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ABSTRACT

Context. Proper motion observations of masers can provide information on dynamic motions on scales of a few milliarcseconds per
year (mas yr−1) at radii of 100–1000 au scales from central young stellar objects (YSOs).
Aims. The 6.7 GHz methanol masers are one of the best probes for investigations of the dynamics of high-mass YSOs, and in
particular for tracing the rotating disk. We have measured the internal proper motions of the 6.7 GHz methanol masers associated with
Cepheus A (Cep A) HW2 using Very Long Baseline Interferometery (VLBI) observations.
Methods. We conducted three epochs of VLBI monitoring observations of the 6.7 GHz methanol masers in Cep A-HW2 with the
Japanese VLBI Network (JVN) over the period 2006–2008. In 2006, we were able to use phase-referencing to measure the absolute
coordinates of the maser emission with an accuracy of a few milliarcseconds. We compared the maser distribution with other molecular
line observations that trace the rotating disk.
Results. We measured the internal proper motions for 29 methanol maser spots, of which 19 were identified at all three epochs and
the remaining ten at only two epochs. The magnitude of proper motions ranged from 0.2 to 7.4 km s−1, with an average of 3.1 km s−1.
Although there are large uncertainties in the observed internal proper motions of the methanol maser spots in Cep A, they are well
fitted by a disk that includes both rotation and infall velocity components. The derived rotation and infall velocities at the disk radius
of 680 au are 0.5 ± 0.7 and 1.8 ± 0.7 km s−1, respectively.
Conclusions. Assuming that the modeled disk motion accurately represents the accretion disk around the Cep A-HW2 high-mass
YSO, we estimated the mass infall rate to be 3× 10−4 n8 M� yr−1 (n8 is the gas volume density in units of 108 cm−3). The combination
of the estimated mass infall rate and the magnitude of the fitted infall velocity suggests that Cep A-HW2 is at an evolutionary
phase of active gas accretion from the disk onto the central high-mass YSO. The infall momentum rate is estimated to be 5 ×
10−4 n8 M� yr−1 km s−1, which is larger than the estimated stellar radiation pressure of the HW2 object, supporting the hypothesis
that this object is in an active gas accretion phase.
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� Table 5 is available in electronic form at http://www.aanda.org
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1. Introduction

In the last decade, high-resolution interferometric observations
at submillimeter wavelengths have demonstrated the existence
of rotating disks around high-mass young stellar objects (YSOs;
e.g., Cesaroni et al. 1997, 1999; Patel et al. 2005). These obser-
vations have shown that the spatial distribution of dust, or that of
hot molecular core tracers (e.g., CH3CN lines) are elongated per-
pendicular to the direction of a radio jet or large-scale outflow,
and that radial velocity gradients are observed along the direc-
tion of elongation. The recently developed capability to make
near-infrared interferometric observations has been utilized to
demonstrate the existence of a compact dusty disk (∼20 au)
around the high-mass YSO IRAS 13481−6124 (Kraus et al.
2010). Kraus et al. found that the disk in IRAS 13481−6124 has
a similar radial temperature gradient and scale for the dust-free
region to those observed in low-mass star formation regions. A
direct measurement of the distribution and 3D motion of gas in
a disk associated with a high-mass star represents the next step
to be undertaken in studies of this type of object.

