in our sample that show luminosities lower than this.
The sharp cutoff does lie, however, close to this value and not
around 10° L as estimated by Bourke et al. (2005). Our results
are in agreement with other recent studies such as Ortiz-Ledn
et al. (2021), which uses similar data but for a small sample in
the Cygnus X region, Paulson & Pandian (2020) which used a
sample of 320 MMB masers, and Billington et al. (2019) which
used a sample of 958 methanol masers from the MMB.

The middle panel in Fig. 18 similarly shows the investiga-
tion using the ATLASGAL FWHM masses (mass within 50%
of the 870 um contour) for the clumps. Ortiz-Ledn et al. (2021)
determined the minimum core mass in Cygnus X for maser as-
sociated cores to be ~10 Mg, , while Billington et al. (2019) used
the FWHM clump masses of the ATLASGAL sample to esti-
mate a lower limit of ~17 Mg, . Paulson & Pandian (2020) de-
termine a value similar to Ortiz-Ledn et al. (2021) of 11 Mg, for
their sample. These clump values are sufficient to produce high-
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Fig. 16: Left: The median methanol maser velocity plotted as a function of the ATLASGAL clump velocity for sources with an
association to an ATLASGAL compact source catalogue (CSC) source. The black line is the fitted linear result, with a Spearman’s
rank coefficient of » = 0.98 and p-value<x 0.0013. Right: Distribution of the offsets between the median methanol maser velocities
and the molecular line velocities from ATLASGAL. Fitting the distribution with a Gaussian yields a mean of 0.49 +0.18 kms~'and
standard deviation of 3.69 + 0.1 kms~'. We use 30~ (11 kms~!) as a confidence threshold to identify outliers.

mass stars if one assumes a 10% star formation efficiency. We
used the FWHM clump masses of ATLASGAL and find a mini-
mum mass of 0.175 Mg, . Rather than being the true lower limit,
we see that it is likely an exception as all but four data points
have clump masses above the lower limit estimated by Ortiz-
Leon et al. (2021). Since we use masses from the same sample
as Billington et al. (2019), we similarly see a cutoff at around
~17 Mg, but the 1st percentile mass is ~10 Mg .

In combining the clump properties of luminosity and mass,
the luminosity-to-mass (L/M) ratio has been shown to be a
statistical indicator of the evolutionary stage of high-mass star
forming clumps (Molinari et al. 2008). Furthermore, Billington
et al. (2019) found a weak correlation between the L/M ratio of
maser associated clumps and maser integrated luminosity. In the
right most of Fig. 18, we find a Spearman’s rank coefficient of
r = 0.3 with p-value < 0.0013, which suggests that there is a
weak correlation between the properties. We find that 90% of the
data points lie between the values of 1 Lo Mg! and 102 Lo MZ!.
These values estimate the lower and upper limits of the L/M ra-
tio, which depict the onset of maser emission and the decline of
the maser due to the formation of the Hm region having disruptive
effects on the maser’s environment. Our results are in agreement
with previous studies (e.g., Breen et al. 2010; Billington et al.
2019; Billington et al. 2020; Ortiz-Ledn et al. 2021).

We also highlight the dust clumps that are associated with
newly detected masers in Fig. 18. Contrary to our hypothesis
that the newly detected and weak masers would strongly trace
the earliest stages of high-mass star forming clumps, we see that
except for clump luminosity, the histograms shown in Fig. 18
have similar shapes. Furthermore, the Anderson-Darling tests
in Fig. 17, save for the bolometric luminosity, show no signif-
icant correlation between the samples to the 30 level. We note
that many newly detected masers have low maser luminosity
(< 107%Ly), and the lack of a strong correlation of this sample
is in agreement with Paulson & Pandian (2020) which suggests
that other properties, e.g. gas density and gas temperature are
perhaps more important factors for the maser luminosity than
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the dust clump bolometric luminosity. However, there are some
of our new masers (53) that have ATLASGAL associations, but
for which we do not have the clump properties and, as stated
above, are generally associated with lower 870 um emission dust
clumps. As this is a significant portion of our new detections,
the outcome of the sample comparison presented here may dif-
fer once we obtain the host clump properties for these masers in
future works. The results presented here are in agreement with
previous results (e.g., Billington et al. 2019) as the majority of
the values are derived from known methanol maser and ATLAS-
GAL clump associations.

