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< 0.1 au�
10−1,000 au�

MASERs in high-mass SFRs�

l  Bright and compact emission
–  3-D velocity structure with VLBI
–  Flux variability and B  field

l  OH, CH3OH, H2O, H2CO, etc
–  SiO is rare (e.g., Zapata+ 09)
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  H2O� 22.2, 321, ...� Jet / outflow�
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Class I CH3OH masers�
l Possibly trace low-velocity 

old/weak outflows  (LVOs)
–  Associated with shock/EGO 

(e.g., Kurtz+ 04; Cyganowski+ 09)

–  Narrow LSR velocity range 
(Fontani+ 10)

–  Anti-correlation toward SiO 
thermal lines (Yanagida+ 14)

☞ Unique probe in HMSFRs 
unlike other masers
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Figure 1. (Continued)

able in the literature—mostly from single-dish surveys with
poor angular resolution (!52′′)—are insufficient to establish
physical association between the maser and MIR emission. The
single-dish surveys used by Chen et al. (2009) are also shallow
(detection limits "5 Jy), and comparison with the Kurtz et al.
(2004) results suggests that shallow surveys miss a substantial
fraction of the maser population, at least for 44 GHz Class I
CH3OH masers. Only ∼29% of the masers reported by Kurtz
et al. (2004) have peak flux densities "5 Jy, although ∼33% of
Molinari sources and ∼59% of all sources with 44 GHz detec-
tions are associated with at least one "5 Jy maser. There is evi-
dence that relatively weak (#11 Jy) 44 GHz CH3OH masers can
occur in bipolar outflows from low-mass protostars (Kalenskiı̆
et al. 2006), but the authors caution that the maser nature of the
observed emission requires confirmation with interferometric
observations.

Class II 6.7 GHz CH3OH masers, radiatively pumped by
IR emission from warm dust (Cragg et al. 1992, 2005, and
references therein), are associated exclusively with massive
YSOs (e.g., Minier et al. 2003). Sensitive searches toward low-
mass YSOs (L # 103 L⊙, M # 3 M⊙; Minier et al. 2003;
Bourke et al. 2005; Xu et al. 2008, 3σ #0.2 Jy), including
hot corinos (Pandian et al. 2008, 3σ ∼ 0.003 Jy), have uni-
formly yielded null results. In addition to being an observa-
tionally robust result, the lack of 6.7 GHz CH3OH masers to-

ward low-mass YSOs may be understood theoretically in the
context of the excitation models: the energetics of low-mass
YSOs do not produce regions with the necessary combina-
tions of dust temperature, density, and CH3OH abundance for
6.7 GHz maser emission (Minier et al. 2003; Pandian et al.
2008).

Unaffected by extinction and accessible at high angular res-
olution with the Expanded Very Large Array (EVLA), 6.7 GHz
Class II and 44 GHz Class I CH3OH masers provide an obser-
vationally efficient avenue for testing whether EGOs are mas-
sive YSOs with outflows. This paper presents the results of
a survey for 6.7 GHz Class II and 44 GHz Class I CH3OH
masers toward a sample of ∼20 EGOs selected from the cat-
alog of Cyganowski et al. (2008), chosen to cover a range
of MIR properties and be visible from the northern hemi-
sphere. We also report results from simultaneous EVLA 44
GHz pseudo-continuum observations and from a James Clerk
Maxwell Telescope (JCMT) molecular line survey undertaken
to complement the maser observations by providing informa-
tion about the gas kinematics and local standard of rest (LSR)
velocities. In Section 2 we describe the observations, in Sec-
tion 3 we present the results of the surveys, in Section 4 we
discuss the implications of our results for understanding the
nature of EGOs, and in Section 5 we summarize our main
conclusions.
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Figure 4. Position–velocity (PV) maps of CS J = 5–4 (a), SiO J = 6–5 (b), and CH3OH JK = 50–40 E (c) each overlaid on N2H+ J = 3–2 (color) and CH3OH
JK = 9−1–80 E (white contours) through the cut #1 indicated in Figure 1(e). Panels (d)–(f) and (g)–(i) are the same as panels (a)–(c), but through the cuts #2 and #3
indicated in Figure 1(e), respectively The lowest contour level and the contour step for CH3OH JK = 9−1–80 E are (18 mJy beam−1, 36 mJy beam−1), (18 mJy beam−1,
90 mJy beam−1), and (18 mJy beam−1, 36 mJy beam−1) for a–c, d–f, and g–h, respectively. The lowest contour level and the contour step for CS J = 5–4, SiO
J = 6–5, and CH3OH JK = 50–40 E are described in the each panel in units of mJy beam−1.
(A color version of this figure is available in the online journal.)

