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ABSTRACT

Aims. In order to test the nature of an (accretion) disk in the vicinity of Cepheus A HW2, we measured the three-dimensional velocity
field of the CH;OH maser spots, which are projected within 1000 au of the HW?2 object, with an accuracy on the order of 0.1 kms™.
Methods. We made use of the European VLBI Network (EVN) to image the 6.7 GHz CH3;OH maser emission toward Cepheus A HW2
with 4.5 milliarcsec resolution (3 au). We observed at three epochs spaced by one year between 2013 and 2015. During the last epoch,
in mid-March 2015, we benefited from the newly deployed Sardinia Radio Telescope.

Results. We show that the CH;OH velocity vectors lie on a preferential plane for the gas motion with only small deviations of
12° + 9° away from the plane. This plane is oriented at a position angle of 134° east of north, and inclined by 26° with the line of
sight, closely matching the orientation of the previously reported disk-like structure. Knowing the orientation of the equatorial plane,
we can reconstruct a face-on view of the CH3;OH gas kinematics onto the plane. CH;OH maser emission is detected within a radius
of 900 au from HW2, and down to a radius of about 300 au, the latter coincident with the extent of the dust emission at 0.9 mm. The
velocity field is dominated by an infall component of about 2km s~ down to a radius of 300 au, where a rotational component of
4kms~! becomes dominant. We discuss the nature of this velocity field and the implications for the enclosed mass.

Conclusions. These findings directly support the interpretation that the high-density gas and dust emission that surrounds

Cepheus A HW?2 traces an accretion disk.

Key words. ISM: kinematics and dynamics — masers — stars: formation — stars: individual: Cepheus A HW2

1. Introduction

Cepheus A is the second nearest high-mass star-forming re-
gion (after Orion), located at a trigonometric distance of 700 pc
from the Sun (Moscadelli et al. 2009; Dzib et al. 2011) in the
Cepheus OB3 complex (e.g., Fig.27 of Kun et al. 2008). The
region has an IR luminosity in the range 2-3 x 10* L, (e.g.,
Mueller et al. 2002; De Buizer et al. 2017) and hosts a tight
(<7000 au) cluster of young stellar objects (YSOs) associated
with radio continuum emission. Half of the bolometric luminos-
ity is attributed to the brightest radio source in the field, named
“HW?2” after Hughes & Wouterloot (1984, see also Garay et al.
1996), which would correspond to a zero-age main-sequence
(ZAMS) star with an early-B spectral type and a mass in ex-
cess of 10 M. The HW2 object drives one of the best examples
of radio thermal jets in the literature (e.g., Rodriguez et al. 1994;
Curiel et al. 2006), which excites several shocked layers of H,O
maser emission (e.g., Torrelles et al. 2011). At the origin of the
radio jet, Patel et al. (2005) resolved a dense core of dust and gas
in the 345 GHz band of the Submillimeter Array (SMA; see also
Torrelles et al. 2007). The core emission is flattened in the di-
rection perpendicular to the radio jet, with an aspect ratio near 2
between its major and minor axes. Assuming the core is tracing a
circumstellar disk, Patel et al. showed that the aspect ratio of the
core emission implies a disk inclination of 28° with the line of
sight. On the plane of the sky, the major axis of the disk, with an

Article published by EDP Sciences

outer radius larger than 0.8" (or 560 au), is oriented at a position
angle (PA) of 121° (east of north). Although this simple picture
would support a scenario of disk-mediated accretion onto HW2,
the environment around HW?2 is significantly more complex than
that of an isolated YSO, showing perhaps more than five objects
within a radius of 1000 au (e.g., Fig. 1 of Jiménez-Serra et al.
2009). Because of this multiplicity, the disk scenario has been
questioned as due to a chance superposition of different hot cores
(e.g., Brogan et al. 2007; Comito et al. 2007).

By directly measuring the velocity field of gas belonging to
the putative disk, we can provide a critical test to the disk-like
scenario. Compact maser emission centers, on the order of a
few au in size, are ideal test particles to probe the local three-
dimensional gas kinematics by combining their proper motion
vectors (i.e., their displacement on the plane of the sky) with
the Doppler shift of the maser lines (e.g., Moscadelli et al. 2011;
Torrelles et al. 2011). Toward Cepheus A, bright CH;0OH maser
emission at 6.7 GHz was first reported by Menten (1991) and im-
aged at milliarcsecond resolution by Sugiyama et al. (2008a,b)
and Torstensson et al. (2008). Individual CH3;0H masers are
projected within 1000 au of the HW2 object, and outline a fil-
amentary distribution with local standard of rest (LSR) veloc-
ities redshifted by less than Skms~! with respect to the sys-
temic velocity of the region (around —4.5kms™!). Following
this evidence, it has been proposed that the CH;OH masers are
tracing a contracting circular ring with radius of about 680 au,
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Table 1. Summary of EVN observations (code ES071).

