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Abstract

We report the detection of a new class I methanol maser candidate from the 5,—4, E transition (266.8 GHz). This
methanol transition has been detected toward a nearby high-mass star-forming region G352.630-1.067 (distance
~0.7 kpc), in Submillimeter Array (SMA) observations. The new candidate transition has a similar spatial
distribution as the 4,—3; E (218.4 GHz) and 8_;—7¢ E (229.7 GHz) transitions, which are known class I maser
transitions. Thermal methanol emission in this source is confined to a central hot core, while the three class I maser
transitions are detected in two additional regions. These two maser-only emission regions are clearly associated
with shocked gas traced by 2 ym Ks-band and thermal v = 0, J = 5—4 SiO molecular emission. In contrast to the
thermal methanol emission from the hot core, the three class I maser transitions show an positive trend in the
rotation diagram for the two maser regions. Large velocity gradient modeling of the 266.8, 218.4, and 229.7 GHz
transitions shows that the 266.8 GHz transition can be a maser for a wide range of conditions. The intensity ratios
for the three methanol transitions detected in maser regions can be reproduced under conditions that are typical for
class I methanol maser sites. These facts all support the hypothesis that the detected emission from the 266.8 GHz
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methanol (5,—4, E) transition is masing.
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1. Introduction

Methanol maser emission is a very common phenomenon in
our Galaxy (e.g., Green et al. 2009; Chen et al. 2014; Yang
et al. 2017). Methanol masers are empirically divided into two
classes, known as class I and class II (Menten 1991). The two
classes of methanol masers are most commonly found
associated with high-mass star-forming regions (HMSFRs)
(Sobolev et al. 2005), although some class I methanol masers
are known to be associated with low-mass star formation
regions (e.g., Kalenskii et al. 2006, 2010; Gan et al. 2013) and
sites of cloud—cloud collisions with and without star formation
(e.g., Salii et al. 2002; Sjouwerman et al. 2010). Class I
methanol masers have a collisional source of pumping
(Sobolev & Strelnitskii 1983; Cragg et al. 1992), and they
are commonly produced by mild shocks driven into molecular
clouds by protostellar outflows from high- or low-mass stars,
expanding H 1I regions (e.g., Voronkov et al. 2010a; Chen et al.
2011), expanding supernova remnants (Pihlstrom et al. 2014),
expanding envelopes of the late type stars (Nakashima et al.
2015), and rapidly moving cloudlets (Voronkov et al. 2010b).
According to the pumping theory, class II methanol masers get
their energy from the infrared radiation in vicinities of young
high-mass stars, while class I masers appear when the radiation
density is much lower, hence, at larger distances from the stars
(e.g., Sobolev et al. 2007). Observations also show that typically
the Class II masers are found close to (within 1”) the exciting
high-mass protostars (Ellingsen 2006; Caswell et al. 2010),
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whereas the class I masers are usually offset by a much larger
distance from the protostar (0.1-1 pc; e.g., Kurtz et al. 2004;
Cyganowski et al. 2009; Voronkov et al. 2014; McCarthy et al.
2018).