toward the shocked regions. In these figures, the peak position
of the methanol maser is almost spatially coincident with those
of the CS and SiO emission, and it is offset from the N2H+ peak.
Thus, it is likely that the methanol maser emission comes from
the post-shocked gas near the shock front.

In Figures 4(a) and (b), the peak velocity of the methanol
maser line is almost coincident with that of the N2H+ line. In
addition, the methanol maser emission is not strong in the broad
high velocity components. In Figure 4(c), we present the PV
map of the methanol thermal transition 50–40 E. In this figure,
the methanol thermal line is not strong in the broad components
either, as compared with the SiO and CS lines. The intensity
ratio of the thermal CH3OH and SiO emission is different by
more than one order of magnitude between the narrow and broad
components. This may indicate that the abundance of CH3OH
is relatively low in the broad components. Thus, the weakness
of the maser emission in the broad components could originate
from the less abundant CH3OH. It seems likely that CH3OH is
destroyed in high velocity shocks. In fact, Garay et al. (2002)
suggested that the CH3OH molecule is destroyed for shock
velocities above 10 km s−1.

In Figure 3, strong methanol maser emission is seen toward
M4 and M5 at the panel of 59.27 km s−1. However, we cannot
see a clear interaction between the outflow and the cold dense

gas toward M5. In Figures 4(d)–(f), we present the PV maps
through the cut labeled #2 in Figure 1(e). In Figures 4(d)–(f),
the methanol maser emission is found to be distributed along
the N2H+ lane. Toward M4, the methanol maser peak is almost
coincident with the N2H+ peak. Although N2H+ emission is
not seen toward M5, the peak velocity of the methanol maser
emission agrees well with that of the N2H+ lane. Thus, we
suggest that the methanol maser emission at M5 is also related
to the interaction between the cold ambient gas and some star
formation activity.

4. DISCUSSION

Here, we discuss the origin of the CH3OH maser emission
toward M5, the strongest maser in this source. Toward M5, the
SiO emission is very weak (Figure 4(e)), although the methanol
thermal emission is rather strong (Figure 4(f)). Such a trend is
also seen toward M6 (Figures 4(h)–4(i)). These characteristics
are different from those observed in M1–M4. Since the upper
state energy and the critical density are comparable between
the observed SiO and CH3OH lines, this difference is likely
to reflect a difference in their abundances. Although the SiO
emission is also weak toward the hot core, as compared with
the methanol thermal emission (see also Paper I), no methanol
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Figure 2. Spectra of 44 GHz methanol maser lines of auto-/cross-correlation (AC/XC). Dashed lines are Gaussian components obtained by the method of least
squares.

Figure 3. The uv-distance plots for visibility amplitude of a CH3OH (70–61A
+)

maser component toward the IRAS 18151−1208 MM2 at a vLSR of 29.8 km s−1.

v ∼ 19 Mλ. Furthermore, except UT 17 h–21 h of Yonsei -
Ulsan baseline, peak flux densities of all the baselines are lower
than ∼20 Jy. Thus, 27% of the emission can be recovered with
our VLBI images and the remaining 73% is completely resolved
out. This means that the 44 GHz methanol maser emission is not
a compact point source but is dominated by a spatially extended
structure.

Such an extended structure of each feature is also shown in
a uv-distance plot (Figure 3). This plot shows a variation of
the visibility amplitude with the uv-distance for the systemic
velocity of 29.8 km s−1. There is a decreasing trend of the am-
plitude within ∼27 Mλ. The data points between ∼100–330 Mλ
could not be detected in the fringe-fitting process. From Gaus-
sian fitting to this plot along with the flux of auto-correlation

spectrum, this trend suggests an extended maser component
with a size of ∼4 mas. In addition, an increasing trend of the
amplitude around 20 Mλ suggests an elongated maser structure.
The visibility data with the uv-lengths shorter than 20 Mλ corre-
sponds to the Yonsei-Ulsan baseline data at UT 17:16 - 18:48. In
contrast, visibility amplitudes with the baseline lengths longer
than 30 Mλ have almost constant values of ∼15 Jy, suggesting
a spatially compact structure.

