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ABSTRACT
We have used the Australia Telescope National Facility Mopra 22-m antenna to search for
37.7-GHz (7−2 → 8−1E) methanol masers towards a sample of 36 Class II methanol masers.
The target sources are the most luminous Class II methanol masers not previously searched
for this transition, with isotropic peak 12.2-GHz maser luminosity greater than 250 Jy kpc2

and isotropic peak 6.7-GHz maser luminosity greater than 800 Jy kpc2. Seven new 37.7-GHz
methanol masers were detected as a result of the search. The detection rate for 37.7-GHz
methanol masers towards a complete sample of all such Class II methanol maser sites south of
declination −20◦ is at least 30 per cent. The relatively high detection rate for this rare methanol
transition is in line with previous predictions that the 37.7-GHz transition is associated with a
late stage of the Class II methanol maser phase of high-mass star formation. We find that there
is a modest correlation between the ratio of the 6.7- and 37.7-GHz maser peak intensity and
the 6.7- and 12.2-GHz maser peak intensity (correlation coefficient 0.63 in a log–log plot). We
detected one new 38.3-GHz (62 → 53A−) methanol maser towards G 335.789 + 0.174. This
is only the fourth source for which maser emission has been detected in this transition and it is
the only one for which emission is not also observed in the 38.5-GHz 62 → 53A+ transition.
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1 IN T RO D U C T I O N

The details of the processes through which high-mass stars form re-
mains one of the enduring problems of modern astrophysics. These
stars form in clusters, deep within dense, dusty molecular clouds
which absorb the radiation at most wavelengths, and their rapid evo-
lution significantly complicates observational investigations. Inter-
stellar masers emit at centimetre and millimetre wavelengths, which
are able to pass unattenuated through the surrounding natal mate-
rial. The close association of methanol masers with the early stages
of high-mass star formation makes them one of the most useful
signposts of such regions (Ellingsen 2006).

There are four common types of interstellar masers associated
with young high-mass star formation regions: ground-state main-
line OH masers at 1.6 GHz, 22-GHz water masers, Class II methanol
masers (characterized by the 6.7- and 12.2-GHz transitions) and
Class I methanol masers (characterized by the 44-GHz transition).
Many star formation regions show more than one of these different
types of masers, each of which requires physical conditions within
a specific range (e.g. Cragg, Sobolev & Godfrey 2005). The most
commonly observed maser transitions are those for which strong
population inversion occurs for a relatively wide range of densities
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and temperatures. It has long been speculated that the presence
and absence of different maser transitions could be used to infer
details of the physical conditions within these regions, and detailed
modelling has been undertaken towards a small number of regions
which show emission in a large number of different maser transitions
(e.g. Cesaroni & Walmsley 1991; Cragg et al. 2001; Sutton et al.
2001).

The recent completion of large, unbiased surveys for 6.7-GHz
methanol (Caswell et al. 2010; Green et al. 2010; Caswell et al.
2011; Green et al. 2012a), and 22-GHz water masers (Walsh et al.
2011), combined with the existing data for 1.6-GHz OH masers
(Caswell 1998) means that it is now possible to undertake statis-
tical investigations of the masers associated with high-mass star
formation regions. Ellingsen et al. (2007) suggested that it might be
possible to use the presence and absence of interstellar masers to
infer an evolutionary timeline for high-mass star formation regions.
Breen et al. (2010b) quantified the ‘straw man’ model of Ellingsen
et al. through comparison of Class II methanol maser, 1.6-GHz OH
maser and radio continuum properties. The evolutionary phase for
both water masers and Class I methanol masers remains poorly de-
termined, and there is evidence that Class I masers may arise more
than once during the high-mass star formation process (Voronkov
et al. 2010; Chen et al. 2011; Cyganowski et al. 2012). The results
of the HOPS (H2O Southern Galactic Plane Survey) water maser
survey should clarify the situation for water masers (Walsh et al.
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2011), and an unbiased, medium to large area survey of Class I
methanol masers is required to definitively determine their place
within the scheme.

A number of studies (e.g. Breen et al. 2010b, 2011) have demon-
strated that the luminosity of 6.7- and 12.2-GHz Class II methanol
masers increases for more evolved regions (i.e. those associated
with ground-state OH masers or centimetre-wavelength radio con-
tinuum emission). They also find that the properties of the maser
emission (which are confined to a relatively small volume close to
the high-mass young stellar object) are more sensitive tracers of
the evolutionary state than mid-infrared colours, or other physical
quantities which arise from larger scale processes. The methanol
molecule is observed to exhibit a large number of rare, weak Class
II masers, with 18 transitions currently identified (Ellingsen et al.
2012). The presence of a less-common maser transition indicates
atypical physical conditions in the associated regions, implying ei-
ther an unusual source or, perhaps more likely, a relatively brief
evolutionary phase in the high-mass star formation process. Hence,
investigations of the rarer, weaker methanol maser transitions can
potentially be used to identify short-lived phases and refine the time
resolution of the maser-based evolutionary timeline.

Most previous searches for the rarer (and generally weaker) Class
II maser transitions have targeted the sources with the highest in-
tensity in the 6.7- and 12.2-GHz transitions (e.g. Ellingsen et al.
2003, 2004; Cragg et al. 2004). The observed intensity of a maser
source will clearly depend upon both its luminosity and distance,
but the assumption of the maser-based evolutionary timeline is that
the presence or absence of the rarer maser transitions should de-
pend on intrinsic properties of the exciting source, such as lumi-
nosity, age and mass. Recently, Ellingsen et al. (2011b) undertook
a search for the 37.7-, 38.3- and 38.5-GHz Class II methanol maser
transitions towards a diverse range of sources. The target sources
included all known southern 107-GHz methanol masers and all
northern Class II methanol masers with a 6.7-GHz maser peak flux
density greater than 75 Jy. This search resulted in the detection
of eight new 37.7-GHz methanol masers, and investigation of the
source properties showed that all the detections were associated
with high-luminosity 12.2-GHz methanol masers (none of these
new detections was from the northern, intensity-selected sample)
and because of this Ellingsen et al. (2011b) suggested that the 37.7-
GHz methanol masers are associated with a brief phase, just prior
to the end of the Class II maser phase of star formation.

Ellingsen et al. (2011b) found that all the known 37.7-GHz
methanol masers were associated with 12.2-GHz methanol maser
sources with a peak (isotropic) luminosity in excess of 250 Jy kpc2

and a peak luminosity for the 6.7-GHz transition in excess of
800 Jy kpc2. They also found that approximately 50 per cent of
sources meeting these criteria which had been searched for 37.7-
GHz methanol masers showed a detection. Since the 6.7- and 12.2-
GHz methanol maser luminosity has been shown to be related
to the age of the associated high-mass young stellar object, then
the maser-based evolutionary timeline predicts 37.7-GHz methanol
masers should be detected towards a large fraction of the most lu-
minous Class II methanol masers; however, to date it is primarily
the highest intensity of the high luminosity sources that have been
searched. We have used the methanol maser multibeam catalogue
of 6.7-GHz methanol masers (Caswell et al. 2010, 2011; Green
et al. 2010, 2012a) and the accompanying 12.2-GHz maser cata-
logue (Breen et al. 2012a,b) to identify all Class II methanol masers
south of declination −20◦ which meet the criteria of 12.2-GHz peak
luminosity greater than 250 Jy kpc2 and 6.7-GHz peak luminosity
greater than 800 Jy kpc2. For the distance determination we used

published parallax (Reid et al. 2009) or H I self absorption (Green &
McClure-Griffiths 2011) results where available, or the near kine-
matic distance calculated using the method of Reid et al. (2009)
where it is not. We identified 36 southern Class II methanol masers
meeting these criteria which have not previously been searched for
37.7-GHz methanol masers. Here we report observations towards
these sources.

The methanol multibeam survey is complete for 6.7-GHz
methanol masers with a peak flux density of 1 Jy or greater (Green
et al. 2009), and so is sensitive to all sources with a luminosity
greater than 800 Jy kpc2 to a distance of more than 28 kpc (i.e. the
entire Galaxy). The 12.2-GHz search of Breen et al. has a 5σ sen-
sitivity better than 0.8 Jy for the majority of sources, which means
that it is sensitive to all sources with a luminosity greater than 250
Jy kpc2 to a distance of approximately 17.5 kpc (i.e. the vast ma-
jority of the Galaxy where we expect high-mass star formation to
occur). So the sample of the most luminous 6.7- and 12.2-GHz
methanol masers we have identified is expected to be essentially
complete for all sources in the Galaxy (subject to the caveat that
improved distance determinations for some sources in the future
many change their calculated luminosity). These observations rep-
resent the first direct observational test of the predictions of the
maser-based evolutionary timeline for high-mass star formation of
Ellingsen et al. (2007) and Breen et al. (2010b).

2 O BSERVATI ONS

The observations were carried out with the Australia Telescope
National Facility (ATNF) Mopra 22-m radio telescope during 2012
January 15–19. The observations were made with the 7-mm receiver
system during a Director’s time allocation. The system temperature
during the observations varied between 70 and 115 K, and was less
than 80 K for the majority of sources (68 per cent). The Mopra
spectrometer (MOPS) was configured with 14 IF bands (‘zooms’)
spread over the frequency range from 33.1 to 40.0 GHz, the same
setup as used in the observations of Ellingsen et al. (2011b). Each
IF band covered 138 MHz, with 4096 spectral channels per band
and two orthogonal linear polarizations were recorded. This con-
figuration yields a velocity coverage of approximately 1000 km s−1

with a velocity resolution of 0.32 km s−1 (for a channel spacing of
0.27 km s−1) for unsmoothed spectra. The Mopra telescope has rms
pointing errors of less than 10 arcsec and at 38 GHz the antenna has
a half-power beam width of 73 arcsec (Urquhart et al. 2010).

