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Abstract. We present observations of massive star-forming regions selected from the IRAS Point
Source Catalog. The observations were made with the Very Large Array and the Large Millimeter
Telescope to search for Class I methanol masers. We made interferometric observations of 125
massive star-forming regions in the 44 GHz methanol maser transition; 53 of the 125 fields
showed emission. The data allow us to demonstrate associations, at arcsecond precision, of the
Class I maser emission with outflows, HII regions and shocks traced by 4.5 um emission. We
made single-dish observations toward 38 of the 53 regions with 44 GHz masers detected to search
for the methanol transitions at 84.5, 95.1, 96.7, 107.0, and 108.8 GHz. We find detection rates of
74, 55, 100, 3, and 45%, respectively. We used a wide-band receiver which revealed many other
spectral lines that are common in star-forming regions.
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1. Introduction

Methanol masers are empirically divided into two classes based on their environments
and pumping mechanisms (Batrla et al. 1987; Menten 1991). In particular, the Class
I methanol masers arise in molecular gas shocked by outflows in high-mass protostel-
lar objects (HMPOs). These masers were first associated with protostellar outflows by
Plambeck & Menten (1990) and more recently by Cyganowski et al. (2009) by their coin-
cidence with the so-called extended green objects (EGOs), which are regions of shocked
gas seen in the 4.5 ym band of the InfraRed Array Camera (IRAC) on the Spitzer Space
Telescope.

Two well-known samples of HMPOs are reported in the literature: the samples of
Molinari et al. (1998; hereafter M98) and of Sridharan et al. (2002; hereafter S02). Each
sample consists of a collection of 69 HMPOs selected systematically to satisfy specific
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selection criteria. Half of the sample of M98 contains sources with colors similar to UCHII
regions and the other half with colors of deeply embedded sources; 35 of the 69 objects
have molecular outflows detected by Zhang et al. (2001; 2005). The S02 sample consists
of HMPOs with colors similar to UCHII regions but with 5 GHz flux densities lower
than 25 mJy; almost all sources have CO line wings indicative of high velocity gas from
molecular outflows (S02, Beuther et al. 2002).

Here, we present interferometric and single-dish observations of both samples to search
for Class I methanol maser emision.

2. VLA surveys of methanol masers

We made observations of Class I 44 GHz methanol masers with the NRAOt Karl G.
Jansky Very Large Array (VLA) in D configuration toward 69 and 56 HMPOs from
the samples of M98 and S02, respectively. The data were observed in Q band (7 mm)
using the dual IF mode and fast switching method. One IF of 3.125 MHz bandwith
was centered at the 44 GHz methanol transition. The bandwidth was divided in 127
channels providing a spectral resolution of 0.16 km s~! and a velocity coverage of 21 km
s~!. The observations have an angular resolution of about 2" and a sensitivity of 0.15
Jy. The results of these maser surveys toward the M98 and S02 samples are presented
in Gémez-Ruiz et al. (2016; Survey I) and Rodriguez-Garza et al. (2017; Survey II),
respectively.

We find a similar detection rate of 43% for Class I 44 GHz methanol masers in Surveys
I and II. Multiple sources are present in each of the fields from both samples. In general,
we note that when an EGO is in the field, the 44 GHz masers seem to favor it, as shown
in Figure 1. The spatial coincidence of the 44 GHz masers and the shocked molecular gas
supports the idea that these masers may arise from molecular outflows and, presumably,
the youngest sources in the field.

Class I methanol masers are thought to be saturated with little time variation over
timescales of several years, although this field has not been extensively studied (Leurini
et al. 2016). Our observations suggest that variability on these timescales may occur.
IRAS 2012644104 was part of VLA observations of 44 GHz masers made in March 1999
(Kurtz et al. 2004), March 2007 (Survey I) and August 2008 (Survey II). Four 44 GHz
maser components were found clustered toward the NW of the IRAS source and one
isolated feature toward the SE of the IRAS central source. Interestingly, the flux density
of the isolated feature remains nearly the same during these years while the flux densities
of the NW maser group are similar between 1999 and 2007 but are amplified by a common
factor of 2 during the observations of 2008. This implies a flux variation on timescales of
less than 15 months.

3. LMT survey of methanol emission

We observed 38 HMPOs selected from the VLA 44 GHz methanol maser surveys
presented in Section 2; 19 HMPOs were taken from Survey I and another 19 from Survey
I1. This sub-sample was observed during the Early Science Phase of the Large Millimeter
Telescope (LMT) in 2016. The observations were made with the Redshift Search Receiver
(RSR; Erickson et al. 2007), a broad bandwidth spectrometer that covers the frequency
range from 73 to 111 GHz, at 31 MHz (100 km s~!) spectral resolution. At the time of

1 The National Radio Astronomy Observatory (NRAO) is operated by Associated Universi-
ties, Inc., under a cooperative agreement with National Science Foundation.
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Figure 1. Left panel: IRAS 0527443345 from Survey I. Right panel: IRAS 0535843543 from
Survey II. Spitzer images of the IRAC bands at 3.6, 4.5, and 8 um. The crosses are the 44 GHz
methanol masers detected in the VLA surveys. The white circles represent the LMT primary
beam (18" at 111 GHz) pointed toward the position of the brightest 44 GHz maser (related to
shocked gas traced by EGOs) and the black circles represent the LMT primary beam toward
the IRAS source.

the observations, the LMT had a usable surface 32-m in diameter, providing a beam size
of ~ 18" at 111 GHz.

The methanol lines within the RSR bandpass are at 84.5, 95.1, 96.7, 107.0, and 108.8
GHz. We find detection rates of 74, 55, 100, 3 and 45%, respectively.

Many molecular lines are blended in a single LMT channel but in most cases, the
methanol emission dominates the channel emission which allows us to identify the spectral
line. The low spectral resolution precludes a definitive interpretation of the methanol
emission (maser or thermal) but even so, these data serve to identify promising methanol
maser candidates for follow-up studies at high spectral resolution.

The 73-111 GHz band includes many molecular lines commonly found in massive
star-forming regions. In order to compare the molecular composition of the shocked re-
gions (EGOs) traced by the 44 GHz masers with the central protostars (IRAS sources),
we made observations at both positions. For example, IRAS 0527443345 and IRAS
0535843543 show two clusters of star formation in different evolutionary stages (see
Figure 1). In both cases, the 44 GHz masers are associated with the youngest cluster,
separated by ~ 30” from the IRAS source. We made LMT pointings toward each region
to compare their chemical composition. We find that the clusters related to shocked
gas are more chemically active than the cluster associated to the IRAS source (see
Figure 2).

4. Conclusions

Our VLA surveys support the relation of Class I methanol masers with shocked regions
around massive protostars. In one case, we found evidence of maser variability, with a
time variation of less than 15 months.

The spectral line survey performed with the LMT in the 3 mm band revealed a rich
chemical composition of the shocked gas related to the methanol masers. In the few cases
tested, we also found that shocked regions have a greater number of spectral lines than
the central regions where the massive protostars are located.
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Figure 2. Spectra obtained with the LMT in two different pointings toward IRAS 05274+3345.
Above: Spectrum taken at the IRAS position. Bottom: Spectrum taken at the position of the
brightest 44 GHz methanol maser from Survey I (see Figure 1).
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