Figure 1(c) shows a spatial and velocity distribution of the
44 GHz methanol maser components. We found three maser
features at different LSR velocities, denoted as 1–3. The absolute
position of the maser component with vLSR = 29.4 km s−1 at
(0, 0) position is derived from a fringe-rate mapping using
the AIPS task FRMAP to be αJ2000.0 = 18h17m49.s95, and
δJ2000.0 = −12◦08′06.′′5. Thus, the 44 GHz methanol maser
components are separated from the MM2 core position (Beuther
et al. 2002a) by ∆α ∼ 0.′′4 and ∆δ ∼ 11.′′5.

As mentioned in Section 1, the 44 GHz methanol maser
toward the IRAS 18151−1208 MM2 was detected in the course
of KVN single-dish survey observations (K. T. Kim et al.,
in preparation). The single-dish observation was carried out
toward the MM1 position, but the bright maser emission was
found to be offset toward the southwest direction. According
to the five-point cross-scan, the maser position was identified
as the MM2 position with the accuracy of ∼5′′. In our VLBI
observation, we adopted the coordinates obtained from the
single-dish survey. However, the coordinates obtained from the
fringe-rate mapping was different from the single-dish result by
∼19′′ in a north-south direction, which is larger than the position
error. The difference would be caused by a larger uncertainty
in the fringe-rate mapping probably due to our insufficient uv-
coverage which made the lines in the fringe-rate map roughly lie
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Advantage of KaVA�
l  Short baselines formed mainly by 

KVN stations
–  Overcome the “resolved out” due to 

extended spot/feature

l  First VLBI detection of class I 
CH3OH masers  ÆMatsumoto+ 14Ç
–  Until the first KaVA result at 44.1 GHz 

comingolnever detected with any 
other instruments l(Lonsdale+ 98)

l  Estimated the size of spots
–  Revised 4 orders of mag. at most, 

compared to pervious ones                
(with VLA by Kogan & Slysh 98)

G 18.34+1.78 SW
(Matsumoto+ 14)

5 mas�

Matsumoto+ (14)�



Timetable of KaVA LP�

2016          2017          2018          2019          2020�

1st yr VLBI 
imaging survey�

1st yr VLBI 
imaging survey�

ALMA Cycle 3
observations
(PI: M. Kim)�

2nd yr 
proper motion 
measurement�

2nd yr 
proper motion 
measurement�

ALMA Cycle 6
accepted!

(PI: J. Kim)�



Outcomes expected in the LP�
l The first understanding of 3-D velocity structure
–  Direct verification for the association with LVOs

l Statistics of CH3OH masers: e.g., motion, size 
l Precise estimation 

dynamical parameters
–  e.g., LVO momemtum rate

l Unveil the evolution of 
jet/outflow system
–  Traced by H2O/CH3OH 

maser proper motions �
Beuther & Shepherd (05)� Time�

10

be noted that the single-dish outflow studies, which report a lower degree of
collimation for massive outflows preferentially observed sources with UCHii

regions (Shepherd and Churchwell, 1996a, Ridge and Moore, 2001). In con-
trast, most other single-dish surveys were directed toward samples of younger
sources, namely HMPOs, observing higher collimation degrees consistent with
low-mass outflows.
To date, the different observations have been interpreted either in favor of:

(1) similar driving processes for outflows of all masses (e.g., Beuther et al.,
2002c, Davis et al., 2004); or (2) that massive stars form via different physi-
cal processes like explosive coalescence or that the outflows are powered by a
combination of accretion and deflected outflow. (e.g., Churchwell, 1999, Bally,
2002). Here, we propose a different, less controversial interpretation of the
data: an evolutionary sequence for massive protostars. We consider two pos-
sible evolutionary sequences which could result in similar observable outflow
signatures as shown in Figure 4.

