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Abstract

W48 A core H-2a is one of the young massive protostellar objects in the W48 region.
We conducted multi-epoch astrometric observations of the water (H,O) masers associ-
ated with the W48 A core H-2a with VLBI Exploration of Radio Astrometry (VERA). The
trigonometric annual parallax of W 48 A core H-2a was measured to be 0.433 + 0.026 mas,
corresponding to a distance of 2.31 fg:]g kpc. This agrees with the revised parallax of 0.412
+ 0.014 mas by Wu et al. (2019, ApJ, 874, 94). We obtained the systemic proper motion
and local standard of rest velocity to be (;,cos 8, 115) = (0.26 + 0.73, —3.87 + 0.33) mas yr '
and v sg = 41.9 + 0.9kms™', respectively. The distribution of the H,O masers covers an
area of 70 mas x 80 mas, corresponding to 160au x 180 au at the distance of 2.31 kpc.
The internal proper motions of the H,O masers trace an east-west bipolar outflow. With
the recent absolute position measurement of the 6.7 GHz methanol (CH3;OH) masers and
their elliptical distribution, whose major axis is perpendicular to the axis of the bipolar
outflow, we suggest the presence of a disk outflow system in core H-2a. The spectral
energy distribution (SED) of the driving source of core H-2a was previously reported to
yield a luminosity and envelope mass of 8000 + 1000 W, and 170 + 30 M., respectively.
Refitting the SED with the new distance, we obtained the luminosity to be 3100 +388 L,
and derived the zero age main sequence (ZAMS) stellar mass to be 9+ 1 M,. Using our
distance measurement, we derived the peculiar motion of W48A to be (Us, Vs, W;) =
(1+£4,5+6,-15+5)kms".
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stars: formation

© The Author(s) 2020. Published by Oxford University Press on behalf of the Astronomical Society of Japan.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

202 1dy /| uo 1sonB Aq | 99GZ8S/¥S/v/2 . /aI0Me/Ised/wod dno oiwspeoe//:sd)y wolj papeojumoq


mailto:james.chibueze@unn.edu.ng

54-2 Publications of the Astronomical Society of Japan (2020), Vol. 72, No. 4

1 Introduction

Disk outflow systems are gradually becoming common
among high-mass protostars (Cesaroni et al. 2006; Torrelles
et al. 2011; Hirota et al. 2017; Ilee et al. 2018). Theoretical
models support the notion of the existence of circumstellar
disks to aid accretion against radiation pressure from the
protostellar object (Krumholz et al. 2009). Hirota et al.
(2017) unveiled a disk-driven rotating bipolar outflow in
Orion source 1, showing how bipolar outflows play a key
role in resolving the angular momentum problem. Most of
the disk outflow systems are revealed through millimeter
observations; however, a number of compact bipolar out-
flows and rotating disk structures have been detected with
very long baseline interferometric observations of the inter-
stellar masers associated with the regions (Chibueze et al.
2012; Sugiyama et al. 2014).

W48 A (also known as G35.20—01.74) is natal home
to several massive protostellar objects, multiple Hu
regions, and a known photodissociation region (Wood &
Churchwell 1989; Onello et al. 1994; Roshi et al. 2005).
Pillai et al. (2011) and Rygl et al. (2014) explored the
millimeter dust and line emission properties of W48 A.
The focus of this paper will be on core H-2a in clump H2
as classified in Rygl et al. (2014). The core is associated
with 6.7 GHz methanol (CH3;OH) maser emission pointing
to the presence of a massive protostar in the core (Caswell
et al. 1995; Minier et al. 2000; Sugiyama et al. 2008; Breen
et al. 2015). The envelope mass of the core is estimated
to be 170430 M, and the dust temperature is 27 £ 9K.
The bolometric luminosity of the core is estimated as
80004 1000 L, at an age of 8 x 10° yr (Rygl et al. 2014).
The parallax distance measurement by Zhang et al. (2009)
puts the distance to the core at 3.27 + 0.49 kpc (with about
15% error). Recently, Wu et al. (2019) revised the parallax
distance to 2.19709% kpc. The existence of two conflicting
parallax measurements pushed us to an independent verifi-
cation of the distance. Our parallax distance measurement
reported in this paper is in agreement with the value of Wu
et al. (2019), but it differs from that of Zhang et al. (2009).

There is a direct link between accurate distance measure-
ments of star-forming regions and the effort to understand
the formation of high-mass stars. The very long baseline
interferometry (VLBI) trigonometric parallax measurement
technique is currently the most accurate way of deriving
the distances to Galactic masing objects, including star-
forming clouds (Honma et al. 2012; Reid et al. 2014).
However, a number of factors can negatively affect the
accuracy of VLBI astrometric results. These may include
phase errors due to tropospheric delay, resolved structures
in the phase calibrator, extended structures in the detected
maser emission, use of too few observation epochs in the
parallax fitting, and mistaken identification of the same

Table 1. Observation information.