Absolute position (1 mas)

Epochs? Run Vrest Av Visr RA (J2000) Dec (J2000) HPBW rms
(gg/mm/aa) (h) (MHz) (kms™!) (kms™) (hms) ©’" (mas) (mJybeam™')
01/03/13-28/02/14—-13/03/15 8  6668.5 0.04 -1.73  22:56:17.9089 62:01:49.527 4.5 4-6

Notes. Columns 1 and 2: observing dates and duration of each run. Columns 3 and 4: rest frequency and velocity resolution of the maser lines.
Columns 5-7: local standard-of-rest velocity and measured absolute position of the reference maser spot used for calibration. Column 8: restoring
beam size (round) used at each epoch. Column 9: thermal noise achieved per line-free channel map at each epoch (Stokes /). ” The EVN operated
with 8 antennas at the first two epochs (EF, WB, JB, ON, MC, NT, TR, YS), with the addition of SR during the last epoch.

centered on HW2, and oriented nearly edge-on with respect to
the observer (Torstensson et al. 2008, 2011; Vlemmings et al.
2010; Sugiyama et al. 2014). Based on the detection of an or-
dered polarization field through the CH;OH maser emission,
Vlemmings et al. (2010) also suggested that the maser motions
might be driven by magnetic forces.

In order to test the disk-like scenario, we exploited the high
sensitivity of the European VLBI Network (EVN) to observe
the 6.7 GHz CH3;O0H masers in HW2 at different epochs, with
the aim of eventually tracing proper motions with an accu-
racy of 0.1kms~!. We present the details of the EVN obser-
vations in Sect.2. In Sect.3 we report the proper motion mea-
surements and the kinematic properties of the maser distribution.
In Sect. 4 we model the full-space velocity field of the CH;0OH
gas, and discuss the implications for the disk-like scenario in
Cepheus A HW2. Conclusions are drawn in Sect. 5.

2. Observations and calibration

We performed multi-epoch phase-referencing EVN obser-
vations of the 5;—-69 A" CH30H maser transition toward
Cepheus AHW2 and correlated all four polarization combina-
tions (RR, LL, RL, and LR). At each epoch, we observed three
calibrators together with the maser target. First, the reference
polarization calibrator, J 1331+3030, was observed at the be-
ginning of the experiment to register the systematic rotation of
the linear polarization angle (xpo1) in the EVN dataset. Second,
J2202+4216 was observed as a fringe-finder calibrator every
hour to correct both the instrumental phase delay and the polar-
ization leakage. Third, we observed the reference position cali-
brator J 2302+6405, which is in the International Celestial Refer-
ence Frame (ICRF) catalog, and is offset by 2° from Cepheus A.
Scans on the maser target and the position calibrator were al-
ternated over a cycle of 5min. The EVN data were processed
with the SFXC software correlator (Keimpema et al. 2015) at
the Joint Institute for VLBI in Europe by using an averaging
time of 2s and two frequency setups. A high spectral sam-
pling (0.98 kHz) over a narrow band (2 MHz) was used to accu-
rately sample the maser line width. A course spectral sampling
(15.6kHz) over a wide band of 16 MHz was used to improve on
the continuum sensitivity of the calibrators maps. The observa-
tion information is summarized in Table 1.

Data were reduced with the NRAO Astronomical Image Pro-
cessing System (AIPS) following standard procedures. Fringe
fitting and self-calibration were performed on a strong maser
channel at an LSR velocity of —1.73km s~ at each epoch. We
produced total intensity (Stokes /) maps of the maser emission to
image an area of radius 1”75 around HW2. At each epoch, we set
a restoring beam size of 4.5 mas (round), equal to the geomet-
rical average of the clean beam size obtained with ROBUST 0
weighting (task IMAGR of AIPS). Figure 1 shows the Effelsberg
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Fig. 1. Effelsberg total-power spectra toward Cepheus A HW2 obtained
from the EVN observations at C band. Observing dates are indicated
in the top right corner. The dotted vertical line indicates the rest ve-
locity (Vi) of the HW2 object. According to Fig. 2, maser emission
associated with the different clusters is also indicated.

spectra of the CH3OH maser emission toward Cepheus A HW?2
at each epoch.

We postpone the analysis of the polarization information to
a subsequent paper. Recently, Lankhaar et al. (2016) presented a
theoretical derivation of the hyperfine structure of the methanol
molecule. They showed that a number of hyperfine transitions,
close in frequency, might contribute to the 6.7 GHz CH3;0H
maser emission. In order to account for this multiplicity, a new
pumping model for the 6.7 GHz CH3OH masers is required.
These findings might have an influence on the modeling of the
polarized maser emission (Vlemmings et al. 2010), which is un-
der review (Lankhaar et al., in prep.; Vlemmings et al., in prep.).