The thermal and maser-lines observed in the current search are
the same as those covered in the earlier Mopra observations. Here
we report only the observations of the three Class II methanol maser
transitions, the 7−2 → 8−1E, 62 → 53A− and 62 → 53A+ at 37.7,
38.3 and 38.5 GHz, respectively. The observations of the 4−1 →
30E Class I methanol maser at 36.2 GHz and the thermal lines in
both the current and earlier search will be reported elsewhere. We
adopted rest frequencies of 37.703696, 38.293292 and 38.452652
GHz for the 7−2 → 8−1E, 62 → 53A− and 62 → 53A+ transitions,
respectively (Xu & Lovas 1997).

The observations of each source consisted of a series of position-
switched integrations of approximately 60 s duration, with reference
observations offset from the target position by 5 arcmin in decli-
nation. The data were processed using the ATNF Spectral Analysis
Package (ASAP). On-source integration times ranged from 230 to
1700 s, with most observations being of 290 s duration or longer. The
system temperature was measured by a continuously switched noise
diode. At a frequency of 38 GHz the Mopra telescope has a main
beam efficiency of approximately 0.52, which implies a scaling
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factor of 14 Jy K−1 (Urquhart et al. 2010). The rms noise level in
the final spectra (after averaging all observations for a particular
source over both linear polarisations, but with no smoothing) varied
between 0.16 and 0.60 Jy, and was less than 0.40 Jy for the majority
of sources (65 per cent). The linewidth of many of the 37.7-GHz
methanol masers detected by Ellingsen et al. (2011b) is compara-
ble to the spectral resolution of the observations, hence smoothing
the spectra with a Hanning window (or other smoothing function)
does not yield any benefit in detecting weak sources. The estimated
zenith opacity during the observations varied very little and was
typically 0.07, which implies attenuation of around 10 per cent.
The data have not been corrected for the effects of atmospheric
absorption and taking into account the antenna pointing accuracy,
flux density calibration and variations in opacity we estimate the
measured flux densities to be accurate to 15 per cent.

The primary sample for our study were the 36 southern Class
II methanol maser sources with peak 12.2-GHz methanol maser
luminosity >250 Jy kpc2 and peak 6.7-GHz methanol maser lu-
minosity >800 Jy kpc2 not previously observed in the 37.7-GHz
(7−2 → 8−1E) transition. These sources are labelled as Sample A
in Table 1. We also re-observed all the southern 37.7-GHz masers
detected by Ellingsen et al. (2011b) (11 sources) and made more sen-
sitive observations of a number of the non-detections (six sources).
These sources are labelled as Sample B in Table 1. In addition,
we made sensitive observations of one non-methanol maser source
G 240.316 + 0.071 (labelled as Sample C in Table 1), which shows
maser emission in the main-line ground-state OH, as well as the
4750- and 6035-MHz excited OH transitions (Caswell 1998, 1997;
Dodson & Ellingsen 2002).

3 R ESULTS

New 37.7-GHz methanol masers were detected towards seven of the
36 sources in Sample A; the spectra of the new detections are shown
in Fig. 1. This corresponds to a detection rate of 19 per cent in this
sample. The rms noise level for each of the three Class II methanol
maser transitions observed is listed for each source in Table 1 and
is less than 0.4 Jy for the majority, corresponding to a typical 5σ

detection limit of 2.0 Jy. These observations are approximately a
factor of 2 more sensitive than the previous search of Ellingsen
et al. (2011b) which primarily targeted Class II methanol masers
with high peak flux densities in the 6.7- and 12.2-GHz transitions.
The majority of the southern sources in the Ellingsen et al. search
were luminous Class II methanol masers. This is similar to the
primary target sample for the current observations; however, Sample
A comprises mainly more distant sources, hence we expect the
observed flux density of any detected 37.7-GHz methanol masers
to be less and it is desirable to have greater sensitivity to reduce
potential bias.

A velocity range of 200 km s−1 centred on the 6.7-GHz peak ve-
locity was searched for each source, for each of the three observed
Class II methanol maser transitions (for four sources G 316.359 −
0.362, G 352.083 + 0.167, G 354.615 + 0.472, and G 358.371 −
0.468 the velocity range searched was reduced to 150 km s−1 due
to poor baseline stability). In all cases the emission from the newly
detected 37.7-GHz methanol masers is restricted to a velocity range
of less than a few km s−1 and lies within the emission range of
the associated 12.2- and 6.7-GHz masers, in many cases aligning
very closely with the peak velocity of the 12.2-GHz transition (see
Section 4.2). The close relationship between the emission in dif-
ferent Class II methanol transitions can be effectively used as a

priori knowledge and makes it possible to reliably identify 37.7-
GHz methanol masers which have peak flux densities less than the
usually applied statistical limit of five times the rms noise level in
the spectrum. Section 3.1 outlines the evidence as to why each of the
weaker sources shown in Fig. 1 is considered a bone fide detection,
and Appendix A contains additional data which demonstrate we
have a statistically significant detection for all seven new 37.7-GHz
methanol masers.

The data for the 38.3- and 38.5-GHz transitions, collected simul-
taneously with the 37.7-GHz, were analysed in identical fashion.
The only new detection in either transition was towards G 335.789 +
0.174, for which maser emission was detected in the 38.3-GHz 62

→ 53A− transition with a peak flux density of approximately 6 Jy,
while there is no emission in the 38.5-GHz 62 → 53A+ transition
stronger than a 3σ limit of 1.3 Jy (see Fig. 1). There are only three
other sources which have been observed to show maser emission
in either the 38.3- or 38.5-GHz transitions, W3(OH), NGC 6334F
and G 345.010 + 1.792 (Haschick, Baan & Menten 1989; Ellingsen
et al. 2011b). In all of these sources, both transitions are observed
and typically have intensities within a factor of 2 of each other,
and where multiple components are visible in the spectra they show
very similar relative intensities in the two transitions. On this ba-
sis the two transitions were considered a single transition group by
Ellingsen et al. (2012); however, in G 335.789 + 0.174 the observed
ratio of the two transitions exceeds a factor of 5. The observation of
the two transitions in G 335.789 + 0.174 took place simultaneously,
and observations of NGC 6334F and G 345.010 + 1.792 made dur-
ing the same session detected emission in the 38.5-GHz 62 → 53A+

transition. So it does not appear that any technical or observational
error can account for the observed difference in the relative strength
of the 38.3- and 38.5-GHz emission in G 335.789 + 0.174.

In addition to searching for new 37.7-, 38.3- and 38.5-GHz
methanol masers towards previously unsearched luminous 12.2-
GHz methanol masers we also made observations in each of these
transitions towards all previously known sources visible from Mo-
pra [that is all sources with the exception of W3(OH)]. All sources
were detected, with comparable intensity and spectral shape to those
observed in the 2009 May/June observations of Ellingsen et al.
(2011b). Fig. 2 shows the 2012 January spectra of these previously
known 37.7-GHz methanol masers, with the 2009 May/June spectra
of Ellingsen et al. (2011b) plotted on the same scale with a dashed
line. We discuss the variability in the 37.7-, 38.3- and 38.5-GHz
methanol masers further in Section 4.3.

We also made more sensitive observations towards a small num-
ber of the non-detections from Ellingsen et al. (2011b) which were in
sidereal time ranges where there were few sources in the primary tar-
get sample. No emission was detected in any of the Class II methanol
maser transitions towards any of these sources (G 240.316 + 0.071,
G 300.969 + 1.148, G 309.921 + 0.479, G 310.144 + 0.760,
G 311.643 − 0.380 and G 353.410 − 0.360). The current observa-
tions are a factor of two to eight times (most a factor of 5 or more)
more sensitive than the observations of Ellingsen et al. (2011b), and
so demonstrate that any 37.7-GHz methanol masers towards these
sources are very weak, and that the detection rate is not predom-
inantly determined by the sensitivity of the observations (see also
Sections 4.1 and 4.2).

Fig. 3 shows the 2012 January spectra of the previously known
38.3- and 38.5-GHz methanol masers, with the 2009 May/June
spectra of Ellingsen et al. (2011b) plotted on the same scale with
a dashed line. As for the 37.7-GHz methanol masers, the gen-
eral shape and intensity of the spectra are similar between the two
epochs.
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Table 1. The Class II methanol masers searched for emission in the 37.7-GHz (7−2 → 8−1E) transition.