Epoch Observation code Date (yyyy mm dd)
1 r10018b 201001 18
2 r10140a 2010 05 20
3 r10271a 2010 09 28
4 r10337a 2010 12 03
S r11043b 20110212
Table 2. Source information.
Name RA (J2000.0) Dec (J2000.0)
W48 A 19h01™455423 +01°13'327573

J190740127  19P07™115996263 +01°27'08796316

maser feature across adjacent epochs. Nevertheless, VLBI
parallax distances are much more accurate than photo-
metric and kinematic distances.

Masers not only serve as a signpost for star forma-
tion but they can also be used to trace gas motion around
forming stars. Examples of the use of masers to trace colli-
mated and wide-angle outflows as well as rotation and infall
motions abound (Torrelles et al. 2011; Chibueze et al. 2012;
Sugiyama et al. 2014 and references therein). In the case of
a symmetric distribution of the maser proper motions, the
dynamical center of maser kinematics can provide a clue
to the probable location of the driving source, that is, the
(proto)star.

In this paper we report the results of multiple epoch
VLBI Exploration of Radio Astrometry (VERA) observa-
tions of W48 A. The measured parallax distance, peculiar
motion, and compact outflow traced by the H,O maser
internal motion are discussed. We have also compared the
kinematics of the H,O masers with the 6.7 GHz methanol
maser distribution (Sugiyama et al. 2008; Surcis et al. 2012;
Reid et al. 2019).

2 Observations and data reduction

VLBI observations of the 22.235080 GHz H,O masers in
W48 A were made with VERA between 2010 January
and 2011 February. The observation dates are listed in
table 1. The position reference source was the International
Celestial Reference Frame 2 (ICRF2)! source, J1907+0127.
The separation angle between W48 A and J1907+0127
is 1238 with a position angle of 81°. The coordinates
of the target and the reference source are reported in
table 2. J1907+0127 was detected at the peak intensity of
0.12-0.17 Jy beam™" in our observations. The target and the
reference source were simultaneously observed using the
dual-beam system of VERA. The observed data was

1 (http://gemini.gsfc.nasa.gov/solutions/2010a/2010a.html).
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recorded with magnetic tapes at the rate of 1 Gbps with
two-bit quantization. This provided a total bandwidth of
256 MHz composed of sixteen 16 MHz-wide IF (interme-
diate frequency) bands. One IF band was assigned to the
target maser source, W 48 A, and the remaining 15 IF bands
were assigned to the continuum source, J19074+0127. The
correlation was performed at the Mitaka FX correlator.
The correlation accumulation period was 1s. The spectral
resolution was set to 250 kHz for the continuum source and
15.625kHz (0.21 kms™!) for the maser source. The clock
offset and rate were calibrated using the bright fringe finder,
J2015+3710 (~2Jy), in the correlation process.

Data reduction was performed using the NRAO Astro-
nomical Image Processing System (AIPS). The delay differ-
ence between the dual beams is measured and calibrated by
the horn-on-dish method, in which artificial noise sources
are mounted on the antenna feedhorn base and a wide-
band radio noise is injected into the dual-beam receivers
after reflection by a subreflector (Honma et al. 2008a).
The tropospheric delay is calibrated using the tropospheric
zenith delay measured by Global Positioning System (GPS)
(Honma et al. 2008b). The ionospheric delay is calibrated
using the Global Ionosphere Maps produced by Center for
Orbit Determination in Europe (CODE). These delays were
converted to AIPS SN table format and applied to the vis-
ibility data. The fringe search was done using the refer-
ence source J1907+0127. The fringe phases are obtained
every 30 s with the averaging time of a single data sample
being 1205s. J1907+0127 could be detected on individual
baselines with signal-to-noise ratios typically between 5
and 10. The self-calibration of J1907+0127 was made
to solve for the amplitude and phase variation owing to
structural effects. Figure 1 shows the self-calibration map
of J1907+0127. The core jet-like structure corresponding
to the central bright component and the weak northeast
component can be seen. A similar structure is also seen
in 2.3 GHz and 8.4 GHz radio continuum maps obtained
by the VLBA calibrator survey (Beasley et al. 2002). The
station-based phase solutions obtained by the fringe search
and the self-calibration of J190740127 were applied to the
target source W48 A. When applying the corrections, the
frequency difference between the position reference source
and the target maser was considered. After accurate delay
calibration and phase-referencing by J1907+0127, syn-
thesis imaging of the target source W48 A was performed
using the AIPS task “IMAGR,” producing images with a
field of view of 100 mas x 100 mas. The synthesized beam
size was typically 1.4 mas x 0.8 mas at a position angle
of —36°. The peak position and intensity of each maser
spot were obtained by a two-dimensional Gaussian fit of its
emission in the corresponding calibrator-referenced channel
map. The noise level of the calibrator-referenced image
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Fig. 1. Self-calibration map of the position reference source J1907+0127.
The contours are plotted at the level of oyms x 5 x /2" (n=1,2,3,...),
where oms is the noise level.