Between the 2 classes, there are more than 30 different
methanol transitions that have been observed to show maser
emission in interstellar environments, covering a wide
wavelength range from centimeter to millimeter wavelengths
(Cragg et al. 2005). The methanol maser transitions that have
been well studied to date are those at lower frequencies
(<100 GHz), such as the 6.7 and 12.2 GHz class II transitions
(e.g., Breen et al. 2010; Green et al. 2017), and the 9.9, 36, 44,
and 95GHz class I transitions (e.g., Voronkov et al.
2010a, 2014; Chen et al. 2011, 2013a; Yang et al. 2017).
Identifying and searching for new methanol maser transitions
provides important information that can be used to constrain
the physical conditions of the regions in which the masers are
located. A number of searches to test maser model predictions
have been undertaken in recent years (Chipman et al. 2016);
however, most of them have been focused on low-frequency
transitions such as the 23.4GHz class I transition (e.g.,
Voronkov et al. 2011) and the 37.7, 38.3, and 38.5 GHz class
IT transitions (Ellingsen et al. 2018). However, the identifica-
tion of new methanol maser transitions at higher frequencies is
more important to provide constraints on the physical
conditions over a wider frequency range. Interferometric
instruments at millimeter and submillimeter wavelengths, such
as the Atacama Large Millimeter/submillimeter Array
(ALMA) and the Submillimeter Array (SMA), are able to
efficiently detect new methanol maser transitions at higher
frequencies. This is because the combination of wide
bandwidth, sensitivity, and angular resolution enables efficient
observations of a larger number of molecular lines than was
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Table 1
Details of the Detected Methanol Transitions
Methanol Frequency Transition E,/k S /1,2 Visr AV f TgdV Tp Size
Component (GHz) (K) (D?) (kms™h) (kms™h (Kkms™h (K) (arcsec, arcsec, deg)
(1) () 3) G} ) ©) )] ®) ) (10)
M1 218.4401 4,-3,E 375 3.477 —2.5(0.1) 3.9(0.2) 7.5(0.4) 1.79(0.15) 42 x 13 @ —12
229.7588 8 1—ToE 81.2 5.048 —2.3(0.1) 5.6(0.3) 9.3(0.4) 1.56(0.10) 39 x 1.0 @ —10
266.8381 5,—4E 49.1 3.848 —2.5(0.1) 5.5(0.3) 13.4(0.7) 2.28(0.16) 2.1 x 0.8 @ —17
M2 218.4401 4,—-3.E 37.5 3.477 1.9(0.1) 1.3(0.1) 2.4(0.2) 1.75(0.23) 7.5 x 42 @ -30
229.7588 8_1—ToE 81.2 5.048 1.1(0.1) 1.5(0.0) 9.9(0.2) 6.05(0.22) 82 x46 @ —19
266.8381 5,—4E 49.1 3.848 0.9(0.1) 2.1(0.1) 3.6(0.2) 1.62(0.15) 40 x 1.7 @ -7
M3 218.4401 4,-3,E 375 3.477 —3.6(0.4) 8.0(1.0) 2.4(0.4) 0.24(0.09) 49 x 41 @ -84
229.7588 8_1—ToE 81.2 5.048 —4.6(0.6) 12.2(1.9) 6.0(1.1) 0.46(0.11) 37x 13 @ —10
266.8381" 5,—4E 49.1 3.848 —2.5(0.6) 11.92.2) 6.1(1.1) 0.48(0.12) 35x 14 @ —-10
—2.1(0.1) 1.7(0.4) 1.6(0.2) 0.86(0.22)

Notes. Column (1): label for the methanol emission regions detected in the current SMA observations. Columns (2)—(5): the corresponding frequency, upper level
energy, the quantum numbers of the transitions, and product of the total torsion-rotational line strength and the square of the electric dipole moment for each methanol
transition, respectively. Columns (6)—(9): the line center velocity Visr, the FWHM line width AV, the integrated intensity f TpdV, and the peak brightness
temperature 7, determined from Gaussian fits to the line profile extracted from the peak position of the methanol emission. Column (10): the size and position angle
of the component from a beam de-convolution, assuming Gaussian distributions.
% For this transition, we used two Gaussian features to fit the line profile toward M3.

previously possible with single-dish facilities such as the SEST
(e.g., Ellingsen et al. 2012). This is demonstrated by the recent
discovery with ALMA of new methanol maser lines from the
9_1—8p E (278.3 GHz class I; Yanagida et al. 2014) and the
14,—14, A~" (349.1 GHz class II; Zinchenko et al. 2017)
transitions. Considerations of the maser pumping predict new
detections in the high-frequency domain (see, e.g., Cragg et al.
2005; Voronkov et al. 2012; Leurini et al. 2016).

In this paper, we report SMA observations that have resulted
in the detection of a new class I methanol maser from the
5,—4, E transition at a frequency of 266.8 GHz. This new
maser transition was detected in observations toward the
HMSFR G352.630-1.067, which has recently been shown to be
the second closest such region at a distance of about 0.7 kpc
(Chen et al. 2019).

