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Organization

• Co-PI
– T. Hirota (NAOJ) and K. T. Kim (KASI)

• Core members ~ 17, including 3 students
– D. Y. Byun, J. O. Chibueze, K. Hachisuka, B. Hu, E. Hwang,           

J. Hwang, J. H. Kang, J. Kim, J. S. Kim, M. K. Kim, T. Liu,                   
N. Matsumoto, K. Motogi, C. S. Oh, K. Sugiyama, K. Sunada, 
Y. W. Wu (~17, including 3 students)

• Other members ~ 40

• Regular skype meeting since 2011; 100th on Sep. 23
• New members and collaborator are always welcome!



KaVA SFRs LP

• Understanding high-mass star formation through 
KaVA observations of water and methanol masers
– Statistical VLBI monitoring/survey to reveal 

3D velocity and spatial structures of 

22GHz H2O/44GHz CH3OH masers 

associated with high-mass young stellar 

objects (HM-YSOs)

22 GHz H2O masers;  high-velocity 
outflow and jet (Goddi+2017)

6.7 GHz Class II CH3OH masers; disk, 
toroid or outflow (Bartkiewicz+2016)

44 GHz Class I CH3OH masers; low-
velocity outflow (Cyganowski+2009)



Why star-formation studies?

• Direct link to planet formation 
– Origin of Solar system, Earth, and life

• In case of low-mass stars
– Well established based on 

observational studies
– Theoretically interpreted

ALMA partnership 2015



What about high-mass stars?

• How high mass (HM)?
– Early B (B3 and earlier) and O stars
– More massive than 8MSun

– More luminous than 103 LSun

• Significant impacts on 
astronomy, astrophysics, and 
astrochemistry
– Influences on surroundings by 

strong UV, wind, explosion, ...

ALMA (ESO/NAOJ/NRAO). 
Visible light image: the NASA/ESA 
Hubble Space Telescope

10000 au



Why HM-YSOs still necessary?

• Less understood in comparison with low-mass YSOs
– Still challenging due to rarer population, short lifetime, further 

distances, and complicated structures in embedded clusters
– There are unresolved issues such as initial condition, accretion 

process, feedback process, initial mass function, first star in 
the Universe, etc. 

Evolutionary sequence of high-
mass young star (Beltran 2011)



Recent progress in observations

• Evidence of disk/outflow system with 10-104 AU
– At a few 10 mas resolution with the long baseline with ALMA 
– But 3D velocity structure is unavailable (except full ALMA)
– Still insufficient number of targets at high resolution
– VLBI will play unique roles to resolve dynamical structures

Face-on disk in G353.273+0.641 (Motogi et al. 2019)
Keplerian disk in G17.64+0.14 traced by 
vibrationally excited H2O line (Maud et al. 2019)



Science goals

• 3D dynamical structures of 
disks/outflows system traced by 
multiple masers
– Achievable only by using VLBI through 

proper motion measurements

Matsuhita et al. (2017, 2018)

ALMA band 8 observations of SiO and H2O lines (Hirota+2017)



Science goals

• Evolutionary scenario of high-mass star-forming 
regions and their dynamical structures
– Need statistical samples
– Similar studies are in progress (Moscadelli et al. 2016, Sanna

et al. 2018), but they are complementary with each other

Temporal variation of outflow in W75N (Kim. J. S. et al. 2013)Evolution of outflow (Beuther & Shepherd 2005)



Science goals

• Evolutionary scenario of high-mass star-forming regions 
and their dynamical structures
– Need statistical samples
– Similar studies are in progress (Moscadelli et al. 2016, Sanna

et al. 2018), but they are complementary with each other 

Maser chronology by Reid 2007 vs Ellingsen 2007



Our tracers

• Centimeter/millimeter maser lines
– 22 GHz H2O; high-velocity jet/outflow
– 6.7 GHz CH3OH; low-velocity outflow/disk
– 44 GHz CH3OH; low-velocity outflow
– Complementary with each other; 

G353.273+0.641 (Motogi et al. 2016);
H2O masers tracing high velocity 
(~100 km/s) jet

G6.79-0.25 
(Sugiyama et al. 2015); 
6.7 GHz Class II CH3OH masers 
Associated with rotating disk