Table 3. Comparison of the maser and calibrator referencing
for the reference spot at v = 46.4kms™'.*

Epoch Iy Om I. o I /Ic Om/0c
(Jybeam™) (Jy beam™)
1 3.89 0.07 2.48 0.09 1.6 0.7
2 5.81 0.11 5.96 0.16 1.0 0.7
3 6.02 0.14 4.56 0.20 1.3 0.7
4 6.32 0.11 4.46 0.18 1.4 0.6
5 8.11 0.08 8.33 0.16 1.0 0.5

*Column 1 lists the epoch number. Columns 2 and 3 list the peak intensity
(Im) and the noise level (o) obtained by maser referencing. Columns 3
and 4 list the peak intensity (I¢) and the noise level (o) obtained by cali-

brator referencing. Columns 5 and 6 list their ratios for comparison.

! on individual channels. A

was typically 0.1-0.2 Jy beam™
signal-to-noise (S/N) detection threshold of 7 was adopted
for the detection criteria of the maser spots.

The fringe search and self-calibration of the target maser
source were performed to measure the internal motions of
the maser spots. The local standard of rest (LSR) velocity
channels at visg = 40.7kms™! for the first and second
epochs and visg = 43.9kms™! for the third to the fifth
epochs were used. They were detected at the peak inten-
sity of ~50 Jy beam™!
solution, velocity channels were imaged over wide fields of

. After applying the self-calibration

view of 8” x 8” and the brightness peaks were searched.
For each peak, a CLEANed image with a small field of
view of 100 mas x 100 mas was produced. We selected the

!, which was detected at

maser spot at visg = 46.4kms”
all five epochs, as a position reference. Table 3 shows a

comparison of the maser- and the calibrator-referenced
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images. The peak intensity and the noise level obtained
by the two methods for the reference maser spot at
visg = 46.4kms™! are shown. The maser calibration
improved the peak intensities by factors of 1.0-1.6 and
reduced the noise levels by factors of 0.5-0.7. A higher
dynamic range, an improvement by factors of 1.5-2.2,
was obtained compared with the calibrator-referenced
images.

3 Results

We detected 57 maser spots persistent for more than two
epochs; they are listed in table 4. Several maser spots are
detected at similar positions and consecutive velocity chan-
nels. We define such a cluster of spots as a feature. We
grouped the 57 maser spots into 8 features labeled “a, b, c,
d, e, f, g, h” in table 4. The relative proper motions with
respect to the reference maser spot of visg = 46.4kms™!
(3a in table 4) were obtained by assuming a uniform linear
motion. The position offsets at the first epoch of detection
(Aacos §, A8) and relative proper motions (i,c0s 8, j15) are
summarized in table 4. The internal motions of individual
maser spots were derived to correct the bias from the rel-
ative proper motions. They are shown as (Av,, Av,) in
table 4, obtained by Av = (u — 1) -a - D, where u is the
relative proper motion, j is the bias of the relative proper
motions,a =4.74kms~! kpc~! mas~! is the conversion con-
stant from masyr~!' to kms~! for a distance of 1kpc, and
D = 2.31kpc is the source distance. The bias of the rela-
tive proper motions was derived from the average of the
relative proper motions of the eight features to be (—0.56,
—0.34) masyr~' in the RA and Dec directions.

The spatial distribution of H, O maser spots in W48 A is
shown in figure 2. The H,O masers are distributed within
an area of 70 mas x 80 mas corresponding to 160au x
180au at a distance of 2.31kpc. These maser spots are
associated with the core H-2a identified via CH;CN line
observations by (Rygl et al. 2014). The red-shifted maser
spots are distributed on the eastern side and move towards
the east direction, while the blue-shifted maser spots are
distributed on the western side and move towards the west
direction. The most red-shifted H, O maser feature is offset
to the northeast and co-located with the most red-shifted
6.7 GHz CH;OH masers. Assuming the CH3;OH masers
to be tracing a rotating disk structure, then the most red-
shifted H,O maser could be tracing the shocks associ-
ated with such rotation. These distributions and internal
motions suggest the presence of a bipolar outflow emerging
from the W48 A core H-2a. The velocity dispersions in the
RA, Dec, and line-of-sight directions are calculated to be
(O s Ouys Oz) = (24.2,10.3, 2.9) km's™!, respectively. The
velocity dispersion in the RA direction is the largest.

The annual parallax of W48 A was obtained to be 0.433
+ 0.026 mas from the combined fitting using the three spots
at vigp = 46.4, 43.9, and 42.0kms™' (3a, 18c, and 28d
in table 4). These spots, selected from the features a, c,
and d, were persistently detected for more than four epochs.
The selected spots have high relative intensity and their
structure was relatively compact. The result of the fitting
is summarized in table 5. The parallax motions of the
three spots are shown in figure 3. The phase-referencing
images are shown in figure 4. The spot at 46.4kms~! was
detected over all five epochs, while the spots at 43.9 and
42.0kms™! were detected in epochs 2 to 5 and 1 to 4,
respectively. The post-fit residual rms is 0.033 mas in RA
and 0.068 mas in Dec. The formal position error was esti-
mated at each epoch and for each spot by o, ~ 0.5 -
Obeam/(S/N). Its value is 0.020 mas in the average of all
epochs and spots, 0.008 mas in the best case, and 0.076 mas
in the worst case. The residual is two to four times larger
than the formal error, and the reduced x? value is as large
as 10, if we adopt only the formal error. This suggests
that the true position errors are underestimated. There-
fore, a systematic position error (o) of 0.030 mas in RA
and 0.060 mas in Dec is added in quadrature to the formal
position error to achieve a reduced x? value of unity. This
adjusted error, /(o + aszys), is shown with the error bars of
figure 3.