5.2. Association with radio continuum

In general, one does not expect to see a close relationship be-
tween methanol masers and radio emission from Hi regions, as
the latter is a more developed stage of HMSF where methanol
maser emission begins to decline (e.g., Beuther et al. 2002).
However, this may not necessarily be the case with the properties
and early evolution of the more compact Hi regions, (i.e., hyper-
compact (HC) and ultra-compact (UC) Hu regions) as proposed
by e.g., Walsh et al. (1998); Yang et al. (2019a, 2021). These
more compact Hi regions are younger sites of HMSF and may
still have maser emission in their surroundings as they evolve.
This is supported by the observational results seen in Yang et al.
(2021) from the largest sample of HC Hu regions showing a
maser detection rate of 100%, and the detection rate decreases as
Hu regions evolve from HC Hu regions to UC Hu regions. Radio
continuum emission at this stage is difficult to detect, however,
due to the compactness of the optically thick free-free radiation
of HC Hi, which results in low fluxes.

We attempt a search for associations of masers with the
5.8 GHz GLOSTAR D-configuration continuum (from 3° < [/ <
60°). We find there to be 111 sources within 20” , which is the
size of the VLA D-array beam dropping to 64 when we use an
angular distance threshold of 6” . This threshold value corre-
sponds to the 30 level of the distribution shown in the source sur-
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plot.

face density plot in Fig 19. This 12% association rate is smaller
than that reported by Hu et al. (2016) (with a better sensitivity
of ~45uJybeam™! in the Galactic mid-plane for the radio con-
tinuum data), who found that ~30% of masers were associated
with UC Hu regions. This is not unexpected as the resolution of
the D-configuration continuum catalogue is not as well suited to
sample UC Hin and HC Hrn regions. The lack of association of
6.7 GHz methanol masers with radio continuum, however, indi-
cates that these masers trace the earliest stages of high mass star
formation.

We show in Fig. 20 again the flux distribution of the masers
and their associations to continuum sources. By comparing the
fraction of masers with an associated continuum source for each
flux bin, there seems to be a trend in that the association with
continuum sources increases with maser flux density. In Fig. 21,
we show instead the flux distribution of the continuum sources
to see if weaker radio sources (that are Hir regions) are more
correlated with methanol masers as one might attribute weaker
sources to younger stages of development. Despite, the low asso-
ciation rate, we see that a Kolmogorov—Smirnov test of the dis-
tribution (bottom panel of Fig. 21) results in p-value < 0.0013
showing that there is a correlation with the continuum source
flux for sources that have methanol maser associations. We
see that radio sources with methanol masers are significantly
brighter than the general population of radio sources.

The nature of radio continuum sources however can
vary from being our desired Hu regions, planetary nebulae,
or even have extragalactic origin. Following Medina et al.
(2019), where it was determined that for the GLOSTAR D-
configuration sensitivity, there would be a source density of
0.0172 arcmin?, this suggests that there would be ~7600 extra-

galactic sources which is close to 60% of sources in the cata-
logue. As such, we need to take into account the likelihood of
an extragalactic background source being inside our matching
radius. This is given by Ny, = (source density) X (search area).
We used a search radius of 6 arcsec around the maser positions,
which means that the estimated number of background sources
is then Ny, < 1. This implies that line of sight associations be-
tween GLOSTAR 6.7 GHz masers and GLOSTAR 5.8 GHz ra-
dio continuum sources have a low probability of being purely co-
incidental. We also used the CORNISH catalogue to supplement
our comparison. They have classified their sources which helps
us to determine the nature of the continuum sources we have as-
sociated with our methanol masers. We find that 34 masers have
CORNISH counterparts, which are all labelled as UC Hn re-
gions. Of these associations, 15 do not have GLOSTAR D-
configuration radio catalogue counterparts. These are likely in-
volved in extended emission seen through the D-configuration .
Conversely, 45 sources have GLOSTAR radio counterparts but
no CORNISH counterparts. A future analysis of the sources’
spectral index can provide further insight on the astrophysical
nature of the remaining continuum sources (Medina et al. in
prep).