2. Observations

The observations toward the HMSFR G352.630-1.067 were
made with the SMA” on 2017 August 3, with the array in its
compact configuration. The phase tracking center was placed at
the position of the 6.7 GHz methanol maser (o« = 17:31:13.91,
0 = —35:44:08.7; J2000), which was obtained from the
Methanol Multibeam (MMB) project (Caswell et al. 2010).
The calibration of the time-dependent antenna gains was
performed by regular observations of the quasar 1700-261. The
quasar 3C454.3 was observed to calibrate the bandpass
response and the absolute flux density was obtained from
observations of Neptune and Titan.

The SWARM correlator was used in dual receiver mode
with an 8 GHz bandwidth per sideband. With the 230 GHz
receiver the setup covered the frequency ranges
213.5-221.5 GHz and 229.5-237.5 GHz, while the 240 GHz
receiver was used to observe the frequency ranges
265.0-273.0 GHz and 281.0-289.0 GHz. The spectral channel
width was about 0.5 MHz, corresponding to a velocity

7 The Submillimeter Array is a joint project between the Smithsonian

Astrophysical Observatory and the Academia Sinica Institute of Astronomy
and Astrophysics, and is funded by the Smithsonian Institution and the
Academia Sinica.

resolution of ~0.7kms™! at 230 GHz, and ~0.5kms~" at
285 GHz. In total, 20 methanol lines were detected by these
SMA observations. Two known class I maser transitions, the
4,—3, E (218.4 GHz; Hunter et al. 2014) and 8_,—7¢ E
(229.7 GHz; Slysh et al. 2002), and one class I maser candidate
transition, 5,—4; E (266.8 GHz; reported here), were covered
in these observations. In this paper, we focus primarily on the
three maser lines and the data for the other thermal emission
from methanol and other species will reported in a future paper.
The details of the rest frequencies and electronic properties of
the three class I methanol transitions are summarized in
Table 1.

The visibility data were calibrated using the IDL superset
MIR.® The imaging and analysis were carried out in MIRIAD.’
The synthesized beam size, i.e., the angular resolution of the
image data, was approximately 5”8 x 2”4 at 230 GHz and
4”7 x 1”9 at 285GHz, with a position angle of —12°3
northwest. The rms noise in a spectral channel was
50 mJy beam ' for the molecular line data.

3. Results
3.1. Integrated Intensity Images and Spectra of Methanol

Figure 1 shows the integrated intensity images for the three
class I methanol transitions detected toward G352.630-1.067 in
the current SMA observations, the 4,—3; E (218.4 GHz),
8 _1—70 E (229.7 GHz) and 5,—4, E (266.8 GHz) lines. All the
three methanol transitions are detected toward this source for
the first time. It can clearly be seen that all three transitions are
detected toward the phase tracking center and thus are
associated with the region where the class II 6.7 GHz methanol
maser arises. Hereafter, we refer to this central molecular
emission region as “M1.” The methanol emission from M1 has
a compact structure, suggesting that it originates from a small
region and is not resolved by the current SMA observations.
Therefore, an upper limit on the angular size of M1 is ~3”

8 See https: //www.cfa.harvard.edu/~cqi/mircook.html.

http:/ /www.cfa.harvard.edu/sma/miriad, http://www.astro.umd.edu/
~teuben/miriad
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Figure 1. Images of the integrated emission and spectra of the methanol transitions detected in the SMA observations. The left three panels are given for the three class
I methanol maser transitions at 218.4, 229.7, and 266.8 GHz. For comparison, an example of the thermal methanol emission at the 287.6 GHz transition is shown in
the right panel. For each transition, the integrated methanol emission is in black contours with contour level values shown in the bottom of each panel. The synthesized
beam for each image is shown in the bottom left corner. The methanol spectrum extracted toward the peak position of the integrated emission is shown in the
corresponding lower panel. For the three class I maser transitions, the methanol spectra are given by summing the emission toward the peak positions of the three
components M1, M2, and M3. A Gaussian fit to a single component is shown with a green profile for these transitions.