Source RA Dec. Velocity rms Logarithm Sample
name (J2000) (J2000) range 37.7 GHz 38.3 GHz 38.5 GHz 12.2-GHz peak

h m s ◦ ′ ′′ (km s−1) (Jy) (Jy) (Jy) luminosity

G 188.946 + 0.886 06 08 53.3 +21 38 29 −90 to 110 0.35 0.35 0.33 3.01 B
G 240.316 + 0.071 07 44 51.9 −24 07 42 −40 to 160 0.28 0.27 0.28 − C
G 287.371 + 0.644 10 48 04.4 −58 27 01 −100 to 100 0.20 0.21 0.20 3.12 A
G 300.969 + 1.148 12 34 53.4 −61 39 40 −140 to 60 0.17 0.19 0.18 0.97 B
G 309.921 + 0.479 13 50 41.8 −61 35 10 −160 to 40 0.47 0.46 0.47 3.61 B
G 310.144 + 0.760 13 51 58.5 −61 15 40 −160 to 40 0.16 0.15 0.16 3.17 B
G 311.643 − 0.380 14 06 38.8 −61 58 23 −70 to 130 0.27 0.28 0.26 <0.89 B
G 313.469 + 0.190 14 19 40.9 −60 51 47 −110 to 90 0.46 0.44 0.43 2.78 A
G 316.359 − 0.362 14 43 11.2 −60 17 13 −100 to 100 0.22 0.23 0.23 3.18 A
G 316.381 − 0.379 14 43 24.2 −60 17 37 −100 to 100 0.22 0.23 0.22 2.42 A
G 317.466 − 0.402 14 51 19.7 −59 50 51 −140 to 60 0.44 0.44 0.45 2.76 A
G 318.948 − 0.196 15 00 55.4 −58 58 53 −110 to 40 0.28 0.28 0.28 4.20 B
G 323.740 − 0.263 15 31 45.6 −56 30 50 −150 to 50 0.45 0.46 0.44 3.50 B
G 326.475 + 0.703 15 43 16.6 −54 07 15 −140 to 60 0.47 0.47 0.48 3.38 A
G 327.402 + 0.445 15 49 19.5 −53 45 14 −180 to 20 0.45 0.46 0.47 3.00 A
G 329.029 − 0.205 16 00 31.8 −53 12 50 −140 to 60 0.46 0.48 0.46 3.35 A
G 331.278 − 0.188 16 11 26.6 −51 41 57 −180 to 20 0.48 0.45 0.46 3.17 A
G 331.425 + 0.264 16 10 09.4 −51 16 05 −190 to 10 0.43 0.45 0.46 2.85 A
G 331.442 − 0.187 16 12 12.5 −51 35 10 −190 to 10 0.43 0.47 0.43 2.81 A
G 333.562 − 0.025 16 21 08.8 −49 59 48 −140 to 60 0.42 0.44 0.44 3.37 A
G 335.556 − 0.307 16 30 56.0 −48 45 50 −215 to 15 0.23 0.24 0.23 2.69 A
G 335.726 + 0.191 16 29 27.4 −48 17 53 −145 to 55 0.43 0.43 0.45 3.08 A
G 335.789 + 0.174 16 29 47.3 −48 15 52 −150 to 50 0.42 0.43 0.43 3.23 A
G 336.358 − 0.137 16 33 29.2 −48 03 44 −175 to 25 0.41 0.44 0.42 2.50 A
G 337.201 + 0.114 16 35 46.6 −47 16 17 −160 to 40 0.41 0.43 0.41 2.79 A
G 337.705 − 0.053 16 38 29.7 −47 28 03 −155 to 45 0.30 0.33 0.31 4.15 B
G 338.561 + 0.218 16 40 38.0 −46 11 26 −140 to 60 0.39 0.41 0.42 3.64 A
G 338.926 + 0.634 16 40 13.6 −45 38 33 −165 to 35 0.39 0.41 0.42 2.71 A
G 339.053 − 0.315 16 44 49.0 −46 10 13 −210 to −10 0.17 0.18 0.17 3.67 A
G 339.762 + 0.054 16 45 51.6 −45 23 33 −150 to 50 0.39 0.41 0.38 2.59 A
G 339.884 − 1.259 16 52 04.8 −46 08 34 −140 to 60 0.47 0.46 0.47 3.74 B
G 339.949 − 0.539 16 49 08.0 −45 37 58 −200 to 0 0.40 0.40 0.40 2.52 A
G 339.986 − 0.425 16 48 13.9 −45 31 51 −190 to 10 0.23 0.24 0.24 3.88 A
G 340.785 − 0.096 16 50 14.8 −44 42 25 −210 to 10 0.22 0.22 0.23 3.68 B
G 342.484 + 0.183 16 55 02.3 −43 13 00 −140 to 60 0.37 0.39 0.37 3.13 A
G 345.010 + 1.792 16 56 47.7 −40 14 26 −120 to 80 0.40 0.40 0.40 3.06 B
G 346.480 + 0.221 17 08 00.1 −40 02 16 −120 to 80 0.38 0.39 0.40 3.26 A
G 347.863 + 0.019 17 13 06.2 −39 02 40 −135 to 65 0.39 0.40 0.38 2.44 A
G 348.703 − 1.043 17 20 04.1 −38 58 30 −100 to 100 0.24 0.25 0.25 2.76 B
G 348.884 + 0.096 17 15 50.1 −38 10 12 −175 to 25 0.37 0.39 0.38 2.61 A
G 350.344 + 0.116 17 20 00.0 −36 58 00 −165 to 35 0.44 0.45 0.46 2.97 A
NGC 6334F 17 20 53.4 −35 47 00 −110 to 90 0.45 0.48 0.47 3.62 B
G 351.688 + 0.171 17 23 34.5 −35 49 46 −140 to 60 0.21 0.23 0.21 3.49 A
G 352.083 + 0.167 17 24 41.2 −35 30 19 −165 to 35 0.21 0.22 0.22 2.53 A
G 353.410 − 0.360 17 30 26.2 −34 41 46 −120 to 80 0.26 0.26 0.27 2.46 B
G 354.496 + 0.083 17 31 31.8 −33 32 44 −75 to 125 0.25 0.25 0.33 2.46 A
G 354.615 + 0.472 17 30 17.1 −33 13 55 −100 to 50 0.30 0.29 0.33 2.68 A
G 358.371 − 0.468 17 43 32.0 −30 34 11 −75 to 75 0.32 0.34 0.34 3.42 A
G 359.615 − 0.243 17 45 39.1 −29 23 30 −80 to 120 0.31 0.33 0.33 2.51 A
G 0.092 − 0.663 17 48 25.9 −29 12 06 −75 to 125 0.31 0.31 0.32 2.63 A
G 8.832 − 0.028 18 05 25.7 −21 19 25 −100 to 100 0.25 0.25 0.24 2.99 A
G 9.621 + 0.196 18 06 14.8 −20 31 32 −100 to 100 0.60 0.60 0.59 4.04 B
G 23.440 − 0.182 18 34 40.4 −09 00 27 0 to 200 0.30 0.31 0.27 2.49 B
G 35.201 − 1.736 19 01 45.5 +01 13 36 −55 to 145 0.26 0.25 0.23 3.07 B

We fitted one or more Gaussian profiles to the spectra of each of
the detected maser sources in each transition. Some sources require
multiple Gaussian components to adequately (residuals comparable
with the spectrum noise) describe the emission. The results of these
Gaussian fits are summarized in Tables 2 and 3 for the 37.7- and
the 38.3-/38.5-GHz transitions, respectively.

3.1 Comments on individual sources

G 316.381 − 0.379. The 37.7-GHz emission has a peak intensity
5.9 times the rms noise level spectrum and lines up with the peak
velocity of both the 6.7- and 12.2-GHz methanol masers in this
source (Breen et al. 2012a; Green et al. 2012a). The 12.2-GHz



Maser-based evolutionary schemes 3505

Figure 1. Spectra of the newly detected 37.7- and 38.3-GHz methanol masers. With the exception of the labelled spectrum of G 335.789 + 0.174, all spectra
are of the 37.7-GHz transition. The dashed line in the 38.3-GHz spectrum of G 335.789 + 0.174 shows the spectrum of the 38.5-GHz transition in this source.

emission has a peak luminosity of 263 Jy kpc2, only marginally
above the cut-off for inclusion in Sample A. The 12.2-GHz peak
flux density reported for this source by Breen et al. (2012a) is
1.7 Jy, only a factor of 1.4 greater than the 37.7-GHz peak. This is

approximately an order of magnitude lower than typical 12.2-:37.7-
GHz peak flux density ratios.

G 335.789 + 0.174. This is the strongest of the newly detected
37.7-GHz methanol masers, with a peak flux density of 12.4 Jy.
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Figure 2. Spectra of previously detected 37.7-GHz methanol masers. The current observations are shown as a solid line. The dashed line shows the 37.7-GHz
maser spectra from Ellingsen et al. (2011b). With the exception of G 188.948 + 0.886, these were observed with the same correlator configuration and telescope
in 2009 May/June.

This source is also unusual in that it is the only new detection in
the 38.3-GHz 62 → 53A− transition. The three previous sources
[W3(OH), NGC 6334F and G 345.010 + 1.792] which have been
observed as masers in this transition also show maser emission in

the 38.5-GHz 62 → 53A+ line (Ellingsen et al. 2011b). The peak
flux densities in these two transitions are within a factor of 2 of
each other in these sources; however, there is no hint of emission in
the 38.5-GHz transition towards G 335.789 + 0.174, with an rms
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Figure 2 – continued

Figure 3. Spectra of previously detected 38.3- and 38.5-GHz methanol masers. The current observations are shown as a solid line. The dashed lines show the
spectra from Ellingsen et al. (2011b). These were observed with the same correlator configuration and telescope in 2009 May/June.

in the spectrum of 0.43 Jy. We conservatively estimate the ratio of
the 38.3-:38.5-GHz peak flux density to be >5.

G 338.561 − 0.218. The peak of the 37.7-GHz emission in this
source is at 4.0 times the rms noise level in the spectrum, but aligns in
velocity with the 12.2-GHz emission seen in this source. Additional
observations undertaken in 2012 September with a similar signal-
to-noise ratio confirm the detection (see Fig. A1).