The obtained parallax of 0.433 £ 0.026 mas corre-
sponds to a distance of 2.317)13 kpc. This is close to the
near kinematic distance of 2.6 kpc, which is estimated
using visg = 43kms™! (Roshi et al. 2005), values for the
Galactic constants Ry = 8.0kpc, ®; = 230kms~!, and
a flat rotation curve (VERA Collaboration, et al. 2020).
The parallax of this source was measured to be 0.306
+ 0.045 mas with VLBA 12 GHz CH;OH maser astrom-
etry by Zhang et al. (2009). This was revised to 0.412 +
0.014 mas by Wu et al. (2019). Our measured parallax is
consistent with that of Wu et al. (2019) within the errors.
The difference between our value and that of Wu et al.
(2019) is 0.021 £ 0.030 mas (0.7 o), and is not statistically
significant.

The systemic proper motion was estimated by sub-
tracting the internal motion from the absolute proper
motion. In this estimation, the absolute proper motions of
the three spots at visg = 46.4, 43.9, and 42.0kms™' in
table 5 and their internal motions in table 4 (3a, 18c, 28d)
were used. The systemic proper motion was estimated indi-
vidually using the three spots to be (uqcos8, us) = (0.22
+ 0.03, —3.83 + 0.11), (0.26 + 0.12, —3.85 + 0.15),
and (0.31 £ 0.04, —3.95 £ 0.06) masyr—', respectively.
These are consistent within 0.1 masyr~', corresponding to
1kms™! at a distance of 2.31 kpc. To obtain the best esti-
mate of the systemic proper motion, we took the average
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Table 4. List of the H,O maser spots in W48 A.*
ID Aacos AS g COS S s Avy Avy VLSR Ipeak (Jy) Epoch
(mas) (mas) (masyr—!) (masyr—!) (kms™1) (kms™1) (kms™1)  (beam™!)
la 26.58 £0.05 94.394+0.06 0.10+0.03 —0.14 +0.02 7.2 4+0.3 22402 46.8 0.5-1.3 10011
2a 26.534+0.01 9448 4+0.02 0.04+0.05 —0.06 +0.08 6.6 £ 0.5 31409 46.6 1.6-4.3 11111
3a 2648 £0.01 94.53+0.01 0.0040.00 0.00 & 0.00 6.1 +0.0 3.7+0.0 46.4 3.9-8.1 11111
4a 26.38 £ 0.01 94.68 + 0.01 0.02 £ 0.02 —0.03 £ 0.03 6.4+0.2 3.4+0.3 46.2 4.9-8.5 11111
Sa 26.254+0.01 94.854+0.01 0.10+0.04 —0.10 4+ 0.04 724+ 0.4 2.6 +0.4 46.0 2.8-4.1 11111
6a 2620 +£0.02 9595+0.03 020+£0.10 —-0.29+0.15 8.3+ 1.1 0.5+1.6 45.8 0.8-1.4 11011
avr 2640 £0.02 94.65+0.04 0.08+0.03 —0.10+0.04 7.0 £0.3 2.6 +04 46.3
7b -2.83 +£0.01 15.78 £0.01 2.81 +0.42 0.28 +0.42 36.9+ 4.6 6.8 +4.6 45.1 2.4-8.8 11000
8b -2.80+0.01 15.794+0.01 2.88+0.42 0.29 +0.42 377+ 4.6 6.9+ 4.6 44.9 5.5-15.2 11000
9b —-2.79 £ 0.01 15.79 £ 0.01 3.04 £ 0.42 0.36 + 0.42 394+ 4.6 7.7 £ 4.6 44.7 8.1-18.2 11000
10b  —-2.80+0.01 15.784+0.01 3.23+0.42 0.60 + 0.42 41.5+4.6 10.3 £ 4.6 44.5 7.5-16.4 11000
11b -2.82+£0.01 15.77+£0.01  3.99 +£0.42 2.35+0.42 49.8 £ 4.6 29.5 +4.6 44.3 6.4-11.7 11000
avr -2.81+0.01 15.78+0.00 3.19 £0.19 0.78 £ 0.36 41.1£21 12.2 £3.9 44.7
12¢  -123+£0.02 16.79+0.02 1.57+0.78 —-1.74+0.78 23.3+8.5 —-153+8.5 45.1 1.0-3.5 00110
13¢  -1.204+0.01 16.76 £0.01 1.72+0.78 -220+0.78 25.0+8.5 —-204+38.5 44.9 0.9-8.8 00111
14c —1.16 £ 0.01 16.62 £ 0.01 1.59 £ 0.02 —1.33 £0.11 23.5+0.2 —-10.8 £ 1.2 44.7 2.4-18.2 00111
15¢ —-1.09+0.01 16.474+0.01 1.46+0.04 —0.894+0.02 22.1+0.4 —6.0+£0.2 44.5 5.4-36.3 00111
16c —-1.08+0.01 16.43+0.01 1.45+0.13 —-0.85+0.16 22.0+1.4 —-5.6+1.8 44.3 10.9-53.7 00111