Molecular maser emission is potentially a useful tool for in-
vestigating the distribution and motion of gas around YSOs. The
maser emission is typically compact (linear scales of 1–10 au),
has a high brightness temperature (>106 K), and narrow line
width (<1 km s−1). In particular, studies of the internal proper
motion of individual maser spots (the compact emission centers
detected at a given velocity channel) with Very Long Baseline
Interferometery (VLBI) can provide directly information on the
motion of the masing gas on scales of a few milliarcseconds per
year (mas yr−1). Among the various common interstellar masers,
the methanol masers at 6.7 GHz are perhaps the best probe of
the gas motion around high-mass YSOs. This is because the
6.7 GHz methanol masers are only associated with high-mass
star formation (Minier et al. 2003; Xu et al. 2008), the indi-
vidual maser features have a long lifetime (van der Walt 2005;
Ellingsen 2007), and they are typically associated with star for-
mation regions at an early evolutionary phase prior to the for-
mation of an ultra-compact (UC) H ii region (Walsh et al. 1998;
Minier et al. 2005; Ellingsen 2006). Interferometric imaging sur-
veys of 6.7 GHz methanol masers (Norris et al. 1993; Phillips
et al. 1998; Walsh et al. 1998; Minier et al. 2000; Sugiyama
et al. 2008b; Bartkiewicz et al. 2009; De Buizer 2003; Dodson
et al. 2004) show that they are often associated with disks and
shocks around high-mass YSOs. Recently, Bartkiewicz et al.
(2009) showed that 9 of the 31 sources they observed (∼30%)
have a ring-like morphology. They applied a disk model with
rotation and expansion/contraction to the observed maser distri-
bution and radial velocities and noted that, in general, the ex-
pansion/contraction velocity was larger than the rotation com-
ponent. However, because the velocity was measured only along
the line-of-sight (l.o.s.) the Bartkiewicz et al. models are poorly
constrained due to geometrical ambiguity. Measuring the inter-
nal proper motions of the maser spots is required to derive the
gas motion around the YSOs without ambiguity.

Rotational motion associated with a disk has been demon-
strated by measuring the internal proper motions in a few
methanol masers (Sanna et al. 2010a,b; Moscadelli et al. 2011),
while outflow motion has been measured in other methanol
sources (Rygl et al. 2010; Sugiyama et al. 2011; Matsumoto et al.
2011; Sawada-Satoh et al. 2013). Goddi et al. (2011) directly de-
tected infall motion with a velocity of 5 km s−1 in the molecular
envelope of the high-mass YSO AFGL 5142 MM-1 at a radius
of 300 au.

The 6.7 GHz methanol masers associated with Cep A-HW2
represent one of the best targets for measuring the rotation and
infall motions through an accretion disk toward a high-mass
YSO. The high-mass star-forming region Cep A is located at a
close distance of 0.70 kpc (Moscadelli et al. 2009; Dzib et al.
2011). The HW2 object is the brightest source in the Cep A
complex contributing half of the total luminosity of the re-
gion ∼2.5 × 104 L� (Evans et al. 1981; Rodriguez et al. 1994;
Hughes et al. 1995; Garay et al. 1996). The binding mass en-
closed in HW2 is estimated to be ∼20 M� (Patel et al. 2005;
Jiménez-Serra et al. 2009) and a fast, bipolar, highly collimated
radio jet is being ejected from the HW2 YSO at an ejection
velocity ∼500 km s−1, size ∼1500 au, and position angle (PA)
∼45◦ (Curiel et al. 2006). Observations of both dust and CH3CN
line emission made with the Submillimeter Array (SMA) show
a rotating disklike structure elongated perpendicularly to the ra-
dio jet, and with a l.o.s. velocity gradient along the direction
of elongation (Patel et al. 2005). This discovery has been con-
firmed through investigations of the spatial distribution and ve-
locity gradients of NH3, SO2, and HC3N emission (Torrelles
et al. 2007; Jiménez-Serra et al. 2007, 2009).

Observations of the 6.7 GHz methanol maser emission show
an elliptical morphology, with the HW2 YSO at the center of
the ellipse (Sugiyama et al. 2008a; Vlemmings et al. 2010;
Torstensson et al. 2011b). The elliptical distribution of the
masers is similar to that observed in the molecular and dust emis-
sion and the size of the ellipse (∼1300–1400 au) is similar to that
of the CH3CN and the NH3 disks. Torstensson et al. (2011b) fit-
ted a ring model with rotation and infall motions (Uscanga et al.
2008) to the observed methanol maser positions and l.o.s. veloc-
ities, and derived an infall velocity of +1.3 km s−1 and a rotation
velocity of +0.2 km s−1. Torstensson et al. concluded that the
infall component of velocity prevailed over the rotation compo-
nent. Vlemmings et al. (2010) determined the 3D magnetic field
structure around HW2 and found the magnetic field to lie per-
pendicular to the molecular and dust disks, indicating that the
magnetic field likely regulates the accretion onto the disk.