G18.34+1,78SW (Matsumoto+2014); 
44 GHz Class I CH3OH masers 
distributed in low-velocity outflow 



Follow-up observations

• All are complementary to KaVA results
– VERA astrometry (Mikyoung Kim and Jugha Kim)
– ALMA cycle 3 (PI: Mikyoung Kim, and others)
– ALMA cycle 6 (PI: Jungha Kim)
– VLA 2020A (PI: Kee-Tae Kim)
– JVN (PI: Sugiyama)
– JCMT and ASTE SD (PI: Tie Liu)

Clem & Adri Bacri-Normier
(wingsforscience.com)/ESO

6.7GHz methanol masers (JVN)
Annual parallax (VERA)

Thermal continuum/lines Large-scale structure

JCMT (EAO site;
William Montgomerie)

ASTE (NAOJ)

Radio continuum/methanol masers

ASTE (NAOJ)

VLA (NAOJ)



Timeline

• First year (2016-2017)
– Snap-shot survey of 25 H2O masers at 22 GHz
– Snap-shot survey of 19 CH3OH masers at 44 GHz 
– Selected from SD/archive data, KVN SD/fringe-check

• Second year (2018-2019)
– Monitoring of selected 16 H2O masers at 22 GHz
– Monitoring of selected 3 CH3OH masers at 44 GHz 
– Selected from 1st year and VERA archive data

• Third year and beyond (2020-)
– Further sources, intensive monitoring, other sciences (TBD)?



Second year; monitoring of selected sources

• Finished in last May
– 16 H2O masers 
– 3 CH3OH masers
– 4 epochs monitoring 

with 2 month interval
– Additional observations in 

2019B for 3 H2O and 3 
CH3OH masers

• Publication plan
– Some individual studies 

including the previous data
– Summary (survey) papers

H2O masers Hirota
1 G13.87 Motogi
1 G10.62 Jungha
1 G45.07
1 G25.82 Jungha, Giseon
2 G19.61 Eodam, Giseon
2 G34.24 G34.26 Byun
2 IRAS18018
2 G30.82 Jungha
3 G354.61
3 G351.24 Motogi
3 G0.54/RCW142
3 IRAS18018
4 IRAS18056 Jungha
4 IRAS20198
4 G049.49 Eodam, Giseon
4 W51D Eodam

G12.88
IRAS18556
IRAS18094
G18.34SW Burns
CH3OH masers Kee-Tae, Sugiyama
G357.967
G18.34SW Burns
G049.49



Survey results

• Imaging of H2O maser sources (Hirota et al.)
– Script for maser identification, proper motion fitting, plotting 

maser maps and proper motion vectors almost ready

– To be compared with ALMA (waiting for allocation) and JVLA 
(proposal submitted) data

Some examples from preliminary results of the 22 GHz H2O maser survey 

200 AU8000 AU200 AU



Some examples of case studies

• KaVA+ALMA for G25.82-0.17 (Kim, J. et al. submitted)
– Cycle 3 for CH3OH samples (Mikyoung Kim)
– Cycle 6 for H2O samples (Jungha Kim)
– Direct comparison of spatial/velocity structure by filling the 

gaps of sparse maser distributions 

See talk by 
Jungha Kim



Some examples of case studies

• KaVA imaging of G19.61-0.23 (Hwang, E. et al. in prep.)
– Analyzed by currently developing “Parsel-Tongue” script
– Imaging of extended maser features will become easier 

(e.g. 100 mas FoV in 1”x1” regions for 100 channels 
correspond to 10000 images!)

See talks by 
Eodam Hwang



Possible future plan

• Collaboration with Maser Monitoring Organization (M2O)
– Since 2017 September in IAUS 336 “Astrophysical masers”
– ToO VLBI observations based on systematic SD monitoring
– Follow-up observations (e.g. ALMA DDT approved yesterday)
– Catching accretion burst events in high-mass YSOs

See talks by 
Ross burns and Kitiyanee Asanok

and poster by 
Koichiro Sugiyama



Possible future plan

• EAVN LP for C-band methanol masers (Sugiyama et al.)
– Complementary with H2O and 44 GHz methanol masers
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Figure 2. Top: 6-GHz continuum image. Bottom: 9-GHz
continuum image. The contour levels are 57% (3 σ), 76%,
94% and 99% of the image peak flux (350 µJy beam−1) at 6
GHz, and 46% (3 σ), 64%, 81% and 99% of the image peak
flux (300 µJy beam−1) at 9 GHz Black cross in each panel
indicates the peak position at 45 GHz, where the cross size
shows the relative positional errors (see Table 3). The dotted
ellipse in each panel show the relevant synthesized beam of
ATCA.

