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ABSTRACT

Context. Ring-like distributions of the 6.7 GHz methanol maser spots at milliarcsecond scales represent a family of molecular struc-
tures of unknown origin associated with high-mass young stellar objects (HMYSOs).

Aims. We aim to study G23.657—-00.127, which has a nearly circular ring of the 6.7 GHz methanol masers, and is the most suitable
target to test hypotheses on the origin of the maser rings.

Methods. The European Very Long Baseline Interferometry Network (EVN) was used at three epochs spanning 10.3 yr to derive the
spatio-kinematical structure of the 6.7 GHz methanol maser emission in the target.

Results. The maser cloudlets, lying in a nearly symmetric ring, expand mainly in the radial direction with a mean velocity of
3.2 km s~!. There is an indication that the radial component of the velocity increases with cloudlet’s distance from the ring cen-
tre. The tangential component does not show any clear evidence for rotation of the cloudlets or any relationship with distance from
the ring centre. The blue-shifted masers may hint at an anticlockwise rotation of cloudlets in the southern part of the ring. The nearly
circular structure of the ring clearly persisted for more than 10 yr. Interferometric data demonstrated that about one quarter of cloudlets
show significant variability in their brightness, although the overall spectrum was non-variable in single-dish studies.

Conclusions. Taking into account the three-dimensional motion of the maser cloudlets and their spatial distribution along a small
ring, we speculate about two possible scenarios where the methanol masers trace either a spherical outflow arising from an (almost)
edge-on disc, or a wide angle wind at the base of a protostellar jet. The latter is associated with near- and mid-infrared emission
detected towards the ring. High angular resolution images of complementary (thermal) tracers are needed to interpret the environment

of methanol masers.
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1. Introduction

Methanol masers at the 6.7 GHz transition are one of the sign-
posts of high-mass star formation regions (e.g. Menten 1991}
Breen et al. 2013)), but it is not yet clear what structures or pro-
cesses in the protostellar environment they actually trace. For
instance, interferometric studies of the masers revealed the kine-
matics to be related to slow motions of radial expansion and ro-
tation around a disc axis in G23.01-0.41 (Sanna et al.[2010), but
dominant infall motions prevailed in Cep A—-HW?2 (Sugiyama et
al. 2014} Sanna et al. [2017) and AFGL 5142 MM-1 (Goddi et
al. 2011)). These results support two scenarios where the maser
emission comes from the intermediate region between the out-
flow and the rotating envelope in one case, and from the accre-
tion disc in the other.

A suite of maser morphologies has been observed in sev-
eral high-mass young stellar objects (HMYSOs, e.g. Bartkiewicz
et al. 2009, 2016} Fujisawa et al. 2014} Pandian et al. [2011)),
but G23.657-00.127 is particularly unique (Bartkiewicz et
al. 2005). The source was discovered in an unbiased survey of
the 6.7 GHz methanol maser line (Szymczak et al.[2002). It dis-
plays a complex and relatively faint spectrum that is broader

than 11 km s~!. Imaging with the European Very Long Baseline
Interferometry Networkl'| (EVN) in 2004 revealed that the maser
spots are distributed in a nearly circular ring of ~127 mas ra-
dius and a width of ~29 mas (Bartkiewicz et al. 2005}, which
correspond to 405 and 95 au, respectively, for the trigonomet-
ric parallax distance of 3.19t8:‘3‘g kpc (Bartkiewicz et al. 2008)).
Such a morphology can be interpreted as the methanol masers
arising in a spherical bubble or in a disc seen nearly face-on or
in an outflow oriented exactly towards the observer (Bartkiewicz
et al. 2005). Gemini observations with a resolution of ~150 mas
revealed that the peak of the 2.12 um emission nearly coincides
with the centre of methanol ring, and that the source morphol-
ogy is fan shaped, suggesting scattered and/or reflected emis-
sion off the walls of the outflow cavity (De Buizer et al. 2012)).
The bolometric luminosity of the source derived by Mottram et
al. (2011a) rescaled to the distance of 3.19 kpc is 6x10°Lg, and is
fully consistent with De Buizer et al.’s (2012) estimate implying

! The European VLBI Network is a joint facility of independent
European, African, Asian, and North-American radio astronomy insti-
tutes. Scientific results from data presented in this publication are de-
rived from the following EVN project codes: EN003, EB052.
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a ~10 M, central star of spectral type B1 (Mottram et al.2011b)},
their Table 1). Observations of '*CO (1-0) and NHj lines indi-
cate a systemic velocity of 80.5 km s~' (Urquhart et al. 2008
2011).

In this paper we report the results of EVN methanol maser
observations of the target in order to determine the spatio-
kinematical distribution of the masing gas. Preliminary results,
considering only two-epoch data, were presented in Bartkiewicz
et al. (2014, 2018).

2. Observations and data analysis

The target was observed in the 6668.5192 MHz methanol line
at three epochs using the EVN (Table|[T). The phase-referencing
technique was applied, using J1825-0737 as a reference. The
bandwidth was set to 2 MHz and divided into 1024 channels,
yielding a channel separation of 0.09 km s~!. In order to increase
the signal-to-noise ratio (S/N) for the phase-reference source,
dual circular polarisations were observed with eight 2 MHz base-
band converters during the second and third epochs.

The data were analysed with standard procedures for spec-
tral line observations from the Astronomical Image Processing
System (AIPS). The absolute accuracy of single spot positions
was estimated to be about 2 mas in RA (i.e. 0.1 ms) and 5 mas
in Dec (Bartkiewicz et al.[2009). The absolute coordinates of the
brightest spots with their uncertainties in each epoch are listed
in Table[Il As we are interested in the detailed internal motions
of masers, we instead relied on the relative motions. Therefore,
FRING was used on the spectral channel with the most stable
and brightest maser emission, the feature that is at the LSR ve-
locity of ca. 82.5 km s~!. This relates all maser positions to this
feature at every epoch and has the additional advantage that it
excludes motions due to the annual parallax and Galactic rota-
tion. Moreover, as the maser is bright enough, it also provides
the highest possible signal-to-noise ratio (S/N). The accuracy of
relative positions of the maser spots depends on the S/N ratio of
the spots and the beam size and were better than 0.1 mas at each
epoch.