G 339.053 − 0.315. This is the weakest of the newly detected
37.7-GHz methanol masers, and the only one with a peak flux

density <1 Jy. The peak is 4.4 times the rms noise level in the
spectrum and aligns in velocity with the peak of the 12.2- and
6.7-GHz methanol masers in this source. G 339.053 − 0.315 has
the second highest 12.2-GHz peak luminosity of the sources in
Sample A; however, we were only able to detect the 37.7-GHz
maser because the observation of this source was a factor of three
to four times longer than for the majority of the sample. Additional
observations undertaken in 2012 September with a similar signal-
to-noise ratio confirm the detection (see Fig. A1).
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Table 2. Characteristics of the sources detected in the 37.7 GHz methanol transition. The formal uncertainty for
each parameter from the fit is given in brackets. Where that parameter was held fixed during fitting this is indicated
with a –. References to previous 37.7-GHz methanol maser observations are: 1 = Haschick et al. (1989); 2 =
Ellingsen et al. (2011b); sources marked with an asterisk (∗) are newly detected 37.7-GHz methanol masers.

Source RA Dec. Peak flux Peak Full width at References
name (J2000) (J2000) Density Velocity half maximum

h m s ◦ ′ ′′ (Jy) (km s−1) (km s−1)

G 188.946 + 0.886 06 08 53.3 +21 38 29 33.3(0.4) 10.65(0.01) 0.59(0.01) 1,2
G 316.381 − 0.379 14 43 24.2 −60 17 37 1.3(0.2) −0.63(0.04) 0.5(0.1) *
G 318.948 − 0.196 15 00 55.4 −58 58 53 8.8(0.3) −34.21(0.01) 0.47(0.02) 2
G 323.740 − 0.263 15 31 45.6 −56 30 50 21(1) −51.22(0.01) 0.57(0.03) 2

4.2(0.9) −49.80(0.08) 0.8(0.2)
G 335.789 + 0.174 16 29 47.3 −48 15 52 13.8(0.7) −46.12(0.01) 0.35(0.03) *

1.1(0.3) −47.4(0.2) 1.3(0.4)
G 337.705 − 0.053 16 38 29.7 −47 28 03 3.3(0.3) −54.93(0.02) 0.49(0.05) 2
G 338.561 + 0.218 16 40 38.0 −46 11 26 0.9(0.2) −39.6(0.3) 2.2(0.6) *
G 339.053 − 0.315 16 44 49.0 −46 10 13 0.7(0.2) −111.2(–) 0.6(0.2) *
G 339.884 − 1.259 16 52 04.8 −46 08 34 406(5) −38.76(0.01) 0.31(0.01) 2

74(5) −38.61(0.01) 0.64(0.01)
2.9(0.4) −34.94(0.06) 2.4(0.2)
2.4(0.4) −33.66(0.07) 0.8(0.2)

G 340.785 − 0.096 16 50 14.8 −44 42 25 19.0(0.3) −105.50(0.01) 0.45(0.01) 2
12.0(0.3) −106.58(0.01) 0.44(0.01)

G 345.010 + 1.792 16 56 47.7 −40 14 26 203(2) −22.10(–) 0.48(0.01) 2
71(2) −21.83(–) 0.72(0.02)

9(1) −20.9(–) 0.7(0.1)
G 348.703 − 1.043 17 20 04.1 −38 58 30 3.6(0.4) −3.51(0.02) 0.40(0.05) 2
NGC 6334F 17 20 53.4 −35 47 00 105(2) −10.88(0.01) 0.32(0.01) 1,2

27(1) −10.45(–) 0.36(0.01)
3.6(0.3) −9.9(0.1) 3.3(0.2)

G 351.688 + 0.171 17 23 34.5 −35 49 46 2.4(0.2) −36.06(0.02) 0.57(0.06) *
G 352.083 + 0.167 17 24 41.2 −35 30 19 1.2(0.2) −66.21(0.05) 0.5(0.1) *
G 359.615 − 0.243 17 45 39.1 −29 23 30 0.6(0.1) 23.4(0.3) 2.3(0.7) *
G 9.621 + 0.196 18 06 14.8 −20 31 32 22(1) −1.14(0.01) 0.39(0.05) 1,2

7.7(0.7) −0.69(0.09) 1.1(0.1)
G 23.440 − 0.182 18 34 40.4 −09 00 27 1.1(0.2) 98.16(0.08) 0.9(0.2) 2

Table 3. Characteristics of the sources detected in the 38.3- and 38.5-GHz methanol transitions. The formal uncertainty for each
parameter from the fit is given in brackets. References to previous 38.3-GHz methanol maser observations are: 1 = Haschick et al.
(1989); 2 = Ellingsen et al. (2011b), the source marked with an asterisk (∗) is a newly detected 38.3-GHz methanol maser.

Source RA Dec. Transition Peak flux Peak Full width at References
name (J2000) (J2000) Density Velocity half maximum

h m s ◦ ′ ′′ (Jy) (km s−1) (km s−1)

G 335.789 + 0.174 16 29 47.3 −48 15 52 62 → 53A− 7(1) −46.12(0.01) 0.36(0.06) *
G 345.010 + 1.792 16 56 47.7 −40 14 26 62 → 53A− 13.8(0.4) −22.21(0.01) 0.72(0.03) 2

62 → 53A− 8.0(0.4) −21.31(0.02) 0.48(0.04)
G 345.010 + 1.792 16 56 47.7 −40 14 26 62 → 53A+ 7.1(0.4) −22.29(0.02) 0.64(0.04) 2

62 → 53A+ 4.0(0.4) −21.32(0.03) 0.59(0.07)
NGC 6334F 17 20 53.4 −35 47 00 62 → 53A− 170(10) −10.50(0.02) 0.35(0.02) 1,2

62 → 53A− 40(2) −11.0(0.1) 0.4(0.1)
NGC 6334F 17 20 53.4 −35 47 00 62 → 53A+ 150(3) −10.49(0.01) 0.38(0.02) 1,2

62 → 53A+ 49(4) −11.01(0.02) 0.28(0.01)

G 351.688 + 0.171. This is the second strongest of the newly
detected 37.7-GHz methanol masers and is associated with one of
the most luminous 12.2-GHz methanol masers in Sample A.

G 352.083 + 0.167. This is another 37.7-GHz methanol maser
which is associated with a 12.2-GHz methanol maser with a rela-
tively low peak flux density (2.8 Jy; Breen et al. 2012b). The peak
emission is approximately five times the rms noise level in the spec-
trum and aligns in velocity with the peak of the 6.7- and 12.2-GHz
methanol masers in this source.

G 359.615 − 0.243. The 37.7-GHz methanol maser in this source
is detected at 3.5 times the rms noise level in the spectrum. The 37.7-
GHz peak lies within the velocity range of the 12.2-GHz emission,
but is offset from the peak. Additional observations undertaken in
2012 September with a similar signal-to-noise ratio confirm the
detection (see Fig. A1).

G 35.201 − 1.736 (W48). 37.7-GHz methanol maser emission
with a peak flux density of approximately 20 Jy was detected in
this source by Haschick et al. (1989). Onsala observations in 2005
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detected a significantly weaker peak flux density of approximately
3 Jy and more recent observations with the Mopra telescope in
2009 and 2011 failed to detect 37.7-GHz emission in this source,
with a 3σ sensitivity limit of 1.1 Jy (Ellingsen et al. 2011b). The
current observations (2012 January) do not detect any emission
above a 3σ limit of 0.8 Jy. This may be due to variability but it is
also possible (albeit unlikely) that over the 20 years since its initial
detection the 37.7-GHz methanol maser phase has finished in this
source. We have included G 35.201 − 1.736 as one of the 37.7-GHz
detections in subsequent analysis in our discussion, as emission in
this transition has been observed in this source, even though it is
not present currently.

4 D ISCUSSION

Prior to the current observations, a total of 79 Class II methanol
maser sites had been searched for 37.7-GHz methanol masers
(Haschick et al. 1989; Ellingsen et al. 2011b). The 36 additional
sources observed in the current work means that a total of 115 Class
II methanol maser regions have been searched for this transition
with detections towards 20 sources. Previous searches for the 38.3-
and 38.5-GHz transitions had covered 76 and 60 sources, respec-
tively (Haschick et al. 1989; Ellingsen et al. 2011b); the current
search extends this to 112 and 96 sources, respectively. The total
number of sources detected in these two transitions remains very
low (four and three, respectively), indicating that they rarely occur
towards luminous Class II methanol maser sites (and likely are rare
in general).

To date, all reported observations of 37.7-GHz methanol masers
have been made with single-dish telescopes with angular resolutions
of the order of 1 arcmin. In the discussion below we have assumed
that where emission in a rare or weak Class II methanol maser
transition is detected towards a 6.7-GHz methanol maser, they arise
from the same location (to within an arcsec or less). Although
we cannot prove from these observations that there is coincidence
between the 37.7-GHz (or 38.3-GHz) masers and the targeted 6.7-
/12.2-GHz maser site, where high-resolution observations have been
made of different Class II methanol masers (Menten et al. 1992;
Norris et al. 1993; Minier, Booth & Conway 2000; Sutton et al.
2001), this has always been found to be the case. There are more than
300 known Class II methanol masers observed in transitions other
than the 6.7-GHz; however, there is no evidence that any of these are
not associated with a 6.7-GHz site. The close relationship between
the peak velocity of the 37.7- and 12.2-GHz methanol masers (see
Section 4.2) provides additional evidence that the assumption that
all the detected 37.7-GHz methanol masers are associated with
the targeted 6.7-GHz maser site is reasonable. Future observations
with the Australia Telescope Compact Array (ATCA) will enable
the coincidence (or otherwise) of the 37.7-GHz transition with the
other Class II masers to be determined conclusively.