We have conducted VLBI monitoring observations of the
6.7 GHz methanol masers in Cep A-HW2, using the Japanese
VLBI Network (JVN: Fujisawa 2008) at three epochs spanning
779 days, to measure the maser internal proper motions. We de-
scribe these observations and the details of data reduction in
Sect. 2. In Sect. 3, we show the maser spatial distribution and
internal proper motions. Finally, we discuss the interpretation of
the measured motion of the methanol masers in Sect. 4.

2. Observations and data reduction

We made the JVN observations at three epochs: 2006 September
9, 2007 July 28, and 2008 October 25. The results of the imaging
from the first epoch were reported by Sugiyama et al. (2008a).
The array for each epoch consisted of four or five of the follow-
ing radio telescopes: Yamaguchi 32 m, Usuda 64 m, and VERA
(four 20 m stations: Mizusawa, Iriki, Ogasawara, and Ishigaki).
The telescopes used in each observation are listed in Table 1
along with other relevant observational parameters, such as the
duration of the observation and the size of the synthesized beam.
The projected baselines ranged from 6 Mλ (Yamaguchi–Iriki) to
50 Mλ (Mizusawa–Ishigaki), corresponding to fringe spacings
of 34.4 mas and 4.1 mas at 6.7 GHz, respectively.

We made the observations using phase-referencing to deter-
mine the absolute position of the 6.7 GHz masers in Cep A with
an accuracy of a few milliarcseconds. We used the extragalac-
tic continuum source J2302+6405 (2.19◦ from Cep A) as the
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Table 1. Parameters of VLBI observations using the JVN for Cep A.

Epoch Date and time Telescopesa ton 1σ Synthesized beam Nspot

θmaj × θmin PA
(yyyy/mm/dd, UT) (h) (Jy beam−1) (mas×mas) (◦)

1 2006/09/09, 14:30−22:00 YM, UD, MZ, IG 2.8 0.06 9.4×4.3 −70 84
2 2007/07/28, 14:00−22:00 YM, UD, MZ, IR, IG 2.1 0.09 9.2×4.3 −43 92
3 2008/10/25, 10:00−18:00 YM, MZ, IR, OG, IG 1.6 0.12 7.0×3.9 −79 60

Notes. Column 1: epoch number; Col. 2: observational year/month/day, and universal time; Col. 3: telescopes used; Col. 4: total on-source time;
Col. 5: image rms noise in a line-free channel; Cols. 6, 7: FWHM of major and minor axes, and position angle of synthesized beam made with
natural weighting; Col. 8: number of detected maser spots.
(a) Telescope code — YM: Yamaguchi, UD: Usuda, MZ: VERA-Mizusawa, IR: VERA-Iriki, OG: VERA-Ogasawara, IG: VERA-Ishigaki.

phase calibrator. We determined the coordinates of J2302+6405
to an accuracy of 0.62 mas in the third VLBA Calibrator Survey
catalog (VCS3: Petrov et al. 2005). The observation strategy
employed in all epochs was to alternate between the position
of the Cep A methanol masers and the phase calibrator with a
cycle time of 5 min (2 min on Cep A, 1.6 min on the contin-
uum source and 1.4 min slewing between sources). The total
on-source times were 2.8, 2.1, and 1.6 h for Cep A and 0.7,
1.0, and 0.9 h for J2302+6405 in epochs 1 to 3, respectively.
The absolute coordinates obtained at the first epoch were pre-
viously reported by Sugiyama et al. (2008a). The nearby ra-
dio continuum sources J2322+5057 and J0102+5824, and the
strong continuum sources 3C454.3 and 3C84, selected from the
International Celestial Reference Frame (ICRF: Ma et al. 1998;
Fey et al. 2004), were also observed every 1.5 h for clock (delay
and rate) and bandpass calibration, respectively.