(corresponding to a linear size of ~2000 au for a distance of
0.7 kpc). In addition to the methanol emission associated with
the M1 region, we detect emission from two other sites in the
three transitions. One of these is to the east (labeled as M2),
and the other to the west of M1 (labeled as M3). These two
regions are offset by 10-17 arcsec (7000-12,000 au or
~0.05 pc) from MI. Figure 1 shows that the emission from
M2 is extended compared to the synthesized beam size of the
218.4 and 229.7 GHz transitions, but it is compact for the
266.8 GHz transition. In contrast, M3 is relatively compact for
all three methanol transitions where emission is detected. The
fitting results for the beam-deconvolved sizes of the three
components assuming Gaussian distributions (listed in Table 1)
support this.

The spectra for each of the detected methanol transitions is
shown in the bottom panels of Figure 1. The spectra are
constructed from a combination of summing the three spectral
features toward the peak positions of the three components. A
single Gaussian can be fitted to the methanol spectrum for each
component in each transition, with the exception of the 5,—4
E (266.8 GHz) transition toward M3, where two Gaussian
components were required (see below). The fitted parameters
are given in Table 1. For M1, the three maser transitions show a
similar line profile with peak velocities at ~—3 km s~ ' and line
widths of ~5kms~'. The peak brightness of the transitions
detected toward M1 ranges between 1.6 K beam ' (229.7 GHz)
and 2.3 K beam ™' (266.8 GHz).

For the M2 emission, all three methanol transitions show
similar profiles, with a narrow line width (~1.5km s~ ') at peak
velocity of ~1kms~'. The strongest emission toward M2 is
detected from the 229.7 GHz transition, which has a peak
brightness of 6.0 K beam™'. The other two transitions (218.4
and 266.8 GHz) have a similar peak brightness of
1.7 K beam™!. For M3, all three detected methanol transitions
show a broad profile (~10 km s_l). In addition, the 266.8 GHz

emission also shows a narrow spectral feature (line width of
1.7kms ™" at peak velocity of —2kms~') overlaid on the
broad spectral emission. Because of this we have used two
Gaussian profiles to fit this transition toward M3. To enable a
direct comparison of the methanol spectra from the three class I
methanol transitions toward M2 and M3, we have plotted their
spectra toward each of the components in the right panel of
Figure 2. From Figure 1, we can also see that there is another
methanol component in the 4,—3; E (218.4 GHz) transition
toward the southeast of M1, with an offset of 10”. This
component does not show emission from any of the other
methanol transitions.

For comparison, in the right panel of Figure 1 we present an
image of the integrated emission and spectrum of the thermal
methanol emission from the 6,5, A" (287.6 GHz) transition
detected in the current SMA observations. As for the
287.6 GHz transition, all the other thermal methanol transitions
were only detected toward M1. No emission from any of the
thermal methanol transitions is detected toward M2 and M3,
suggesting that their physical conditions are very different from
M1 and supporting the hypothesis that the methanol emission
toward M2 and M3 is due to masing (see discussion in
Section 4.1).

