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Abstract

We report simultaneous single-dish surveys of 22 GHz H,O and 44 and 95 GHz class I CH;0H masers toward 299
Red Midcourse Space Experiment Sources in the protostellar stage. The detection rates are 45% at 22 GHz, 28% at
44 GHz, and 23% at 95 GHz. There are 15, 53, and 51 new discoveries at 22, 44, and 95 GHz, respectively. We
detect high-velocity (>30km s ") features in 27 H,O maser sources. The 95 GHz maser emission is detected only
in 44 GHz maser sources. The two transitions show strong correlations in the peak velocity, peak flux density, and
isotropic maser luminosity, indicating that they are likely generated in the same sites by the same mechanisms. The
44 GHz masers have much narrower distributions than 22 GHz masers in the relative peak velocity and velocity
range, while 6.7 GHz class I CH30H masers have distributions intermediate between the two. The maser
luminosity significantly correlates with the parental clump mass, while it correlates well with the bolometric
luminosity of the central protostar only when data of the low-mass regime from the literature are added.
Comparison with the results of previous maser surveys toward massive star-forming regions suggests that the
detection rates of 22 and 44 GHz masers tend to increase as the central objects evolve. This is contrary to the trends
found in low- and intermediate-mass star-forming regions. Thus, the occurrence of both masers might depend on
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the surrounding environments as well as on the evolution of the central object.
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1. Introduction

Interstellar masers of H,O, CH;OH, and OH are considered
excellent probes of high-mass star formation regions (SFRs).
Because at radio frequencies, these masers are quite common,
intense, and rarely affected by dust extinction in massive SFRs,
they allow us to investigate such regions. The different maser
species favor different physical conditions for their production
and survival, which has led to the proposition of tracing
different evolutionary phases of massive star formation (e.g.,
Ellingsen et al. 2007; Breen et al. 2010a; Fontani et al. 2010).
Since many sources of massive SFRs show emission from
multiple maser species or transitions, there must be significant
overlap for the evolutionary stage that is traced by the most
common types of masers (Breen et al. 2010a). H,O masers are
known to occur in both low- and high-mass SFRs (e.g., Furuya
et al. 2003; Szymczak et al. 2005) and are thus an important
signpost of ongoing star formation. The evolutionary stage
associated with 22 GHz H,O maser emission has been
investigated through extensive single-dish and interferometric
observations (e.g., Torrelles et al. 1997; Urquhart et al. 2011),
which have indicated that this type of maser is closely
associated with high-mass young stellar objects (YSOs) in
various evolutionary stages. Although it has been claimed in a
few cases that H,O masers could trace circumstellar disks
around (proto)stellar objects (e.g., Torrelles et al. 1997; Seth
et al. 2002), connected-array and very long baseline inter-
ferometry (VLBI) observations toward high-mass YSOs have
shown that H,O masers are predominantly associated with jets
and outflows (e.g., Torrelles et al. 2001; Codella et al. 2004).

Methanol masers are commonly observed in massive SFRs.
They have been empirically classified into two categories: class
I and class II. The initial classification was based on the sources
toward which the different transitions were detected (Batrla &

Menten 1988; Menten 1991). Class I CH;0OH masers (e.g., the
70-6, AT and 8,-7, A" at 44 and 95 GHz, respectively) are
often observed significantly offset from high-mass YSOs (e.g.,
Kurtz et al. 2004; Voronkov et al. 2006; Cyganowski
et al. 2009). In contrast, class I CH;OH masers (e.g., the
5,60 A" and 2¢,-3, E at 6.7 and 12.2 GHz, respectively) are
usually very close to high-mass YSOs (e.g., Cyganowski
et al. 2009; Fujisawa et al. 2014). These observational findings
were supported by early theoretical models of CH;0OH masers,
which suggest that class I masers are pumped by collisions
with molecular hydrogen, while class II masers are pumped by
external far-infrared radiation (Cragg et al. 1992). Compared to
class II masers, class I CH3;0OH masers are relatively poorly
studied and understood. There have only been several large
surveys of class I masers (mainly at 44 and 95 GHz), primarily
undertaken with single-dish telescopes (e.g., Bachiller et al.
1990; Haschick et al. 1990; Slysh et al. 1994; Val’tts
et al. 2000; Ellingsen 2005; Chen et al. 2011, 2012, 2013;
Gan et al. 2013; Kang et al. 2015, 2016) along with
interferometric searches (e.g., Kurtz et al. 2004; Cyganowski
et al. 2009; Matsumoto et al. 2014; Voronkov et al. 2014,
Jordan et al. 2015; Gémez-Ruiz et al. 2016; Rodriguez-Garza
et al. 2017). The catalog from these surveys currently
comprises about 500 class I CH3;0OH maser sources (e.g.,
Bayandina et al. 2012). Ellingsen et al. (2007) suggested that
the common maser species (H,O, class I and II CH;0H, and
OH masers) may help identify the evolutionary phase of the
central objects, and proposed a possible evolutionary sequence
of these maser species. This proposed sequence has been
improved upon by Breen et al. (2010b; their Figure 6).
However, there remains significant uncertainty about where in
SFRs the different maser species arise and which evolutionary
phase they are associated with.
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Table 1
Summary of Target Sources

Kim, Kim, & Park

Detection®

RMS? MSX RA. Decl. Distance Liol Vigs? MMB
D Name (J2000.0) (12000.0) (kpc) (L) (kms™')  22GHz 44GHz 95GHz  Coverage
4 G118.6172-01.3312 00:15:27.83  +61:14:18.9 2.8 4900 —39.20 Y (11) n n

7 G120.1483+03.3745 00:23:57.04  +66:05:51.5 5.6 21000 —68.90 v n n

11 G121.3479-03.3705 00:38:59.37  +59:27:48.2 3.0 1100 —41.90 n n n

12 G122.4459-00.7815 00:47:17.05  +62:05:09.3 3.1 1600 —42.80 n° n n

14 G123.2836+03.0307 00:54:52.79  +65:53:57.4 4.9 4300 —62.10 n n n

15 G123.8059-01.7805 00:58:39.99  +61:04:43.0 2.1 2400 —31.90 n n n

16 G124.0144-00.0267 01:00:55.41  +62:49:30.4 3.1 1800 —43.40 n n n

18" G125.6045+02.1038B  01:16:36.21  +64:50:38.4 4.1 8400 —53.70 v @) n n

20 G125.7795+01.7285 01:17:53.03  +64:27:143 52 5400 —64.50 n n n

23 G126.7144-00.8220 01:23:33.17  +61:48:48.2 0.7 2600 —~13.90 n n n

Notes.

 For multiple RMS sources within a 20” radius, the superscripts Y, H, D, and E indicate the type of nearby sources such as YSO, H Il region, diffuse H II region, and
evolved stars, respectively. The dagger represents the single source that is finally classified as an H II region, whose type was YSO at the observation time.

® The systemic velocity from the RMS archives.

€ Y: New detection; y: detection; n: nondetection.

4 Detected in this survey, but not detected in Urquhart et al. (2011).

¢ Detected in Urquhart et al. (2011), but not detected in this survey.

T Maser emission was detected with the first sidelobe.

€ Adopted distance from the nearby known YSO, VV Mon (Testi et al. 1998).

h Maser emission was detected not only with the main beam, but also with the first sidelobe at different velocities.
References. (1) Han et al. (1995), (2) Val’tts et al. (1995), (3) Han et al. (1998), (4) Valdettaro et al. (2001), (5) Kurtz et al. (2004), (6) Sunada et al. (2007), (7) Val’tts
& Larionov (2007), (8) Urquhart et al. (2009), (9) Breen & Ellingsen (2011), (10) Chen et al. (2011), (11) Urquhart et al. (2011), (12) Bayandina et al. (2012), (13)

Chen et al. (2012), (14) Titmarsh et al. (2014).

(This table is available in its entirety in machine-readable form.)

In this study, we perform simultaneous 22 GHz H,O and 44 and
95 GHz class I CH;OH maser surveys toward high-mass proto-
stellar objects (HMPOs) using single-dish telescopes. Our aim is to
find new maser sources and to investigate the relationship between
the different maser species and between the maser activity and the
properties of the central objects and the natal clumps. In Section 2
we describe the source selection and the observations. In Section 3
we present the results of the survey. A discussion of the analyses is
given in Section 4, followed by a summary in Section 5.