For the first epoch, we observed left-circular polarization
(LCP) at the Yamaguchi and Usuda stations, while received
linear polarization at the Mizusawa and Ishigaki stations. At
the following epochs, we observed LCP at Yamaguchi, Usuda,
Mizusawa, and Ishigaki stations, while received linear polariza-
tion at the Ogasawara and Iriki stations. Employing a bandwidth
of 32 MHz, we recorded the data to magnetic tape using the
VSOP-terminal system at a data rate of 128 Mbps with 2-bit
quantization, and correlated at the Mitaka FX correlator (Shibata
et al. 1998). From the recorded 32 MHz bandwidth, we corre-
lated 2 MHz (6668–6670 MHz) and 4 MHz (6666–6670 MHz)
sub-bands with 512 and 1024 spectral channels for epochs 1 and
epochs 2/3, respectively. Both spectral setups yielded a chan-
nel spacing of 0.18 km s−1. The VLBI data were reduced us-
ing the Astronomical Image Processing System (AIPS: Greisen
2003) using the same procedure described in Sugiyama et al.
(2008b), which includes special amplitude calibration for differ-
ent polarization correlations (circular/linear, linear/linear). The
image rms noise (1σ) in a line-free channel was 0.06, 0.09, and
0.12 Jy beam−1 for epochs 1, 2, and 3, respectively, as listed in
Table 1. Phase-referencing was successful only at the first epoch
with the best image sensitivity.

We performed single-dish observations using the Yamaguchi
32 m telescope to enable absolute flux calibration of the VLBI
observations. We made the single-dish observations on 2006
September 7, 2007 August 5, and 2008 November 5, respec-
tively, each of them separated by at most ten days from the
corresponding VLBI epoch. The flux density calibration tem-
plate spectrum for each epoch is shown in Fig. 1. The chan-
nel spacing of these single-dish observations was four times
higher than that of the VLBI data, i.e., 0.044 km s−1. In 2007,
the 6.7 GHz methanol masers in Cep A were observed to
show rapid variations in flux density within a 30 day period
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Fig. 1. Spectra of the 6.7 GHz methanol maser in Cep A obtained
with the Yamaguchi 32-m radio telescope. Solid, dashed, and dotted
lines show the spectra observed near in time to the VLBI epochs 1, 2
and 3, respectively. The roman numerals I–V identify different spectral
features.

(Sugiyama et al. 2008a). Assuming that flux density variations
of up to ∼50% within 30 days are possible, we estimate the
absolute flux density calibration for the VLBI observations to
be accurate to 20–30%. The estimated uncertainty is calculated
from the accuracy of the absolute flux calibration for the sin-
gle dish, at 15–20%, and the expected maximum flux variation
within ∼10 days, at 15–20%. For each epoch, the amplitude cal-
ibration was performed by fitting the telescope total-power spec-
tra to the single-dish template spectrum.

We used the brightest 6.7 GHz maser emission at a local
standard of rest (LSR) velocity of −2.60 km s−1 as the reference
maser spot (Sugiyama et al. 2008a) in fringe fitting, and applied
the phase solution from this spectral channel to the visibilities of
all velocity channels. We searched for maser emission over an
area of 4.0′′ × 4.0′′ using the Difmap software (Shepherd 1997)
by model fitting the visibility data with point sources and iter-
atively self-calibrating. We determined the peak positions and
intensities of maser spots by fitting an elliptical Gaussian bright-
ness distribution to the emission pattern in each spectral channel
using the task JMFIT in AIPS. We used one or more indepen-
dent Gaussian components with about the same dimensions as
the synthesized beam to prevent the fitted Gaussians from being
significantly larger than the beam. Maser components are con-
sidered real if detected with signal-to-noise ratio (S/N) ≥ 5 at
similar (within the beam FWHM) positions in two or more con-
secutive channels. Maser structure is not resolved even on the
longer baselines, and the correlated flux density recovered from
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Fig. 2. Spatial distribution of the 6.7 GHz methanol maser spots in
Cep A (filled circles). The size of the circles is proportional to the
peak intensity on a logarithmic scale, and the color indicates the l.o.s.
velocity (color-velocity conversion code shown on the right of the
plot). The spatial scale is shown by the ruler in the bottom-right cor-
ner. The roman numerals identify the maser clusters emitting the spec-
tral features shown in Fig. 1. The star symbol indicates the peak of
the 43 GHz continuum emission, which is known to a positional ac-
curacy of 10 mas (Curiel et al. 2006). The dashed line shows the di-
rection of the high-velocity collimated radio jet (Curiel et al. 2006).
The origin of the map corresponds to the position of the reference
6.7 GHz methanol maser emission at LSR velocity of −2.60 km s−1

[α(J2000.0) = 22h56m17s.9042, δ(J2000.0) = +62◦01′49′′ .577], as de-
termined by Sugiyama et al. (2008a).

the final images contains more than 80% of the single-dish flux
density.