3.2. Comparison with Shock Gas Tracers

Class I methanol masers are associated with mild shocks and
to further investigate the possible presence of shocks in the
G352.630-1.067 region we created an image of the integrated
emission from the thermal SiO v = 0J = 5—4 (217.105 GHz)
transition. This transition was covered in the current SMA
observations, and the left panel of Figure 2 shows it overlaid on
the 2MASS K| band and the integrated 5,—4, E (266.8 GHz)
methanol emission. The uncertainty in relative positions
between the 266.8 GHz methanol, the 2 ym and the SiO maps
is less than 1”, considering the position errors of their
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Figure 2. Comparison of the three class I methanol maser transitions with infrared and molecular shock tracers. The left panel shows the integrated emission from the
5,—4,E 266.8 GHz transition (red contours) overlaid on the near-infrared 2MASS K; 2 pm image (back%round) and the integrated emission from the thermal v = 0
J = 5—4217.105 GHz SiO (blue contours). The contour levels are (3, 4, 5, 6, 8, 12, 16) x 0.5Jy km s~ beam ™! for the 266.8 GHz methanol emission and 3,4,5,
6,7,8,9) x 0.5Jykms~ ' beam ' for the SiO emission. The right panel shows the methanol spectra from the 4,—3, E 218.4 GHz (red), 8_,—7, E 229.7 GHz
(green), and 5,—4; E 266.8 GHz (black) transitions extracted toward the peak positions of the three methanol components M1 (a = 17:31:13.90, 8 = —35:44:08.9;
J2000), M2 (a0 = 17:31:15.10, 8 = —35:44:06.0; J2000), and M3 (a = 17:31:13.00, § = —35:44:08.0; J2000) at the 266.8 GHz transition. Notably, the peak
positions of the three transitions are same within the position errors of their images. The 95.1 GHz class I methanol maser spectrum from Chen et al. (2013a) is shown

in the bottom of the right panel.

distributions at emission above S50.,. The 2MASS near-
infrared image shows extended emission in the 2 um K,-band,
which is attributed to shock-excited H,. Figure 2 shows that the
2 ym emission traces a bipolar-outflow structure elongated in
the southwest to the northeast direction, with M1 located at the
center and presumably associated with the driving source of the
outflow. The integrated SiO emission also shows a bipolar
structure, with a similar position angle to the 2 ym image.
There is a close spatial correlation between the 2 ym and SiO
emission in the northeastern section of the outflow, but less
correspondence in the southwestern section. In the southwest,
the SiO emission is located toward the edge of the bright 2 ym
component. This may indicate that the SiO and 2 pm emission
trace different shocked gas regions with different physical
environments (such as different gas density and temperature),
or may be due to variable extinction at near-infrared
wavelengths.

The absence of tracers such as millimeter continuum
emission or bright infrared point sources suggests that the
M2 and M3 methanol emission regions are not directly
associated with hot molecular cores (or protostars). In contrast,
toward the M1 position significant millimeter continuum
emission is detected in the current SMA observations (details
of the continuum emission will be reported in a future paper).
Figure 2 shows that the three class I methanol masers in the M3
region are closely associated with the shocked gas traced by the
SiO and 2 um emission, but offset toward the edge of the
shocked gas region. Toward the M2 region there is no SiO
emission detected and the methanol emission is also offset from
a secondary 2 ym component (see Figure 2). The location of
the M2 and M3 methanol regions toward the edge of the

shocked gas is consistent with maser emission, because in such
regions the shocks can produce stronger emission due to a
larger coherence path along the line of sight.

Chen et al. (2013a) detected 95.1 GHz class I methanol
maser emission toward G352.630-1.067 and the spectrum is
shown at the bottom of the right panel in Figure 2. The
95.1 GHz methanol maser observations were made with the
Mopra telescope (single-dish), which has a main-beam size of
36" at this frequency (see Chen et al. 2013a). Figure 2
demonstrates the similarity of the emission from the M2 region
in the 218.4, 229.8, and 266.8 GHz transitions with that
observed from the 95.1 GHz methanol. In each case we observe
a peak near ~1 km s~ ! and a narrow line width (~1.5km sfl).
A secondary peak in the 95.1 GHz transition is seen at a
velocity of ~0kms ™', and we suggest that this may be mainly
from the M3 region, because the 266.8 GHz emission from M3
shows a very similar profile in the velocity range 0-2kms ™.
Notably, there is no significant emission from the 95.1 GHz
transition at velocities less than —1kms™', suggesting that
there is no significant contribution from M1, which appears to
be predominantly (or exclusively) thermal emission. At present
we do not have any high-resolution observations of the
95.1 GHz methanol masers, so it is not possible to definitively
determine if they are spatially coincident with M2 and M3.
However, the spectra suggest that it is likely.