3. Kinematic properties of the maser distribution

We detected 64 individual maser emission centers, or cloudlets’,
above a threshold of 7c. For strong maser channels, this
threshold is typically set by the limited dynamical range of the

! Hereafter, we make use of the following convention:

— a maser spot is a compact emission, at milliarcsecond scale, de-
tected on a single channel map and best-fitted with an elliptical
Gaussian brightness distribution;

— a maser cloudlet, elsewhere referred to as “feature”, is an individ-
ual gas condensation that is composed of a cluster of contiguous
spots both in space (<HPBW/10, typically) and LSR veloc-
ity (<1/5xline width, based on an average line width of 0.2—
0.3kms™).
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Fig. 2. Distribution of the 6.7 GHz CH;OH maser cloudlets detected within ~1 arcsec of Cepheus A HW2. The main panel shows the distribution of
the maser cloudlets (colored dots) superimposed on a HC3N (27-26) v; = 1, map (contours) integrated in the velocity range from —7 to —3km s~
(from Jiménez-Serra et al. 2009). HC3N contours start at 20~ by 20 steps. The upper axis gives the linear scale of the map at a distance of 700 pc.
Maser colors indicate the gas LSR velocity locally, according to the right-hand wedge. Maser groups are labeled according to Sugiyama et al.
(2008b). The systemic velocity (Vi) is set at —4.5km s™'. The black star marks the HW2 position according to Curiel et al. (2006). Insets:
blow-up of the local maser emission (beam size at a bottom corner) summed within the V| sg range specified in each box (see Sect. 3). The gray
logarithmic scale (top wedge) gives the brightness scale from 100 up to the peak emission in Jy beam™; the black contours give the brightness
levels from 10% of the peak emission by 10% steps. The red arrows trace the proper motion vectors of the maser cloudlets; the arrow length
indicates the position reached after a time of 40 yrs at the average velocity of 1.7 km s~!. Note that a few proper motions are associated with faint

maser cloudlets that are not visible in the summed maps.

images. In Table A.1 we list the relative position of each maser
cloudlet with respect to the peak of the reference maser chan-
nel (used to calibrate the visibilities). The absolute position of
this maser spot is determined with an accuracy of +1 mas and is
given in Table 1. The centroid position of each CH3OH cloudlet
is determined by an intensity-weighted average of the spots’
distribution within a beam, following Sanna et al. (2010). For
cloudlets brighter than 1Jy beam™', positional uncertainties are
typically better than 0.1 mas.

Maser cloudlets are spread within a projected radius of
1000 au from the HW2 object and are arranged in five clusters
by position (Fig. 2). These clusters have been labeled, from I to
V, after Sugiyama et al. (2008a). Clusters I and II, which project
closer to the HW2 object, show the most redshifted emission and
span a range of LSR velocities between 0 and —3.5km s~!. The
three clusters III, IV, and V, projected farther away from HW2,
are centered on LSR velocities (intensity-weighted) of —3.63,

—4.05, and —4.54km s~ !, respectively, and each cluster emits
over a narrow range of velocities (ca. 0.7km s~!). The five in-
sets of Fig.2 show the details of the maser emission, summed
over the relevant LSR velocity ranges, at the position of each
cluster (from the first epoch data). These maps were produced
after a boxcar smoothing of three velocity channels of the initial
dataset, and by imaging the new dataset with an u—v tapering of
15 MA. At variance with the integrated maser flux, which shows
significant variations among the epochs (up to a factor of 2), the
relative positions among the clusters and their ranges of LSR
velocities have remained constant during the past 10 yrs, since
the first high-resolution observations by Torstensson et al. (2011,
their Fig. 1) in November 2004.

In order to provide proper motion measurements accurate
to a few 0.1km s~!, we studied the spatial and spectral distri-
bution of the maser spots within each cloudlet detected at the
three epochs (e.g., Sanna et al. 2010, their Fig. 6). At a distance
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of 700 pc, a proper motion of 1km s~' corresponds to a dis-

placement of 0.6 mas every two years. We do not report proper
motions for cloudlets that changed their internal spots’ distri-
bution over the epochs so that their centroid position shifted by
more than 0.3 mas. Given that we expect proper motions of a few
km s~!, based on the LSR velocity dispersion of the maser emis-
sion, this criterion allows us to exclude proper motions that are
severely affected by the internal cloudlet structure. We selected
a subsample of 24 maser cloudlets that satisfy this condition and
calculated their relative proper motion vectors with respect to
the reference cloudlet at zero offset (number?2) by interpolat-
ing their positions among the epochs with a linear regression fit
(e.g., Moscadelli et al. 2010, their Fig. 3). Proper motions were
referred to the reference system of the gas at rest by subtracting
the average velocity vector of the whole sample. In Cols. 6 and 7
of Table A.1 we list the eastward and northward velocity com-
ponents of the corrected proper motions. Their magnitude does
not exceed 5km s™! and has an average value of 1.7km s~'. The
mean uncertainty per velocity component is 0.2 km s~!. In each
inset of Fig.2, we plot the direction of the proper motion vec-
tors at each measured position (red arrows). The proper motion
magnitude gives the position that would be reached by a maser
cloudlet, moving at an average velocity of 1.7 km s~! after a time
of 40 yr.