3. Results

3.1. Spatial distributions

We detected 84, 92, and 60 methanol maser spots in epochs 1, 2,
and 3, respectively. The total number of observed, distinct maser
spots is 131 if we take the fact that many spots are observed
at more than one epoch into account. The spot peak intensities
range from ∼0.4 to 92.2 Jy beam−1. The lower number of de-
tected spots in our first epoch run, compared with the observa-
tion by Sugiyama et al. (2008a), is due to our higher detection
threshold to select spots strong enough to allow for an accurate
measure of the proper motion. Maser variability, as evidenced
by the single-dish spectra, can explain the different number of
maser detections over the three observing epochs. The parame-
ters of each maser spot, as derived by the Gaussian fit, are sum-
marized in Table 5, which lists: the ID number of each maser
spot and cluster; the relative positional offset with respect to the
reference spot (ID 53) (and estimated uncertainty); the spot LSR
velocity; the internal proper motion (and estimated uncertainty)
and the tangential velocity (converted on the basis of a source
distance of 0.70 kpc); and the peak intensity at each epoch.

The spatial distribution of the 6.7 GHz methanol maser spots
in Cep A is shown in Fig. 2 and includes all 131 spots detected in
at least one epoch and listed in Table 5. The absolute coordinates
of the reference maser emission at −2.60 km s−1 was measured
by Sugiyama et al. (2008a) to be α(J2000.0) = 22h56m17s.9042,
δ(J2000.0) = +62◦01′49′′.577, with a positional uncertainy of
less than 1 mas. The reference maser spot (at the origin of Fig. 2)
was the brightest at all epochs. Our result is consistent with
previous published images of the 6.7 GHz methanol masers in
Cep A observed by Sugiyama et al. (2008a), Vlemmings et al.
(2010), and Torstensson et al. (2011b). The methanol maser
spots in Cep A are arranged in a number of isolated clusters,
which we have labeled I to V using the same designation as
Sugiyama et al. (2008a).

Table 2. Parameters of the ellipse fitted to the observed maser distribu-
tion at each epoch.

Epoch Coordinates a PAmj i

Δα Δδ
(mas) (mas) (au) (◦) (◦)

1 +436 +118 680 110 73
2 +385 +125 756 114 75
3 +378 +141 720 112 74

Notes. Column 1: observational epoch; Cols. 2, 3: east and north off-
set of the center of the ellipse relative to the maser reference posi-
tion [α(J2000.0) = 22h56m17.s9042, δ(J2000.0) = +62◦01′49.′′577];
Cols. 4–6: length and position angle (north is 0◦, and counterclock-
wise is positive) of the semi-major axis, and inclination of the ellipse
(face-on is 0◦).