In order to study the proper motions, we applied the follow-
ing procedure, which was previously used successfully for dif-
ferent masers with diverse morphologies (e.g. Goddi et al. 2011,
Moscadelli et al. [2006). The position, intensity, and radial ve-
locity of all the maser spots in the source were determined for
the three epochs using two-dimensional Gaussian fits. Groups of
maser spots with S/N>10 were identified and called cloudlets if
the emission occurred in at least two contiguous spectral chan-
nels and coincided in position within half the synthesized beam
(e.g. Sanna et al. 2017)). Persistent maser cloudlets were identi-
fied over the epochs when they showed reliable linear motions
and a bright and not highly variable spectral feature. Motions
were derived via linear fits of cloudlet displacements over the
three epochs. Assuming that the maser motion is on average
symmetric with respect to the HMYSO, the average proper mo-
tion of all persistent cloudlets was subtracted from the proper
motion of each cloudlet. This way, we define a centre of motion
approximating the HMYSO’s rest frame, with respect to which
we calculated the proper motions. This method is equivalent to
calculating the geometric mean of position at single epochs for
all maser cloudlets that persisted over three epochs and referring
the proper motions to this point.

Since the G23.657-00.127 shows widespread, almost cir-
cular symmetric methanol masers, we also made use of fitted
ellipses to the maser distribution in each epoch and derive the
proper motions relatively to the centre of the ellipse. The ellipses

were fitted to persistent (flux-weighted) cloudlets using the code
by Fitzgibbon et al. (1999). Next, we aligned the centres of best
fitted ellipses to the second and third epoch data with respect to
the first epoch and constructed the averaged proper motion vec-
tors, meaning the displacements between spots at two different
epochs within a cloudlet were summed and divided by the num-
ber of spot pairs for each cloudlet. In this approach, we assumed
that the centre of the ellipse coincided with the HMYSO posi-
tion, and we removed any bulk motion of the ring in the plane
of the sky to obtain the proper motions of masers relative to the
HMYSO.

3. Results

We detected more than 300 maser spots in the velocity range
from 72.5 to 87.9 km s~! at each epoch. The maps of the maser
distribution shown in Fig.[A.T]indicate that the overall structure
of the ring is persistent.

Using the first procedure described in Sect. [2] the positional
offsets of the maser cloudlets at each observing epoch were cal-
culated, and a linear fit of the relative proper motion was done
for each persistent cloudlet (Fig.[A.2). The resulting proper mo-
tions of these cloudlets are displayed in Fig. [I] The magnitudes
of the proper motions of the maser cloudlets range from 0.04
to 0.36 mas yr~!, which correspond to a velocity of 0.63 to
5.4 km s~! for the distance of 3.19 kpc.

Consistent results of proper motions were obtained by ap-
plying the method of ellipse fitting, when we excluded the blue-
shifted cloudlet to the SW. The major axis of the best fitted el-
lipses increased by about 2.34 mas, corresponding to 7.5 au be-
tween epochs E1 and E3. The parameters of the best fitted, flux-
weighted ellipses, together with their uncertainties calculated us-
ing the bootstrap method for 20000 iterations (Press et al.[2007)),
are listed in Table [2| The mean proper motions between epochs
E1-E2 and E1-E3 are presented in Fig. [I] The centre of the el-
lipse fitted to E1 data is only 35 mas shifted from the centre of
motion. Since the first procedure, using the centre of motion, is
independent from the maser morphology and takes into consid-
eration all persistent cloudlets, we continue with these results.

A dominating signature of radially outward moving maser
cloudlets is clearly detected. We calculated their radial and tan-
gential components relative to the centre of the ring; the results
are shown in Fig. [2l The majority of maser cloudlets show a
preferentially outward, radial motion (~0.5 to 5.4 km s™') in the
sky. Tangential components of average value of 0.7 km s~! hint
at an anticlockwise rotation of cloudlets in the southern part of
the ring but they do not show any consistent rotation pattern in
the northern side. A similar effect is seen when we compare the
position angle (PA) of a maser cloudlet and the position angle of
its proper motion, PA PM (Fig. 3). The blue-shifted masers, at a
range of position angles from 90° to 270° (north to east), show
higher values of PA PM than the PA values, indicating a non-
radial component. For the red-shifted cloudlets, the orientation
of proper motions and the position angle of the cloudlets are sim-
ilar (ranges from 0° to 90° and 270° to 360°). There is a weak
indication that the radial component of velocity increases with
the cloudlet’s distance from the ring centre (Fig. [d). However,
by removing the blue-shifted cloudlet at 73.7 km s~! strongly
reduces the statistical significance of the correlation. The tan-
gential velocity component does not show any relationship with
distance from the barycentre (Fig. [).

The emission in the ring is clearly split between a southern
and a northern part; the position angle of the cutoff line is about
80° counting from north to east (Fig.[A.T). In order to verify the
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Table 1. Observing parameters (Columns 1—4) and the absolute coordinates of the brightest spots with their uncertainties as mea-

sured in each epoch (Columns 5 & 6).

Exp. Epoch(Date) Beam 1o noise RA (J2000) Dec (J2000)
code (masxmas); PA(°)  (mJy b™!) (h:m:s) ©:7:7)
ENO003T E1(2004 Nov 11)  16x5.5; —1° 10 18:34:51.5648+0.0001 —08:18:21.305+0.004
EB052 E2(2013 Mar 2) 9.0x4.0; —28° 4 18:34:51.5642+0.0001  —08:18:21.325+0.004
EB052 E3(2015 Mar 15) 10.3x3.6; —36° 4 18:34:51.5641+0.0001 —08:18:21.332+0.004

Notes. ! taken from Bartkiewicz et al. (2009)

Table 2. Parameters of flux-weighted ellipses fitted to the maser cloudlets with their uncertainties (1 o) that appeared in all three
epochs. Fits are presented in Fig.