2. Source Selection and Observations
2.1. Source Selection

Lumsden et al. (2002) identified about 2000 candidates for
young massive stars with 21 ym flux densities of >2.5Jy and
infrared colors consistent with known massive YSOs, using the
color—color plots of the Midcourse Space Experiment (MSX) and
Two Micron All Sky Survey data (see also Lumsden et al. 2013).
They carried out follow-up observations and incorporated the
complementary data from other surveys to distinguish between
HMPOs and ultracompact HII regions (UCHIIs; e.g., Urquhart
et al. 2014a). From this so-called Red MSX Source (RMS)
catalog,” we selected 299 HMPO candidates at the beginning of
this study in 2011 with two criteria: bolometric luminosities of
>10° L., and declinations of >—30°. These sources are very
likely accreting actively and so have not yet developed detectable
UCHIs. As of 2018 February, however, the online catalog
contains 353 HMPOs satisfying the criteria. Fifty-eight sources
have been added because they were reclassified as HMPOs with
new data, while four sources were reclassified as UCHII regions

3 http:/ /rms.leeds.ac.uk /cgi-bin/public/RMS_DATABASE.cgi

and are therefore now excluded. Table 1 lists their information as
extracted from the RMS catalog, including their RMS ID, MSX
name, equatorial coordinates, source type, distance, bolometric
luminosity, and systemic velocity. The four UCH IIs are marked by
daggers in the table.

2.2. Observations

We surveyed the 299 RMS sources in three maser
transitions: H>O 6;6-5,3 (22.235080 GHz, Lovas 2004),
CH;0H 7,6, A" (44.069430 GHz, Pickett et al. 1998), and
80—71 A" (95.169463 GHz, Miiller et al. 2004). The observa-
tions were undertaken using the Korean VLBI Network (KVN)
21 m telescopes from 2011 April to 2014 May. The telescopes
were equipped with multifrequency receiving systems, which
made it possible to observe in the 22, 43, 86, and 129 GHz
bands simultaneously (Han et al. 2008). The first-epoch
observations were made only at 22 and 44 GHz in 2011
because the 86 and 129 GHz receivers were not installed then,
while the second-epoch observations were conducted at 22, 44,
and 95GHz in 2012. Supplementary observations were
performed toward 15 sources in 2013 April and May and
2015 May to confirm their detections. We observed dual
polarization both at 22 and 44 GHz in the first epoch, and
single polarization at 22 and 44 GHz and dual polarization at
95GHz in the second epoch. The backend was a digital
spectrometer that provided 4096 channels and 64 MHz
bandwidth for each stream. The velocity coverage and the
spectral resolution for each transition are summarized in
Table 2. The central velocity of each source was taken from
the rms catalog (see also Table 1).

The FWHMs of the telescopes were about 130" at 22 GHz,
65" at 44 GHz, and 32" at 95 GHz. The telescope pointing and
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Table 2
Summary of Observations
Maser Frequency FWHM Velocity Resolution Velocity Coverage Tys fe
Telescope Transition (GHz) @) Ma (kms™h) (kms™h (K) Jy K™
KVN 21 m H,0 616523 22.235080 120 0.6 0.105 431 60-200 13.3
CH;O0H 7,-6,A" 44.069430 62 0.6 0.053 218 120-350 13.3
CH;O0H 8,-7,A" 95.169463 32 0.5 0.025 101 160470 16.0
HCO" J =1-0 89.188523 32 0.4° 0.026 108 170-200
TRAO 14 m BcoJ=1-0 110.201353 48 0.5° 0.703 300 600-700
Notes.
4 The conversion factor from T’; to flux density.
® The main-beam efficiency.
focus were checked every ~2 hr by observing strong SiO
maser sources at 43 or 86 GHz. The pointing accuracy was Table3
better than 5”. Each spectrum was obtained in position- Summary of Detections
P p
switching mode, usually with an offset of +2 minutes in the R. Maser Epoch Number Detection Rate (%)
A. The total (QN—i—QFF) integration time was 30 minutes for 22 GHz 2011 126 0
each source, which yielded typical 1o noise levels of about 0.6, 2012 112 37
0.7, and 0.8 Jy at about 0.2 km s~ ! resolution after smoothing Subtotal 135 45
for 22, 44, and 95 GHz, respectively. The data were calibrated
with the standard chopper wheel method to provide the line 44 GHz 2011 76 2
: : * : . 2012 81 27
intensity on the 7T scale, which weas converted into flux Subtotal 93 28
density using the conversion factors in Table 2. The KVN
telescopes are of shaped Cassegraign type and hence have quite 95 GHz 2012 68 23
high first-sidelobe levels of ~14 dB (4%) at ~1.5 times Any Both 151 51

FWHM away from the pointing center (Kim et al. 2011; Lee
et al. 2011). We thus mapped each detected source at the same
frequency to investigate contamination from nearby bright
maser sources. The mapping area was 1.5 FWHM x 1.5
FWHM around a source with half-beam spacing at each
frequency. The typical rms noise level was 5Jy at 0.2kms ',
Seven and four sources were detected with the first sidelobe at
22 and 44 GHz, respectively (see Table 1). They were not
counted as detected sources, except for RMS 3308 and 3555,
for which maser emission was detected not only with the
sidelobe, but also with the main beam at different velocities.
We also surveyed 10 sources in our sample in the
PCOJ=1-0 and HCO" J = 1-0 lines in 2013 June. The
13CO line observations were conducted with the Taeduk Radio
Astronomy Observatory (TRAO) 14 m telescope, while the
HCO™ line observations were made with the KVN telescope at
the Tamna station. The observed sources were H,O maser sources
with maser features largely offset from the systemic velocities (see
Section 3.3.1). These observations aimed to search for dense
molecular cores associated with these features. The TRAO
telescope was equipped with the 15-beam receiver, QUARRY
(QUabbin ARRaY; Erickson et al. 1992). The backends were
autocorrelators, each of which had 427 channels and a bandwidth
of 100 MHz. We used the position-switching mode. Table 2
summarizes the observational details. All the spectral data were
reduced and analyzed with the GILDAS/CLASS package.

3. Result
3.1. Detection Statistics

Our search toward the 299 RMS sources resulted in the
detection of 151 (51%) sources at least in one of the three
maser transitions. Table 1 presents the detection summary:
detection (y), nondetection (n), and new detection (Y). All the
detected maser lines were limited to signals stronger than the

Figure 1. Venn diagram showing the numbers of detected 22 GHz H,O and 44
and 95 GHz class I CH3;0H maser sources in each epoch. The numbers in red
and black represent the first and second epochs, respectively. Note that the
95 GHz CH30H maser was not observed in the first epoch. The numbers in
blue are for a subsample of 38 sources with 6.7 GHz class II CH;OH masers
(see Section 3.1 for details).

30 rms noise levels, which were typically 1.8, 2.1, and 2.4 Jy
for 22, 44, and 95 GHz, respectively. Table 3 lists the numbers
of observed and detected sources and the corresponding
detection rates for each transition and epoch (see also
Figure 1). We detected 22, 44, and 95 GHz maser emission
in 135 (45%), 83 (28%), and 68 (23%) sources, respectively.
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Figure 2. (Upper panel) Detected 22 GHz H,0, (middle panel) 44 GHz CH;0H, and (lower panel) 95 GHz CH;0H maser spectra of the sources detected in all three
transitions. Red and black represent the first and second epochs, respectively. The source name is given in the top left corner of the upper panel, and “M” is attached
for the source associated with 6.7 GHz CH3;0H maser emission (see Section 3.1). The observing dates are shown in the top right corner. The vertical dotted line
indicates the systemic velocity, which was mostly determined from the NHj line observations (Table 1). All the sources are available in the Figure Set.

(The complete figure set (59 images) is available.)

The detection rates (42% and 37%) of H,O maser emission are
slightly different in the first and second epochs, although the
difference is not statistically significant, while those (25% and
27%) of 44 GHz CH3;0H maser emission are practically the
same. All detected maser spectra are shown in Figures 2-6:
sources detected in all three masers in Figure 2, sources
detected in 22 and 44 GHz masers in Figure 3, sources detected
in 44 and 95 GHz masers in Figure 4, sources detected only in
22 GHz maser in Figure 5, and sources detected only in 44 GHz
maser in Figure 6.