The 6.7 GHz maser spots in Cep A are distributed along a
curved line with size ∼1900 mas, corresponding to ∼1400 au at
a distance of 0.70 kpc. The peak of the 43 GHz continuum emis-
sion, corresponding to the likely location of the YSO (Curiel
et al. 2006), is located near the center of the curved line. The
elongation of the maser line is nearly perpendicular to the sky-
projected axis of the high-velocity collimated radio jet. The po-
sition, size, and orientation of the 6.7 GHz maser distribution
agrees with that of the molecular disk observed in CH3CN and
NH3 lines (Patel et al. 2005; Torrelles et al. 2007), and the ve-
locity range covered by the 6.7 GHz masers is similar to that of
these lines. Although we found a simple velocity gradient along
the major axis of elongation is not observed in the maser emis-
sion. We fitted the observed distribution of maser spots at each
epoch with an ellipse. The parameters of the fit for each epoch
are summarized in Table 2. The fitted parameters are the cen-
ter of the ellipse relative to the reference position (Δα,Δδ), the
length of the semi-major axis of the ellipse a, the position an-
gle of the major axis PAmj (north is 0◦, and counterclockwise
is positive), and the inclination angle i. The inclination angle
is determined by assuming that the maser distribution is circu-
lar and the observer is looking at it obliquely (face-on corre-
sponds to i = 0◦). The fit ellipse parameters are consistent with
those derived from observations with the Multi-Element Radio
Linked Interferometer Network of Vlemmings et al. (2010) and
with the European VLBI Network of Torstensson et al. (2011b),
who found a ∼ 650 au, PAmj = 102◦, i = 71◦ and a ∼ 678 au,
PAmj = 99◦, i = 67.5◦, respectively.

3.2. Proper motion

To establish the correspondence of maser spots observed at all
the three epochs, we set the following criteria: i) LSR velocity
to be the same to within the velocity width of a single spectral
channel (0.18 km s−1); ii) relative positions of the three epochs
to differ by less than 9.6 mas (corresponding to ∼15 km s−1 at
0.70 kpc, which is equivalent to three times the LSR velocity
range); iii) stable intensity for the maser spectrum consisting
of a maser spot and its nearby companions (within 10 mas) to
avoid the “Christmas tree effect” (see below); iv) spots assumed
to move approximately along a straight line in both RA and
Dec directions. The purpose of the third criterion listed above
is to ensure that the proper motions are real, and not due to the
“Christmas tree effect”, where changes in the relative intensity
of nearby maser spots with similar LSR velocity mimic proper
motion. However, in the case where the derived proper motions
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Fig. 3. Linear fits of the change with time (MJD) of the relative positional offset with respect to the barycenter in right ascension (left panels) and
declination (right panels). Numbers and the roman numerals identify the spot ID and the cluster as given in Table 5, respectively. The dotted line
indicates the linear fit.

are not parallel with the line connecting the nearby maser spots,
we accept these proper motions as real gas motions even if the
third criterion is not satisfied. Proper motions of spots identified
in only two of the three epochs are considered only for spots per-
sistent over consecutive epochs (i.e., between the first and sec-
ond epochs and the second and third epochs, but not between the
first and third epochs). The maximum allowed tangential veloc-
ity of 15 km s−1 fixes the maximum position change between the
epochs to 4.0 mas for maser spots observed only in the first and
second epoch, and 5.6 mas for those observed only in the sec-
ond and third epoch. After identifying all spots that satisfy the
maximum tangential velocity two-epoch criteria, we compared
their amplitude and direction of motion with that of nearby, three
epoch persistent, linearly moving spots. Only two-epoch spots,
which have proper motions similar (both in amplitude and direc-
tion) to those of nearby three-epoch spots, were included in the
final analysis. In the case of cluster V, the two-epoch proper mo-
tions were accepted if the amplitude of the tangential velocities
were similar to those of three-epoch persistent, linearly mov-
ing spots in other clusters. Most of the accepted proper motions
in cluster V move toward E-SE. On the basis of these criteria,
19 maser spots were found to be persistent over the three epochs,

six spots between the first and the second epoch, and four spots
between the second and third epochs. In total, we have 29 per-
sistent maser spots and of these, 9 are associated with cluster I/II
(located near the origin), 3 with cluster III, 7 with cluster IV,
and 10 with cluster V.