Epoch Centre® Semi-axes; PA?
ARA ADec
(mas) (mas) (masxmas; °)
El —66.058+0.025 -96.411+0.012  134.89+0.022x123.94+0.03; —20+0.1
E2 —66.379+£0.025 -96.246+0.012  136.01+0.023x124.49+0.023; —19+0.2
E3 -66.824+0.024 -97.350+0.012  136.06+0.012x125.27+0.03; —19+0.1
Notes. “ The relative coordinates to the brightest spot position in the first epoch as given in Table b The position angle of the major axis (north
to east).
Vise (kms™) Visg (kms™)
O.Smas;'r ! 87.0 ‘0.3 mas yr-! 87.0
N— 200} -]
200} X 46kms™ | 85.5 X 46kms! 85.5
¢ /7
84.0
N '211 / 1001 %@k P - | 84.0
100 o 1l 82.5
= e . = X 82.5
£ X 81.0 £
s . s of 4 . | 81.0
) 0 } + 1 ) s
g o 79.5 51 ﬁ) 79.5
78.0 _100k A7 .
A o A
7 ™ o, 76.5 Va k N ~ 76.5
-200} l‘ ™~ | 750 -200} | Wso
200 100 0 —100 -200 -300 200 100 0 —100 —200
ARA (mas) ARA (mas)

Fig. 1. Left: Proper motions of 6.7 GHz methanol maser cloudlets in G23.657-00.127 as measured relative to the centre of motion.
The centre of motion, defined in Sect. |2 is marked by the plus sign. Its relative coordinates to the brightest spot in E1, as given
in Table [I] are (-31.6145 mas, —88.7120 mas). The cloudlets are marked by filled circles, their sizes are proportional to the peak
brightness at the first epoch. Their colours correspond to the local standard velocity scale presented in the vertical wedge. The black
arrows indicate the best fits of the relative proper-motion for the three epoch data with the uncertainties marked by the grey triangles.
The dotted ellipse traces the best flux-weighted fit to all cloudlets (except the SW blue-shifted one) as detected at E1. The centre
of the ellipse is marked by the cross (Table[2)). Right: Proper motions estimated via ellipse fittings and aligning their centres. The
(0,0) point, marked by the plus sign, corresponds to the centre of the best fitted ellipse to E1 (Table2)). The black arrows represent
the averaged proper motion vectors, defined as in Sect. 2] between E1-E2 and E1-E3 data.

internal motions in the ring in a way that is independent from
the assumed centre, we calculated the change of separations be-
tween maser spots (not cloudlets) from these two parts between
epochs El and E3. It also provided more statistics; the southern
part consists of 136 spots, and the northern one 114 spots. For the
majority of spot pairs, the separation increased (Fig. [3)), support-
ing the expansion scenario. The mean and median separations
are 210 mas and 218.4 mas, and 212.7 mas and 219.3 mas at E1
and E3, respectively. The mean and median values of change in
the separation after 10.4 yr are 2.17 and 2.20 mas, respectively.
Here, a 2 mas displacement over 10.3 yr corresponds to a veloc-
ity of 2.9 km s~!.

The spectrum of the emission at each epoch is very complex,
with several velocity components blended together. Gaussian
component fits to the spectra are shown in Fig.[6] From the first
epoch (hereafter E1), 40 cloudlets are fitted with Gaussian pro-
files. Most of them (27) represent a single Gaussian component,
while the rest are blends of two to five components. In the sec-
ond epoch (hereafter E2), there are 29 cloudlets with a single
Gaussian profile and seven, three, and one cloudlets composed
of two, three, and five Gaussians, respectively. In the third epoch
(hereafter E3), 35 cloudlets showed a single Gaussian velocity
profile, eight double, two triple, and one with five Gaussian com-
ponents. Typical full width at half maximum (FWHM) of the
best fitted Gaussian was from 0.2 to 0.4 km s~'. Gaussian fits
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were not found for seven, eleven, and twelve groups of spots
at E1, E2, and E3, respectively. The parameters of the best
Gaussian fits for the 34 persistent cloudlets at each epoch are
listed in Table[A ]l

4. Discussion

We discuss two major aspects of the G23.657—00.127 methanol
maser ring; the variability of discrete cloudlets and the origin of
its structure.

4.1. Variability

The 6.7 GHz methanol maser spectrum of the target remains
constant within 10% over nearly 20 yr (Szymczak et al. 2018]).
However, our present EVN observations revealed significant
changes in the intensity of individual cloudlets over the whole
range of velocity (Fig.[6), which were not detected in the poorer
signal-to-noise ratio observations and without any possibility of
distinction of blended spectral features. Nine cloudlets consist-
ing of at least two Gaussian components showed complex struc-
tures at all three epochs. The most complex was cloudlet 31
(Table[A.T)), which had five Gaussian profiles, but their intensity
varied by 20-50% on timescales of 2—10 yr. There were 10 to 14
cloudlets of brightness below 0.4 Jy beam™' that appeared at one
epoch only and nine cloudlets were seen at any two out of three
epochs. The appearance and disappearance of cloudlets does not
show any clear dependence on the location in the ring. We es-
timated the average lifetime of an individual maser cloudlet in
the source from the percentage of cloudlets that either appear or
disappear over the intervals of 8.3 and 10.3 yr. At E2 and E3, the
mean numbers of new and vanishing cloudlets were 12 and 14,
respectively, relative to that seen at E1. This implies that about
20 and 24% of cloudlets appeared or disappeared at the respec-
tive epochs for an average lifetime of ~40 yr. This crude estimate
is a factor of four lower than that obtained from a statistical anal-
ysis of maser features from single dish spectra for 21 targets ob-
served at two epochs spanned by a decade (Ellingsen[2007)). This
shorter lifetime of maser cloudlets can be related to the specific
case of our target, for example related to internal instabilities
of the masing region, which may reduce the velocity coherence
along the path of maser rays. However, it is predominantly af-
fected by different statistics and by differences in the interfero-
metric and single-dish data. Higher resolution observations with
a possibility of distinction of blended, weak spectral features are
particularly valuable in such studies.

The maser emission is heavily resolved out with the EVN
telescope; more than 70% of the flux is missing when compared
to that from the single-dish observations. This indicates that the
majority of the emission may come from extended regions of
low brightness. The width of the ring as measured with the EVN
was 95 au (Bartkiewicz et al. 2005) and has been stable in E2
and E3, thus, at a distance of 405 au from the central star, we
estimate that the tangential mean path length of the maser rays is
~400 au. This is still much less than a typical model assumption
of 6700 au (Cragg et al.[2002). It is also at the lower end of the
maser path lengths derived from the statistical analysis of the
size of 60 sources observed using the EVN, with a mean value
of ~1000 au (Sarniak et al. [2018]). Such a relatively short path
of maser amplification can be one of the reasons for significant
variability of several cloudlets in the source.