4. Discussion

4.1. Preferential plane of gas motion

Because CH30H molecules are (mainly) formed on grain sur-
faces and are evaporated in the gas phase at a temperature (100—
300 K; Herbst & van Dishoeck 2009) that is well below the dust
sublimation temperature (~1500 K), we expect that the presence
of CH30H gas should be coupled with the presence of dust con-
densation. The spatial distribution of dust continuum emission
and high-density molecular lines toward Cepheus AHW2 has
been interpreted as the silhouette of an accretion disk with a
radius of several 100 au. As a comparison, in Fig.2 we over-
lap the distribution of the CH3OH maser cloudlets with an in-
tegrated velocity map of the HC;N emission in the v; = 1 ex-
cited state (from Jiménez-Serra et al. 2009). The CH3OH maser
transition at 6.7 GHz is inverted by IR radiation in the range 20—
30 um, which is enhanced in the dusty environment heated by a
young massive star (e.g., Cragg et al. 2005). Similarly, the HCs;N
vibrationally excited states are populated by radiative pump-
ing that is due to an IR field at wavelengths of a few 10um
(Goldsmith et al. 1982). Figure 2 emphasizes the spatial corre-
lation between the dense molecular envelope surrounding HW2
and the loci of CH3OH maser emission.

Having on hand the information of the full-space motion of
the CH3OH gas, we searched for a preferential plane of gas mo-
tion as would be expected in the presence of a disk. With ref-
erence to the upper panel of Fig.3, we made two consecutive
rotations of the original reference system in equatorial coordi-
nates (RA = x,Dec = y): 1) we projected the maser proper
motions on the (X,Y) reference system, rotated by an angle
“PA” on the plane of the sky; 2) taking the LSR velocity compo-
nents into account as well, we followed a second projection onto
the reference system (X ,Y,Z’), obtained by rotating the coor-
dinates (X", Z) around the axis ¥ by an angle “i”". We iteratively
explored the full range of (X', Y’) plane orientations varying PA
and i in the ranges 0-360° and 0-90°, respectively. At each run,
we calculated the ratio between the maser velocity components
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Fig. 3. Orientation of the best plane (X', ¥") that minimizes the velocity
component (V) of the CH;OH masers perpendicular to the plane. Up-
per panel: left and right plots show a view of the best plane as projected
on the plane of the sky and with respect to the line of sight, respectively.
Lower panel: ratio of the velocity components perpendicular (V) and
parallel (V) to the best plane, plotted for each maser cloudlet (grouped
by clusters). Error bars give the 1o~ uncertainty of the ratio V,//V,,. The
dotted line marks the weighted average of V,/V,, (with its uncertainty),
which corresponds to an average deviation of 12° away from the best
plane.

perpendicular (V) and parallel (V,) to the plane (X,Y’), in
order to estimate how well the velocity vectors accommodate
the (X', Y") plane. The upper panel of Fig. 3 shows the orienta-
tion of the best plane (in red), which minimizes the weighted
average ratio V /V,, for the maser sample of 24 cloudlets. This
plane intersects the plane of the sky along a line at a PA of
134° and it is inclined by 26° with respect to the line of sight.
In the lower panel of Fig.3, we plot the ratio V,/V,, = 1o for
each maser cloudlet separately (dots and error bars). We do not
plot the two masers belonging to cluster IV because they have
motions slower than 0.5km s~ and high relative uncertainties.
The weighted average of the sample is drawn with a dashed hor-
izontal line in the lower panel of Fig.3 and corresponds to a
residual inclination of 12° +9° with respect to the plane (X', Y").
Alternatively, this inclination corresponds to an average velocity
component of 0.5km s~! away from the plane.

The best-fit plane (hereafter, the equatorial plane) over which
CH3;OH masers move is coincident with the orientation of the
flattened core observed by Patel et al. (2005) within about 10°
(PA and i of 121° and 62°, respectively). It is also worth noting
that the orientation of the radio jet, at a PA near 45° (Curiel et al.
2006, their Table 2), coincides with the minor axis of the equa-
torial plane as projected onto the sky (X~ in Fig. 3). These find-
ings support the interpretation that the core emission imaged by
Patel et al. belongs to a continuous structure that extends along
the equatorial plane of gas motion. In the next section, we ana-
lyze the gas motion in the equatorial plane and show that maser
cloudlets participate in a global infall toward HW2.
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dust radius
(Patel et al. 2005)

Face—on view / Y'—Offset [arcsec]

Face—on view / X'—Offset [arcsec]