and the original data for comparison. The fitting results
are summarized in Table 6. Estimated Lbol is ∼ 5×103

L⊙ and only weakly depends on the extinction within
the adopted AV range (0 –20 mag). This corresponds
B1-type ZAMS (Panagia 1973, e.g., ) implying a stellar
mass of ∼ 10 M⊙ (e.g., Hosokawa & Omukai 2009).
This is the first estimation of a host YSO mass in

G353 and we adopt 10 M⊙ in the following discussions.
However, it should be noted that this is still a rough es-
timation. A fine-tuned SED modeling, which includes a
stellar evolutionary model, is required to conclude exact
stellar parameters. )

Figure 3. ATCA spectrum of the 6.7 GHz CH3OH maser.
Data from all baselines were integrated. Thin curves show
the six best-fit Gaussian components. The post-fit residual
is also plotted with an offset of -0.25 Jy.

Figure 4. Internal distribution of the 6.7 GHz CH3OH
masers. Filled triangle shows a position of each maser spot
with a color indicating the LOS velocity. Only the bright
maser spots (SNR > 30 σ), which had better accuracy of an
internal position, were shown here. The maser map is su-
perposed on the (Replaced: 7-mm replaced with: 45-GHz)
continuum map, assuming that (Replaced: the central posi-
tion of the masers is identical with the peak position of the
continuum replaced with: the peak position of the 6-GHz
continuum is identical to that of the 45-GHz continuum).
The contour levels are same as that in Figure 1. The syn-
thesized beam of J-VLA is shown in lower left corner. Black
dotted line marks the axis of the position-velocity diagram.

4. DISCUSSION

4.1. Origin of the continuum emission

Accretion from 100 au scale
disk: 1D
in G 353.273+0.641 (Motogi+ 
17)

Rotation + Expansion
G23.01-0.41: 3D
(Sanna+ 10b)

C. Goddi et al.: Infall and outflow within 400 AU from a high-mass protostar 3

Based on the ratio of l.o.s. velocities and proper motions, water
masers appear to move mainly on the plane of the sky. If they
arise from the surface of a cone, then the outflow inclination an-
gle can be approximated with its semi-opening angle (i.e., 25◦).

Since the amplitude of methanol proper motions is much
lower than that of water (with mean values ∼3 km s−1 and
∼15 km s−1, respectively), the choice of a suitable reference for
methanol velocities is more critical. The red masers have inter-
nal propermotions (calculated using the center of motion of only
red masers; 1–2 km s−1) much smaller than the internal proper
motions of the yellow masers (relative to the center of motion of
only yellow features; 1–10 km s−1); the opposite is true for their
l.o.s. velocities (3–6 km s−1 vs. 0–2 km s−1). Since red masers
are projected in the plane of the sky closer to the putative pro-
tostellar position (see below) and move mostly along the l.o.s.,
we assume that their average proper motion gives an estimate
of the protostar proper motion. Hence, we calculated the center
of motion of methanol using a sample of only red features with
a stable spatial and spectral structure. The resulting proper mo-
tions, shown in Fig. 2b, should represent the sky-projected ve-
locities as roughly measured by an observer comoving with the
star.1 The yellow masers have proper motions with larger ampli-
tudes and directed towards the centroid of the red masers, which
instead move mostly along the l.o.s.; both aspects indicate infall
towards the protostar. This is consistent with methanol masers
having red-shifted l.o.s. velocities and being in the foreground
of the 22 GHz continuum emission (optically thick at 6.7 GHz).
The center of motion calculated from the red cluster of methanol
masers provides our best estimate of the location of the protostar
(marked with a star in Fig. 2b). Three lines of arguments support
this hypothesis: 1) the red masers are distributed in a symmet-
ric and elongated structure roughly perpendicular to the outflow
axis traced by water masers; 2) the two best-fit lines of water and
red methanol masers intersect approximately in correspondence
of the methanol center of motion, close to the centroid of the
22 GHz continuum (Fig. 1); 3) the model employed to interpret
the methanol kinematics gives a similar best-fit location of the
protostar (within uncertainties ∼20 mas; see Sect. 3.2).