4.2. Where does the expanding maser ring come from?

The present study provides the first constraints on the origin of
the methanol maser ring in G23.657—-00.127. The maser emis-
sion arises from an almost circular structure of radius 405 au
with two gaps along the direction at position angle ~80°; the
velocity field traced by the masers reveals an outward radial mo-
tion with a mean velocity of 3.2 km s~!. This spatio-kinematical
structure might resemble that predicted by MHD modellings in
the inner circumstellar envelope of very young stars (Seifried et
al.2012| Kuiper et al.[2015| Matsushita et al. 2018)). Simulations
of outflows formed during the collapse of massive (100M;)
cloud cores reveal that the morphology of outflows launched
from the disks by magneto-centrifugal acceleration strongly de-
pends on the magnetic field strength. For instance, for slightly
supercritical values of the mass-to-flux ratios u =~ 5, that
is to say, for strong magnetic fields (B~0.7 mG), the outflow
has a sphere-like morphology at an early stage of evolution
(~4000 yr), expanding with roughly the same velocity up to
5 km s~! in all directions (Seifried et al. 2012, their Fig. 7).

In the following, we highlight pros and cons of this sce-
nario (Scenario I, Fig.[7)) applied to interpreting the maser ring.
The source G23.657—-00.127, similarly to other methanol maser
sources showing a ring-like morphology, is not associated with
bright H Il emission at cm wavelengths (Bartkiewicz et al.[2009),
nor with water masers (Bartkiewicz et al. 2011, Urquhart et
al. 2011) or hydroxyl masers (Szymczak & Gérard [2004). This
evidence would suggest that G23.657—-00.127 is at an early stage
of evolution, in agreement with the simulations by Seifried et
al. (2012). On the other hand, De Buizer et al. (2012) de-
tected near- (NIR) and mid-infrared (MIR) extended emission
towards the ring; if this emission were directly associated with
the source driving the methanol masers, then the assumption
of a star at an early stage of evolution would be questionable.
Furthermore, in Fig. 7 of Seifried et al. (2012) the gas den-
sity along the outer front of the expansion changes significantly,
and a spherical distribution of maser cloudlets might be diffi-
cult to see. Nevertheless, both the values of mass outflow rate
(10™* Mg, yr!) and momentum rate (10~ Mg km s~'yr™!) cal-
culated by Seifried et al. (2012) are consistent with those ex-
pected for an early stage of star formation like in G023.01-00.41
(Sanna et al. [2014)) or AFLG 5142 (Goddi et al.[2011)). Similar
calculations for masers in G23.657—-00.127 as presented in de-
tails in Goddi et al. (2011), who considered a sphere-like out-
flow, lead to values of the mass-loss rate of 3.9 x 103 ng Mg yr~!
and the momentum rate of 6.3 X 1072 ngMg yr~! km s~! of the
molecular flow, where ng is the ambient volume density in units
of 10% cm™3. This calculation assumes the average distance of
masers from the protostar of 405 AU and the average maser ve-
locity of 16 km s

Following Scenario I, we note that a peculiar feature of the
maser distribution is the emission-free part of the maser ring
along a line at PA ~80°(N to E) (Fig. [A.T). This region might
mark the mid-plane of a circumstellar disc, and the masers would
expand above and below this plane. In this respect, if other
methanol maser rings were also related to a very young (almost
spherical) outflow, they would also expand with constant eccen-
tricity, showing a gap between red- and blue-shifted cloudlets.
This prediction can be verified observationally in the near fu-
ture. Nevertheless, the orientation of this emission-free region is
also consistent with the elongation of the NIR emission reported
by De Buizer et al. (2012 their Fig. 4), which was interpreted
as a tracer of an underlying jet, inclined with respect to the line
of sight. This evidence opens up the possibility of Scenario II
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Fig. 2. Radial (/eft) and tangential (right) components of proper motion of 6.7 GHz methanol cloudlets in G23.657-00.127 calcu-
lated relatively to the centre of motion marked by the cross sign (top) and the centre (marked by the plus sign) of the best fitted

ellipse to the cloudlet distribution at E1.

(Fig.[7): the HMYSO would still lie at the centre of the methanol
maser ring, but the masers would now be expanding each side of
the jet axis, and would trace a wide angle wind at the base of
the protostellar jet. In this scenario, the proper motion and line-
of-sight velocity of the masers would be tracing a combination
of rotation around and expansion along the jet axis, similarly to
what was observed in the maser source G23.01-0.41 (Sanna et
al.[2010).

In order to verify whether one of the above scenarios applies
to G23.657-00.127, or if another interpretation is required, we
need complementary observations of thermal tracers at high an-
gular resolution (~0”1). In this respect, we have started a sensi-
tive (~ uly) search of radio continuum emission with the Very
Large Array. These observations will be able to detect the ion-
ized gas emission excited by any B-type young star associated
with the masers, such that as due to radio thermal jets or hyper-
compact H 1I regions, and will allow us to pinpoint the driving
source of the masers at a resolution comparable with the extent
of the maser ring.

5. Conclusions

A detailed study of the proper motions of the methanol maser
ring G23.657-00.127 clearly indicates that the underlying struc-
ture is expanding at a mean velocity of 3.2 km s~!. The ra-
dial components of proper motions dominate over the tangen-
tial components. While the overall morphology of the ring has
been stable in time, individual maser cloudlets have varied in
brightness, suggesting internal instabilities of the masing region.
At present, we can speculate about two possible scenarios that
might explain the spatio-kinematical structure revealed by the
masers. Both interpretations require the presence of a wide-angle
wind from a young star, but in one case, the wind would be found
at the base of a protostellar jet detected in the near-infrared.
Complementary observations of thermal tracers at high angular
resolution are needed to discern between the different scenarios.

Acknowledgements. AB, MS, PW acknowledge support from the National
Science Centre, Pﬂoland through grant 2016/21/B/ST9/01455. We thank
Prof. Krzysztof GoAdziewski for fruitful discussions about the error estimation



A. Bartkiewicz et al.: Expansion of the G23.657—-00.127 methanol maser ring

350 ° oo 1
°
300+ ° g
¢}
250 + . g
[e] o °
—_ o
g °
il 200 + o o . ]
= AL
E 150 oo . ® :
@0
100 - » g
o
o
50 | 0 ® o g
o
%o
0 _I 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350
PA (deg)

Fig.3. The position angle (north to east) of the maser cloudlet
(PA) vs. the position angle (north to east) of its proper motion
(PA PM) as presented in Fig. |I| (left). The dotted lines at 0°, 90°,
180°, 270°, and 360° are marked for clarity, as is the PA PM =
PA line.

and the bootstrap method. We also thank the anonymous referee for detailed
check of the manuscript. The research leading to these results has received fund-
ing from the European Commission Seventh Framework Programme (FP/2007-
2013) under grant agreement No. 283393 (RadioNet3).