4.2. Analysis of the planar motion around HW2

Knowing the orientation of the equatorial plane, we can produce
a face-on view of the CH3;OH maser velocities in this plane. In
Fig.4 we plot the position of the CH30H cloudlets (red dots)
projected onto the equatorial plane. We set the origin of the
plot at the position of HW2 as defined by Curiel et al. (2006).
Each cluster of maser emission is labeled according to Fig.2
for comparison. The result shown in Fig.4 is independent of
any assumption about the maser geometry. Individual centers
of maser emission do not originate at a same distance from the
star. Maser emission is excited over a range of radii between
300 au and 900 au from HW2. The inner radius coincides with
the extent of the dust emission (hereafter, the dust radius) at a
wavelength of 0.9 mm (red circle in Fig.4). A disk radius of
about 300 au also marks the boundary where hydrogen density
might exceed a threshold of 108 cm™ (Kuiper et al. 2015, their
Fig.9), above which the CH;OH maser transition at 6.7 GHz is
quenched (Cragg et al. 2005).

The black arrows in Fig.4 give the magnitude and direc-
tion of the velocity vectors in the equatorial plane. Since maser
cloudlets belonging to a given cluster show ordered velocity vec-
tors, we derived a group motion in the radial (V;) and tangen-
tial (V;) directions with respect to HW2 for each cluster. These
values are reported together with the cluster labels in Fig.4. A
negative radial velocity corresponds to an inward motion to-
ward HW2; a negative tangential velocity indicates a counter-
clockwise rotation around HW?2. For radii between 300 au and
800 au (clusters I, II, and V), maser velocities have an average
inward component of about —2km s~! within an uncertainty of
0.2km s~!. We explicitly note that the existence of a planar in-
fall toward HW?2 in turn supports the existence of an accretion
disk. At the loci sampled by the maser emission, the magnitude
of the infalling motions appears to be almost constant with the
distance from the star within the uncertainties. Outside a radius
of 800 au (clusters III and I'V), the radial component is more than

Fig. 4. Face-on view of the plane at a PA of 134°
and inclination of 64°, which contains the full-
space motions of the 6.7 GHz CH;OH maser
cloudlets (see Fig.3). The star at the center of
the plot pinpoints the position of the HW2 ob-
ject that powers the radio continuum jet perpen-
dicular to the plane (Curiel et al. 2006). Gray
circles mark different distances from the YSO
position along this plane. Red dots mark the dif-
ferent locations of the CH3;OH maser cloudlets,
and the black arrows trace their motions in the
plane. Each maser cluster is labeled according
to Fig.2. The velocity scale is reported at the
bottom right corner. For each cluster, we report
the radial (V;) and tangential (V;) group veloci-
ties with respect to the YSO position (10~ uncer-
tainty in brackets). The red circle, at a radius of
about 300 au, marks the deconvolved size of the
dust emission at 0.9 mm observed by Patel et al.
(2005).

four times slower (<0.5 km s~!) than in the inner regions. On the
other hand, there is no clear pattern for the tangential velocity
outside a radius of 300 au from the star: clusters I and III have a
consistent tangential component of about —1km s~!, clusters IV
and V have a tangential component near zero, and cluster II has
a faster tangential component of —4km s~'. We do not have
enough maser points around the star to study the dependence
(if any) of the tangential velocity on the azimuthal angle.

4.3. Estimate of the central mass of HW2

Interestingly, the maser cluster (II) closer to the star exhibits a
higher value of the tangential velocity. If we assume that this
tangential component represents an ordered rotational motion
around HW2, we can evaluate the enclosed mass within the dust
radius. Assuming Keplerian rotation, for a rotational velocity of
4km s~! and a radius of 315 au, derived from the deconvolved
size of the dust continuum map of Patel et al. (2005), we infer a
central mass of 5.5 M. A ZAMS star with a mass of 6 M and
a radius of 3 Ry has a bolometric luminosity of 1 x 103 L, (e.g.,
Schaller et al. 1992), one-tenth of the bolometric luminosity as-
sociated with the HW2 object. An additional contribution to the
total luminosity might come from accretion. We make use of the
infalling motion measured with the masers to estimate the mass
infall rate onto the star. In spherical symmetry, for an hydrogen
density of 10% cm™ at a distance of 300 au from the central ob-
ject, an infall velocity of 2km s~ implies an accretion rate of
3x107* Moy yr‘l. If the same infall rate reaches the star surface,
the accretion luminosity of 9 x 10° L, would dominate the total
luminosity. Taking into account that the infalling mass is chan-
neled through the disk onto the star within a small solid angle,
the accretion rate might be reduced by a factor ~0.1 for a flared
disk with an opening angle of 60°. Under these conditions, the
total budget of stellar and accretion luminosities would account
for a bolometric luminosity of about 2 x 10° L,
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Different lines of evidence suggest an ordered magnetic field
in the inner 1000 au of HW2, which might reconcile the kine-
matic estimate of the stellar mass with a bolometric luminos-
ity on the order of 1 x 10* L,. Recently, Ferndndez-Lépez et al.
(2016) reported CARMA dust polarization observations at
1.3 mm in the vicinity of HW2. The dust polarization vectors
align in a direction (57° + 6°) roughly parallel to the minor axis
of the accretion disk on the plane of the sky (X~ in Fig. 3). If the
main cause of polarized emission is grain alignment via mag-
netic forces, Fernandez-Lépez et al. propose a scenario where an
uniform magnetic field is threading the accretion disk of HW2.
At the scale of individual pockets of gas of a few au in size,
the linearly polarized emission of the OH, H,0O, and CH3;0H
masers still shows coherent polarization vectors either parallel
or perpendicular to the same X" axis of Fig. 3 (Bartkiewicz et al.
2005; Vlemmings et al. 2006, 2010). The presence of a magnetic
field might result in rotational velocities lower than half the ex-
pected Keplerian velocity at a given radius, as depicted in Fig. 7
of Seifried et al. (2011). In the case of HW2, if the tangential
velocity measured with the masers were (magnetically) reduced
by a factor as small as 1/4 of the pure Keplerian rotation, the
revised mass estimate would amount to 10 M and would im-
ply a ZAMS luminosity of about 1 x 10* Ly (e.g., Eq.(13) of
Hosokawa et al. 2010).