Ellingsen et al. (2011b) found that all the sources towards which
37.7-GHz methanol masers had been detected had a 12.2-GHz
methanol maser peak luminosity greater than 250 Jy kpc2 and a
6.7-GHz methanol maser peak luminosity greater than 800 Jy kpc2.
The primary aim of the current search for 37.7-GHz methanol
masers was to test if the approximately 50 per cent detection rate for
this transition towards the most luminous Class II methanol maser
sources, reported by Ellingsen et al. (2011b), is replicated across
the entire population. Of the 36 sources south of declination −20◦

which had not previously been searched, we detected 37.7-GHz
methanol masers towards 7, a detection rate of approximately 19
per cent. This is significantly less than that observed by Ellingsen

et al. (2011b) and takes the detection rate for 37.7-GHz methanol
masers over the entire sample of most luminous Class II masers to
31 per cent.

The majority of targets for previous searches for the less com-
mon Class II methanol maser transitions have been the sources with
the highest intensity in the 6.7- and 12.2-GHz transitions. While
these sources are typically also high luminosity within the over-
all population, selection based on intensity tends to exclude many
sources with comparable luminosity at larger distances. Here we
are attempting to redress that bias; however, in primarily targeting
more distant sources it is important to consider the effect that the
sensitivity of the observations may have on our results. The current
observations have a sensitivity which is typically a factor of 2 or
more better than the previous 37.7-GHz methanol maser search of
Ellingsen et al. (2011b), which has allowed us to identify a number
of sources which would not have been detected at the sensitivity of
the earlier observations.

With a total sample of twenty 37.7-GHz Class II methanol masers
we are able to compare the properties of the emission in this transi-
tion with that observed in the 6.7- and 12.2-GHz transitions. Table 4
shows the peak flux density and velocity of the 37.7-GHz methanol
masers compared to both the 6.7- and 12.2-GHz spectra. Class II
methanol maser emission in most of these sources has been known
for more than a decade and there are multiple observations of the 6.7-
and 12.2-GHz masers reported in the literature. We have selected the
published 6.7- or 12.2-GHz peak flux densities and velocities from
the observations which correspond most closely in time with the
37.7-GHz observations (this is generally the observations reported
in the MMB catalogue papers and the 12.2-GHz catalogue papers
of Breen et al.). For this reason we have also used (where available)
the 37.7-GHz peak flux densities and velocities from Ellingsen et al.
(2011b), as these data are closer in time to the comparison 6.7- and
12.2-GHz observations. These data are used in the investigations
of search completeness and the velocity alignment of the different
methanol maser transitions that have been undertaken in Sections
4.1 and 4.2.

4.1 The completeness of the 37.7-GHz search

The effect of the sensitivity of the current observations on the com-
pleteness of the search is something that we would like to know.
It requires some means of estimating the likely intensity (or range
of intensities) for 37.7-GHz methanol masers towards the target
sources. All of the detected 37.7-GHz methanol masers have asso-
ciated 6.7- and 12.2-GHz methanol masers and we have collated
their characteristics in Table 4. We have used the peak flux den-
sity for each of the three transitions (6.7, 12.2 and 37.7 GHz) to
form three flux density ratios. As flux density ratios are indepen-
dent of distance estimates they are potentially useful in attempting
to determine the completeness level of the current 37.7-GHz search.
The ratio of the 12.2-:37.7-GHz peak flux densities and of the 6.7-
:37.7-GHz peak flux densities varies over two and three orders of
magnitude, respectively, while the ratio of the 6.7-:12.2-GHz peak
flux densities varies by approximately an order of magnitude for
this sample. For the 20 known 37.7-GHz methanol maser sources,
the median flux density ratios are 11.3, 29.7 and 3.1 for the 12.2-
:37.7-GHz, 6.7-:37.7-GHz and 6.7-:12.2-GHz respectively. Caswell
et al. (1995b) found that the median ratio for a large sample of 6.7-
:12.2-GHz methanol masers is 5.4 (Caswell et al. 1995a). Breen
et al. (2011) showed that the luminosity of both 6.7- and 12.2-GHz
methanol masers increases as the associated exciting source evolves,
but found that the 6.7-GHz luminosity increases more rapidly. So



3510 S. P. Ellingsen et al.

Table 4. Peak flux density, and line-of-sight velocity of the peak flux density for the 6.7-, 12.2- and 37.7-GHz methanol masers towards
all 37.7-GHz methanol masers. Where possible we use the 6.7- and 12.2-GHz peak flux densities (and peak velocities) which are closest in
time to the 37.7-GHz observation reported. R is the ratio of the 6.7-GHz peak flux density to the 1665 MHz OH maser peak flux density.
The 37.7-GHz references are * = this work; 1 = Ellingsen et al. (2011b); 2 = Haschick et al. (1989). The 12.2-GHz references are 3 =
Breen et al. (2012b); 4 = Breen et al. (2012a); 5 = Breen et al. (2010b); 6 = Caswell et al. (1995a); 7 = Menten et al. (1988). The 6.7-GHz
references are 8 = Caswell et al. (2010); 9 = Green et al. (2010); 10 = Caswell et al. (2011); 11 = Green et al. (2012a); 12 = Caswell
et al. (1995b); 13 = Menten (1991). The OH maser references are 14 = Reid et al. (1980); 15 = Cohen, Baart & Jonas (1988); 16 = James
Green (private communication); 17 = Caswell (1998); 18 = Caswell & Haynes (1983).

Source 37.7-GHz 12.2-GHz 6.7-GHz
name Flux Peak Ref. Flux Peak Ref. Flux Peak Ref. R Ref.

density velocity density velocity density velocity
(Jy) (km s−1) (Jy) (km s−1) (Jy) (km s−1)

W3(OH) 4.3 −42.6 2 730 −44.8 7 3880 −44.2 13 14 14
G 188.946 + 0.886 23.4 10.7 1 225 10.9 4 607 10.8 11 1010 15
G 316.381 − 0.379 1.3 −0.7 * 1.7 −0.6 4 18 −0.5 11 >360 16
G 318.948 − 0.196 9.3 −34.2 1 121 −34.5 4 570 −34.6 11 13 17
G 323.740 − 0.263 14.6 −51.2 1 396 −48.7 4 3114 −50.5 11 1780 17
G 335.789 + 0.174 13.8 −46.2 * 162 −46.2 3 170 −47.5 10 260 17
G 337.705 − 0.053 2.4 −55.0 1 94 −54.6 3 171 −54.6 10 4.8 17
G 338.561 + 0.218 0.9 −39.6 * 26 −40.2 3 38 −39.1 10 >760 16
G 339.053 − 0.315 0.7 −111.2 * 47 −111.8 3 130 −111.7 10 242 17
G 339.884 − 1.259 323 −38.7 1 846 −38.7 3 1520 −38.7 10 151 17
G 340.785 − 0.096 20.5 −105.5 1 42 −105.3 3 158 −108.1 10 18 17
G 345.010 + 1.792 207 −22.1 1 296 −21.8 3 268 −21.0 8 15 17
G 348.703 − 1.043 4.4 −3.4 1 34 −3.5 3 65 −3.5 8 203 17
NGC 6334F 70.4 −10.9 1 976 −10.4 3 3420 −10.4 8 22 17
G 351.688 + 0.171 2.4 −36.1 * 21 −36.2 3 41 −36.1 8 >820 16
G 352.083 + 0.167 1.2 −66.2 * 2.8 −66.2 3 6.8 −66.0 8 >140 16
G 359.615 − 0.243 0.6 23.4 * 5.7 19.3 3 39 19.3 8 8.6 17
G 9.621 + 0.196 23.6 −1.1 1 401 1.4 3 5240 1.3 9 526 17
G 23.440 − 0.182 2.3 98.0 1 9 97.5 5 77 103 12 16 18
G 35.201 − 1.736 3.2 44.5 1 109 44.6 6 560 42 12 13 18

we might naively expect that if 37.7-GHz methanol masers are only
associated with the most evolved Class II methanol masers then the
median 6.7-:12.2-GHz flux density ratio for these should be larger
than for the sample of all 12.2-GHz methanol masers (i.e. it should
be greater than 5.4), but we find a median 6.7-:12.2-GHz ratio of
3.1 for our sample. However, our results are consistent with those of
Breen et al. (2011), who found marginal evidence that for Class II
methanol masers with an associated OH maser (which are thought
to be older than those not associated with OH maser emission),
the luminosity ratio decreases. Fig. 4 shows the 12.2-GHz peak lu-
minosity versus the 6.7-GHz peak luminosity, with the 37.7-GHz
methanol masers shown as red triangles and the sources searched
for 37.7-GHz masers, but not detected, shown as purple squares.
The 37.7-GHz methanol masers are clearly preferentially associ-
ated with those Class II methanol maser sites which have relatively
more luminous 12.2-GHz methanol masers.

Plotting the 6.7-:37.7-GHz flux density ratio against the
6.7-:12.2-GHz flux density ratio for the 37.7-GHz methanol maser
detections on a log–log scale (see Fig. 5), we found the two quanti-
ties showed a modest correlation (correlation coefficient 0.63). We
have plotted the newly detected 37.7-GHz methanol masers using
red circles and the previously known sources as blue circles, and
it is clear that there are no significant differences between the two
groups. The solid line in this plot is a line of best fit to the 6.7-:37.7-
GHz flux density ratio versus the 6.7-:12.2-GHz flux density ratio
for the 37.7-GHz detections, so 50 per cent of the known 37.7-GHz
maser sources lie above this line. We also investigated whether there
is any relationship between the 12.2-:37.7-GHz and 6.7-:12.2-GHz
flux density ratios, but found that they show no significant correla-
tion (correlation coefficient 0.1).