References

Bartkiewicz, A., Szymczak, M., van Langevelde, H.J. 2005, A&A, 442, L61

Bartkiewicz, A., Brunthaler, A., Szymczak, M., van Langevelde, H.J., & Reid,
M.J. 2008, A&A, 490, 787

Bartkiewicz, A., Szymczak, M., van Langevelde, H.J., Richards, AM.S., &
Pihlstrom, Y.M. 2009, A&A, 502, 155

Bartkiewicz, A., Szymczak, M., Pihlstrom, Y.M., van Langevelde, H.J.,
Brunthaler, A., & Reid, M.J. 2011, A&A, 525, A120

Bartkiewicz, A., Sanna, A., Szymczak, M., & Moscadelli, L. 2014, Proceedings
of 12th European VLBI Network Symposium and Users Meeting (EVN
2014) at http://pos.sissa.it/, 039

Bartkiewicz, A., Szymczak, M., & van Langevelde, H.J. 2016, A&A, 587, A104

Bartkiewicz, A., Sanna, A., Szymczak, M., Moscadelli, L., & van Langevelde,
H.J. 2018, Proceedings IAU Symposium No. 336, Astrophysical Masers:
Unlocking the Mysteries of the Universe, 211

Breen, S.L., Ellingsen, S.P., Contreras, Y. 2013, MNRAS, 435, 524

De Buizer, J.M., Bartkiewicz, A., & Szymczak, M. 2012, ApJ, 754, 149

Cragg, D.M., Sobolev, A.M., & Godfrey, P.D. 2002, MNRAS, 331, 521

Ellingsen, S.P. 2007, MNRAS, 377, 571

Fitzgibbon, A., Pilu, M., & Fisher, R.B. 1999, IEEE Transactions on Pattern
Analysis and Machine Intelligence, 21, 476

Fujisawa, K., Sugiyama, K., Motogi, K., et al. 2014, PAS]J, 66, 31

Goddi, C., Moscadelli, L., & Sanna, A. 2011, A&A, 535,L8

Kuiper, R., Yorke, HW., & Turner, N.J. 2015, ApJ, 800, 86

Matsushita, Y., Sakurai, Y., Hosokawa, T., & Machida, M.N. 2018, MNRAS,
475, 391

Menten, K.M. 1991, Apl, 380, 75

Moscadelli, L., Testi, L., Furuya R.S., et al. 2006, A&A, 446, 985

Mottram, J.C., Hoare, M.G., Urquhart, J.S., et al. 2011a, A&A, 525, 149

Mottram, J.C., Hoare, M.G., Davies, B., et al. 2011b, ApJ, 730, 33

Pandian, J.D., Momyjian, E., Xu, Y., Menten, K.M., Goldsmith, PF. 2011, ApJ,
730, 55

Press, W.H., Teukolsky, S.A., Vetterling, W.T., Flannery, B.P. 2007, Numerical
Recipes, Cambridge University Press, 3rd Edition

Sanna, A., Moscadelli, L., Cesaroni, R., Tarchi, A., Furuya, R.S., & Goddi, C.
2010, A&A, 517, A78

Sanna, A., Cesaroni, R., Moscadelli, L., et al. 2014, A&A 565, A34

Sanna, A., Moscadelli, L., Surcis, G., van Langevelde, H.J., Torstensson, K.J.E.,
& Sobolev, AM. 2017, A&A, 603, A%4

Sarniak, R., Szymczak, M., & Bartkiewicz, A. 2018, Proceedings IAU
Symposium No. 336, Astrophysical Masers: Unlocking the Mysteries of the
Universe, 321

Seifried, D., Pudritz, R.E., Banerjee, R., Duffin, D., & Klessen, R.S. 2012,
MNRAS, 422, 347

Sugiyama, K., Fujisawa, K., Doi, A., Honma, M., Kobayashi, H., et al. 2014,
A&A, 562, 82

Szymczak, M., Kus, A.J., Hrynek, G., Kepa, A., & Pazderski, E. 2002, A&A,
392,277

Szymczak, M., & Gérard, E. 2004, A&A, 414, 235

Szymczak, M., Olech, M., Sarniak, R., Wolak, P., & Bartkiewicz, A. 2018,
MNRAS, 474,219

Urquhart, J.S., Busfield, A.L., Hoare, M.G., et al. 2008, A&A, 487, 253

Urquhart, J.S., Morgan, L.K., Figura, C.C., et al. 2011, MNRAS, 418, 1689


http://pos.sissa.it/

A. Bartkiewicz et al.: Expansion of the G23.657—-00.127 methanol maser ring

Visg (kms™!) ”T Visg (km s™')
o~ 040 . . . . . . . . L 0.40 . . . . . . . .
E 87.0 > 87.0
> 0.35] ‘1 Bk @ 035] =-0. )
2 » 85.5 g . r (p)=-0.03 (0.89) 85.5
E 0-301 7 1 84.0 b= 0-301 84.0
- - ()]
=i L - ] 25}
g 0.25 . 82.5 § 0.25 © 82.5
o | - | |
g 020 81.0 g 020 81.0
o

g 015¢ - - 1 | 4795 » %157 9 1 | {795
o r;=0.67, p;<0.0001 5 °
£ o.10f - 3 o.10} O ® 1

78.0 S o) 78.0
8 . g G‘DO. o .
— p— -
g 005 r,;=0.44, p,=0.01 - 765 o 005 C%? ° S} o | 6.5
®  0.00} - 1 2 0.00] © ]
5 ‘3 r;=0.42, py=0.03 75.0 g 75.0
g _0.05 L L L L L L L L g _0.05 L L L L L L L L

100 120 140 160 180 200 220 240 260 8 100 120 140 160 180 200 220 240 260

Radius (mas) Radius (mas)

Fig. 4. Radial (left) and tangential (right) components of the cloudlet proper motions (Fig. . The least square fits to the points and
the correlation coefficients and their significance levels are displayed. Three fits are shown for the radial velocity components to
verify significance of correlation when the outermost cloudlets are excluded (for clarity, each fit is presented only for the given range
of considered data and vertical lines mark the radius ranges): (1) all the data points, (2) the most blue-shifted cloudlet is excluded,
(3) cloudlets at radius below 150 mas only.