3. Discussion
Our VLBI observations show that methanol and water masers,
despite being excited at similar radii from MM–1, trace differ-
ent kinematics: outflow, infall, and (perhaps) rotation, which we
discuss separately in the following sub-sections.

3.1. Collimated outflow from MM–1

We identified a collimated bipolar outflow, at radii 140 to
400 AU from the driving protostar, traced by radio continuum
emission in its ionized component and by water masers in its
molecular component. Before this work, the radio continuum
could be interpreted as either a hyper-compact (HC) H II re-
gion or an ionized jet (Goddi & Moscadelli 2006). The high-
angular resolution maps in Fig. 2 reveal that the two radio
continuum peaks are associated with the two expanding clus-
ters of water masers. This evidence favours the interpretation
of the radio continuum as an ionized jet and suggests that wa-
ter masers may originate in shocks produced by the interac-

1 Our analysis provides the kinematic of methanol masers relative
to the protostar, but not the peculiar protostellar velocity, which can
be much smaller than the uncertainty on the measured absolute proper
motions of methanol masers (∼10–20 km s−1).

Fig. 2. Proper motions of H2O (upper panel) and CH3OH
(lower panel) masers in AFGL 5142 MM–1, as measured rela-
tive to their centers of motion, independently calculated for wa-
ter (cross) and methanol (star) masers. The rectangle in the up-
per panel shows the area plotted in the lower panel. The cones in-
dicate orientation and uncertainties of measured proper motions
(the amplitude scale is given in each panel) and colors denote
l.o.s. velocities. Contour maps show the VLA 22 GHz (dotted
line) and 8.4 GHz (dashed line) continuum emissions. The black
star in the lower panel identifies the putative location of the pro-
tostar.

tion of the jet with the surrounding molecular environment. For
optically thin emission, F d2 = 103.5 (Ω/4π) Ṗ j (Sanna et al.
2010), where F is the measured continuum flux in mJy, Ṗ j is
the jet momentum rate in M⊙ yr−1 km s−1, Ω is the jet solid
angle in sr, and d is the source distance in kpc. Using a flux
density of 0.24 mJy (0.17 mJy) measured at 8.4 GHz for the
NW (SE) component and a distance of 1.8 kpc, we derive:
Ṗ j = 2.5(1.7)× 10−4 (Ω/4π)−1 M⊙ yr−1 km s−1.

K. Sugiyama et al.: Infall motion of the Cep A methanol masers at 6.7 GHz
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Fig. 5. Upper panel: internal proper motions averaged over all the per-
sistent spots in each maser cluster, as listed in Table 3. Cones show
the averaged proper motions in each cluster (the aperture of the cone
corresponds to the uncertainty). The origin of each cone is located at
the brightest spot in each cluster. The star represents the location of the
43 GHz continuum peak (as in Fig. 2). The dashed ellipse corresponds
to the fitted elliptical structure for the methanol maser emission. Colors
indicate the LSR velocity of maser clusters, with the range of LSR ve-
locities within a cluster ([min:max]) shown in the top left corner. Lower
panel: internal proper motions predicted from the fitted disk model in-
cluding rotation and infall (see Sect. 4.1). The horizontal and vertical
axes give the RA and Dec coordinates. The spatial scale is indicated by
the bar at the bottom right corner of the plot. Colors indicate the LSR
velocity of the maser emission located in the disk, using the same color
velocity conversion code (shown on the right of the panel) as in the up-
per panel. The dashed ellipse is identical to that shown in the upper
panel.

counterclockwise direction around the ellipse center. In addition,
all the cluster proper motion vectors are directed toward the in-
side of the maser ellipse.

4. Discussion

4.1. Rotating and infalling motions around Cep A-HW2

The ellipse fitted to the methanol maser emission has very simi-
lar parameters to the disk traced by the CH3CN emission (Patel
et al. 2005), although the radius of the maser ellipse is slightly
larger than that of the CH3CN disk (see Table 4). This close

Table 3. Tangential velocities for the 6.7 GHz masers in Cep A averaged
over each maser cluster.