There are several maser surveys of HMPO candidates with
various sensitivities. Sridharan et al. (2002) detected 22 GHz
H,O maser emission toward 42% of 69 HMPOs at an rms
noise level of ~0.4 Jy. Urquhart et al. (2011) searched for H,O
maser emission toward 597 RMS sources with a detection rate
of ~52% for 275 HMPOs. The survey had a mean rms noise
level of ~0.12Jy at a velocity resolution of ~0.33kms™'. If
the sensitivity had been similar to ours, ~0.6 Jy, neglecting the
difference in the velocity resolution, the detection rate would
have been 42%. Fontani et al. (2010) surveyed 88 HMPOs in
the 44 GHz CH3;0H maser with a sensitivity twice better than
ours and obtained a detection rate of 31%. Gan et al. (2013)

detected 95 GHz maser emission in 22% (62) of 288 outflow
sources. Val’tts & Larionov (2007) also found that 24% of the
outflow sources are associated with class I CH;OH maser
sources, including 36, 44, and 95 GHz masers, within 2’. Thus
the detection rates of the three masers in this study seem to be
comparable to those of the previous surveys. On the other hand,
Chen et al. (2011, 2013) detected 95 GHz maser emission
toward 55% of 192 and 71% of 52 extended green objects
(EGOs), respectively, at a detection limit (1.6 Jy) comparable
with ours. Because EGOs are known to trace shocked gas in
high-mass protostellar outflows, which are closely associated
with class I CH;OH masers, the high detection rates may be
due to selection effects.

One hundred seventy sources in our sample are distributed in
the Methanol Multibeam (MMB) survey area of 6.7 GHz
class I CH30H maser with the Parkes 64 m telescope (Green
et al. 2010, 2012; Breen et al. 2015). Of these, 54 (32%), 51
(30%), and 45 (26%) sources are associated with 22, 44, and
95 GHz masers, respectively. We found that 38 of the 170
sources correspond to 6.7 GHz maser sources. Here we used a
matching radius of 2”, because the 6.7 GHz CH3;OH maser
spots are spread typically within 2” (Caswell 2009) and the
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Figure 3. Same as in Figure 2, except for the source detected both at (upper panel) 22 GHz and (lower panel) 44 GHz.

astrometric accuracy of RMS sources is better than about 2”
(Lumsden et al. 2013). Of the 38 sources, 16 (42%), 14 (37%),
and 11 (29%) are related to 22, 44, and 95 GHz masers,
respectively. For comparison, Kang et al. (2015) searched 22,
44, and 95 GHz masers toward seventy-seven 6.7 GHz maser
sources at detection limits similar to those of this survey using
the same telescopes, and achieved detection rates of 51%, 32%,
and 25% for 22, 44, and 95 GHz masers, respectively.
Szymczak et al. (2005) surveyed only H,O maser emission
toward seventy-nine 6.7 GHz maser sources at a comparable
detection limit of ~1.5 Jy with the Effelsberg 100 m telescope
(FWHM = 40"). The detection rate was 52%. Titmarsh et al.
(2014, 2016) conducted interferometric observations (synthe-
sized beam size ~10”) of H,O maser emission toward 323
6.7 GHz maser sources found in the MMB survey with
detection limits of ~0.2Jy at 0.5km s~! resolution, and
obtained a detection rate of 48%. Despite the far higher
sensitivity, this detection rate is similar to those of the single-
dish surveys, which may in part be due to their much smaller
matching radius of 3”.

3.2. New Detections

We compared our results with the previous surveys of H,O
and class I CH;OH masers to identify newly detected sources.
In this comparison we used a search radius of a HWHM at each
frequency. For 22 GHz H,0 masers, we examined the catalogs

of Han et al. (1995, 1998), Valdettaro et al. (2001), Sunada
et al. (2007), Urquhart et al. (2009, 2011), Breen & Ellingsen
(2011), and Titmarsh et al. (2014). In particular, Urquhart et al.
(2011) observed ~600 RMS sources using the Green Bank
Telescope (GBT) in 2009 and 2010 and detected 308 sources
(~50%). Their sample contains 257 sources in common with
our sample, 145 (56%) of which were detected. There are 110
common detections with this survey. Fifteen and thirty-five
sources were detected only in this survey and Urquhart et al.
(2011), respectively (see Table 1). We identified 15, 53, and 51
new maser sources at 22, 44, and 95 GHz, respectively. All of
the new 22 GHz maser sources have been observed but not
detected by Urquhart et al. (2009; 2) and Urquhart et al. (2011;
13) with better sensitivities of 0.1 and 0.25]Jy (lo),
respectively. Thus these non-detections were very likely to be
due to significant variability in flux density. Two of the new
95 GHz maser sources have previously been searched for
emission in this transition. RMS 2996 was observed by
Ellingsen (2005) at a detection limit of 4.2Jy (30) using the
Mopra 22 m telescope. Considering the measured peak flux
density of 7.9 Jy, their nondetection could be caused by flux
variability. RMS 3314 was observed by Chen et al. (2011) at a
detection limit of 1.7 Jy (30) using the same telescope, which
has an FWHM of 36”. The observed position was about 40”
away from RMS 3314. Since the measured flux density is
3.4 Jy, their nondetection might be due to the large positional
offset.
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Figure 4. Same as in Figure 2, except for the source detected both at (upper panel) 44 GHz and (lower panel) 95 GHz.

3.3. Maser Properties

We determined the line parameters of the observed maser
spectra, including the peak velocity, the peak flux density, the
integrated flux density, and the minimum and maximum values
of the velocity range over which the maser lines are distributed.
Table 4 summarizes the measurements. Table 5 presents the
mean, median, minimum, and maximum values of the peak
flux density (Sp), the relative peak velocity with respect to the
systemic velocity (Vy), and the velocity range (Viange) of 22,
44, and 95 GHz masers for the detected sources. The mean and
median values of 44 and 95 GHz CH3;OH masers are very
similar for all the three parameters, while they are much lower
than those of the 22 GHz H,O masers (see also Figure 7).

The isotropic luminosity of maser emission can be estimated
from the integrated flux density using the following equations:

Syrdv 2
Ly =230 x 108 L, JS=dv )(D. , )
Jy kms~! )\ kpc
Sasdv 2
Las = 460 x 108 L, JSudv )( D : ©)
Jy kms~' )\ kpc
Sosdv 2
Los = 9.92 x 108 L., Sy \( D , 3)
Jy kms=! )\ kpc

Seadv 2
Le7 =695 x 10 L, JSsadv }( D , @
Jy kms~' J\ kpc

where D is the distance to the source. We adopted the distances
from Urquhart et al. (2014a), who gathered well-determined
distances from the literature or derived kinematic distances
using available molecular and HT line data for the individual
sources. The integrated flux densities given by Breen et al.
(2015) were used for 6.7 GHz CH;0H masers. The derived
isotropic maser luminosities are listed in Column 11 of Table 4.

3.3.1. H,O Maser

We detected 22 GHz H,O maser emission toward 135
sources in our sample: 126 in the first epoch and 112 in the
second epoch. The median of the peak flux densities is 15.5 Jy,
with minimum and maximum values of 0.8 and 4552y,
respectively. The vast majority (78%) of the detected sources
have velocity ranges smaller than 20kms~'. RMS 3555
exhibits the largest velocity range, 230 kms™'. Twenty-seven
sources (19%) have one or more high-velocity features, which
are defined to be offset from the systemic velocity by more than
30kms ' as in Breen et al. (2010a). These high-velocity
sources fall into three categories: 18 with only blueshifted
features, 3 with both blue- and redshifted ones, and 6 with only
redshifted ones. For comparison, Breen et al. (2010a) detected



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 236:31 (20pp), 2018 June

Kim, Kim, & Park

aF ; ; ; 1 ; ; ;
20110326 20110324 20110411
4 o 7 20120212
oL ]
. 4
2
2 ] ]
I
ﬂJI‘w »H i 1 ‘\‘\\!
m\w} O AR
0 il f bl I
: AT R
‘ ! ‘\ ‘ i
-2k ‘ ‘ ‘ 4 2l . ‘ ‘ ‘
—60 —40 -20 0 ~100 —60 —40
. gooo "20110322 ] zof 4é 20110327 o 4§ 20110322 ]
— 5000 20120212 3 b 20121012 E 20120214
=
~ 4000 E
>
= 3000 E
2
g 2000 E
S 1000 E
o]
=} 0
—
= —1000 £
-60 —40 —20 0
l0F ‘ ‘ ‘ - 15F ‘ - . ‘ ‘ ‘ ‘
53 20110323 | 58 20110323 61 20110322

20120521 4

20120214

-60

—40 -20 0 -60 -40

LSR velocity (km s1)

Figure 5. Same as in Figure 2, except for the source detected only at 22 GHz.
(The complete figure set (67 images) is available.)

high-velocity features toward 33% (77) of 223 detected H,O
maser sources in their sample. This higher detection rate might
be due to their sensitivity, which is nearly six times better than
ours. The median value of Vi, is slightly blueshifted,
—0.9 km sfl, for all the 135 sources.