Internal proper motions are measured relative to the barycen-
ter, defined as the average position of the 19 spots persistent
over the three epochs. The barycenter position relative to the
reference maser spot at Vlsr = −2.60 km s−1 is estimated to be
[+461.01, −45.05] mas, [+461.02, −45.39] mas, and [+460.71,
−44.97] mas in epochs 1, 2, and 3, respectively. The subtraction
of the average position in each epoch is effective in removing
random errors owing to the changes in the reference spot struc-
ture. Proper motions are estimated by fitting a straight line to
the positional offsets with respect to time. Linear fits for rep-
resentative maser spots in each cluster are shown in Fig. 3 to
demonstrate the general quality of the fits. The measured inter-
nal proper motions are given in Cols. 8–13 in Table 5. The tan-

gential velocities Vamp (=
√

V2
x + V2

y ) vary in the range of 0.2–

7.4 km s−1 with an average of 3.1 km s−1. The measured internal
proper motion vectors are shown in Fig. 4. The barycenter of
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Fig. 4. Proper motions of the 6.7 GHz methanol maser emission in Cep A relative to the barycenter (see Sect. 3.2). Arrows show the direction of
the measured proper motions (solid line: using three epochs, dotted line: only two epochs). Arrow length is proportional to the magnitude of the
tangential velocity. The spatial and velocity scales are shown at the lower right corner in each panel. The filled circles show the position of the
maser spots. The open circle indicates the barycenter of epoch 1. a) Entire map, b)–e) Close-up maps for clusters I/II, III, IV, and V, respectively.

epoch 1 is indicated by an open circle in this figure. This figure
shows that the observed proper motions have a large (apparently
random) scatter, particularly for cluster I/II, with no coherent
motions readily apparent on these scales.

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

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

4. Discussion

4.1. Rotating and infalling motions around Cep A-HW2

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

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

Cluster Vlsr Vx Vy Nspot

(km s−1) (km s−1) (km s−1)

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

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

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

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

Coordinates (J2000.0) a PAmj i

RA Dec
(h m s) (◦ ′ ′′) (au) (◦) (◦)

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

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

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

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

Vcalc
x′ = Vrot sin θ + Vexp cos θ

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

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

where Vcalc
x′ ,V

calc
y′ are the tangential velocities along the ellipse

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

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

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

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

where x and y are the position offsets of the maser relative to the
reference spot along the RA and Dec axis, respectively, x0 and
y0 are the position offsets of the center of the ellipse and PAmj
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is the position angle of the ellipse major axis. Similar conver-
sion formulae apply for the tangential velocity components as
follows:

Vx′ = Vy cos PAmj + Vx sin PAmj

Vy′ = Vy sin PAmj − Vx cos PAmj

where Vx and Vy are the components of the tangential velocity
along the RA and Dec axis, respectively.

The ellipse parameters Δα (= x0), Δδ (y0), a, PAmj, and i are
derived and fixed from the first epoch data (Table 2). The model
parameters are derived by taking the partial derivative of Eq. (1)
with respect to Vrot, Vexp, Vsys, respectively, and solving for when
it is set equal to 0:

χ2 =

N∑
j=1

w j
(
(Vx′ j − Vcalc

x′ j )2 + (Vy′ j − Vcalc
y′ j )2 + (Vz j − Vcalc

z j )2). (1)

In Eq. (1), N is the number of maser spots, Vx′ j and Vy′ j are
the components of the tangential velocity of the maser spot with
ID j (projected along the ellipse major and minor axis), Vz j
is the LSR velocity, and w j is a weighting factor calculated as
1/(σ2

x j+σ
2
y j +σ

2
z j). The factors σx j, σy j are the estimated uncer-

tainties in the tangential velocity components and σz j, the uncer-
tainty in the LSR velocity, was set to the spectral channel spacing
(0.18 km s−1).

We derived the best-fit parameters from the data Vrot =
+0.5 ± 0.7, Vexp = −1.8 ± 0.7 and Vsys = −4.1 ± 0.7 km s−1, re-
spectively. The negative expansion velocity indicates infall. The
uncertainties for each fit parameter were estimated by finding the
variation from the best-fit value for which the χ2 value increased
by ∼10%. As a test of the reliability of the barycenter as the ref-
erence for the proper motions, we redid the fit, including among
the derived model parameters the tangential velocity of the ref-
erence maser spot, and using spot velocities relative to the ref-
erence maser spot as inputs to the model. From this test, we are
able to estimate that the fitted velocity of the barycenter is zero
within an uncertainty of ±0.3 km s−1. This uncertainty is smaller
than the model-fit error, which confirms that the barycenter is a
suitable reference system for the proper motions.