17¢c -1.384+0.01 16.86+0.01 1.13+£0.13 —-1.01+0.09 18.5+1.4 -73+£1.0 44.1 8.8-60.0 01111
18¢ —-1.39 £ 0.01 16.78 £ 0.01 1.16 £ 0.12 —0.89 £ 0.11 18.8 £ 1.3 —6.0 £ 1.2 43.9 9.8-67.6 01111
19¢  -1.45+0.01 16.55+0.01 1.26+0.07 -0.57+0.30 19.9+0.8 -2.5+33 43.7 11.8-70.3 01111
20c  —-1.47+0.01 16.45+0.01 1.32+0.04 —-0.43+0.42 20.6+0.4 -1.0+ 4.6 43.5 14.8-65.4 01111
21c —-1.474+£0.01 16.42+£0.01 1.374+£0.03 —-0.39+£0.45 21.1£0.3 —-0.5+4.9 43.3 12.6-51.2 01111
22¢ —1.47 £ 0.01 16.41 £ 0.01 1.39 £ 0.04 —0.37 £ 0.46 21.4+04 —0.3£5.0 43.0 7.2-30.3 01111
23¢  -1.51+0.02 16.40+0.02 1.484+0.03 —0.40+0.48 22.3+0.3 —-0.7+5.3 42.8 2.7-13.9 01111
24¢  -1.044+0.01 16.554+0.01 1.66+0.07 —-1.11+0.52 24.34+0.8 -84 457 42.6 3.1-5.5 00111
avr -1.30+0.05 16.58+0.04 1.43+0.05 -0.94+0.15 21.8+0.5 —6.5+1.6 43.9
25d  -6.38+0.01 30.57+£0.01 0.24 +0.42 0.48 +0.42 8.8 £ 4.6 9.0 + 4.6 42.6 5.4-9.8 11000
26d —6.384+0.01 30.574+0.01 0.25+0.42 0.43 +0.42 8.9 +4.6 8.4 +4.6 42.4 8.1-10.1 11000
27d —6.38 £ 0.01 30.56 £ 0.01 0.11 +0.04 0.63 +0.03 7.3+0.4 10.6 £ 0.3 42.2 1.3-10.0 11110
28d —-6.39+0.01 30.574+£0.01 0.134+0.03 0.60 + 0.04 7.6 £0.3 10.3 £ 0.4 42.0 1.5-9.7 11110
29d  -6.36 +£0.01 30.59+0.02 0.10 +0.02 0.58 +£0.02 7.2+0.2 10.1+0.2 41.8 1.3-7.1 11110
30d —-6.30+0.02 30.72+£0.02 0.09 +0.39 0.68 +0.39 7.1 +4.3 112+ 4.3 41.6 3.5-3.7 01100
avr —-6.37 £0.01  30.60 £0.02  0.15 £0.03 0.57 £ 0.04 7.84+0.3 9.9+0.4 42.1
3le —-35.28+0.01 21.90+0.01 -2.70+042 -0.65+042 -234+46 -34+46 41.6 1.9-14.4 11000
32e —35.29+0.01 21.90+0.01 -2.70+0.42 —-0.61+0.42 -234+4.6 -3.0+4.6 41.4 6.3-40.8 11000
33e  —35.28+0.01 21.894+0.01 -2.82+0.42 -0.56+042 -2474+46 -24+46 41.1 19.7-64.2 11000
34e —3525+0.01 21.87+0.01 -296+042 -0.48+042 -263+46 —15+4.6 40.9 41.1-69.3 11000
35¢e —35.19+0.01 21.82+0.01 -3.104+042 -040+042 -278+46 —-0.7+4.6 40.7 56.2-57.8 11000
36e —35.06+0.01 21.734+£0.01 —-3.294+0.42 -0.28+0.42 -29.94+4.6 0.7 £ 4.6 40.5 37.9-47.3 11000
37e  —34.64+0.01 21.46+0.01 -336+0.42 -0.38+042 -30.7+46 —04+46 40.3 20.6-28.3 11000
avr —35.14+0.08 21.80+0.06 -2.994+0.09 -0.48+0.05 -266+10 —-1.5+0.5 40.9 11000
38f —-34.16 £0.01 21.194+0.01 -2.27+0.42 -1.194+042 —-18.7+46 —-93+4.6 40.1 23.9-34.5 11000
39f  —-34.08+0.01 21.16+0.01 -2.09+0.42 -1.33+042 -16.8+46 —10.8+4.6 39.9 29.3-47.6 11000
40f —-34.06 £0.01 21.15+£0.01 —-2.094+042 —131+£0.42 -16.8+4.6 -10.6+4.6 39.7 25.1-49.9 11000
41f -34.03+£0.01 21.16+0.01 —-2.15+0.42 -1294+042 —-174+46 -—-10.4+4.6 39.5 13.4-39.2 11000
avr  —34.08 £0.01 21.174+0.01 -2.15+0.04 -1284+0.03 —-1744+04 —-10.34+0.3 39.8
42g —36.06 £0.01 20.41+0.01 -1.55+0.78 —-1.46+0.78 -10.8+8.5 —-123+8.5 39.9 33.9-65.5 00110
43g —36.08 £0.01 20.41£0.01 —-1.584+0.03 -1.61+£0.09 -11.24+03 -13.9+1.0 39.7 16.9-84.2 00111
44g —-36.14+0.01 20.43+0.01 -1.624+0.05 -1.57+0.03 -11.6+0.5 -13.5+0.3 39.5 25.2-84.7 00111
45g —36.22+0.01 20.46 £0.01 —-1.50+0.09 -1.61+0.00 -10.3+1.0 -13.9+0.0 39.2 27.3-75.7 00111
46g —36.26 £0.01 20.48+0.01 —1.474+0.02 -1.63+0.04 -10.0+0.2 —14.1+0.4 39.0 23.9-56.9 00111
47¢ —-36.28 £0.01 20.48+£0.01 —-1.534+0.14 -1.62+0.13 -10.6+1.5 -14.0+1.4 38.8 19.8-52.0 00111
48g —36.25+0.01 20.47+0.01 -1.63+036 -1.56+0.25 -11.7+39 -134+2.7 38.6 15.4-48.1 00111
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Table 4. (Continued)