Figure 4. The 6.7-GHz peak luminosity versus the 12.2-GHz peak lumi-
nosity for the 12.2-GHz methanol masers detected by Breen et al. (2012a,b)
(black dots). The sources with detected 37.7-GHz methanol masers are
shown with red triangles, the sources which have been searched for
37.7-GHz methanol masers [either by Ellingsen et al. (2011b), or the current
observations], but have no detected emission are shown with purple squares.

We can use the 6.7-:37.7-GHz versus the 6.7-:12.2-GHz flux
density ratio relationship to assess the degree to which the detection
rate of the current observations may be influenced by sensitivity.
Using 3σ as an estimate of the upper limit of the 37.7-GHz flux
density in the non-detected sources, we can find a lower limit to
the 6.7-:37.7-GHz flux density ratio for these sources and we have
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Figure 5. The ratio of the 6.7-:37.7-GHz peak flux density versus the 6.7-
:12.2-GHz peak flux density for 37.7-GHz detections (filled circles), and
non-detections (open triangles). Blue circles are 37.7-GHz methanol masers
known prior to the current search, and red circles are the sources detected
in the current work. For the 37.7-GHz non-detections from the current
observations we have plotted a lower limit to the 6.7-:37.7-GHz peak flux
density ratio using three times the rms noise level in the 37.7-GHz spectrum
as an estimate of the upper limit of maser emission in that transition. The
line of best fit for the 37.7-GHz detections is plotted on the figure (solid
line); the dashed lines and shading show the 68 per cent confidence interval
for the fit.

plotted these as open triangles in Fig. 5. Nearly all the non-detected
sources lie within the central 68 per cent confidence interval of the fit
(i.e. within 1σ of the mean for a normal distribution). This suggests
that the sensitivity of the current observations was sufficient to have
a reasonable probability of detecting 37.7-GHz methanol masers
in the majority of sources observed, but insufficient to be able to
rule out the presence of weaker than average 37.7-GHz methanol
masers in the non-detections. There are 11 non-detections which lie
above the solid line in Fig. 5, meaning that the current lower limits
on the 6.7-:37.7-GHz flux density ratio for these sources are higher
than that observed for 50 per cent or more of the detected 37.7-GHz
methanol masers. Assuming that the distribution observed for the
37.7-GHz methanol masers detected to date is representative of the
population as a whole, then for these sources (particularly those with
the highest lower limits), we can say that there is a low probability
that they have an associated 37.7-GHz methanol maser. We would
also expect that some of the 21 non-detections below the solid line
do have an associated 37.7-GHz methanol maser which is too weak
to have been detected in the current observations. However, it is
not feasible to make any quantitative estimates of what fraction
of sources that might be. In Section 4.5 we discuss in more detail
the detection rate for 37.7-GHz methanol masers towards luminous
Class II methanol maser sites, and the implications of the current
observations as a test of maser-based evolutionary schemes.

Breen et al. (2012b) stacked the spectra of their 12.2-GHz non-
detections at the velocity of the 6.7-GHz peak and from the absence
of a peak in the stacked spectrum they concluded that there are a few
12.2-GHz methanol masers with peak flux densities just below the
detection limit. We have undertaken a comparable analysis with the
37.7-GHz Sample A non-detections from the current observations
(a total of 30 sources), aligning them at the velocity of the 12.2-
GHz peak (see Section 4.2). The stacked spectrum has an rms noise
level of 70 mJy and shows no evidence for a population of weak

37.7-GHz methanol masers close to the detection threshold of the
current observations.

4.2 Alignment between 37.7- and 12.2-GHz maser peaks

Breen et al. (2011) showed that in 80 per cent of 12.2-GHz methanol
masers the velocity of the 12.2- and 6.7-GHz peaks coincides. Con-
sidering the peak velocities of the 12.2- and 37.7-GHz masers to be
coincident if they differ in velocity by less than 0.6 km s−1 (twice the
velocity width of a spectral channel in the 37.7-GHz observations),
we find that 16 of twenty 37.7-GHz methanol maser peaks coincide
with the 12.2-GHz peak (i.e. 80 per cent). Comparing the 37.7- and
6.7-GHz maser peak velocities we find 11 of 20 sources for which
they coincide. While the coincidence for the 12.2- and 37.7-GHz
transitions is the same as that observed by Breen et al. for the 6.7-
and 12.2-GHz transitions these figures are somewhat subjective as
if we tighten the coincidence criteria to a velocity difference of 0.3
km s−1 or less, then our rates drop to 55 per cent and 30 per cent,
respectively.

The methanol molecule has recently been shown to be unusu-
ally sensitive to variations in the proton-to-electron mass ratio μ

(Levshakov, Kozlov & Reimers 2011; Jansen et al. 2011). Varia-
tions in fundamental ‘constants’ of physics are of interest as they
imply new physics, beyond the standard model of particle physics
(see Uzan 2011, for a review of this area). Different rotational tran-
sitions of methanol have different sensitivities to variations in μ,
and comparison of the frequency of different methanol rotational
transitions in Galactic star formation regions with those measured
in the laboratory can be used to place observational constraints on
chameleon-like scalar fields.

Ellingsen, Voronkov & Breen (2011a) undertook a comparison
of the peak velocity of 6.7- and 12.2-GHz methanol masers in a
sample of nine Galactic sources with simple spectra. From these
data they were able to place an upper limit on |�μ

μ
| < 2.7 × 10−8,

while observations of the 9.9- and 104.0-GHz Class I methanol
masers in IRAS 16547−4247 by Voronkov et al. (2006) produce an
upper limit of |�μ

μ
| < 2.8 × 10−8 (Levshakov et al. 2011). Compar-

ison of the frequencies of different astronomical maser transitions
is potentially complicated by a range of factors (see Ellingsen et al.
2011a, for a detailed discussion); however all else being equal, a
comparison between the 37.7-GHz transition and either the 12.2-
or 6.7-GHz would be a factor of 3–4 more sensitive to variations
in μ than previous investigations. For some sources the differences
between the 37.7- and 12.2-GHz methanol maser peak velocities
observed here are almost certainly due to blending of different spec-
tral components within the beam of the Mopra telescope; however,
for those sources where the peak velocities are very similar, future
high spatial and spectral resolution observations offer the prospect
of more stringent tests of variations of μ at the current epoch. The
current observations have too coarse spectral resolution for it to be
worthwhile undertaking such investigations with these data and in
addition the positional accuracy 10 arcsec is less than desirable for
this type of comparison. Observations of the 37.7-GHz transition
with an interferometer, such as the ATCA, offer the prospect of ad-
dressing both of those issues simultaneously and are the appropriate
next step to further investigate this question.

4.3 Variability of 37.7-GHz methanol masers

Fig. 2 shows a comparison of observations of previously known
southern 37.7-GHz methanol masers made in 2012 January and
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2009 May/June. In most cases there are differences in the peak in-
tensity of the observations at the two epochs, but the overall shape
of the spectra is similar. Gaussian fits for all the 2012 spectra in
Fig. 2 are given in Table 2 and can be compared with the equivalent
data for the 2009 spectra (table 2 of Ellingsen et al. 2011b). These
show that the largest changes in the flux density are approximately
40 per cent. Both the 2009 and 2012 observations have an estimated
accuracy of 15 per cent for the flux density calibration, so the ob-
served variations exceed the combined uncertainty by around 10
per cent. During the current observations some known 37.7-GHz
methanol masers were observed more than once, and we can use
those observations to test the estimated uncertainty in the flux den-
sity calibration. Three observations of G 345.010 + 1.792 showed
variations in the peak flux density with a standard deviation of 11
per cent; however, the standard deviation of the integrated intensity
for the same observations was only 3.7 per cent. This suggests that
the accuracy of the flux density calibration is within our 15 per cent
estimate, but that because the velocity resolution of the observations
(0.32 km s−1) is comparable with the width of many of the maser
lines (typically 0.3–0.5 km s−1) there is additional variation in the
observed peak intensity due to undersampling in the spectral do-
main. Comparing the current observations of 37.7-GHz methanol
masers with those made by Ellingsen et al. (2011b) and Haschick
et al. (1989), it appears that in general 37.7-GHz methanol masers
exhibit relatively little variation (less than 30 per cent) on time-
scales of a few years, but can show more dramatic variability (e.g.
G 35.201 − 1.736 has varied by more than an order of magnitude),
on time-scales of tens of years.

4.4 Associations with OH and water masers

The association of 37.7-GHz methanol masers with luminous 6.7-
and 12.2-GHz methanol masers means that we would expect them
to generally also exhibit OH maser emission (Breen et al. 2010b).
A search of the literature shows that 16 of the 20 known 37.7-GHz
methanol masers have an associated 1.6-GHz OH maser (Reid et al.
1980; Caswell & Haynes 1983; Cohen et al. 1988; Caswell 1998).
There are no published OH maser data available for G 316.381 −
0.379, G 338.561 + 0.218, G 351.688 + 0.171 or G 352.083 +
0.167; however, these sources have been observed as part of the
MAGMO (Magnetic fields of the Milky Way through OH masers)
project (Green et al. 2012b), and there is no ground state OH maser
emission associated with any of these sources with a flux density
limit of approximately 50 mJy (James Green, private communi-
cation). Caswell (1997) found that sources with a high 6.7-GHz
methanol to ground-state OH peak flux density ratio were less likely
to have an associated ultra-compact HII region than if this ratio was
low. Caswell (1997) referred to this ratio as R, and grouped sources
into three categories based on this. Sources with R > 32 were called
‘methanol-favoured’, while sources with R < 8 were called ‘OH-
favoured’. We have calculated R for each of the 37.7-GHz methanol
maser sources and the values are listed in the second last column
of Table 4. For those sources where the OH data were taken from
Caswell (1998), we have scaled the OH maser flux density by a
factor of 1.45 prior to calculating R (as recommended by Caswell,
to account for the low spectral resolution of those observations).