4. Discussion
4.1. Evidence for a Newly Identified Class I Maser Transition

Only the 4,—3, E (218.4 GHz), 8 _|—7, E (229.7 GHz), and
5,—4, E (266.8 GHz) methanol transitions were detected
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Figure 3. Rotation diagram for the methanol transitions from the current SMA
observations. The upper panel shows the rotation diagram for M1, the three
class I methanol maser transitions are represented with red circles, and other
thermal transitions are marked with black circles. The lower panel shows the
rotation diagram of the three class I transitions for M2 (squares) and M3
(triangles).

toward M2 and M3. The first two of these three transitions are
known to be class I methanol maser transitions (Slysh et al.
2002; Hunter et al. 2014), and here in G352.630-1.067, we find
that they are associated with shocked gas (see Figure 2). The
5,—4, E (266.8 GHz) transition shows similar emission and
spectral characteristics as the other two maser transitions, and
the 266.8 and 218.4 GHz transitions belong to the same
Jo—(J—1); E series of transitions. Therefore, we suggest that
the 5,—4; E transition represents a newly identified class I
maser transition. One point to note is that all of these methanol
maser transitions have relatively low-energy upper levels
(E, = 37-81K; see Table 1). This means that they can show
thermal emission in a wide range of environments; however, in
contrast to M1, there is no emission from other transitions with
low upper-energy levels such as the 3_,—4_|E, 230.0271 GHz
(which has E,, = 32 K; Miiller et al. 2005) toward either M2
or M3.

To investigate whether the emission from the 4,—3; E
(218.4GHz), 8_;—7¢ E (229.7GHz), and 5,—-4; E
(266.8 GHz) methanol transitions is thermal, or due to a maser
process we have performed rotation diagram analysis. The
rotation diagram method is described in the Appendix. The
rotation diagrams for the detected methanol transitions toward
all three components are shown in Figure 3. It shows that all
three class I transitions and the other thermal methanol
transitions detected toward M1 show a trend in the rotation
diagram consistent with thermal conditions. This also suggests
that in M1 all the methanol transitions are predominantly
produced by thermal emission. Actually, the best-fit straight
line to the rotation diagram of the other thermal methanol lines
detected toward M1 with the SMA observations gives an
estimate of the rotational temperature of about 200 K (X. Chen

Chen et al.

et al. 2019, in preparation). This is consistent with M1 being a
hot molecular core associated with the driving source for the
outflows traced by the infrared 2 ym and thermal SiO emission
(see Figure 2). In contrast, the three class I maser transitions
show an inverse trend in the rotation diagram toward M2 and
M3. This also suggests that the emission from these transitions
toward M2 and M3 is not thermal, consistent with them all
being class I methanol masers.

Figure 1 shows that the 4,—3; E (218.4GHz) and 8_|—7y E
(229.7 GHz) transitions show stronger emission toward M2
than M3. In contrast, the newly identified maser transition
(5,—4, E 266.8 GHz) shows stronger emission at M3.
Furthermore, the 5,—4; E transition has a narrow spectral
feature in addition to the broad spectral component seen in the
other class I maser transitions (see Figure 2). These observa-
tions and the already mentioned secondary peak 10” southeast
of M1 seen in the 218.4 GHz line show that the maser emission
from the three transitions had different characteristics, likely
reflecting differing the physical environments for the M2 and
M3 regions.

4.2. Model for the Three Class I Methanol Maser Transitions

In order to investigate the conditions under which a
266.8 GHz class I methanol maser can occur we have
performed model calculations in the LVG (large velocity
gradient) approximation. The details of the modeling procedure
can be found in Sobolev & Deguchi (1994), Sobolev et al.
(1997), and Cragg et al. (2002). The cosmic microwave
background was assumed to be the only source for the external
radiation field. For simplicity, we did not consider the dust
emission and absorption within the maser region. A methanol
level scheme including torsional quantum numbers up to v, = 2
was used and the rates for collisions with para-H, and He were
all the same as those used in Parfenov et al. (2016). The rates
for collisions with ortho-H, were calculated in the same
manner as in Nesterenok (2016).