ID Aacos AS e COS 8 U Avy Avy VLSR Ipeak (Jy) Epoch
(mas) (mas) (masyr—!) (masyr—') (kms™1) (kms™1) (kms™!)  (beam™!)

49¢g —-36.71£0.01 20.30+£0.01 -0.78+£0.73 —2.08=+0.73 —-24+80 —19.1+8.0 38.4 11.5-40.2 00011
50g —-36.74+0.01 20.31+0.01 -0.62+0.73 —-2.05+0.73 —-0.7+8.0 —18.7+8.0 38.2 8.4-31.1 00011
Slg  —-36.76 £0.01 20.32+0.01 —-0.41+0.73 -2.14+£0.73 1.6 £ 8.0 —19.7 £ 8.0 38.0 5.9-21.1 00011
S2g  —-36.75+£0.01 20.31+£0.01 -0.47+0.73 —-2.04+0.73 1.0 £ 8.0 —18.6 + 8.0 37.8 4.1-11.6 00011
53g  —-36.78 £0.01 20.33+0.01 -0.49+0.73 —-2.02+0.73 0.8 £ 8.0 —18.4 + 8.0 37.6 2.4-5.3 00011
S4g  —-36.79£0.01 20.324+0.03 -0.39+0.73 —-1.71+£0.73 1.9+ 8.0 —15.0 £ 8.0 37.4 1.4-2.2 00011
avr  —35.454+0.08 20.39+0.02 -1.08+0.14 -1.78+0.07 -=-57+1.6 —-15.7+0.7 38.6

55h  —38.67+0.01 2549 +0.01 -2.964+0.42 0.26 £+ 0.42 —26.3 4.6 6.6 £ 4.6 39.0 4.2-6.3 11000
S56h  —38.69+£0.01 25.52+0.01 -2.954+0.42 0.20 £ 0.42 —26.2+4.6 59+4.6 38.8 4.6-8.2 11000
57h  —-38.744+£0.01 25.634+0.02 —-3.39+0.37 1.06 £ 0.71 —31.0 £ 4.1 15.3+£7.8 38.6 2.5-10.1 11100
avr  —38.70 £0.02 25.554+0.03 —-3.10+0.12 0.51 £0.23 —27.8+1.3 9.3+£2.5 38.8

»

*Column 1 lists the spot ID: “avr

means the average of the spots which represents the values of the feature. Columns 2 and 3 list the position offset

in the RA and Dec direction, respectively, with respect to the source coordinate listed in table 2. Columns 4 and $ list the relative proper motion with
respect to to the reference spot 3a in the RA and Dec direction, respectively. Columns 6 and 7 list the internal proper motion in the RA and Dec direction,
respectively, derived by Av = (1 — ji) - a - D. Here, u is the relative proper motion listed in Column 3 and 4, 1 is the average of the relative proper motion of
(f €088, fis) = (—0.56, —0.34) masyr—!, a = 4.74kms~! kpc~! mas~! yr is the conversion constant from masyr~—! to kms~! at 1kpc, and D = 2.31kpc is
the source distance (see text). Column 8 lists the LSR velocity. Column 9 lists the peak intensity in detected epochs. Column 10 lists the detected epochs: “1”

for detection and “0” for non-detection.
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Fig. 2. (a) H,O maser feature distribution with internal motion (filled circles with arrows); 2masyr~" corresponds to 22 kms~" at a distance of 2.31 kpc.
The coordinate of the map origin is shown in table 2. The open circles, triangles, and squares represent the positions of the 6.7 GHz CH30H masers
observed by JVN (Sugiyama et al. 2008), EVN (Surcis et al. 2012), and BeSSelL (Reid et al. 2019), respectively. The ellipse (dashed line) is the best fit
of the morphology of the distribution of the 6.7 GHz CH3OH masers, assuming that they are associated with a disk-like structure. (b) Enlarged view
of the H,O maser area. The internal motions of individual HoO maser spots are shown.

of the three spots, yielding (uq,cos 8, ws)sys = (0.26 £ 0.73,
—3.87 4 0.33) masyr—'. The reported error is the standard
error estimated by o /4/N, where o is the standard devia-
tion of the internal motions and N = 8 is the number of
features. The proper motion of the 12 GHz CH3OH masers
was measured to be (—0.68 4= 0.44, —3.60 + 0.44) mas yr!