1400 - - - . 1400 -
1200} | 1 1200 1 2000 in
1000 | n . E 1000 | 1 1 A
2 | 1 1500 il
5 ~ ~
2 800 R 800 i
G
o -
o H1IH L
5 H
—g 600 - 1 600 - Ul (IH j 1000 F
g 1 H
Z
400} 1 400}
500
200 200
0 A el ey 0 n A e 0L~ i L
100 200 300 400 100 200 300 400 -6 -4 -2 0 2 4 6 8 10
Separations between spots in 2004 and 2015 (mas) Change in separation (mas)

Fig. 5. Histograms of separations between all northern and all southern maser spot pairs in 2004 (E1) and 2015 (E3) as well as
the separation increase between two epochs, respectively. The mean and median values are marked by dashed and dotted lines,
respectively.



A. Bartkiewicz et al.: Expansion of the G23.657—-00.127 methanol maser ring

[9)]

I

2004/Nov/11

N w

Flux density (Jy)
-

o

74 76 78 80 82 84 86 88

SEEERN |
N

N

2013/Mar/2

N w

Flux density (Jy)
-

}

74 76 78 80 82 84 86 88

ISUEEEN|
N

W~

2015/Mar/15

w

Flux density (Jy)
N

[u=y

}
}

72 74 76 78 80 82 84 86 88

Visr (kms™')
Fig. 6. Three epoch EVN data. Gaussian component fits to the EVN spectrum at each epoch. The dots indicate the emission of
individual spots. The lines represent the Gaussian fits of individual cloudlets. The cloudlets persisted in all the three epochs are

marked in black (Table [A-T). Those that appeared at two out of three epochs are marked in green, and those appearing only at one
epoch in red.



A. Bartkiewicz et al.: Expansion of the G23.657—-00.127 methanol maser ring

reg
Dedlng Outfloy, side

Scenario |

ed
n

Scenario Il

red-shig,

n

Totatio,

g
£
v
5
3

Fig. 7. Schematic models of maser expansion related to a sphere-
like outflow (Scenario I) or tracing a wide angle wind at the base

of the protostellar jet (Scenario II).



A. Bartkiewicz et al.: Expansion of the G23.657—00.127 methanol maser ring, Online Material p 1

Appendix A: Table and Figures
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Table A.1. Parameters of 6.7 GHz methanol maser cloudlets that appeared at all
three epochs and were used for proper motion studies. Coordinates (ARA,ADec)
are relative to the motion centre as in Fig. [I] If possible, Gaussian velocity
profiles are characterised by the velocity (Vy,), full width at half maximum
(FWHM), and flux density (Sg,) of the maser cloudlet. The relative proper motion

of cloudlets estimated by linear fitting are also listed (ura, Mpec)-

ARA ADec Vp Vﬁt FWHM Sp Sﬁ[ Lproj MRA MDec
(mas) (mas) (kms™') (kms™') (kms!') (Jybeam ') (Jybeam™!) (AU) (masyr™') (masyr')
(kms™h) (kms™h

Cloudlet 1
El -253.533 -152.352 73.70 0.057 1.6 -0.33+0.05 -0.16+0.03
E2 -256.310 -155.497 73.66 73.69 0.27 0.061 0.059 6.2 (-5.0+0.8) (-2.4+£0.4)
E3 -257.195 -154.774 73.67 73.70 0.27 0.071 0.069 4.4
Cloudlet 2
El 6.803 -173.999 77.03 0.123 6.3 -0.07£0.03  -0.11+0.01
E2 5433 -176.891 77.00 77.04 0.29 0.066 0.070 8.4 (-1.1£0.5) (-1.7£0.2)
E3 6.598 -176.101 77.09 77.04 0.44 0.066 0.060 18.0
Cloudlet 3
El 26.630 -141.485 77.56 77.57 0.34 1.152 1.129 20.5 0.12+0.02  -0.18+0.05
E2 26.888 -145.149 77.53 77.57 0.34 0.622 0.631 18.7 (1.8+0.3) (-2.7£0.7)
E3 26.845 -144.007 77.53 77.59 0.36 0.791 0.802 25.6
Cloudlet 4
El 9.339 -145.446 77.56 77.51 0.25 0.452 0.481 9.6 -0.03+£0.01 -0.16+0.01
E2 9.973 -148.564 77.44 0.220 11.6 (-0.5+0.1) (-2.4+0.1)
E3 10.024 -147.938 77.44 77.47 0.26 0.326 0.344 14.8
Cloudlet 5
El -39.464 -140.038 78.27 78.28 0.21 1.556 0.741 67.2 -0.14+0.01 -0.10+0.01
El 78.32 0.68 0.848 (-2.1+#0.1)  (-1.5%0.1)
E2  -40.751 -142.033 78.32 78.03 0.50 1.445 0.772 16.2
E2 78.33 0.37 1.118
E3  -40972 -141.999 78.32 77.99 0.44 2.643 0.897 18.0
E3 78.30 0.35 2.469
Cloudlet 6
El 86.212  -83.371 78.88 78.90 0.44 0.515 0.460 23.2 0.11£0.01  -0.14+0.01
E2 86.009  -85.654 78.93 78.88 0.40 0.226 0.229 14.6 (1.6+0.1) (-2.1£0.1)
E3 87.093  -86.333 78.85 78.89 0.36 0.263 0.255 18.9
Cloudlet 7
El 67.451 -84.341 79.41 79.39 0.27 0.996 0.780 19.6 0.01+£0.01  -0.04+0.01
El 79.70 0.51 0.612 (0.2+0.2) (-0.6+0.2)
El 80.25 0.36 0.568
E2 65.743  -83.326 80.16 79.35 0.31 0.429 0.377 19.2
E2 79.69 0.41 0.308
E2 80.16 0.41 0.415
E3 65.861 -82.886 80.17 79.40 0.33 0.589 0.541 18.8
E3 79.71 0.29 0.332
E3 80.15 0.43 0.581
Cloudlet
El 152.045 -20.684 79.32 79.31 0.21 0.224 0.215 87.2
El 134.537  -29.093 79.67 79.64 0.32 0.205 0.204 0.15+0.05  -0.10+0.01
E2 135040 -31.685 79.63 0.103 10.3 (2.3+£0.7) (-1.5+£0.2)
E3 136.778  -31.472 79.64 79.60 0.38 0.108 0.111 13.3
Cloudlet 9
El -93.127 -124.285 80.02 80.01 0.23 2.406 2.437 8.7 -0.22+0.01  0.01+0.05
E2  -95.110 -125.658 79.98 80.00 0.30 1.379 1.355 4.9 (-3.320.1) (0.1+0.8)
E3  -95.544 -125.577 79.99 80.00 0.28 2.443 2.461 4.2
Cloudlet 10
El -7.721  -125.195 80.11 80.12 0.31 1.316 1.284 204  -0.08+0.01 -0.05+0.01
E2 -8.968 -128.111 80.07 80.09 0.38 0.708 0.695 18.7 (-1.2+0.1) (-0.8+0.1)
E3 -9.382 -127.429 80.08 80.12 0.42 0.668 0.661 20.9
Cloudlet 11
El 50.535  -90.492 80.38 80.34 0.55 0.355 0.360 10.2  -0.04+0.02 -0.03+0.02