We show in Fig. 22 the maser flux density as a function of
continuum flux density, using the CORNISH catalogue to sup-
plement the GLOSTAR radio continuum catalogue, where we
use the flux from GLOSTAR where available. The Spearman’s
rank coefficient is » = —0.11 with p-value= 0.32 thus show-
ing no correlation between the properties. As discussed above,
we know that there is a positional correlation between radio
sources and methanol masers, however in Fig. 23, we do not
see any relation between the flux of a maser and its proximity
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Fig. 19: Surface density plot of the offset of GLOSTAR ra-
dio continuum sources associated with GLOSTAR 6.7 GHz
methanol masers.

to the radio continuum source (Kolmogorov-Smirnovtest results
of r = =0.11 and p-value= 0.3). If the methanol maser was
intimately connected with the radio source, one would expect
to see increasing maser strength with decreasing position offset.
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Given that the maser flux and continuum flux show no correla-
tion, and that there is no correlation with maser flux and position
offset, this suggests that the mechanisms powering the two kinds
of sources are unrelated as expected, despite there being a posi-
tional correlation.

5.3. Luminosity function

Given that the 6.7 GHz methanol maser is a tracer of HMSF,
a luminosity function of these sources would allow us to com-
pare the amount of HMSF in the Milky Way and other nearby
Galaxies. Studies have shown that the luminosity function for
these masers cannot be fit by a single power law but may be fit
with a broken power law (Pestalozzi et al. 2007; Pandian et al.
2009; Green & McClure-Griffiths 2011). As discussed in Sec-
tion 4.3, we have allocated distances to the maser sources using
a Bayesian distance estimator as well as ATLASGAL clump ve-
locities. However, if we were to use only the sources with an AT-
LASGAL association to determine the luminosity function, we
would be biased towards sources with higher luminosities. This
is evident in Fig. 24, which shows a clear fractional difference
in the number of sources in the lower luminosity bins compared
to the full sample to ATLASGAL CSC only sources. While a
CDF of these two samples show that they are not statistically
distinct, which is to be expected, we do find that in examining
the right panel of Fig. 24, we see that there is a statistical differ-
ence in maser properties between the sources with ATLASGAL
counterparts and those without (Kolmogorov-Smirnovtest result
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of r = 0.74 and p-value <« 0.0013). As such, we choose to use
the full sample. In Fig. 25, we plot the luminosity as a function
of heliocentric distance. As expected, the new maser detections
cover the lower luminosity ranges for a given distance. This also
allows us to determine the completeness level. Given a minimum
flux, we can calculate the minimum luminosity of a maser we
can detect for a given heliocentric distance. This in turn can be
turned around to give the maximum distance at which a maser
of a given luminosity can be detected. Then, within the limits
of the survey coverage, the fraction of the Milky Way disk cov-
ered at a given distance will give us the completeness that has
been normalised over the survey area. This is shown in the lu-
minosity function in Fig. 26. We find that we are 100% com-
plete at 6.9 x 1077 L. We find that the median luminosity is
3 x 107% L, and this agrees with previous studies (e.g., Pandian
et al. 2009) that the distribution peaks around 107® L. Our sam-
ple size is ~6 times larger than Pandian et al. (2007, 2009) and
therefore our median luminosity is statistically more robust. To
characterise the luminosity function, we use only the luminosity
bins for above which we are complete. We simultaneously fit two
power laws and find indexes of 0.08+0.05 for the lower luminos-
ity range and —0.66 +0.05 for the higher luminosity range where
the turnover has been determined to be ~2x107 L. However,
we see that while it is possible to fit a broken power law to the
data, we do not sample well the lower luminosities as our 100%
completeness is around 6.9 x 1077 L.

6. Summary and Conclusions

We have conducted the most sensitive, unbiased survey of Class
II 6.7 GHz CH3OH masers to date in the region covered by the
GLOSTAR survey in the Galactic plane. A total of 554 masers
were detected, with 84 of them being new detections. Over 50 %
of the new detections have fluxes < 0.5 Jy and could be detected
due to the improved sensitivity of GLOSTAR compared to other
unbiased surveys. A summary of the main results of this work
are listed below:

— Comparing with the ATLASGAL Compact Source Cata-
logue (CSC) we find that 65% of the CH3;OH masers are
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Fig. 21: Top: The blue hatched histogram shows the flux dis-
tribution of the GLOSTAR D-configuration continuum sources
(Medina et al. 2019, Medina et al. in prep). The orange histogram
shows the distribution of the radio sources that are associated
with GLOSTAR 6.7 GHz methanol masers and has been rescaled
for better visibility (the axis is indicated on the right). Bot-
tom: The CDFs for the flux density of radio continuum sources
that have 6.7 GHz methanol maser associations (blue) and those
without (red). The result of the Anderson-Darling test is reported
above the figure and indicates that both distributions are distinct,
with continuum sources associated with methanol masers typi-
cally being stronger than the overall distribution of continuum
sources.

associated with dense gas, with many of the newly detected
masers being unassociated. However, a visual inspection
reveals a much higher association rate of 97%, indicating
that many of the new masers are associated with weak dust
emission that is below the sensitivity required for inclusion
in the ATLASGAL CSC.

— The newly detected masers are weaker both in terms of their
maser emission and associated dust emission. This might
indicate they are either more distant than the previously
detected masers or could be associated with lower mass
stars or less evolved stars. Given the lower range of maser
luminosities and that the L/M distribution of the new masers
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Fig. 23: Methanol maser flux as a function of offset to the peak
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are consistent with the previous masers, this indicates that
they are more likely to be associated with lower mass stars.

— The high correlation between methanol masers and dust
emission and the high bolometric luminosities are consistent
with the picture of methanol masers being associated with
the early stages of high-mass star formation. We have
derived an L/M threshold for the onset of the methanol
maser emission of ~1Lg Mgl, which is consistent with

values determined by Ortiz-Leoén et al. (2021) from a study

of the Cygnus X region with GLOSTAR data and previous

work on the MMB catalogue by Billington et al. (2019).
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— We find that 12% of the masers are coincident with radio
continuum emission (i.e. < 12”) but in comparing the radio
and maser flux distribution, we find no correlation as a func-
tion of angular offset. This suggests that the mechanisms
powering maser and continuum emission are unrelated.

— We use our sample of masers to construct a luminosity
function using a broken power-law. Our results agree
with previous studies in that the distribution has a median
luminosity 107°L,. We sample well the high luminosity
maser population but are limited in the lower luminosity
bins.

This work is the first step in our study of 6.7 GHz
CH;OH masers using GLOSTAR data in the Galactic plane.
Methanol absorption sources have also been detected and a sys-
tematic search is forthcoming. Further study of the properties of
these masers would be best served with higher resolution data
that we will present in future works.
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Appendix A: Strongest New sources

Cutouts of the strongest new 6.7 GHz CH3;OH maser detections
at their respective peak velocities. We visually inspect these
sources that should have been detected by the MMB given their
high fluxes. While some sources were probably missed previ-
ously due to its proximity to a stronger maser source, it is likely
maser variability that plays a role in their previous non detection.

Appendix B: Association of masers with weaker
ATLASGAL emission

We visually inspect all maser positions that were not automat-
ically matched with an ATLASGAL CSC counterpart for dust
emission and find that most of them are still associated with dust.

Appendix C: Spectra of CH;0H masers

Contained in this section are spectra for each maser source.
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Fig. A.1: GLOSTAR 6.7 GHz emission maps at the velocity of the maser emission peak of the 10 strongest new masers which are
denoted by the magenta ‘X’. Red triangles denote the position of known MMB masers. The flux levels were limited to 75% of the
maser peak to better illustrate low intensity features. The white ‘+’ signs show the positions of known compact ATLASGAL sources
and the white contours are from the ATLASGAL 870 um dust emission map with contour levels at -3,3,5,7, and 10 o noise levels.
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Fig. A.2: Continued from Fig. A.1.
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Fig. B.1: ATLASGAL 870 um dust continuum cutouts centered on the position of a given maser, shown as a magenta ‘X’. The
white ‘+’ is the position of an ATLASGAL compact source from the compact source catalogue (CSC). The white contours are the
ATLASGAL 1,2,3, and 40 levels, where the red contour is the 5o level. The left panel shows an example where it is clear that the
methanol maser is associated with dust emission above 5o, but farther than the 12" used for the association. The right panel shows
an example of a weak compact source that shows a maser association, but was not considered for the ATLASGAL CSC. However,
the association with the maser makes a strong argument for the veracity of the weak compact source.
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Fig. C.1: Spectra of 6.7 GHz methanol masers detected with GLOSTAR extracted at the peak pixel. The red dashed line indicates
the ATLASGAL clump velocity (Urquhart et al. 2018, 2022) in case of an associated 870 um compact source catalog (CSC) source.
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Fig. C.2: Continued from Fig. C.1.
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Fig. C.3: Continued from Fig. C.1.
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Fig. C.4: Continued from Fig. C.1.
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Fig. C.5: Continued from Fig. C.1.
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Fig. C.6: Continued from Fig. C.1.
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Fig. C.8: Continued from Fig. C.1.
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Brightness (Jy beam™1)