4.4. Comparison with previous models

In order to explain the CH3OH maser distribution around HW2,
previous models assumed that the maser emission arises along
a circular ring (Torstensson et al. 2008, 2011; Vlemmings et al.
2010; Sugiyama et al. 2014). Maser positions were fitted by an
elliptical ring on the plane of the sky, with free parameters the
major (2 X a) and minor axes of the ellipse, the position angle
of the major axis (PA.y), and the center of the ellipse. If the el-
lipse is the projection of a circular ring tilted with respect to
the line of sight, the inclination (i) of the circular ring is deter-
mined from the ratio of the minor-to-major axes of the ellipse.
Since the molecular outflow entrained by the radio jet has the
blueshifted lobe to the NE and the free-free optical depth of
the radio jet favors the brightest masers to be on the near side
of the ring, Torstensson et al. first argued that maser clusters I
and II have to lie on the near side of the ring. Under these con-
ditions, the plane of the circular ring would be oriented at a po-
sition angle (PA¢;) between 99° and 110°, with an inclination (7)
betwen 68° and 73°; the ring radius (a) would range between
650 au and 680au (Vlemmings et al. 2010; Torstensson et al.
2011; Sugiyama et al. 2014). The position angle of the equato-
rial plane derived in Sect. 4.1 differs by about 30° with respect
to the plane of the circular ring; the radius of the circular ring
approximates the average distance of the maser cloudlets with
respect to HW2 (Fig. 4).

To explain the three-dimensional magnetic field configura-
tion around HW?2 as inferred from the 6.7 GHz maser emission,
Vlemmings et al. also proposed that the maser cloudlets might
be detached by a few 100 au from the equatorial plane. Maser
cloudlets would move along the magnetic field lines at the edge
of the disk, where the lines warp toward the central core (Fig. 6
of Vlemmings et al. 2010). This picture might still hold even if
the maser emission does not arise at a constant radius, since the
toroidal magnetic field lines would thread the disk plane at differ-
ent radii from the central star. The current analysis does not rule
out that the maser cloudlets may lie at small heights (#) above
the equatorial plane (2 < 100 au), provided that the velocity field
is still mainly planar (e.g., Fig. 9 of Seifried et al. 2011).
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Torstensson et al. compared the line-of-sight velocities of the
maser emission with those expected for a circular ring either in
Keplerian rotation or with a dominant radial motion. They in-
ferred negligible Keplerian rotation and proposed that the ring
itself is contracting toward HW?2 with a velocity on the order
of 1km s~!. Sugiyama et al. also measured the 6.7 GHz maser
proper motions with the Japanese VLBI Network (JVN). They
modeled the three-dimensional velocity field of the CH3;0H
gas as the composition of a radial and tangential velocity with
respect to the ring, and derived a global infalling motion of
2.0 + 0.6km s~! and a rotational velocity near zero. These re-
sults generally agree with our analysis when the group velocities
of each cluster are averaged all together (Fig. 4). It is worth not-
ing that the EVN observations have a beam size twice smaller
than the JVN observations and four times better spectral reso-
lution, which eventually allow us to obtain proper motion mea-
surements about three times more accurate than the JVN mea-
surements. On the one hand, since we measure a constant radial
motion between radii of 300 au and 800 au, this finding explains
why Sugiyama et al. inferred a similar infalling velocity at con-
stant radius. On the other hand, by removing the constraint of
constant radius, we are able to distinguish different tangential
velocities associated with the five maser clusters.