The LVG model included the molecular hydrogen number
density ny,, methanol specific column density N/AV, gas
kinetic temperature T, and beaming factor d(Inr) /d (In V) as
parameters. We investigated the brightness temperature of the
three class I maser transitions over parameter ranges 10* cm >
to 1037 cm 2, 10°-10" cm s and 50-300 K for nyy,, N/AV
and T, respectively, for two different values of
d(nr)/d(nV) (1 and 10). The results are summarized in
Figure 4. The colored regions in Figure 4 show values of the
physical parameters under which all three 218.4, 229.7, and
266.8 GHz maser transitions are inverted. The color in each
plot shows the value of the maximal brightness temperature
T max» Which for a fixed pair of parameters (€.g., o and Ty,
for the two lower plots in Figure 4), is the maximum of the
brightness temperature achieved over the whole range of the
third parameter (N/AV for the two lower plots).

Figure 4 shows that the three transitions are masing
simultaneously for a wide range of physical parameters. The
intensity of the masers greatly depends on the value of the
beaming, as was noted by Sobolev & Parfenov (2018). The
brightness temperature of the newly detected 266.8 GHz maser
transition in our models only exceeds 10* K significantly for
the higher value of the beaming factor (right plots in Figure 4).

In our analysis we did not search for the best-fit model
because the available observational data do not provide enough
constraints to be able to do this. Rather, we calculated the
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Figure 4. Maximum brightness temperatures of the 266 GHz transition according to LVG calculations described in the text. The lower panels show the maximum
brightness temperature over the whole range of N/AV for the fixed values of ny, and Ty The upper panels show the maximum brightness temperature over the
whole range of ny, for fixed values of N/AV and Tg,. The blank areas correspond to the case in which one of the three transitions at 218.4, 229.7, and 266.8 GHz is
not masing. The left and right panels show the models calculated for the beaming factor values d(Inr)/d(InV) = 1 and 10, respectively.

brightness temperatures for a fiducial model with
na = 107%em ™, Tye = 150K, N/AV = 10" cm s and
beaming d(Inr)/d(InV) = 10. These values are consistent
with our current understanding of the physical conditions
toward class I methanol maser sites (see, e.g., Voronkov et al.
2006 and Leurini et al. 2016). For these parameters the
brightness temperatures of the 218.4 GHz, 229.7 GHz, and
266.8 GHz maser transitions are 2938 K, 6833 K, and 1234 K,
respectively. These values significantly exceed the brightness
temperature of all other methanol lines observed in the source.
The intensity ratio for these brightness temperatures roughly
corresponds to what is observed for these three transitions
toward M2; however, it does not explain the ratios for M3 for
which the 266.8 GHz line is the brightest. This may be a
consequence of the simplicity of the current model, which does
not take into account the structure of the maser source.
However, the modeling undertaken demonstrates that the
218.4, 229.7 and 266.8 GHz class I methanol transitions can
be the brightest methanol lines in the observed frequency range
because they are masers for a broad parameter range.

We also checked the three H,CO line transitions
(303*202 218.222 GHZ, 322*221 218.475 GHZ, and 321*220
218.760 GHz) surrounding the 4,—3, E (218.4 GHz) methanol
line, covered simultaneously in the observations. Assuming
that the H,CO emission is optically thin, the Kkinetic
temperature of the gas in local thermodynamic equilibrium
(LTE) can be derived with line-integrated intensity ratios
32—21/303—202 Or 321—250/303—202 (e.g., Mangum &
Wootten 1993; Tang et al. 2017a, 2017b, 2018a, 2018b). We
measured the line-integrated intensity ratios 3,0—251/303—202

or 351—250/303—202 to be around 0.45 toward the three
methanol regions M1, M2, and M3. Such ratios suggest that the
kinetic temperature of the gas is around 200 K toward the
maser regions, confirming our methanol simulations.