H.Nguyen et al.: GLOSTAR: 6.7 GHz Methanol Maser Catalogue

G23.8853+0.0597 N - G23.8987+0.0641 G23.9662-0.1092 G23.9862-0.0890
17.5 |

35 40 45 50 55 60 65 70 75 80 55 60 65 70 75
G23.9964-0.0995 G24.2574-0.1500 G24.3289+0.1437 G24.4609+0.1979
0.30 s | 7 |
0.25 1 031 E 6
0.20 4 4 ! 5
0.2 1
0.15 4 3 ! 4
1
0.10 1 01 2 | 3
0.05 ! 2
0.00 | 0.0 1 1
1
-0.05 1 0+ ! 0+ A
60 65 70 75 80 85 90 95 100 105 100 105 110 115 120 125 105 110 115 120 125 130 135
G24.5411+0.3121 N - G24.4981+0.1151 25 G24.4935-0.0382 N - G24.4974+0.0534
6
0.20
51 0.10 20
0.15
1 15
0.05
3] 0.10
10
21 0.00 0.05
1] 5 0.00
01 —0.05 ol n ‘ -0.05
95 100 105 110 115 120 105 110 115 120 125 100 105 110 115 120 125 100 105 110 115
G24.5414+0.3118 G24.6345-0.3236 G24.6755-0.1500 G24.8503+0.0871
44 1.50 ! 14 !
1.25 A i 12 i
34 1 1
1.00 ! 101 !
1 j 1
2] 0.75 | 8 !
6 1
0.50 A i |
14 I 4 1
0.25 A | |
: 3 :
0.00 1
95 100 105 110 115 120 30 40 50 60 95 100 105 110 115 120 125 100 105 110 115 120 125
G24.9199+0.0882 G24.9428+0.0736 G24.2984-0.1521 G24.3741-0.1584
1 1
| 20 i
i i
61
i L5 1
1 1
1 1
1 i 1.0 |
1 1
1 1
1 1
24 1 0.5 [
1 1
1 1
1 1
ol | 0.0 '
H h
35 40 45 50 55 60 40 45 50 55 90 95 100 105 110 50 55 60 65
G24.6317+0.1722 N - G24.5463-0.2722 N - G24.2574-0.1500 N - G24.6623-0.0792
0.20
0.3
0.15
0.2 0.10
0.05
0.1
0.00
0.0 -0.05
| -0.10
105 110 115 120 125 130 80 85 20 95 100 80 8 90 95 100 105 40 a5 50 55

LSR Velocity (km s~!)

Fig. C.12: Continued from Fig. C.1.
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Article number, page 41 of 47