5. Conclusions

We tested the existence of an equatorial plane of gas motion
around Cepheus AHW2 by measuring the three-dimensional
velocity vectors of the 6.7 GHz CH3OH maser cloudlets. Maser
velocities are measured with an accuracy of a few 0.1 km s
Our results can be summarized as follows.

1. We showed that the motions of the CH;OH maser cloudlets
are dominated by a planar component. Its plane is inclined
by 26° to the line of sight and intersects the plane of the sky
along a line at a PA of 134°. The orientation of this plane
coincides within about 10° with that of the core emission
imaged by Patel et al. (2005), after assuming that dust and
high-density gas move on circular orbits. This result supports
the interpretation that the core emission surrounding HW?2
represents a continuous structure and is not a projection of
different hot cores along the line of sight.

2. The three-dimensional velocity field of the CH;OH masers
shows that the CH30H gas is contracting toward HW?2 at a
velocity of about 2km s~!, between radii of 300 and 900 au
from HW2. This velocity component implies an accretion
rate on the order of 10™* M, yr~! at a distance of 300 au from
the star. A planar infall toward HW?2 in turn supports an ac-
cretion disk.

3. At a radius of 300 au from HW2, we measure a rotational
component of about 4 km s~!. The simple assumption of pure
Keplerian rotation would result in a central mass of 5-6 M,
which would account for only a minor fraction of the bolo-
metric luminosity of the HW?2 object. If the rotational ve-
locities measured with the masers were sub-Keplerian by a
factor as small as 1/4, as can be expected under the influence
of a weak magnetic field, that could reconcile the values of
the (kinematic) stellar mass and luminosity. The presence of
a magnetic field is supported by the recent detection of an
ordered dust polarization field surrounding HW2, and can
be tested with the 6.7 GHz maser observations once a new
model for the polarized emission of this maser transition will
be available.
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Appendix A: Additional table
Table A.1. Parameters of the 6.7 GHz CH;OH maser cloudlets detected toward Cepheus A HW2.

A&A 603, A%4 (2017)

Feature VLsr Fpeax Ax Ay Ve Vy
# (kms™) Jy beam™!) (mas) (mas) (kms™1) (kms™1)
Cluster I: mean LSR velocity of —2.31kms™!
1 -1.68 1.04 (3 19.38 +0.17 -4.85+0.10
2 -1.73 22.84 (1% —-0.00 + 0.01 —-0.01 £ 0.01 0.61 £0.06 1.49 +0.06
3 -1.90 0.57 (1)  -2536+0.18 4.35+0.09 1.53+£037 0.64 +0.18
4 -2.03 1.81 (1)  —=51.33+0.06 17.08 + 0.05
5 -2.17 4.07 1y  —47.75 +£0.06 23.57+0.05 | -0.40+0.20 0.08 +0.16
6 -2.30 52.18 (1)  -38.97 £ 0.01 32.19+0.01 | -0.10+£0.07 1.40 +0.07
7 -2.30 3.09(1%) —-63.16 £0.15 4739 £0.12
8 -2.47 3257 (%  =76.76 £ 0.02 5428 +0.02 | -0.20£0.08 0.25 +0.07
9 -2.47 24.08 (1)  —=30.86 +£0.02 26.70 + 0.02 0.53+0.15 0.83+0.13
10 -2.65 6.43 (1)  —-92.35 +0.06 62.36 + 0.04
11 -2.82 7.65 (1) —108.34 +0.02 66.52 +0.01 | -0.19£0.08 0.24 +0.07
12 291 0.94 (17 40.11 £0.04 3.54 £ 0.04 1.18 £0.13  0.79 £ 0.09
13 -2.91 0.20 (39 33.83 £0.27 -2.56 +0.17
14 -3.00 0.25 (%) -121.31+0.10 67.99 +0.10
15 -3.00 0.15 (3 19.37 £ 0.18 -3.01 £0.10
Cluster IT: mean LSR velocity of —2.44km s~}
16 -0.10 0.08 (31 37841 +£0.16 —135.89 +£0.13
17 —0.45 0.78 (39 311.09 £0.02 -130.28 +£0.03
18 —0.45 0.08 (3 321.51+0.19 -140.62 +£0.26
19 —0.94 0.13 (1% 17492 +£0.14 -107.37 +0.13
20 -1.20 0.21 (39 323.52+0.07 -111.97 +£0.09
21 -1.33 0.07 3 311.68 £0.18 -107.07 +0.17
22 -1.81 1.67 (39 368.78 £ 0.08 —108.69 + 0.07
23 =2.17 1.65 (3 376.92 £ 0.07 -112.75+0.08
24 -2.42 9.42 (31 359.55+0.09 -116.89 +0.09
25 -2.61 7.59 (31) 350.78 £0.05 —117.32 +£0.04
26 -2.69 1.67 (3 360.80 £0.13 —125.16 £0.11
27 -2.78 1.25 (1Y) 37131 £0.10 -128.49+0.10 | —2.89 +0.15 3.93+0.16
28 -2.82 0.86 (1) 377.87+£0.11 —-13548 £0.10 | =3.03 £ 0.25 3.50+0.22
29 -3.18 0.78 (1) 415.83 £0.03 -117.00+0.03 | =241 £0.11 1.54 +0.11
30 -3.22 0.68 (1) 406.50 £ 0.04 -135.77 +0.04
31 -3.44 0.59 (1% 405.01 £0.09 -140.44 +0.10
Cluster ITI: mean LSR velocity of -3.63 kms™!
32 -3.35 0.41 (%) -259.51+0.14 160.15 +0.20
33 -3.44 237(1%) -242.84+0.03 145.19 £0.03 | —0.15+0.08 0.00 +0.09
34 -3.52 0.37 3¢ —-286.04 +£0.22 185.77 £ 0.25
35 -3.53 2.52 (1) -253.31+0.05 14795 +£0.06 | —0.87+0.10 0.61 £0.13
36 -3.61 0.83 3% -273.56+0.21 123.62 £ 0.19
37 -3.62 1.49 (2n)  -340.85 £ 0.09 25521 +£0.12
38 -3.66 10.84 (1) —305.94 +0.03 189.99 + 0.02