4.3. An Ideal Laboratory for Identifying New Methanol
Masers: G352.630-1.067

The target source of the current observations, G352.630-
1.067, has been measured to be at a distance of ~0.7 kpc from
very long baseline interferometry parallax observations of the
associated 6.7 GHz methanol maser (Chen et al. 2019). This
makes it the second closest high-mass star formation currently
known, with only the Orion Nebula (~400 pc; see Menten et al.
2007 and Kounkel et al. 2017) being closer. As one of the
closest HMSFR, this potentially makes detections of masers
easier than detections of more distant HMSFRs.

Chen et al. (2019) showed that G352.630-1.067 likely lies in
an inter-arm region and furthermore it is in a relatively simple
environment (either a small cluster or an isolated high-mass
star). The infrared emission from 2MASS and GLIMPSE
shows a clearly extended bipolar-outflow (angular scale 30”),
which is also seen in the thermal SiO emission (see Figure 2).
The emission from the three class I methanol masers toward the
M2 and M3 regions is clearly associated with shocked gas. So
G352.630-1.067 represents a good target for searching for new
class I methanol masers transitions, particularly those in the
same series that have been detected in E-type I methanol in the
current observations. The 6.7 GHz class II methanol maser is
clearly associated with the driving source of the extended
outflow (Chen et al. 2019), the thermal hot core (M1).
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Therefore M1, is potentially also a good target to search for
new class II maser transitions at (sub-)millimeter wavelengths.
High-angular-resolution observations with instruments such as
ALMA are able to measure high brightness temperatures
(>1000K), effectively excluding the possibility of thermal
emission associated with the hot molecular core (see for
example Zinchenko et al. 2017).

5. Summary

SMA observations of the nearby HMSFR G352.630-1.067
have detected a new class I methanol maser from the 5,—4, E
transition (266.8 GHz). This new class I maser shows similar
emission and spectral characteristics as the two previously
known maser transitions, the 4,—3; E (218.4 GHz) and 8_,—7,
E (229.7 GHz) lines, which were also detected in the current
observations. All three of these class I methanol masers are
from the E-type methanol species. In contrast to other thermal
methanol lines, which were only observed toward the hot core
region, maser transitions were detected in two additional
regions. These two maser regions are found to be associated
with shocked gas traced by the 2 um Ks-band and the thermal
SiO molecular emission. A rotation diagram analysis shows a
positive slope for the M2 and M3 regions where the three class
I masers are detected. LVG modeling shows that the 266.8 GHz
transition is masing for a wide range of physical parameters for
which the 218.4 and 229.7 GHz transitions are also masers. The
combination of these observational and modeling facts strongly
suggests that the detected emission from the 5,—4, E
266.8 GHz transition is masing toward the M2 and M3 regions.
Due to its proximity and the simple environment, G352.630-
1.067 provides an excellent target for identifying new methanol
maser transitions.
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Appendix
Rotation Diagram Analysis for the Multiple Methanol
Transitions

Rotation diagrams assume that the molecular emission is
optically thin and that the gas is in LTE. The standard formula
for the rotation diagram analysis of optically thin lines can be
derived from the following equation (e.g., Blake et al. 1987;
Chen et al. 2013b):

1(3_W) Bk W
8m3uSp? 0 Trot

where k is the Boltzmann constant in erg K™, W is the
observed line-integrated intensity of the species of interest in
units of Kkms ™', v is the frequency of the transition in Hz,
and Sy’ is the product of the total torsion-rotational line
strength and the square of the electric dipole moment, E, /k is
the upper level energy in K, Q is the partition function at

temperature T, and 7 is the optical depth. The values of v,
Sy, and E,/k for each methanol transition can be found in

Chen et al.

Table 1. The partition function Q is given in the equation below
for CH30H (e.g., Blake et al. 1987):

Q(Trr) = 1.2327T;y;. ©)

Under pure thermal conditions, a plot of In(3xW /873S1%)
versus E,/k will have a slope of —1/T;. and an intercept of In

(N/Q).
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