B5−B2                                      B1−O8                                       Early O

HMPO                                   HC HII                                      UC HII

Figure 4. Sketch of the proposed evolutionary outflow scenario. The three outflow morphologies can
be caused by two evolutionary sequences: (top) the evolution of an early B-type star from an HMPO via a
HCHii region to an UCHii region, and (bottom) the evolution of an early O-type star which goes through
B- and late O-type stages (only approximate labels) before reaching its final mass and stellar luminosity.

(a) The outflow evolution of an early B-type star: In the accretion scenario,
a B star forms via accretion through a disk. During its earliest HMPO phase
no HCHii region has formed yet, and the disk outflow interaction produces
collimated jet-like outflows (Fig. 4 (left), e.g., IRAS05358). At some point, a



Topics here�

2016          2017          2018          2019          2020�

1st yr VLBI 
imaging survey�

1st yr VLBI 
imaging survey�

ALMA Cycle 3
observations
(PI: M. Kim)�

2nd yr 
proper motion 
measurement�

2nd yr 
proper motion 
measurement�On-

goinig�

ALMA Cycle 6
accepted!

(PI: J. Kim)�



1)  1st yr : Imaging survey�
KaVA tP in Star Formation at p4.1 GHz�



[Duration] 2016 March – 2017 Feb
[Targets]  19 sources
– Fringes had been already verified with KVN

[Mode] snap-shot imaging via 2 sources/day
[Integration time] ~2-3 hrs/source
[Image noise rms] ~50-200 mJy/beam

© NAOJ / KASI / AND You Inc.�



Results : VLBI imaging 
       Obtained in 16/19 sources�
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Results : Size and Tb estimations�

Core
Halo

Core+Halo

☞ Estimated sizes & Tb: 
  Core : 0.5 au,  Tb= 3.9 x 1011 K
  Halo : 5.5 au,  Tb= 5.6 x 1010 K

l  Fitted using 2-gaussian: 
Core/Halo components  
(Minier+ 02)

l  Estimated Tb
–  The maximum one is more 

one mag. order of brighter

G 10.32-0.26�

Halo
Minier+ (02)

Cored1 d2



Discussion : 
  Relation in Size vs  Distance�

l  Roughly aligned by xD -1
•  Correlation −0.70

•  �-value 0.12

☞ Intrinsic size is possibly   
the same in all sources

l  Problems: uncertainty in 
some source distances
–  6 src : Parallax
–  2 src : Kin. via HISA
–  2 src : Kin. still near/far
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2)  2nd yr : Proper motions�
KaVA tP in Star Formation at p4.1 GHz�



Observation in 2nd yr�

Purpose� Trial to measure proper motions�

Date� April 12, 2018, 15:45 – 23:00 UT�

Targets� G357.967,  G018.34SW,  G049.49
mAt least, 3 maser features were detected in 1stn�

Frequency� IF1: 43.877 – 44.005 / IF2: 44.005 – 44.133 GHz�

Spectral� 128 MHz in IF2 dividied by 8,192 ch

Requested� Accumulation period of 0.2 sec�
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Result and Comparison�

rms noise ~ 30 mJy beam-1 �rms noise ~ 30 mJy beam-1 �

Unfortunately, a few maser fatures have been missed 
in 2018 yr ..., even with the same image sensitivity and 
non-drastic flux variations.�

~10″�

15,000 au� 15,000 au�

April 19, 2016�rpril 12, 2018�



(Tentative) Proper motion�
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Fig. 1. Distribution of ionized and hot molecular gas in W51 Main as
observed with the JVLA-B array. The 25 GHz continuum emission
(gray scale and white contours) is produced by the cluster of HII re-
gions W51e1, e2, e3, e4, and e8 (labeled in the plot). The 25 GHz
continuum (white) contours indicate 2 mJy flux levels per beam (cor-
responding to 3σ where σ ∼ 0.7 mJy beam−1). The total intensity (0th
moment) map of the (6, 6) inversion transition of NH3 is overlaid on the
continuum, showing hot and dense molecular gas toward W51e2 and
W51e8. The NH3 emission is indicated with cyan contours, represent-
ing 30% to 90% with steps of 20% of the line peak for the (6, 6) line,
107 mJy beam−1 km s−1. The NH3 absorption is indicated with red con-
tours, representing factors 1, 5, 9, 13,.... of −50 mJy beam−1 km s−1, for
all transitions. No flux cutoff was applied. The images were integrated
over the velocity range 48 km s−1 to 70 km s−1, while the velocity reso-
lution was smoothed to 0.4 km s−1. The synthesized beam (0.′′29× 0.′′23)
is shown in the bottom left corner of the panel. The images were con-
structed with 0.′′04 pixels for all transitions. The yellow crosses around
W51e2 indicate the positions of the 0.8 mm continuum peaks identified
by Shi et al. (2010a) and correspond to sources W51e2-E, W51e2-W,
and W51e2-NW (from left to right), claimed to be individual high-mass
YSOs.