Notes. Each maser emission center is labeled by decreasing LSR velocity in Col. 1, and grouped within the five clusters defined in Fig. 2. Columns 2
and 3 report the LSR velocity and brightness of the brightest spot of each cloudlet at the first epoch of detection (in brackets). Columns 4 and 5
give the relative centroid position of each cloudlet and their uncertainties in the east and north directions, respectively. The absolute position of the
reference spot, belonging to cloudlet 2, is reported in Table 1. Columns 6 and 7 give the projected components of the cloudlet proper motion along

the east and north directions, respectively. More details are provided in Sect. 3.
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Table A.1. continued.
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Feature VLsr Fpeax Ax Ay V. Vy
# (kms™1) Jy beam™) (mas) (mas) (kms™1) (kms™h)
39 -3.66 538 (1%) —351.66 +0.04 264.29 + 0.06
40 -3.66 3.02 (1% -297.34 +0.09 195.69 +0.12 | —0.28 +0.23 0.87 £0.27
41 -3.66 2.60 (1*) -304.12 +0.11 201.49 £ 0.09
42 -3.70 1.45 (%) -313.51 +£0.20 196.58 + 0.22
43 —4.49 0.10 ") —183.38 +0.30 124.61 £ 0.19
Cluster IV: mean LSR velocity of —4.05km s~
44 -3.88 5.88 (1%) 1326.16 £+ 0.04 —142.10+0.03
45 -3.88 342 (%)  1329.83+0.13 -153.46+0.09
46 -3.92 528 (1%  1294.00 +0.06 —170.31 +0.06
47 —4.01 19.93 (1)  1312.58 £0.03 -143.87+0.02 | —-0.44+0.09 -0.03 +0.08
48 —4.01 528 (1%  1302.81 £0.09 -163.01 +0.07
49 —4.05 13.62 (1) 1314.18 £ 0.06 —157.25 +0.03
50 —4.19 17.16 (1%  1309.41 +£0.02 —156.94 + 0.02
51 -4.27 1.36 (1%  1279.61 +£0.15 -176.55+£0.10
52 —4.32 3.19 (1% 128724 +0.05 -163.20+0.04 | -0.65+0.26 -0.03+0.17
Cluster V: mean LSR velocity of —4.54 km s~
53 -4.36 1.55 (1Y) 111.09 £ 0.10 680.53 +£0.18 0.38+0.18 -1.31+0.35
54 —4.36 1.10 (1% 118.36 £ 0.19 665.06 + 0.32
55 —4.41 1.30 (1Y) 102.88 + 0.10 694.45 £ 0.16
56 441 0.24 (31 94.65 +0.11 703.51 +£0.18
57 —4.54 0.26 (1) 131.94 £ 0.17 518.21 +£0.17 1.07+£0.55 -3.35+0.56
58 —4.58 0.90 (1) 122.06 + 0.08 527.51 £0.08 0.59+0.19 -1.47+0.20
59 —4.67 0.51 (1Y) 102.48 £ 0.14 546.56 £ 0.12 027+041 -2.27+0.36
60 —4.71 1.78 (1% 92.14 + 0.03 556.99 + 0.04 1.32+0.11 -2.03+0.11
61 —4.80 0.29 (1Y) 86.64 +£0.10 551.32 £ 0.09 1.75+0.38 —-0.96 + 0.35
62 —4.80 0.29 (1Y) 73.17 £ 0.17 573.26 £ 0.16 1.57+£048 -2.21+045
63 -4.93 0.18 (1)  -27.66 £ 0.16 551.60 £ 0.14 0.34+£0.59 -1.07+043
64 -4.93 0.07 1y -35.71+0.29 554.01 £ 0.37
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