Caswell & Phillips (2008) reported four so-called dominant
blueshifted H,O maser sources, which show blueshifted high-
velocity maser features with no or very weak features around
the systemic velocities, and suggested that the features can be
generated by pole-on jets. We found 9 blue and 2 red dominant
H,O maser source candidates. To examine whether the shifted
maser feature candidates are associated with other YSOs in the
same lines of sight, we observed 10 of them in the
3CO J = 1-0 line and found that 3 of them have weak '*CO

lines around the candidate features. For the remaining source
(RMS 3936), no '*COJ=2-1 line emission near the
candidate feature was confirmed using the JCMT archive. We
observed the 3 candidates in the HCO™ J = 1-0 line, which is
known to be a good tracer of massive star-forming cores
(Purcell et al. 2006), and detected the line emission toward 2 of
them (RMS 2716, 3360). Thus these 2 appear to originate from
YSOs other than the target source that happen to lie along a
nearby line of sight, although we cannot exclude the possibility

that they are related to high-velocity outflows from targets. The
remaining 9 are very likely to be dominant shifted H,O maser
sources. Table 6 summarizes the survey results, and Figure 8
shows the detected molecular spectra together with the 22 and
44 GHz maser spectra. Urquhart et al. (2011) also observed 8 of
the 9 candidates and detected H,O maser emission in 7 sources.
However, only 2 (RMS 2547, 2584) of them showed dominant
blueshifted features with similar velocity offsets. The others
(RMS 3158, 3587, 3766, 3911, and 3936) showed maser
emission only around the systemic velocities, except for
RMS 3911, which showed high-velocity features as well. Most
of these sources are discussed in more detail in Section 3.4.

3.3.2. Class I CH3;0H Maser

We detected 44 and 95 GHz class I CH;0OH maser emission
toward 83 and 68 sources, respectively, in the two epochs. It
should be noted that 95 GHz maser emission was detected only
in 44 GHz maser sources (Figure 1). The peak flux densities
range from 1.1 to 253 Jy at 44 GHz and between 1.1 and 147 Jy
at 95 GHz. The peak velocities are always very close to the
systemic velocities within +5 km s ! (Figure 9). The medians
of the relative peak velocities are between —0.1 and 0.1 km s~
for both masers (Table 5). The measured velocity ranges



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 236:31 (20pp), 2018 June

Kim, Kim, & Park

2760

20110412

N _
=
SN -
=y
72}
=
5}
o
o]
4 6 ' 20110413
i 3746
3F 20130422
2
1
0}
-1
-2 . . . . - . .
40 60 80 100 60 80 100 120
. -1
LSR Velocity (kms )
Figure 6. Same as in Figure 2, except for the source detected only at 44 GHz.
Table 4
Detected Maser Line Parameters
RMS EpOCh Vp Sp fSu dv Vnin Vinax Vrange Linaser
D Maser (yyyy mm dd) Station® (kms™h AJy) (Jykms™h (kms™h (kms™h (kms™ " (Ls) Notes®
4 22 2011 Mar 26 YS —43.00 6.4 4.7 —43.42 —42.58 0.84 8.55E-07
7 22 2011 Mar 24 YS —83.03 3.6 1.7 —83.24 —82.82 0.42 1.26E-06
2012 Feb 12 YS —81.56 5.1 3.0 —81.56 —81.13 0.42 2.18E-06
18 22 2011 Apr 11 Us —52.96 4.1 2.9 —53.17 —52.54 0.63 1.12E-06
35 22 2011 Mar 22 YS —39.04 1221.6 4519.8 —56.10 —24.71 31.39 4.19E-04
2012 May 21 YS —42.62 841.7 4096.1 —62.21 —25.56 36.66 3.80E-04
44 2011 Mar 22 YS —42.55 1.2 1.0 —42.55 —42.55 0.21 1.92E-07
2012 May 21 YS —42.55 22 52 —43.62 —40.64 2.98 9.50E-07
95 2012 May 21 YS —43.24 3.0 6.0 —43.63 —41.27 2.36 2.39E-06
37 22 2011 Mar 22 YS —39.02 34322 12782.0 —56.29 —24.48 31.81 1.19E-03
2012 Feb 12 YS —42.39 4552.1 14832.7 —54.82 —25.11 29.70 1.38E-03
Notes.

2YS, US, and TN are the KVN Yonsei, Ulsan, and Tamna stations, respectively. MMB is the MMB survey of 6.7 GHz class II CH;0H masers.
*p: H,O maser with a dominant shifted feature at that epoch, H: presence of H,O maser emission with a high-velocity (>30 km s~ ") component.

(This table is available in its entirety in machine-readable form.)

limited by 30 noise levels are 0.2-15.5kms ™" at 44 GHz and
0.2-13.4kms™" at 95 GHz. The median values are 2.3 and
2.4kms~' for 44 and 95 GHz masers, respectively. With the
same criterion (FWHM = 1 kms™ ') as in Ellingsen (2005), we
found by Gaussian fitting to the spectrum that the broad
emission features appear in 48% and 56% of detected 44 and
95 GHz maser sources. Such features have been reported by
previous surveys of class I CH;OH masers (e.g., Ellingsen
2005; Chen et al. 2011). They might include quasi-thermal
emission, which means maser emission that is blended with the
thermal component.

Figure 9 compares 44 GHz transition with 95 GHz transition
in the relative peak velocity, the peak flux density, and the
isotropic maser luminosity. There appear to be strong
correlations between the two transitions. The least-squares

fitting results are as follows:

Vie.os = (0.98 £ 0.05) (Ver.44) — (0.01 £ 0.10) (p = 0.73),

&)
log(Sp,95) = (098 + 006) IOg(Sp,44)
—(0.12 + 0.07) (p = 0.91), (6)
log(LQS) = (096 + 005) log(L44)
— (0.09 + 0.26)(p = 0.90). (7

Four sources (RMS 2445, 3963, 3982, and 3998) show
differences of >1kms~! between Vielaa and Vi os. They all
have two or more velocity components and /or broad emission
features. Thus the peak velocity measurements could be
affected by the combination of the positional offsets from the



Table 5
Statistics of Maser Line Parameters

Sp dy) Vet (kms™) Viange (km's™")
Maser Number Mean Median Min Max Mean Median Min Max Mean Median Min Max
1st Epoch
22 126 156.6 + 525.5 13.5 0.8 3540.6 —3.73 + 18.63 —0.93 —94.33 78.47 17.37 + 24.21 12.01 0.21 188.13
44 76 24.9 + 46.0 9.1 1.2 252.5 0.02 £ 1.05 —0.05 —2.39 3.59 2.92 + 2.60 2.34 0.21 15.52
2nd Epoch
22 112 144.4 + 563.6 17.2 1.2 4552.1 —2.69 + 20.05 —0.11 —-92.86 79.11 19.70 + 32.59 9.69 0.21 230.68
44 81 21.5 £ 41.6 6.7 1.1 236.5 0.05 £+ 1.06 —0.05 —2.39 3.56 2.54 +2.41 2.13 0.21 11.27
95 68 16.2 +£ 25.0 6.7 1.1 146.9 0.09 + 1.08 —0.02 —2.39 391 2.96 + 2.31 2.36 0.20 13.39
Either Epoch
22 135 150.9 + 542.6 15.5 0.8 4552.1 —3.24 +19.28 —0.89 —94.33 79.11 18.46 + 28.42 9.90 0.21 230.68
44 83 23.1 +£43.7 7.0 1.1 252.5 0.03 £+ 1.05 —0.05 —2.39 3.59 2.72 + 2.50 2.34 0.21 15.52
95 68 16.2 + 25.0 6.7 1.1 146.9 0.09 + 1.08 —0.02 —2.39 391 2.96 + 2.31 2.36 0.20 13.39

MMB Survey Area

2nd Epoch
22 54 130.3 + 506.1 15.8 2.6 3623.0 —7.52 £ 19.65 —1.70 —92.86 7.90 25.47 + 42.98 10.95 0.21 230.68
44 51 13.1 £+ 16.5 6.4 1.9 80.3 0.13 £+ 1.00 0.03 —2.39 2.87 2.73 +2.26 2.34 0.21 11.27
95 45 12.3 + 14.7 6.4 1.1 64.8 0.04 + 1.02 0.03 —2.39 2.94 2.80 + 2.06 2.56 0.20 7.88
6.7 38 48.7 +90.2 18.6 0.9 517.3 —0.40 £+ 4.70 —0.90 —12.00 7.70 7.80 + 4.72 6.80 0.90 17.00

Note. Upper: maser sources for KVN observations. Lower: maser sources from combining the current work with 6.7 GHz in a region covered with the MMB survey.
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Table 6
Dominant Shifted H,O Maser Source Candidates

HCoO**
J=1-0

13COu
J=1-0

RMS
ID

145

2547
2584
2716
3158
3360
3587
3766
3911
3936
3958

Note®

S5 D p<Y<w< D DB
< =
TATWHWWZWZWH A

=

Notes.