densities than the core, as one would expect for outflowing gas.
The presence of dense gas to the W and N of W51e2 (see Fig. 1)
may explain why the outflow extends only toward the SW. We
can use the velocity field maps to establish the nature of the two
components.

Perhaps the most striking feature about Fig. 2 is that the
NH3 absorption shows a well-defined velocity gradient in each

line. This gradient appears to change orientation with the excita-
tion line, going from NE-SW for the lower excitation lines, (6, 6)
and (7, 7), to E-W for more highly excited lines, (9, 9), (10, 10),
and (13, 13). The velocity field of the lower excitation lines,
however, is affected by the SW extension, which is blueshifted
with respect to the core component and may potentially hide the
true sense of rotation in the compact core. Besides the main com-
ponent, the spectral profile of an NH3 inversion line displays four
symmetric satellite hyperfine components (see Sect. 3.2). Since
they are more optically thin and do not display the SW exten-
sion, they can reveal the true velocity field more reliably than the
main component. Therefore, we created a velocity field map for
one of the hyperfine components from the (6, 6) doublet, which
has the highest signal-to-noise (S/N). A comparison between the
main and the satellite line velocity fields for the (6, 6) doublet is
shown in Fig. 3. While the main line shows a velocity gradient
oriented NE-SW, the satellite component reveals a velocity gra-
dient oriented E-W (i.e., at a position angle [PA] ∼ 90◦, north
to east), consistent with the higher excitation lines. We conclude
that the true sense of rotation of the molecular gas is E-W. This
is inconsistent with an outflow along SW (see Sect. 5).

Besides 1st moment maps, we also made pv plots of the NH3
inversion lines. Figure 4 shows an overlay of pv diagrams for the
most highly excited lines4: (J,K) = (9, 9), (10, 10), and (13, 13).
The cuts are taken at the peak of the NH3 core along the direction
of the main velocity gradient observed in the velocity field maps,
PA = 90◦ (E-W). Although a clear velocity gradient is evident in
the pv diagrams as well, there is no evidence of steepening of
such a gradient with increasing excitation energy (as also dis-
played in the 1st moment maps).

3.1.2. The W51e2 complex

Figure 5 shows the total intensity images of various NH3 inver-
sion transitions as well as the CH3OH line, integrated over their
line widths, in the surroundings of W51e2. As already pointed
out, while NH3 is seen in absorption toward the HC HII region
(shown with white contours), hot molecular gas is observed in
emission (shown with black contours) to the east and to the north
of the HC HII region. The structure of the emission from lower
excitation lines (e.g., the 6, 6 and 7, 7 NH3 doublets or CH3OH)
is fairly consistent with the dust emission imaged at 0.8 mm by
Shi et al. (2010a; see their Fig. 1), although peaks of warm dust
(indicated with crosses in our Fig. 5) and warm ammonia emis-
sion do not correspond exactly. Even the most highly excited
lines, (10, 10) and (13, 13), show emission (although weak) to-
ward W51e2-E. This demonstrates that W51e2-E is powering a
prominent hot core. On the other hand, in the vicinity of the dust
peak W51e2-NW, hot NH3 emission is observed only up to the
(9, 9) doublet and it is generally weaker than toward W51e2-E,
which indicates lower gas temperature and density (see Sect. 4).

We also created velocity field maps for the NH3 emission in
the W51e2 core. We used the (6, 6) doublet, which has the high-
est S/N and made velocity maps in both the main component
and one of the hyperfine satellites (Fig. 6). Although the veloc-
ity field does not show any clear regular pattern, there is an inter-
esting redshifted component near W51e2-E (Fig. 6, top panel),
which may indicate infalling gas (see discussion in Sect. 5).
Unfortunately this redshifted emission is fairly weak, and we
could not detect it in the hyperfine satellites to confirm its nature
conclusively (Fig. 6, bottom panel).