(Wu et al. 2019). The difference between the systemic
proper motions from our results and Wu et al. (2019) is
(0.94 4+ 0.85, —0.27 £ 0.55)masyr~!, corresponding to
1 0. Therefore, it is not statistically significant. The average
LSR velocity of the eight maser features is calculated to be
Dsr = 41.9+0.9kms™!. This is consistent with the LSR
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Table 5. Parallax and proper motion fits.*

VLSR T e COS 8 s Awcos § AS Oy o5

(kms™1) (mas) (masyr~!) (masyr—!) (mas) (mas) (mas) (mas)
46.4 0.395 £0.016 0.78£0.03 —-3.49+0.11 26.48+0.02 94.53 £0.08 0.020 0.091
43.9 0.458 £0.011 1.98+0.03 —440+0.10 -1.16+0.01 15.65+£0.05 0.014 0.051
42.0 0.443 £0.013 1.00+£0.03 —-3.01 £0.04 —6.40+0.01 30.60£0.02 0.021 0.026
Combine  0.433 £ 0.026 0.032  0.068

*Column 1 lists the LSR velocity. Column 2 lists the parallax. Columns 3 and 4 list the absolute proper motion in the RA and Dec

direction, respectively. Columns 5 and 6 list the position offset in the RA and Dec direction, respectively, with respect to the source

coordinate listed in table 2. Columns 7 and 8 list the post-fit residual in the RA and Dec direction, respectively.
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Fig. 3. Parallax and proper motion fits of the maser spot at v, gg = 46.4 (purple), 43.9 (green), and 42.0kms~" (blue). Left panel: Positional variation
on the sky. Middle panel: Positional variation versus time. Right panel: Same as the middle, but the proper motion has been removed, allowing the

effects of only the parallax to be seen.

velocity of the core H-2a, 42.7 £ 0.2kms™!, observed in
the CH;CN emission (Rygl et al. 2014).

4 Discussion

4.1 H,O maser bipolar outflow in W48 A core
H-2a

To determine the position angle and inclination angle of
the outflow axis quantitatively, we performed an analysis
based on the velocity variance-covariance matrix (VVCM)
of the H,O masers (Bloemhof 2000). Diagonalization of
the VVCM provides eigenvectors and eigenvalues for the
VVCM,; the eigenvector corresponding to the largest eigen-
value indicates the kinematical axis of the outflow, and the
eigenvalue gives the velocity dispersion along the axis. The
VVCM consists of

where the diagonal elements are calculated from the velocity

dispersion (units of km? s72),

Here, 7 and j denote the three orthogonal space axes x, v,
and z, which indicate the RA, Dec, and line-of-sight direc-
tions, respectively, and # is the #th maser motion in a col-
lection totaling N.

Using the internal motions of the eight H, O maser fea-
tures in W48 A, the VVCM was calculated as follows and
it was diagonalized to be

5841 716 513 599.3 0 0
71.6 106.8 115 | = 0 96.5 0
51.3 11.5 8.2 0 0 34
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Fig. 4. Phase-referencing images of H,O maser spots at v gg = 46.4, 43.9, and 42.0kms~'. The contours are plotted at the level of oyms x 5 x /2"

(n=1,2,3,...

using the eigenvectors of

0.985  0.149 0.081
0.145 —0.988 0.054 |. (4)
0.088 —0.042 —0.995

Using the eigenvector (0.985, 0.145, 0.088), corresponding
to the largest eigenvalue of 599.3 km? s72, the position angle
and the inclination angle of the outflow axis are estimated
to be 82 + 3" and 85 + 2°,
west edge-on bipolar outflow). This approximately east—
west outflow can be compared to the 6.7 GHz CH;OH
maser distribution to unveil the true nature of core H-2a of

W48 A.

respectively (almost an east—

4.2 The disk outflow system of W48 A core H-2a

We compared our H,O maser map and the 6.7 GHz
CH;30H maser maps obtained by JVN (Sugiyama et al.
2008), EVN (Surcis et al. 2012), and the BeSSeL (Reid
et al. 2019) first epoch result.> The BeSSeL result pro-
vides the absolute position of the CH;OH maser. Since
the absolute positions of both H,O and CH;OH masers
were obtained by phase-referencing observations using ref-
erence sources with accurate positions, we can align them

2 (http://bessel.vIbi-astrometry.org/first_epoch).

). The peak intensity, Ipeak, and the rms noise level, orms, are shown in the bottom left corner of each panel by l,eax & orms.

with uncertainties of a few mas. The position reference
source J1907+0127 was used in our observations. The
four position reference sources J1857—0048, J1904+0110,
J1903+0145, and J1907+0127 were used in the BeSSeL
observations. The position uncertainties of these sources
are approximately 0.1-0.5 mas according the VLBA Cali-
brator Source List.> We superimposed the three CH;OH
maser maps of JVN, EVN, and BeSSeL using the reference
maser spot at visg = 43.6 kms~! detected in three observa-
tions, and this is plotted at (Aacos 8, A§) = (43, 50) mas in
figure 2a.