 The molecular line emission associated with the dominant blue- or redshifted
H,0 maser feature candidates.

b B: dominant blueshifted, R: dominant redshifted, N: no dominant maser
emission.

€ The '*CO J = 2-1 line data from the JCMT archives.

pointing center and the different beam sizes at 44 and 95 GHz.
If the four are excluded, the correlation between V44 and
Viel.05 becomes stronger, with a correlation coefficient of 0.96.
Val’tts et al. (2000) and Jordan et al. (2015) estimated the peak
flux density ratio of 44 and 95 GHz transitions (S, o5 / Spa4) tO
be 0.31-0.32, while Kang et al. (2015) recently derived a ratio
of about 0.71 % 0.08. Our best-fit result in a linear scale plot
is Spos = (0.56 £ 0.08) x Sp44 + (2.16 £ 0.91) (p = 0.89)
(Figure 10), and this is consistent with the estimate of Kang
et al. (2015). It is worth noting that the former two studies
established data sets using different telescopes in epochs
separated by several years, while this study and Kang et al.
(2015) used the data sets simultaneously taken from the same
telescopes at the same velocity resolution. We also found a
strong correlation between Ly4 and Los. However, there is no
correlation in the isotropic maser luminosity between 44 GHz
masers and 22 GHz H,O or 6.7 GHz class II CH;OH masers.

We compared the first-epoch with the second-epoch
spectrum for each of seventy-four 44 GHz CH3;OH maser

10

sources that were detected in both epochs. Using a simple
equation of S}, 5nq/Sp, 1t Variability in the peak flux density was
quantitatively examined for each source. The values range
between 0.35 and 2.1 with a mean of 0.92 £ 0.28. We also
compared the peak velocities of the first- and second-epoch
spectra and found that the differences range from —0.85 to
0.64kms ' with a mean of 0.03 & 0.18 kms™~'. There is a
trend that weaker sources are more variable in the peak flux
density. If we focus on bright sources, i.e., 30 sources with
signal-to-noise ratios > 10, the variations significantly decrease
both in the peak flux and velocity: 0.53 to 1.24 with a mean of
091 + 0.17 and —0.02 to 0.42kms ' with a mean of
0.03 + 0.09. The first- and second-epoch spectra show very
similar line profiles for almost all sources.

3.3.3. Class 1l CH;0H Maser

As mentioned in Section 3.1, 38 of the 170 sources in the
MMB survey area are associated with 6.7 GHz class 11 CH;0H
maser emission. Green et al. (2010, 2012) and Breen et al.
(2015) measured the line parameters of the 6.7 GHz maser
spectra. The peak flux densities range from 0.9 to 517 Jy.
Table 5 presents the mean, median, minimum, and maximum
values of S,, Vi, and Ve of four maser species for the
maser-detected sources in the MMB survey area. The median
value of S, of 6.7 GHz masers is comparable to that of 22 GHz
masers, while the two are (2-3) times larger than those of 44
and 95 GHz masers. The median values of Vi and Viunee for
6.7 GHz masers are in the middle of the values of 22 and 44 (or
95) GHz masers. These trends are well displayed in Figure 7.
We could not find any correlation in the isotropic maser
luminosity between 6.7 GHz masers and the other maser
species.

3.4. Comments on Individual Sources of Interest

RMS 121. Strong H,O maser emissions were detected in the
first and second epochs, with peak flux densities of 53 and 25 Jy,
respectively. During the observing period of two years, the peak
velocity changed from redshifted (7.2kms ') to blueshifted
(=3.1kms™ ) relative to the systemic velocity (3.1 km s7h.
While there is a considerable variation in the H,O maser line, the
44 GHz CH3;0H maser lines are invariable in peak flux density
and peak velocity.
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Figure 8. (Upper panel) Detected 22 GHz H,O (black) and 44 GHz CH;0H (blue) maser spectra and (lower panel) 13CO J = 1-0 (black) and HCO™ J = 1-0 (red)
line spectra of dominant shifted H,O maser outflow source candidates (‘**COJ = 2—1 line spectrum only for RMS 3936). For each source, the source name is
presented in the top left corner of the upper panel, and the systemic velocity is indicated by a vertical dotted line.

RMS 145. As noted in Section 3.3.1, this new H,O maser
source can be classified as a dominant redshifted source
(Table 6; Figure 8). A high-velocity feature appears at
125kms™' without any feature near the systemic velocity,
46.6kms~". Both °CO (1-0) and HCO™ (1-0) lines were
detected only around the systemic velocity. The peak flux
density remained practically constant, ~8 Jy, between the two
epochs. Neither 44 GHz nor 95 GHz CH;0H maser emission
was detected toward this object.

RMS 2490. This is located in the W33A massive star-
forming region. H,O maser lines were detected near the
systemic velocity of 35.8kms ' in both epochs. Their peak
flux density increased from 11.4 Jy in the first epoch to 15.6 Jy
in the second epoch. A high-velocity maser feature was also

11

detected at —7.9kms ' in the second epoch. The peak flux
was 15.8 Jy. Urquhart et al. (2011) detected only maser features
around the systemic velocity.

RMS 2547. This is a dominant blueshifted H,O maser
source (Table 6; Figure 8). High-velocity features were
detected at —70.9 and —65.5kms ' in the first and second
epochs, respectively, with no emission around the systemic
velocity of 20.9kms™'. Urquhart et al. (2011) also detected
this source in 2009-2010. The peak flux density rapidly
increased from 13.5 Jy in 2009-2010 to 128 Jy in 2011 April
and 945 Jy in 2012 June, while the velocity range remained
very similar over the three epochs. Weak 44 GHz CH;0H
maser emission was detected near the systemic velocity in
both epochs.
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Figure 10. Same as in Figure 9(b), but in linear scale.

RMS 2584. This source showed strong dominant blueshifted
H,0 maser features in both epochs (Table 6; Figure 8).
Urquhart et al. (2011) also detected them. The peak flux density
rapidly faded out from 165 Jy in 2009-2010 to 75 Jy in 2011
March and 5 Jy in 2012 June, while the velocity range appeared
similar in three epochs.

RMS 3236. Two weak 44 GHz CH3;0H maser features were
detected toward this source. One is at the systemic velocity,
while the other is offset by —29kms™'. From the Galactic
Ring Survey (GRS) 13CO J = 1-0 line data archive (Jackson
et al. 2006), we examined whether there are 13CO lines
associated with both maser features. We found that the latter
feature in the offset is related to another YSO in the same line
of sight.

RMS 3546. This source was observed in both epochs with
the same OFF position, i.e., +1™ offset in R.A., (19:24:26.61,
14:40:16.9). An absorption feature was detected at ~57 kms ™'
only in the second epoch (Figure 5). It can be explained by the
appearance of H,O maser source, which did not appear in the
first epoch, at the OFF position in the second epoch. This
source is located in the active star-forming complex W5I1.
Kang et al. (2009) identified 737 YSO candidates from Spitzer
data, and several of them lie within 60” of the OFF position,
including No. 608, which is 15” away. One of them might emit
H,0 maser emission in the second epoch, although there is no
previous report of the maser detection toward the position.
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RMS 3555. This source is located within G49.5-0.4 in the
W51 A complex. The H,O maser emission toward this is the
broadest (188 and 230kms™') in the velocity range at each
epoch. The peak flux density was about 3600 Jy at 57.0km s ™"
in the second epoch. The emission of CH;OH maser was
detected near the systemic velocity (60.1kms™") at 44 and
95 GHz. Interestingly, weak 44 GHz maser emission was also
detected at 50kms ™' far from the systemic velocity in both
epochs. The grid mapping result suggests that this emission
may result from W51 IRS 1 in a sidelobe.