11 of the twenty 37.7-GHz methanol maser sources are classi-
fied as methanol-favoured, with eight being intermediate (neither
methanol- nor OH-favoured), and only one source (G 337.705 −
0.053) is OH-favoured. Caswell (1997) found that very few
methanol-favoured sources have an associated strong (flux den-
sity greater than 100 mJy) ultra-compact H II region, which is in

contrast to the OH-favoured sources that often do. He suggested that
the methanol-favoured sources are younger than the OH-favoured
sources. Interestingly, the majority (six of the seven) of the newly de-
tected 37.7-GHz methanol masers are methanol-favoured sources.

The majority of the 37.7-GHz methanol maser detections have
been searched for water maser emission, the exceptions being
G 316.381 − 0.379, G 351.688 + 0.171 and G 352.083 + 0.167.
The water maser search of Breen et al. (2010a) observed the 13
remaining sources south of declination −10◦, and detected wa-
ter masers towards 11 of these sources (the non-detections were
G 339.053 − 0.315 and G 348.703 − 1.043). Water maser emission
has been detected towards all the northern sources, G 188.946 +
0.886 (Batchelor et al. 1980), G 23.440 − 0.182 and G 35.201 −
1.736 (Forster & Caswell 1989) and W3(OH) (Alcolea et al. 1993,
although the association here is arguable, as the water masers are
offset by 6 arcsec from the strong OH and methanol maser site).

The rate of association of both ground-state OH masers (80 per
cent) and water masers (88 per cent) with the 37.7-GHz methanol
maser detections is significantly higher than the rate for Class II
methanol maser sources in general. Caswell (1996) found ground-
state OH masers associated with approximately 40 per cent of Class
II methanol masers from complete samples of both transitions, while
Szymczak, Pillai & Menten (2005) found water masers associated
with 52 per cent of Class II methanol masers. Summarizing all
of these results, we can characterize a typical 37.7-GHz methanol
maser source as occurring in a region with luminous 6.7- and 12.2-
GHz methanol masers, likely to have associated ground-state OH
and water maser emission and in many cases radio continuum emis-
sion from an ultra-compact H II region. Ellingsen et al. (2011b)
found that all the detected 37.7-GHz methanol masers have an as-
sociated 107-GHz methanol maser, so the newly detected sources
are good candidates for future searches in this transition.

4.5 Testing maser-based evolutionary schemes

The primary aim of the current observations was to test the predic-
tion of Ellingsen et al. (2011b) that 37.7-GHz methanol masers are
associated with approximately 50 per cent of the star formation re-
gions with the most luminous 6.7- and 12.2-GHz methanol masers.
The 19 per cent detection rate for the current search is well below
that prediction. Combining the results of Ellingsen et al. (2011b)
with the current observations, all Class II methanol maser sites
south of declination −20◦ with a 6.7-GHz methanol maser with an
isotropic peak luminosity greater than 800 Jy kpc2, and a 12.2-GHz
peak luminosity greater than 250 Jy kpc2, have now been searched
for the 37.7-GHz transition. In total there are 52 sources which
meet these criteria and 16 of them are observed to have an associ-
ated 37.7-GHz methanol maser, corresponding to a detection rate
towards this sample of 31 per cent.1 We can use

√
Ndet as an estimate

of the uncertainty in the number of detections Ndet, in the popula-
tion. Hence, Ellingsen et al. (2011b) detected 37.7-GHz methanol
masers towards 56 ± 19 per cent of luminous Class II methanol
maser sites, whereas combining their results with the current study

1 Ellingsen et al. (2011b) stated that there were eight 37.7-GHz methanol
masers observed towards 15 Class II maser sources meeting the luminosity
criteria used for the current search. This was incorrect, the correct figures
for the Ellingsen et al. (2011b) search are nine detections from 16 sources
searched. Combining these results with the seven detections towards 36
sources observed in the current search gives a total of 16 detections from 52
sources searched.
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we achieve a rate of 30.7 ± 7.7 per cent. These two estimates of the
detection rate for 37.7-GHz methanol masers are consistent within
the estimated uncertainties (just). Although the difference between
the detection rate initially achieved by Ellingsen et al. (2011b) and
the rate we have determined for a complete sample may be due to
chance, sensitivity may also play a role, as we show below.

We have investigated the completeness of our search for 37.7-
GHz methanol masers in Section 4.1 and demonstrated that it is
likely that more sensitive observations will make some additional
detections towards the current sample of sources. We have also
stacked the non-detection spectra at the velocity of the 12.2-GHz
peak (see Section 4.2), but see no sign of a peak in the stacked
spectrum, which has an rms of 70 mJy. Given the relatively small
number of non-detection spectra available to stack and the likely
lower level of coincidence in velocity for the 37.7- and 12.2-GHz
transitions than observed for the 12.2- and 6.7-GHz transitions, we
cannot place any strong limits on the level of 37.7-GHz emission
associated with the non-detected sources. However, if there were a
number of 37.7-GHz methanol masers close to the detection thresh-
old of the current observations we would expect to see evidence
for this in the stacked spectrum. The fact that we do not tells us
that either there are very few sources, or that on average the peak
flux density of these sources is well below the sensitivity of the cur-
rent observations. From this we can be very confident that for any
37.7-GHz methanol masers associated with the non-detections the
average flux density of these sources is less than 0.35 Jy (five times
the rms noise level in the stacked spectrum). This is approximately a
factor of 5 more sensitive than the typical detection threshold for the
individual observations. Observations significantly more sensitive
than those undertaken here could be undertaken with reasonable ef-
ficiency with an interferometer, as both the position and the velocity
of the 37.7-GHz methanol masers can be predicted to a high degree
of accuracy from the 6.7-GHz transition. A 30 minutes observation
with the ATCA would yield sensitivities a factor of 5–10 higher
than the current observations.

The previous 37.7-GHz methanol maser searches of Haschick
et al. (1989) and Ellingsen et al. (2011b), along with the current
search, have made observations towards 115 Class II methanol
maser sites. The 115 sources comprise 52 sources from the complete
sample of the most luminous Class II methanol masers south of dec-
lination −20◦ and 63 additional sources. These 63 ‘other’ sources
are either a southern source (declination less than −20◦) which does
not meet one or both of the Class II maser luminosity criteria (20
sources), or a more northerly maser region. The published obser-
vations of the more northerly 6.7- and 12.2-GHz methanol regions
are both very heterogeneous in terms of the observing approach and
the sensitivity, and also incomplete for the 12.2-GHz transition. For
that reason we have not attempted to estimate the 6.7- and 12.2-GHz
peak luminosities for this sample. Amongst the 63 ‘other’ sources
there are four detected 37.7-GHz methanol masers. These are all
in the sample of 43 sources north of declination −20◦, and each
of the four detected 37.7-GHz methanol maser regions meets the
luminosity criteria identified by Ellingsen et al. (2011b). If the 31
per cent detection rate observed in the complete southern sample
of luminous Class II methanol masers were characteristic of the
population as a whole then we would expect approximately twenty
37.7-GHz methanol masers to have been detected towards these 63
‘other’ sources.

These results demonstrate that high-luminosity 6.7- and 12.2-
GHz methanol maser emission is a necessary condition for the
presence of a 37.7-GHz methanol maser. However, they also show
that in excess of 50 per cent of high-luminosity 6.7- and 12.2-GHz

methanol masers do not have an associated 37.7-GHz methanol
maser, indicating that it is not a sufficient condition. An obvious
question to ask is ‘is this consistent with the predictions of the
maser-based evolutionary timeline of Ellingsen et al. (2007) and
Breen et al. (2010b)?’ The premise of the maser-based evolution-
ary timeline for high-mass star formation is that statistically, the
presence and absence of different maser transitions can be used to
infer the relative evolutionary phase for the associated young stellar
object. In the absence of special geometry, masers will be seen by
a particular observer to arise along lines of sight, where by chance,
there is a sufficient degree of velocity coherence. In this scenario
we expect the luminosity of the masers will be correlated with the
volume of gas where the conditions are suitable to produce a popu-
lation inversion in the transition in question. We would also predict
that observers in different locations in the Galaxy will observe sim-
ilar luminosities for a particular maser source, although different
specific maser distributions. The stochastic nature of the observed
maser emission (chance velocity coherence for the specific line of
sight) will clearly produce scatter in the expected correlation be-
tween gas volume and maser luminosity and the smaller the volume
the greater this effect. Water masers and Class I methanol masers
are observed to be associated with outflows (Genzel et al. 1981;
Voronkov et al. 2006; Cyganowski et al. 2009), which will clearly
have a preferred direction and hence potentially constitute special
geometry. The outflows in general appear to have wide opening an-
gles and the large number of both types of maser which are detected
suggests that it is possible to detect maser emission for a large range
of outflow orientations. However, the influence of outflow geometry
on observed maser luminosity is likely to cause additional scatter
in relationships with exciting source properties for these types of
masers.