From figure 2a, the orientation of the ellipse is close
to perpendicular to the bipolar outflow traced by the
H, O masers, whose axis, as indicated by the VVCM anal-
ysis, is directed approximately east—-west. While there is
no proper motion measurement of the 6.7 GHz CH;OH
masers in W 48, there are examples showing that they trace
rotating structures/disks (Sugiyama et al. 2014). We will
be assuming that the 6.7 GHz CH3;OH masers fitted with
the ellipse in figure 2a are tracing a rotating disk-like struc-
ture in W48 A core H-2a. We do have a small amount of
evidence supporting the assumption. The most red-shifted
H,O maser in figure 2a is located northeast of the rest of
the H, O masers and close to the red-shifted CH3; OH maser;

3 (http://www.vlba.nrao.edu/astro/calib).
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Fig. 5. WISE band 1 (3.4 um) image of W48 A. The inset shows a zoomed image of the black rectangular region in the main plot. In the inset, the
black open triangle, red cross, and blue open circle represent the 6.7 GHz CH3OH maser position of Caswell et al. (1995) also adopted by Minier,
Booth, and Conway (2000) and Sugiyama et al. (2008), the new position reported by Reid et al. (2019), also consistent with Breen et al. (2015), and
our H,0 maser absolute position, respectively, while the green diamond indicates the position of the CH3CN emission (showing that core H-2a is a

hot molecular core) reported by Rygl et al. (2014).
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Fig. 6. Spectral energy distribution of W 48 A core H-2a recalculated with
the revised distance. Filled triangles are used for upper limits.

this could be an indication that they share similar motion.
Therefore, we suggest the existence of a disk outflow system
in core H-2a. Assuming that gravitational force is dominant
in the innermost part of the core, traced by the CH;OH
masers, we used its spatial scale (200 mas corresponding to
460 au) and Vg dispersion (4 km s7!) to derive the inner
mass to be 8 M. The derived mass is consistent with the
mass we obtained from the SED fitting.

The Wide-field Infrared Space Exploration (WISE) band
1 image of W 48 A is shown in figure 5 with the posi-
tions of its associated masers and CH;CN emission. Using

the updated parallax distance of W48 A and assuming an
envelope model with embedded ZAMS star (Molinari et al.
2008), we fitted the spectral energy distribution (SED) of
the W48 A core H-2a (see figure 6). From our SED results,
the YSO in core H-2a has a luminosity of 3100+ 388 L,
and a mass of 9 £1 M,. The difference between our SED
fit and that of Rygl et al. (2014) is that they fitted the SED
of core H-2a with no data point at wavelengths lower than
10 um. Instead, we obtained 2MASS, UKIDSS, and WISE
infrared magnitudes for the point sources associated with
the core. Rygl et al. (2014) adopted the distance reported
by Zhang et al. (2009) of 3.27 +0.49 kpc (which has been
revised), while we used our distance which agrees with the
revised distance.

4.3 Galactic location of W48 A

W48 A appears to be located in the Sagittarius spiral
arm. The distance of W48A (2.317)13kpc) is close
to the distances of G035.02+00.34 (2.32%03%kpc) and
G035.19-00.74 (2.19703¢kpc), which are two star-
forming regions located near W 48 A on the sky and placed
in the Sagittarius spiral arm (Wu et al. 2019). The peculiar
motion of W48 A is calculated to be (Us, V,, W,) = (1 &+
4,5+ 6,—15 £ 5)kms~' from our astrometric results of
D = 2.31%015 kpe, (acos 8, f5)gys = (0.26 £ 0.73, —3.87
+ 0.33)masyr~!, and g = 41.9 £0.9kms™!, using the
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method of Reid et al. (2009). In this calculation, the
Galactic fundamental parameters of Ry = 8.0 kpc and © =
230kms~! (VERA Collaboration et al. 2020) and the solar
motion of (Ug, V,, W) = (10.3, 15.3, 7.7) km s~ (Kerr &
Lynden-Bell 1986) were used, and a flat Galactic rotation
curve assumed. The derived peculiar motion of W48 A is
less than 15 kms™1.

5 Summary and conclusions

Our results highlight the importance of maser astrometric
observations in the study of star formation. Based on our
VERA observations, we make the following conclusions:

* The trigonometric annual parallax of W48 A core

H-2a was measured to be 0.433 £+ 0.026 mas, placing

it at a distance of 2.317)13 kpc. Its peculiar motion was

obtained as (U, Vi, W) =(1+4,5+6,—15+5)kms'.
* The H,O masers cover an area of 70 mas x 80 mas, cor-
responding to 160 au x 180au, and trace an east—west
bipolar outflow.
* W48 A core H-2a likely hosts a disk outflow system, with
the 6.7 GHz CH; OH masers tracing the disk and the H,O
masers tracing the bipolar outflow.
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