RMS 3587. In the first epoch, H;O maser emission showed
dominant blueshifted features (Table 6; Figure 8). High-
velocity features were detected around —44kms~' in both
epochs, although the peak flux density decreased from 4.2 Jy in
2011 March to 2.2Jy in 2012 May by a factor of 2. The
H,0 maser emission near the systemic velocity (16.1 km s h
emerged in the second epoch with a peak flux of 6.7Jy.
Urquhart et al. (2011) detected multiple features only near the
systemic velocity.

RMS 3735. The emission of CH3;0H maser was marginally
detected only at 44 GHz in the second epoch, with a peak flux
density of 1.4Jy near the systemic velocity. As for the H,O
maser, a single velocity component was detected in both
epochs, and the peak flux density increased by a factor of 6 in a
period of two years: from 5Jy in 2011 April to 30 Jy in 2013
April. There is no significant change in velocity position of the
peak flux density.

RMS 3749. The emission of H,O maser was detected in both
epochs. The peak flux density varied from 73 Jy in 2011 April
to 266 Jy in 2012 October. The velocity of the peak flux density
also moved from blueshifted (1.7kms™") to redshifted
(15.6kms ') relative to the systemic velocity (7.9kms™').
Urquhart et al. (2011) detected a peak flux density of 175 Jy at
—2.4kms™ "

RMS 3766. A dominant blueshifted H,O maser feature with
a peak flux of 5.0 Jy was detected at —25.7kms ™" in the first
epoch (Table 6; Figure 8), while a 1.2Jy feature solely
appeared around the systemic velocity of 5.6kms~' in the
second epoch. In both epochs, 44 GHz CH3OH maser emission
(~2 Jy) was detected near the systemic velocity.

RMS 3846. In both epochs, 44 GHz CH3OH maser spectra
mainly consisted of two strong features of about 25 Jy at —5.2
and —3.1kms~'. These lines appeared to have a symmetrical
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Figure 11. Comparison of the isotropic maser luminosity with the bolometric luminosity for (a) the 22 GHz, (b) 44 GHz, (c) 95 GHz, and (d) 6.7 GHz maser sources.
The 22, 44, and 95 GHz data are from the second-epoch survey of this study, while the 6.7 GHz data are from the MMB survey (Green et al. 2010, 2012; Breen
et al. 2015). The Pearson correlation coefficient is shown in the bottom right corner of each panel.

profile with respect to the systemic velocity (—4.4kms™'). In
contrast with the 44 GHz CH;OH maser, 95 GHz maser
spectrum showed a red-skewed profile in a similar velocity
range as the 44 GHz maser.

RMS 3911. A dominant high-velocity H,O maser feature
was detected at —75.0 and —65.8 km s~ ' in the first and second
epochs, respectively (Table 6; Figure 8). The peak flux density
decreased by a factor of 2 from 6.4 to 3.2 Jy. In comparison,
Urquhart et al. (2011) detected multiple features with a peak
flux density of 5.8Jy around the systemic velocity,
—46.6kms~ ', as well as a high-velocity feature around
~75.0kms™".

RMS 3936. Weak H,O maser features were detected between
—75 and —55kms~! in the first epoch, while a dominant
redshifted feature was detected at —10.1 kms ' with a peak
flux of 3.2 Jy in the second epoch (Table 6; Figure 8). Urquhart
et al. (2011) detected the peak flux density of ~19Jy at the
systemic velocity (—87.5kms ') and multiple high-velocity
features from —88.6 to —27.6kms '. No class I CH;OH
maser emission was detected in our survey.

RMS 3958. Dominant blueshifted H,O maser features were
detected around —96.4kms~' without any feature near the
systemic velocity (—51.2kms™ ") in the first epoch, while no
maser emission was detected in the second epoch (Table 6;
Figure 8). The peak flux density was 11.7 Jy. Urquhart et al.
(2011) detected H,O maser features only near the systemic
velocity. The 44 and 95 GHz CH;OH maser emission were
detected at the systemic velocity.

4. Analysis and Discussion
4.1. Masers and Central Objects

In Figure 11, the isotropic luminosities of four maser species
are plotted against the bolometric luminosity (L) of the
central protostar. In our sample, as marked in Table 1, 62
sources have one or two additional RMS sources within 20” of
each of them. By considering the FWHMSs of the KVN
telescopes, we integrated the bolometric luminosities of the
individual members and used the total luminosity for this
comparison. The total bolometric luminosity is less than five
times higher than the luminosity of a target source for 90% of
them. Thus this integration may not significantly affect the
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derived relationship here. The maser luminosity tends to
increase with bolometric luminosity for all maser species,
although the correlations seem to be weak. Linear least-square
fittings result in the following relations with correlation
coefficients of 0.27-0.50:

log(L) = (1.40 % 0.11) log(Leor)

— (11.00 £ 0.46) (p = 0.50), 8)
log(Las) = (1.25 % 0.10) log(Loor)

— (1031 + 0.41) (p = 0.40), )
log(Los) = (1.17 % 0.10) log(Leor)

—(9.70 £ 0.39) (p = 0.34), (10)
log(Lg7) = (1.27 £ 0.18) log(Lyo)

— (11.06 £ 0.84) (p = 0.27). (11)

The relationship between the isotropic maser luminosity and
the bolometric luminosity has been investigated in several
previous studies of H,O and CH30OH masers in SFRs. For H,O
masers, the correlation between Ly, and Ly, has been
proposed by Furuya et al. (2003) for low-mass YSOs
(Lpor ~ 0.1-10? L.), bg/ Bae et al. (2011) for intermediate-
mass YSOs (Lyo ~ 10 -10* L), and by Felli et al. (1992) for
low- to high-mass YSOs (Lo ~ 10-10°Ls). The slopes of
their fit lines are close to 1 (0.81-1.02). For comparison, we
plot our data together with H,O maser data of low- and
intermediate-mass YSOs from Furuya et al. (2003) and Bae
et al. (2011). We obtain a relation of log(L,,) = (1.07 £
0.05) x log(Lyo) — (9.21 =+ 0.20) with a much higher correla-
tion coefficient (p = 0.76), which is consistent with previous
studies (Figure 12(a)).

In the case of 44 CH;OH masers, the relation between
Lcuon and Ly, has been investigated by Kalenskii et al.
(2013) for low-mass YSOs (Lgr ~ 0.1-10° L) and Bae et al.
(2011) for intermediate-mass YSOs (Lyy ~ 10>-10° L.). We
combined our data with the data of Kalenskii et al. (2013) and
Bae et al. (2011) to widen the range of L. The best-fit line of
44 GHz data is log(L44) = (1.12 4+ 0.07) % log(Lypo) — (9.77 £+
0.27) (p =0.71) (Figure 12(b)). For the 95 GHz CH;OH
masers, Gan et al. (2013) presented a relation of log(Los)
= (0.51 £ 0.08) x log(Lyo)) — (7.77 £ 0.33) (p = 0.66) from
low to high-mass YSOs (Lyo; ~ 10'=10°L.).
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Figure 12. Comparison of the isotropic maser luminosity with the bolometric luminosity for (a) the 22 GHz and (b) 44 GHz maser sources. The data points in the low-
and intermediate-mass regime are added from the literature. In both panels, open circles and asterisks are data points of this study in the second epoch and Bae et al.
(2011), respectively. Open squares are data points from Furuya et al. (2003) in (a) and Kalenskii et al. (2013) in (b). The least-squares fitted relation is displayed by a

dashed line with the correlation coefficient in the bottom right corner in each panel.