2 Weaker Gaussian feature was used for proper motions.
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Table A.1. continued.

ARA ADec Vp Vﬁt FWHM Sp Sﬁ[ Lproj MRA MDec
(mas) (mas) (kms™") (kms™') (kms') (Jybeam™') (Jybeam™') (AU) (masyr™') (masyr ')
(kms™h) (kms™h)

El 80.71 0.24 0.256 (-0.7+0.3) (-0.4+0.2)
E2 49.989  -91.483 80.60 80.56 0.55 0.145 0.146 4.2
E3 49.811 -90.444 80.61 80.56 0.65 0.263 0.232 8.9
Cloudlet 12
El 45.898  154.204 80.73 80.71 0.24 0.537 0.541 12.2 0.08+0.03 0.26+0.01
E2 47.109  155.542 80.60 80.64 0.23 0.202 0.217 4.8 (1.1£0.5) (3.9+0.1)
E3 46.225  155.697 80.69 80.68 0.25 0.192 0.195 6.4
Cloudlets 13 and 1
El 53.535 101.834 80.64 80.62 0.16 1.178 0.768 77.5 0.04+0.01* 0.22+0.03¢
El 55.143 93.753 80.81 80.78 0.63 0.513 0.08+0.02°  0.08+0.01”
E2 53.763  101.775 80.60 80.58 0.16 0.562 0.300 78.8 (0.6£0.1)*  (3.4+0.5)*
E2 57.322 88.883 80.86 80.75 0.70 0.318 (1.2+£0.3)"  (1.2+0.1)*
E3 53919 102.736 80.61 80.58 0.19 0.600 0.357 101.2
E3 57.125 90.007 80.87 80.82 0.67 0.345
Cloudlet 15
El -125.576 93.581 80.99 80.96 0.28 0.214 0.223 3.5 -0.03£0.02  0.17+0.05
E2 -125.793 92.900 80.86 80.90 0.32 0.187 0.190 5.3 (-0.5+0.3) (2.5%£0.7)
E3 -126.072 94.390 80.96 80.92 0.29 0.193 0.204 2.9
Cloudlet 16
El -179.205 59.177 81.61 0.249 6.1 -0.05+£0.04  -0.24+0.09
E2 -180.428 57.766 81.48 0.100 (-0.8+0.6) (-3.7x1.4)
E3 -180.471 57.523 81.57 0.093 1.8
Cloudlet 17
El 38.705 91.985 81.52 81.04 0.37 0.764 0.161 33.9 0.11+0.01 0.13+0.01
El 81.54 0.31 0.738 (1.7+0.2) (2.0£0.1)
E2 39.022 91.172 81.48 81.07 0.40 0.481 0.269 31.7
E2 81.51 0.30 0.480
E3 39.398 91.892 81.48 81.08 0.32 0.546 0.261 30.1
E3 81.51 0.33 0.555
Cloudlet 18
El 41.846 77.244 81.87 81.86 0.27 1.153 1.149 324 0.11+0.01 0.16+0.01
E2 42.343 76.458 81.83 81.83 0.26 0.938 0.950 8.6 (1.6+0.2) (2.4%0.1)
E3 42.456 77.550 81.83 81.85 0.24 1.228 1.265 8.4
Cloudlet 19
El 29.657  107.075 81.87 81.42 0.27 1.006 0.378 41.4 0.07+0.05 0.02+0.04
El 81.88 0.37 1.011 (1.1£0.8) (0.3+0.6)
El 82.10 0.12 0.561
E2 30.247  106.219 81.83 81.37 0.24 0.505 0.226 314
E2 81.84 0.46 0.496
E3 30.254  107.307 81.83 81.37 0.25 0.598 0.252 18.9
E3 81.86 0.46 0.629
Cloudlet 20
El 72954  -74.195 82.84 82.82 0.23 0.304 0.307 2.2 0.06+0.01 0.15+0.06
E2 73.199  -73.980 82.71 82.73 0.36 0.179 0.181 3.7 (0.9+0.1) (2.2+0.9)
E3 73.004  -73.894 82.80 82.76 0.28 0.194 0.206 3.5
Cloudlet 21
El 76.096  -68.423 82.31 82.32 0.21 0.511 0.515 4.8 -0.02+0.02  -0.07+0.01
E2 75.413 -71.325 82.27 81.68 0.43 0.606 0.224 13.4 (-0.3£0.3) (-1.0£0.1)
E2 82.31 0.34 0.619
E3 75269  -70.270 82.27 81.68 0.42 0.703 0.320 14.7
E3 82.30 0.36 0.700
Cloudlet 22
El -115.358 -105.101 82.40 82.37 0.24 0.709 0.727 4.1 -0.12+0.01  -0.12+0.01
E2 -116.431 -108.533 82.36 82.33 0.23 0.432 0.449 6.0 (-1.9£0.1) (-1.8+0.1)
E3 -116.699 -107.896 82.36 82.34 0.27 0.683 0.696 29.1
Cloudlet 23
El 31.639 88.650 82.57 82.51 0.25 4.619 2.665 38.3 0.07+0.02  0.05+0.01

3 Both Gaussian features were used for proper motions.
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Table A.1. continued.