Cluster Vlsr Vx Vy Nspot

(km s−1) (km s−1) (km s−1)

I/II [−3.3, −1.0] +0.4 ± 0.3 +0.2 ± 0.2 9
II [−0.5, −0.3] · · · · · · · · ·

[−3.5, −2.4] · · · · · · · · ·
III [−4.0, −3.3] +4.0 ± 0.7 +1.8 ± 0.2 3
IV [−4.5, −3.7] −2.9 ± 0.7 −1.3 ± 0.4 7
V [−5.1, −4.5] +2.2 ± 0.5 −1.1 ± 0.7 10

Notes. Column 1: label of maser cluster; Col. 2: range of l.o.s. veloc-
ity in the cluster ([min, max]); Cols. 3, 4: averaged tangential velocity
(toward east and north) weighted by the error of each spot’s proper mo-
tion with uncertainty estimated as a weighted standard deviation; Col. 5:
number of maser spots used to determine the average proper motion of
cluster.

Table 4. Comparison of the ellipse fitted to the first epoch maser data
and the CH3CN molecular disk.

Coordinates (J2000.0) a PAmj i
RA Dec

(h m s) (◦ ′ ′′) (au) (◦) (◦)

Maser 22 56 17.97 +62 01 49.7 680 110 73
CH3CN 22 56 17.96 +62 01 49.6 560 124 68

Notes. Column 1: Maser ellipse (fitted to 1st epoch data) or CH3CN
disk (Patel et al. 2005); Cols. 2, 3: absolute coordinates of the ellipse
center; Cols. 4–6: radius of semi-major axis, position angle (north is 0◦,
and counterclockwise is positive), and inclination of the ellipse or the
disk (face-on is 0◦).

agreement supports the hypothesis that the 6.7 GHz methanol
masers around Cep A-HW2 are associated with the CH3CN and
NH3 disks.

We have fit a model of a rotating and expanding/contracting
disk to the positions and 3D velocities of the 6.7 GHz masers.
The model was applied to the 29 maser spots for which we mea-
sured the internal proper motions, under the assumption that all
of the spots lie on a circular ring. The rotation velocity Vrot, the
expansion velocity Vexp, and the systemic velocity Vsys of the
model were related to the observed velocities as follows:

Vcalc
x′ = Vrot sin θ + Vexp cos θ

Vcalc
y′ = −(Vrot cos θ − Vexp sin θ) cos i

Vcalc
z = −(Vrot cos θ − Vexp sin θ) sin i + Vsys

where Vcalc
x′ ,V

calc
y′ are the tangential velocities along the ellipse

major and minor axis and Vcalc
z is the l.o.s. velocity, θ is the angle

between the position vector to the spot and the ellipse major axis,
and i the inclination angle of the disk. The factors cos θ and sin θ
can be expressed with x′/a and y′/(a ·cos i), where a is the semi-
major axis and x′ and y′ are the coordinates along the major and
minor axis of the ellipse, respectively. The parameters x′ and y′
are given by:

x′ = (y − y0) cos PAmj + (x − x0) sin PAmj

y′ = (y − y0) sin PAmj − (x − x0) cos PAmj

where x and y are the position offsets of the maser relative to the
reference spot along the RA and Dec axis, respectively, x0 and
y0 are the position offsets of the center of the ellipse and PAmj
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Infall: 3D
AFGL5142 MM1
(Goddi+ 11)

Rotation + Infall
Cepheus A-HW2: 3D
(Sugiyama+ 14)

Methanol maser maps collected by Sugiyama



Possible future plan

• EAVN LP for C-band methanol masers

TNRT40

KVN

CVN

20XX semester ??

Yamaguchi 32 m
© NAOJ

Hitachi 32 m
©NAOJ

VERA
JVN

C-band EAVN 
(by Sugiyama)



Summary and future

• KaVA LPs have started since 2016
– Monitoring observations will be completed in 2019B

– Data analysis are still on-going

– Follow-up observations are carried out using VERA, ALMA, etc.

• Future EAVN LP will be discussed until 2020B
– EAVN imaging of 6.7 GHz methanol masers will be 

complementary to the current KaVA LP

– Time-domain maser studies under collaboration with M2O will 
be a key for understanding of accretion processes in HM-YSOs

– Possible new sciences with polarimetry and astrometry

• New members/collaboration for EAVN LP are welcome