4.2. Masers and Parental Clumps

We searched for dust clumps associated with our target
sources using the 870 ym continuum data of the APEX
Telescope Large Area Survey of the Galaxy (ATLASGAL;
Schuller et al. 2009; Contreras et al. 2013). We find that 135
sources are located in the survey area and that 116 (86%) of
them are associated with the ATLASGAL clumps within a
search radius of 30”, in which ~90% of ATLASGAL—-RMS
matches are distributed (Urquhart et al. 2014b). The maser
detection rates of the 116 sources are 35%, 36%, and 31% at
22, 44, and 95 GHz, respectively, in the second epoch. These
values are higher than the maser detection rates of the
remaining 19 sources: 26%, 26%, and 10%. Assuming that
dust emission is optically thin at 870 ;m, we derived the clump
mass in a similar way to Urquhart et al. (2014b) using the
following equation

SinlD2

_ 12
kUBI/(’IZi)Rd ( )

clump —

Here S;, is the integrated flux density, D is the distance to the
source, k, is the mass absorption coefficient per unit mass of
dust, B,(T) is the Planck function, 7y is the dust temperature,
and Ry is the dust-to-gas mass ratio. We take Sj,, from the
ATLASGAL catalog and adopt k, = 1.85cm* g~ !, Ty = 20K,
and Ry = 0.01 as in Urquhart et al. (2014b). The effective radii
of the associated clumps range from 7” to 154” with a median
of 317,

Figure 13 shows the maser luminosity versus the estimated
clump mass for the detected maser sources. The maser
luminosity appears to correlate with the clump mass for all
four maser species, especially 44 and 95 GHz CH;0H masers.
Linear least-squares fittings result in the following relations
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with correlation coefficients of 0.57 to 0.77:
log(L2s) = (1.66 £ 0.25) log(Mciump)

— (10.11 £ 0.81) (p = 0.57), (13)
10g(Las) = (1.30 % 0.10) 10g(Metump)

— (9.16 £ 0.36) (p = 0.69), (14)
1og(Los) = (1.38 + 0.13) log(Mctump)

— (9.10 & 0.44) (p = 0.77), (15)
log(Le7) = (1.63 =+ 0.27) 10g(Mctump)

— (10.67 £ 0.92) (p = 0.58). (16)

Chen et al. (2012) also found a strong (p = 0.84) correlation
between Lgs and the clump mass for the Bolocam Galactic
Plane Survey (BGPS) sources. However, the slope was much
lower, 0.81. Chen et al. (2011) and Gan et al. (2013) obtained
even lower (0.5-0.6) slopes of the best linear fits between Los
and Mcyymp for the BGPS clumps associated with EGOs and
molecular outflows, respectively. In our sample, twenty
95 GHz maser sources are associated both with the ATLAS-
GAL clumps and BGPS clumps. After deriving the mass of the
BGPS clumps as in Chen et al. (2012), we examined the
M c1ump—Los relations for the two groups and find no significant
difference. The slopes of the best linear fits are 1.3 and 1.2 for
the ATLASGAL and BGPS clumps with correlation coeffi-
cients of 0.89 and 0.74, respectively.

The peak H, column density can be calculated from the peak
flux density of each clump using the equation

Sp

Ny, = ,
Qb,u' msz/Bl/(T;‘i)Rd

A7

where S, is the peak flux density, (), is the beam solid angle, p
is the mean molecular weight, and myy is the mass of hydrogen
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Figure 15. Histograms of peak H, column density for detected and nondetected sources in each maser transition. The open black and hatched gray lines represent
sources without and with emission for each of four masers, respectively. The size of the bin is 0.2 dex.

atom. We adopt €2, = 9.8 x 1077 Sr (Contreras et al. 2013)
and p = 2.37. Figure 14 plots the maser luminosity against Ny,
for four maser species. No correlation appears for 22 and
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6.7 GHz masers, while very weak correlations exist with
p =~ 0.3 for 44 and 95 GHz masers. Figure 15 shows the
histograms of Ny, for detected and undetected sources in each
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maser transition. The median values of Ny,’s are 11.1, 10.7,
11.7, and 6.7 in units of 10** cm™ for 22, 44, 95, and 6.7 GHz
maser sources, respectively. The two distributions are sig-
nificantly different for 22, 44, and 95 GHz masers according to
a Kolmogorov—Smirnov (K-S) test (p < 10~7), while they are
statistically similar for the 6.7 GHz maser (p = 0.67). This
difference can be caused by different pumping mechanisms of
the two groups. The occurrence of 6.7 GHz class II masers,
which are radiatively pumped, appears to be less dependent on
the ambient physical conditions than H,O and class I CH;OH
masers that are collisionally pumped (see also Breen et al.
2014).

Figure 16 plots the integrated flux density of each maser
( f S,dv) versus Ny,. The relationship might be meaningful for
the future maser survey because the two parameters are
independent of the distance and other intrinsic physical
parameters (Chen et al. 2012). We performed a least-squares
fit and obtained the following relations:

log ( f Sy dv) = (2.00 + 0.42) log(Ny,)

(4420 £ 9.65) (p = 042),  (18)
log ( IEZ dv) — (169 + 0.16) log(Ni,)

(3772 £ 3.56) (p = 071),  (19)
log ( [ 505 dv) — (1.80 + 0.20) log(Ni,)

(4035 £ 4.53) (p = 0.71),  (20)
log ( IEZ dv) — (1.81 + 0.39) log (Vi)

~(40.10 £ 8.93) (p = 0.35). (1)

The slopes of linear fits are similar (1.7-2.0) for all four
maser species. However, there is a significant difference in the
correlation coefficient in that 44 and 95 GHz masers show quite
high correlation coefficients of 0.71, while 22 and 6.7 GHz
masers have considerably lower coefficients of ~0.4. The
derived correlation coefficient of 95 GHz masers is consistent
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with the value (0.69) of Chen et al. (2012), although they used
the 40” beam-averaged column density of the BGPS data.

4.3. NH; Line Width and Kinetic Temperature

Urquhart et al. (2011) surveyed about 600 rms sources in the
NH; as well as 22 GHz H,O maser lines, and detected the
NHj; line emission toward 479 (~80%) sources. They derived
some line and physical parameters using the NH; data,
including the line width (FWHM) of each transition and the
kinetic temperature of gas. As mentioned in Section 3.2, their
sample includes 257 sources in common with our sample. NH3
line emission was detected in 218 (85%) of them. For these
NHj;-detected sources, the line widths range from 0.49 to
823kms !, with mean and median values of 1.85 and
1.73kms ™", respectively. The mean and median are similar
to those (1.7 and 1.6 kms™") of infrared dark clouds (IRDCs)
measured by Chira et al. (2013) from the NH; line
observations, while the mean is significantly smaller than that
(2.1 km sfl) of UCH IIs measured by Urquhart et al. (2011).
We compare the line widths of four subsamples: 99 non-maser,
44 only 22 GHz, 21 only 44 GHz, and 54 both (22 and 44 GHz)
maser-detected sources. The median values are 1.5, 1.8, 1.7,
and 2.2 km s~ ! for non-maser, only 22 GHz, only 44 GHz, and
both maser-detected sources, respectively. The line width tends
to increase from non-maser to only 22 or 44 GHz to both
maser-detected subsamples. This tendency is more clearly
displayed in Figure 17, which presents cumulative probabilities
of the line width for the four subsamples. The difference
between non-maser and both maser-detected subsamples seems
to be distinct. We performed a K-S test for combinations of the
four subsamples in order to examine the statistical difference in
their distributions. The K-S test shows that the both maser-
detected subsample has a significantly different distribution
from the other three subsamples: the p-values are 1.2 X 10710,
0.001, and 0.02 for non-maser, only 22 GHz, and only 44 GHz
maser-detected subsamples, respectively.

The estimated kinetic temperatures are in the range of
12-45K with mean and median values of 21.6 and 21.1 K
for the 218 NHj-detected sources. The mean and median
are significantly higher than those (18 and 16 K) of IRDCs
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Figure 17. Cumulative probability of (a) the NH; line width and (b) the kinetic temperature for four subsamples, which are divided on the bassis of the second-epoch
survey results. The subsamples and corresponding colors are displayed in the bottom right corner in each panel.

(Chira et al. 2013), while the mean is significantly lower than
that (24.6 K) of UCH 1Is (Urquhart et al. 2011). The median
values are 19.2, 23.0, 21.3, and 23.1 K for no masers, only
22 GHz, only 44 GHz, and the both maser-detected sources,
respectively. The kinetic temperature tends to increase from no
masers to only 44 GHz to only 22 GHz and both maser-
detected subsamples. Figure 17 shows this tendency. The K-S
test also reveals that both maser-detected sources have a
different distribution from no masers (p = 1.3 x 10~’) and
only 44 GHz (p = 0.005) maser-detected sources. Therefore,
non-maser and both maser-detected sources have NH; line
widths and kinetic temperatures similar to IRDCs and UCH Iis,
respectively. This may suggest that both maser-detected
sources are more evolved than non-maser sources, although
they are all classified as HMPOs.

4.4. Virial Parameters

We estimate the virial masses of the molecular clumps
associated with our RMS sources using the NH; line widths.
Following Fuller & Myers (1992; see also Urquhart et al.
2015), we first derive the average line width of the total column
of gas from the observed NHj line width using the equation

2 2 2
Ava\,g == AVT + AVNT

=Av2,. +8In2

koTiin) 1 1 22)
Mp :uNH3

Here Ave., is the observed line width corrected for the
resolution of the spectrometer, k; is the Boltzmann constant,
Tyin 1s the kinetic temperature of gas, taken from the ammonia
analysis in Section 4.3, i, and puyy, are the mean molecular
weights of hydrogen and ammonia molecules, taken as 2.37
and 17, respectively.