ARA ADec Vp Vﬁt FWHM Sp Sﬁ[ Lproj MRA MDec
(mas) (mas) (kms™") (kms™') (kms') (Jybeam™') (Jybeam™') (AU) (masyr™') (masyr ')
(kms™h) (kms™h)

ET 8262 061 2359 (1.1203)  (0.8202)
E2 31.752 86.848 82.53 82.50 0.57 2.152 1.637 37.5
E2 82.57 0.14 0.642
E2 82.84 0.21 0.632
E3 32.219 89.523 82.45 82.46 0.37 3.699 3.641 34.0
E3 82.83 0.27 1.381
Cloudlet 24
El1 -179.404 76.999 83.10 83.14 0.22 0.293 0.310 4.0 -0.17£0.06  0.11+0.04
E2 -181.984 76.686 83.15 0.288 2.6 (-2.6+0.9) (1.7£0.7)
E3 -181.533 77.319 83.15 83.13 0.31 0.371 0.374 4.7
Cloudlets 25 and 2
El -16.208 123.792 83.28 83.25 0.30 1.519 1.577 359 0.06+£0.02¢ 0.07+0.01¢
El -21.252 120.618 83.98 83.97 0.59 0.844 0.799 0.00+0.01”  0.15+0.02°
E2 -15.348 122.310 83.15 83.18 0.29 1.376 1.363 37.6 (0.9+0.2)¢ (1.1+0.1)¢
E2 -21.334 119.999 83.94 83.93 0.73 0.591 0.554 (0.0+0.1)° (2.3£0.3)
E3 -15.293 122.870 83.15 83.18 0.26 2.160 2.151 34.8
E3 -21.352 121.319 83.94 83.91 0.72 0.691 0.674
Cloudlet 27
E1 -102.322 92.561 84.24 84.21 0.27 0.550 0.572 9.8 -0.04+0.03 0.13+0.03
E2 -102.881 91.324 84.20 84.19 0.34 0.441 0.442 99 (-0.6+0.4) (2.0+0.5)
E3 -102.858 92.632 84.20 84.19 0.31 0.592 0.587 18.2
Cloudlet 28
El 75.805 -42.352 84.33 84.31 0.23 0.107 0.110 4.3 0.03+0.03  -0.35+0.02
E2 76.201 -47.031 84.29 84.27 0.24 0.127 0.128 2.1 (0.5+£0.5) (-5.3+£0.3)
E3 76.554 -46.609 84.29 84.30 0.23 0.138 0.138 2.4
Cloudlet 29
El 77.392 -51.483 84.86 84.83 0.42 0.838 0.848 25.1 0.03+0.02  -0.03+0.01
E2 77.077 -52.809 84.73 84.77 0.38 0.586 0.563 12.0 (0.4+0.3) (-0.5+0.1)
E3 77.121 -51.754 84.73 84.78 0.39 0.656 0.610 25.4
Cloudlet 30
El 93.386 -3.914 84.95 84.69 0.28 0.395 0.242 43.5 0.04+0.05 -0.12+0.05
El 84.93 0.12 0.400 (0.5+0.8) (-1.8+0.8)
E2 90.422 0.116 84.73 84.71 0.33 0.379 0.368 10.7
E3 90.266 1.301 84.73 84.71 0.32 0.418 0.401 20.4
Cloudlet 31
El 92.768 -6.569 85.56 84.84 091 0.821 0.351 20.7  +0.12+0.01 -0.08+0.01
El 85.18 0.24 0379 (18+0.1)  (-1.2+0.1)
El 85.52 0.30 0.733
E1l 85.94 0.40 0.437
El 86.47 0.58 0.253
E2 97.019 -11.151 84.73 85.14 0.24 0.967 0.618 23.6
E2 84.74 0.51 0.921
E2 85.56 0.41 0.710
E2 85.97 0.33 0.532
E2 86.51 0.62 0.211
E3 97.693 -10.776 84.73 84.74 0.47 1.268 1.220 26.8
E3 85.15 0.26 0.982
E3 85.57 0.39 0.932
E3 85.97 0.35 0.656
E3 86.45 0.41 0.381
Cloudlet 32
El 13.707 103.628 86.26 86.29 0.15 1.174 0.500 424 0.08+0.01 0.08+0.01
El 86.23 0.72 0.736 (1.2+0.1) (1.2+£0.1)
E1l 86.79 0.28 0.955
E2 13.988 102.790 86.31 85.98 0.29 0.844 0.428 32.0
E2 86.31 0.33 0.811
E2 86.71 0.34 0.613

4 Both Gaussian features were used for proper motions.
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Table A.1. continued.

ARA ADec Vp Vﬁt FWHM Sp Sﬁ[ Lproj MRA MDec
(mas) (mas) (kms™") (kms™') (kms') (Jybeam™') (Jybeam™') (AU) (masyr™') (masyr ')
(kms™h) (kms™h)
E3 14.168 103.850 86.31 86.10 0.57 1.060 0.577 22.1
E3 86.35 0.25 0.663
E3 86.70 0.35 0.767
Cloudlet 33
E1l -60.445 122.938 86.61 86.66 0.38 0.168 0.171 7.5 -0.12+0.03 0.16+0.01
E2 -60.806 122.658 86.75 86.72 0.36 0.180 0.181 12.9 (-1.8+0.4) (2.5+£0.1)
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Fig. A.1. Three epoch EVN maps of 6.7 GHz methanol maser spots detected in G23.657-00.127. The coordinates are relative to
the brightest spots in each epoch (Table|[T). The colours of circles relate to the LSR velocities as shown on the right bar. The dotted
ellipses trace the best fits to all spots, except the SW blue-shifted ones, detected at each epoch (Table[2). The dashed ellipses indicate
the width of the ring as derived in the first epoch data (Bartkiewicz et al. 2005). The grey lines at PA ~80°(N to E) delineate the
emission-free part of the maser ring discussed in Sect. 4.2.
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Fig. A.2. Positional variations of the methanol maser cloudlets against time. The straight line shows the relative proper motion of
cloudlet estimated by linear fitting. The cloudlets are labelled as in Table [A.1] The error bars are magnified by a factor of 10 for
clarity, and the time is relative to the first epoch.
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