Another potential complication for maser-based evolutionary
schemes is the effect of metallicity. Metallicity can affect molec-
ular abundances both directly (e.g. methanol has two heavy el-
ements, whereas OH and water have only one) and indirectly
through changes in the ultraviolet flux, which influences the dissoci-
ation rate. Changes in the relative abundance of different molecular
species for similar exciting sources arising in environments with
different metallicity would be expected to produce differences in
the relative intensities of the associated maser species. Indeed, it
has been speculated that the low numbers of Class II methanol
masers in the outer Galaxy, and the relatively lower number of
12.2-GHz methanol masers compared to 6.7-GHz may be due to
the lower metallicity (Breen et al. 2011). This is consistent with the
under abundance of methanol masers compared to OH and water
masers in low-metallicity Local Group galaxies, such as the Large
Magellanic Cloud and Small Magellanic Cloud compared to the
Milky Way (Green et al. 2008; Ellingsen et al. 2010). Therefore, a
maser-based evolutionary scheme is likely to be of limited utility for
sources in the outer Galaxy, or extragalactic sources with metallic-
ities significantly different from the Milky Way. However, the bulk
of high-mass star formation within the Milky Way occurs in the
mid-plane within the solar circle, where differences in metallicity
are relatively small and are hence unlikely to be the limiting factor
in the development of a maser-based evolutionary scheme.

The 6.7-GHz transition always shows the largest integrated in-
tensity and velocity range of all the Class II methanol transitions
(Breen et al. 2011) which demonstrates that it is the most eas-
ily inverted. This interpretation is also consistent with theoretical
models (Cragg et al. 2005), and suggests that in general there is a
large volume of gas where the 6.7-GHz transition is inverted. The
stochastic nature of the maser process means that of all the Class
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II methanol maser transitions observed in a region, the parameters
of the 6.7-GHz emission will generally be the best guide to the
properties of the associated star formation region. Observations to
date of Class II methanol masers are consistent with the basic as-
sumptions that underly the maser-based evolutionary timeline. For
example Ellingsen (2007) showed that while the velocity of the peak
emission in 6.7-GHz methanol masers often changes on time-scales
of a decade or longer, the magnitude of the peak flux density typi-
cally does not. Similarly, the correlation between 6.7- and 12.2-GHz
methanol maser peak flux densities and the general trend for both
the intensity and velocity range of the maser emission to increase
with the age of the source observed by Breen et al. (2010b) suggest
that the volume of gas contributing to both transitions increases as
the source evolves. The current observations provide additional ev-
idence as well, since given that only the most luminous 12.2-GHz
methanol masers have an associated 37.7-GHz methanol maser we
might expect there to be a closer relationship between the flux den-
sities of these two transitions than between the 37.7- and 6.7-GHz
masers. However, in direct contrast to this we found that while there
is a correlation between the 6.7- and 37.7-GHz peak flux density
ratios with the 6.7- and 12.2-GHz ratio, there is no correlation with
the 12.2- and 37.7-GHz flux density ratio (see Section 4.1). This
suggests that while the properties of the 12.2-GHz methanol masers
are a better predictor for the presence and likely peak velocity of
37.7-GHz methanol masers, the intensity of the 37.7-GHz methanol
masers is better predicted by the 6.7-GHz properties.

Here, we have used the luminosity of the 6.7- and 12.2-GHz
methanol masers to target sources which are likely to have an associ-
ated 37.7-GHz methanol maser. The absence of 37.7-GHz methanol
masers in some of these sources may be due to insufficient sensi-
tivity or source variability (e.g. G 35.201−1.736); however, it is
also consistent with the 6.7- and 12.2-GHz luminosities being in-
sufficient to identify the specific evolutionary phase associated with
this transition. It is not surprising that the evolutionary phase for a
high-mass star formation region cannot be pinpointed through ob-
servations of two related maser transitions alone. The environment
where high-mass stars form is complex and there are a large number
of potentially important parameters (e.g. stellar mass), and interac-
tions which are unknown, or poorly constrained for many Class II
methanol maser sites. Including observations of other maser species
may remove some of the degeneracy present in using only methanol
maser observations; for example in Section 4.4 we show that the
relative intensity of ground-state OH maser emission compared to
the 6.7-GHz methanol masers may be a useful to further refine
searches for 37.7-GHz methanol masers. Work is also underway to
investigate properties of Class II methanol maser regions through
observations of thermal molecular lines and spectral energy distri-
bution (SED) modelling, as well as through further maser studies.
These observations will provide critical data for testing the assump-
tions of and refining the maser-based evolutionary timeline.

5 C O N C L U S I O N S

Our results, in combination with previous searches for 37.7-GHz
methanol masers, demonstrate that only Class II methanol maser
sites with high luminosity in both the 6.7- and 12.2-GHz transitions
have an associated 37.7-GHz methanol maser. The detection rate
for 37.7-GHz methanol masers towards sources with a 6.7-GHz
methanol maser with an isotropic peak luminosity greater than 800
Jy kpc2, and a 12.2-GHz peak luminosity greater than 250 Jy kpc2 is
at least 30 per cent. The 37.7-GHz methanol masers occur during an
evolutionary phase around the time that the associated young high-

mass star develops an ultra-compact H II region visible at centimetre
wavelengths, and ground-state OH and water masers are present in
the majority of these regions.

The 37.7-GHz methanol maser transition shows low-levels of
variability on time-scales of a few years. The peak velocity of 37.7-
GHz methanol masers aligns with that of the associated 12.2-GHz
methanol maser in more than 50 per cent of sources and future
high spatial and spectral resolution observations of the 37.7-GHz
transition offer the prospect of improving existing tests for variations
in the proton-to-electron mass ratio at the current epoch.
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A P P E N D I X A : A D D I T I O NA L E V I D E N C E
F O R MA R G I NA L D E T E C T I O N S

The spectra displayed in Fig. 1 for some sources do not meet the
typical criterion for being considered a reliable detection (the spec-

tral peak exceeding the mean by more than five times the rms noise).
The spectra exhibit white (Gaussian) noise, so the probability that
emission in a single spectral channel will exceed 5σ due to chance
is ∼2.9 × 10−7 (or less than 1 in 3.4 million). For the data dis-
played in Fig. 1 the peak emission for the sources G 338.561 −
0.218, G 339.053 − 0.315, G 352.083 + 0.167 and G 359.615 −
0.243 are 4.0, 4.4, 5.1 and 3.5 times the rms noise, respectively.
For all of these sources we have additional data collected with
the Mopra telescope either in 2011 October or in 2012 September,
which was not included in the spectra shown in Fig. 1. The setup
and strategy for these additional observations were identical to that
used in the 2012 January observations, as described in Section 2.
For the observations made in 2012 October (G 338.561 − 0.218,
G 352.083 + 0.167 and G 359.615 − 0.243) the flux density scale
was incorrect due to problems with the noise diode for the Mopra
7-mm receiver at that time. The data from this session shown in
Fig. A1 have had the amplitude scale reduced by a factor of 3 from
the nominal calibration, but the flux density scale for these data is
likely still not accurate to better than 50 per cent.

Fig. A1 shows stacked spectra of each of the four marginal 37.7-
GHz maser detections. The top spectrum in each case is the same
data presented in Fig. 1, but shown with a larger velocity range,
which demonstrates more clearly that the observed peak is higher
than the surrounding noise. The bottom spectrum for each source
shows the additional observation, and in each case it can be seen that
emission with a similar signal-to-noise ratio is observed at the same
velocity. Although the flux density calibration is uncertain for the
2012 October observations, this does not affect the signal-to-noise
ratio (peak flux density divided by the spectrum rms), which for the
additional observations is measured to be 5.5, 4.5, 5.3 and 4.4 for
G 338.561 − 0.218, G 339.053 − 0.315, G 352.083 + 0.167 and
G 359.615 − 0.243, respectively.

If we consider the two sets of observations as independent events,
then we have a statistically significant (>5σ ) detection for each of
the four sources. For G 338.561 − 0.218 and G 352.083 + 0.167,
we have a statistically significant detection in one or both of the
individual spectra shown in Fig. A1. The spectra for G 339.053 −
0.315 show 4.4σ and 4.5σ peaks at −111 km s−1; in combination
this is equivalent to a 6.6σ detection. The spectra for G 359.615 −
0.243 show 3.5σ and 4.4σ peaks at 23 km s−1; in combination
this is equivalent to a 5.9σ detection. The observed 37.7-GHz peak
aligns with the peak of the 12.2-GHz emission (dashed vertical
line in Fig. A1) in the same source to within one spectral channel
for three of the four cases. The only exception is G 359.615 −
0.243, for which the 37.7-GHz peak aligns with a secondary 12.2-
GHz spectral feature. The close alignment of the weak 37.7-GHz
methanol masers with the emission observed in other stronger Class
II methanol transitions provides additional evidence that these are
bona fide detections.
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Figure A1. Spectra of marginal 37.7-GHz methanol masers. The top spectrum for each source shows the data collected in 2012 January. The bottom spectrum
shows data collected either in 2012 October (for which the flux density calibration is uncertain) or in 2011 September. The dashed vertical line shows the
velocity of the 12.2-GHz methanol maser peak observed by Breen et al. (2012b). For G 359.615 − 0.243 the left-hand vertical line is the velocity of the
12.2-GHz peak and the right-hand vertical line is the velocity of the 37.7-GHz peak, which corresponds to a secondary peak in the 12.2-GHz spectrum.
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