4 We excluded the lower excitation lines because their velocity fields
are affected by the SW component.
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Fig. 14. Overlay of the CO J = 3–2 0th moment image from the SMA
(blue and red contours; Shi et al. 2010b) onto the total intensity (0th mo-
ment) map of the (6, 6) inversion transition of NH3 (gray scale and
white+black contours). The NH3 emission is shown with white con-
tours, representing 30% to 90% with steps of 20% of the line peak for
the (6, 6) line, 107 mJy beam−1 km s−1. The NH3 absorption is shown
with black contours, representing factors 1, 5, 9,.... of –50 mJy beam−1,
for all transitions. The CO 3−2 line contours are from 10% to 90% with
steps of 10% of the line peak (67 Jy beam−1 km s−1 for the red contours
and 82 Jy beam−1 km s−1 for the blue contours). Blue and red contours
correspond to blueshifted and redshifted gas, with integrated velocity
ranging from –124 to –12 km s−1 and from +10 to +116 km s−1, re-
spectively. The cyan contour locates the peak of the total intensity map
of the most highly excited NH3 transitions (13, 13); we assume that this
peak pinpoints the high-mass YSO driving the CO outflow.

based on our new NH3 measurements, the evidence of infall to-
ward the W51e2-W HII region is lacking.

W51e2-NW. W51e2-NW is a massive core first detected in
dust emission 1′′ north of W51e2-W, and could be an additional
YSO in the W51e2 clump (Shi et al. 2010a). Since no contin-
uum emission has been detected at λ ≥ 7 mm, this YSO could
be at an earlier phase of star formation. Since we detect hot
NH3 up to the (9, 9) doublet, W51e2-NW must be also exciting
a hot molecular core. We estimate 32 M⊙ for its mass (assum-
ing [NH3]/[H2] = 10−7), which is consistent with the estimate
from dust emission (40 M⊙; Shi et al. 2010a). Given its loca-
tion in the path of the molecular outflow, however, we cannot
conclusively establish if W51e2-NW is an independent proto-
star or just a component of the same outflow driven by W51e2-E.
The presence of a compact outflow, which arises from the cen-
ter of the W51e2-NW core (Fig. 16, bottom panel), identified
by Sato et al. (2010) using H2O maser proper motions, supports
the protostellar scenario. This H2O maser outflow has lower ve-
locity (Vexp ∼ 20 km s−1) than the outflow driven by W51e2-
E (Vexp ∼ 100 km s−1) and it is elongated N-S, which is con-
sistent with the distribution of the hot ammonia total intensity
(Fig. 16, bottom panel). The simultaneous presence of hot dust
and molecular gas, along with a bipolar molecular outflow, pro-
vides evidence that W51e2-NW is indeed an additional (high-
mass) YSO forming in the same W51e2 core.

Fig. 15. Overlay of molecular masers detected around W51e2 onto the
total intensity (0th moment) map of the (6, 6) inversion transition of
NH3 (gray scale and white+black contours). The circles show posi-
tions of CH3OH masers detected with MeRLIN (Etoka et al. 2012, top
panel), H2O masers detected with the VLBA (Sato et al. 2010, middle
panel), and OH masers detected with the VLBA (Fish & Reid 2007, bot-
tom panel), respectively. Colors denote l.o.s. velocity in km s−1 (color
scale on the right-hand side in each panel). The NH3 emission is shown
with white contours, representing 20% to 100% with steps of 20%
of the line peak for the (6, 6) line, 107 mJy beam−1 km s−1. The
NH3 absorption is shown with black contours, representing factors 1,
5, 9,.... of −50 mJy beam−1. The cyan contour locates the peak of the
total intensity map of the most highly excited NH3 transitions (13, 13);
the bulk of CH3OH maser emission concentrates around the same peak.
We assume that its position pinpoints the high-mass YSO W51e2-E.
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Summary�
l KaVA SFR LP for understanding 3-D velocity 

structure around HMPSs via H2O/CH3OH masers
✔ [1st yr]  VLBI imaging survey  &  Statistics of sizes
    [2nd yr]  VLBI monitor to measure proper motions
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