G35.1327-0.7440

A&A proofs: manuscript no. output

G35.1491+0.8095

G35.1973-0.7428

G35.2260-0.3544

: 150
1
i 1251 03
i 100
| 02
! 75 {
1
H 50 A 0.1
1
i 25 {
1 0.0
1 0+
H
65 70 75 80 50 55 60 65
G35.2476-0.2365 G35.3974+0.0252 N - G35.4166-0.2839 N - G35.4571-0.1782
1
12 1.50 i
10] 125 '
0.8 { 1.00 i
061 075 i
041 0.50
021 025
0.0 0.00 MANAAA~AL Y
65 70 75 80 80 85 90 95 50 55 60 65
—
'T G35.5879+0.0605 G35.7927-0.1744 G36.1152+0.5527 G36.7055+0.0964
e 0.25 A 17.5
8 0201 20 15.0 2.0
O 12.5
> 0151 1s 15
2 L. 10.0
a . 10 75 1.0
8 0.05 |
5.0
c 5 05
£ 000y 25
2D 0054 o 0.0 0.0
m 35 40 45 50 55 60 50 55 60 65 70 60 70 80 90 50 55 60 65 70
G36.8395-0.0224 G36.9180+0.4825 G36.6338-0.2030 G37.0425-0.0361
104
s
64
]
2]
AV .
45 50 55 60 65 70 -5 —40 -35 ~30 70 75 80 85 70 75 80 8 90 95
G37.4793-0.1048 G37.5460-0.1118 G37.5536+0.2007 G37.5981+0.4250
[] 6 1 1
| | 15.0 |
44 1 54 1 !
1 1
| 125 |
34 i 44 i
| 10.0 1
1 1
21 | 3 75 !
1 1 1
! 2 5.0 !
14 [l 1
| 11 / 25 i
o1 1 01 1 0.0 \
45 50 55 60 65 70 40 45 50 55 60 65 70 75 8 8 90 95 75 80 8 90 95 100
N - G37.1932+0.0320 G37.0303-0.0386 G37.7349-0.1120 G37.7535-0.1892
0.30 ] ' 20 '
0.25 4 2.0 0.8 : :
| L5 i
0201 151 0.6 ! |
0.15 1 i 10 i
0.104 1.0 4 0.4 i
1
0.05 051 0.2 ! 05
007 I MIW\MW\/
0.0
-0.05 1 0.0 / 0.0
75 80 85 90 95 70 75 80 85 45 50 55 60 45 50 55 60 65 70 75

Article number, page 42 of 47

LSR Velocity (km s~!)

Fig. C.19: Continued from Fig. C.1.



Brightness (Jy beam™1)

H.Nguyen et al.: GLOSTAR: 6.7 GHz Methanol Maser Catalogue

G37.7676-0.2140 05 G37.8684-0.6002 (G38.0371-0.3008 G38.1190-0.2293
0.4 - T 8
1
1
0.4 i
0.34 : 6
03 i
0.2 [l
02 | 4
0.1
0.1 N
0.0
0.0
o1 : ’
60 65 70 75 45 50 55 60 45 50 55 60 65 70 75 60 65 70 75 80 85
G38.2037-0.0668 G38.2551-0.2001 G38.2579-0.0737 G38.6531+0.0874
10
s
6
4]
5]
04
70 20 55 60 65 70 75 80 0 5 10 15 20 25
G38.9163-0.3529 N - G38.5774-0.5494 G38.0764-0.2653 G38.5655+0.5378
0.8
0.4 04 1.0
0.6 { 03 0.3 0.8
0.4 1 0.2 0.2 0.6
0.4
0.2 0.1 0.1
0.2
0.0 0.0
0.01 0.0
- - - - —014i - - - - -0.1 - - - - - - - -
25 30 35 40 60 65 70 75 80 60 65 70 75 -35 -30 -25 —-20
G38.5978-0.2126 G39.1005+0.4918 G39.3881-0.1409 G39.5364-0.3782
1
0.25 204 ! 051
1 4
0.20 | ol 0.10
154 ! :
0.15
! 0.3 0.05
0.10 101 1 |
0.05 i o
059 0.00 {
5 i 014
0.00 1
[ 0.0 1 0.05 |
0% 01 , T — [ - : : :
40 50 60 70 10 20 30 40 50 55 60 65 70 75 40 45 50 55
G40.2819-0.2195 G40.4250+0.6999 G40.5965-0.7189 G40.6222-0.1383
1.24 |
251 ! 10
104 |
) i
20 08| | 8
151 0.6 1 i 6
1
101 04f 1 4
1
54 0.2 i R
0.0 1
01 1 [
60 70 80 9 -5 0 5 10 15 20 25 65 70 75 80 85 20 25 40 a5
G40.9340-0.0411 G41.1211-0.1068 G41.1232-0.2200 G41.1538-0.2013
2.0 { 1.0 | 25 5
1
- ! 2.
154 0.8 : ] 4
0.6 i 15 3
1.0 |
0.4 1.0 2
0.5 024 05 1
0.0 .,\,MJ 0.0 N B 0
30 35 40 45 50 30 35 40 45 50 55 60 65 70 50 55 60 65 70

LSR Velocity (km s~!)

Fig. C.20: Continued from Fig. C.1.
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Fig. C.21: Continued from Fig. C.1.
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Fig. C.22: Continued from Fig. C.1.
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Fig. C.23: Continued from Fig. C.1.
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Fig. C.24: Continued from Fig. C.1.
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