Assuming the associated clumps are self-gravitating, we
calculate the virial mass from

my

Rest AV
vir — > il ve =210 M@
8In2 G aar
R. AV /km s1)?
o (Retr/PC) (Avayg /km s71) ’ 23)
a\ar
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arcsinh (y2 — 1)2
=1

1—p/3

a = ————forp < 2.5,
T s 0P

ay; =

(24)

where R.g is the effective radius of the clump, G is the
gravitational constant, a; is the correction for the power-law
density distribution p(r) ~ r~?, a, accounts for the effect of the
clump ellipticity, and y is the aspect ratio of the clump (Bertoldi
& McKee 1992). We adopt the mean power value determined
by Mueller et al. (2002), {p) = 1.8 (i.e., a; = 1.43), from
modeling the 350 ym continuum emission maps of 31 massive
star-forming clumps, and the mean aspect ratio of the 116
associated ATLASGAL clumps, y = 1.55 (i.e., a ~ 1.3).

Figure 18 shows the virial parameter o (= vir/MClump)
versus Mjump for the clumps with and without maser emission.
The virial parameter tends to decrease with increasing clump
mass. This implies that more massive clumps are more
gravitationally unstable. Linear regression fittings to the clumps
with and without maser emission give slopes of about
—0.54 + 0.08 and —0.61 4 0.07 respectively. These values
are similar to the slopes from —0.37 to —0.79 reported by
Kauffmann et al. (2013) for 260 other massive star-forming
clumps. In addition, the maser-detected clumps appear to have
higher o than the nondetected clumps with similar masses,
which suggests that the former are more stable than the latter.
This may be because of more active feedback in the clumps
with maser emission.

4.5. Maser Occurrence and Evolutionary Stage

IRDCs are generally believed to be the best candidates of
birthplaces for high-mass stars and clusters (e.g., Rathborne
et al. 2006). UCH IIs are produced by young massive stars that
have reached the main-sequence stage. Thus IRDCs, HMPOs,
and UCHIIs represent the evolutionary sequence of massive
star formation. We investigate how the occurrence rates of HO
and class I CH;0H masers vary with the evolution of the
central objects. Wang et al. (2006) surveyed H,O maser
emission toward 140 IRDC cores with the Very Large Array at
a typical rms noise level of ~0.1Jy, and detected emission in
12% of them. Chambers et al. (2009) also observed the 140 and
50 more IRDC cores using the GBT with a twice lower noise
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level (~0.05Jy) and obtained a detection rate of 35%. As
mentioned earlier, the previous surveys of H,O maser emission
toward HMPOs showed a detection rate of 42% at a similar
sensitivity to ours (Sridharan et al. 2002), and a slightly higher
rate of ~52% with a better sensitivity (~0.12Jy) (Urquhart
et al. 2011). Although Urquhart et al. (2011) obtained the same
detection rate of H,O maser emission toward UCH IIs as that
for HMPOs, other surveys showed significantly higher
detection rates for UCH IIs. Churchwell et al. (1990) surveyed
84 UCH 11s and detected H,O maser emission in 67% of them,
and Kim et al. (2018) also observed 103 UCH IIs and obtained
a similar detection rate with the KVN telescopes at a similar
detection limit to this study. Therefore, the detection rate of
H,0 maser emission tends to increase as the central objects
evolve.

As for 44 GHz CH;0H masers, as mentioned in Section 3.1,
Fontani et al. (2010) detected the emission in 31% of 88
HMPO candidates at a rms noise level of about 0.3 Jy. Kim
et al. (2018) observed 103 UCHIIs in the 44 GHz maser
transition at a similar sensitivity to this study and obtained a
significantly higher detection rate of 48%. Fontani et al. (2010)
also acquired the same value for the high group of their sample,
which has similar /RAS colors to UCH IIs, but a considerably
lower detection rate (17%) for the low group, which may be in
an earlier evolutionary phase than the high group. Thus the
detection rates of 44 GHz CH3OH maser emission also appear
to increase as the central objects evolve. Moreover, Fontani
et al. (2010) found a similar evolutionary trend for 95 GHz
masers of which the detection rate increase from the low group
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(6%) to the high group (20%), although the number of the
detected sources is just 11.

These trends are in contrast to the findings in low- and
intermediate-mass star-forming regions. Furuya et al. (2003)
found in low-mass YSOs that the detection rate of H,O masers
dramatically decreases from Class 0 to Class I to Class II
objects. Bae et al. (2011) also found similar trends in the
detection rates of both H,O and 44 GHz CH;0OH masers toward
intermediate-mass YSOs. Bae et al. (2011) suggested that this
difference might be caused by the different environments of
low- and high-mass star-forming regions. UCHIIs are still
deeply embedded in the natal molecular clouds, although the
central stars have already reached the main-sequence stage.
Conversely, low- and intermediate-mass stars in the pre-main
sequence phase are usually visible. Therefore, the occurrence
of 22 GHz H,0 and 44 GHz class I CH3;0H masers is closely
related to the surrounding environments as well as to the
evolutionary stage of the central objects. Breen et al. (2014)
also suggested from their investigation of H,O masers
associated with 12.2 GHz class I CH;OH masers that the
occurrence of 22 GHz H,0O masers depends more on the
surrounding environments than class I CH3;OH and OH
masers, which are produced by radiative pumping.

5. Summary

We have simultaneously surveyed 22 GHz H,O and 44 and
95 GHz class I CH5OH masers toward 299 HMPOs in the RMS
catalog. The main results are summarized as follows.
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1. The overall detection rates are 45%, 28%, and 23% for
22, 44, and 95 GHz masers, respectively. We found 123
new maser sources: 15 at 22 GHz, 56 at 44 GHz, and 51
at 95 GHz. In our sample, 170 sources are distributed in
the MMB survey area and 38 of them are associated with
6.7 GHz class I CH;0H maser emission. We detected
high-velocity (>30kms ') features in 27 H,O maser
sources. Nine of them are very likely to be dominant
shifted H,O maser outflow sources, 7 blueshifted and 2
redshifted sources.

2. The 44 and 95 GHz class I CH;0H masers have very
similar properties. The 95 GHz maser emission was
detected only in 44 GHz maser sources. The two
transitions have strong correlations with each other in
the peak velocity, the peak flux density, and the isotropic
luminosity. The peak flux density ratio (Spos/Sp.44) Was
estimated to be 0.56. Both of these masers always have
peak velocities within 5kms~' from the systemic
velocities. Therefore, 44 and 95 GHz masers might be
produced by the same mechanisms in the same sites. This
is consistent with the prediction of some modeling that
these two transitions can be mased in similar physical
conditions (e.g., McEwen et al. 2014). On the other hand,
they show no significant correlation with 22 GHz H,O or
6.7GHz class I CH;0OH masers in the isotropic
luminosity.

3. The 44 GHz class I CH;OH masers have much narrower
distributions than 22 GHz H,O masers in the peak
velocity relative to the systemic velocity and the velocity
range. The 6.7GHz class I CH30H masers have
intermediate distributions between the two maser species.
As for the peak flux density, 44 GHz masers have a
significantly lower median value than those of 6.7 and
22 GHz masers, which are comparable.

. We investigated for 22, 44, 95, and 6.7 GHz masers
whether the isotropic luminosity of each maser species
correlates with the physical properties of the central
objects and the parental clumps. The maser luminosity
shows significant correlations with the clump mass for all
the four maser species, but does not correlate with the
peak H, column density. We found a weak correlation
between the maser luminosity and the bolometric
luminosity only for our sample. However, quite strong
correlations appeared between the two parameters for 22
and 44 GHz masers when the data points of low- and
intermediate-mass YSOs from the previous studies were
added.

5. The line width and kinetic temperature of NHj line
emission tend to increase from non-maser to only 22 GHz
or 44 GHz to both maser-detected sources. This may
suggest that both maser-detected sources are more
evolved than non-maser sources, although they are all
classified as HMPOs. The investigation of the virial mass
suggests that ATLASGAL clumps with any maser
emission could be more gravitationally stable than those
associated with no maser emission.

6. The detection rates of 22 GHz H,O and 44 GHz CH;0H
maser emission appear to increase as the central objects
evolve in massive star-forming regions. This is contrary
to the results for low- and intermediate-mass cases.
Therefore, the occurrence of both masers might depend
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on the encompassing environments as well as on the
evolutionary stage of the central objects.
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