We applied the same model to the cluster-averaged proper
motions listed in Table 3, and obtained best-fit parameters Vrot =
+0.3 ± 0.6, Vexp = −2.0 ± 0.6, Vsys = −4.4 ± 0.6 km s−1, which
are consistent with those derived using all 29 spots within the
estimated uncertainties. In the following discussion, we use the
best-fit parameters derived with the 29 spots.

The lower panel in Fig. 5 shows the velocity distribution of
the fitted model. The fitted model is superimposed on the maser
distribution and the detected proper motions in Fig. 6. The tan-
gential velocity of all the maser clusters is reproduced within
the relatively large uncertainties. Considering the l.o.s. velocity,
maser clusters I/II (located near the origin), II, IV, and V are in
good agreement with the model within the uncertainties. The dif-
ference in the l.o.s. velocity between observation and the model
for cluster III may be caused by random motions due to turbu-
lence driven by the magneto-rotational instability (see Sect. 4.2
for further discussion).

The detected internal proper motions provide the informa-
tion necessary to resolve the ambiguity in the geometry of the
accretion disk and the high-velocity radio jet in Cep A-HW2.
Since cluster V is located on the far side, and cluster I/II is on
the near side of the accretion disk, the north-east component of
the radio jet must be ejected in the direction of the observer (if it
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Fig. 6. Superimposition plot of the maser distribution (Fig. 2) and the
detected proper motions (upper panel in Fig. 5) on the fitted disk model
(lower panel in Fig. 5). Colors of the maser spots and the model arrows
indicate the LSR velocity (color-velocity conversion code shown on the
right of the plot). Colors of the cones associated with each maser cluster
indicate the LSR velocity, with the range of the velocities within a clus-
ter ([min:max]) shown in the top left corner. The scale for the amplitude
of the arrows and the cones is shown in the bottom right corner.

is assumed that the jet is ejected in a direction nearly perpendic-
ular to the disk). This geometry is consistent with that inferred
from the 3D magnetic field structure determined by Vlemmings
et al. (2010), and also with the blue- and red-shifted lobes of
the outflow detected in the CO line emission (blue: north-east,
red: south-west, e.g., Rodriguez et al. 1980; Cunningham et al.
2009). The high-velocity radio jet is likely powering the low-
velocity CO outflow.

We note that there is a discrepancy in the geometry derived
here and that determined from the time delay in the synchronized
flux density variations measured by Sugiyama et al. (2008a).
Sugiyama et al. observed methanol maser spectral features I–
V to show rapid flux density variation, with the flux variation
of different spectral features occurring with small delays. Time
delays of +2, −1, −6, and −4 days (with respect to the strongest
feature II) were observed for spectral features I, III, IV, and V,
respectively. Under the assumption that the flux density varia-
tions are intrinsically synchronized and the time delay is caused
by the light-crossing time, the observed time delay suggests that
cluster V is located on the near side of the disk, i.e., the reverse
geometry to that inferred from the proper motions. We do not
currently have a satisfactory explanation for the disagreement
between these two independent results. In the following, we in-
vestigate further the implications of the rotating and infalling
disk model based on our proper motion observations.

4.2. Mass accretion

The fitted rotation velocity of 0.5 km s−1 is less than half of
the observed LSR velocity range (−5.06 to −0.32 km s−1). On
the other hand, the infall velocity of 1.8 km s−1 estimated from
our model is closer to half of the LSR velocity range. This sug-
gests that the infall motions dominate over rotation, at least in
the vicinity of the masing zone (around a radius of ∼700 au).
This implies that the Cep A-HW2 region is in an evolutionary
phase characterized by active gas accretion from the disk onto
the high-mass YSO.

The mass infall rate can be estimated, using a method sim-
ilar to that employed by Goddi et al. 2011, by using the equa-
tion Ṁinf = 2πRTnH2mH2 Vinf , where R is the radius of the maser
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ring, nH2 , mH2 are the volume density and mass of molecular
hydrogen, Vinf is the infall velocity onto the central YSO, and
T = Rθ0. The parameter θ0 is the opening angle from the central
YSO to the edge of the disk. Vlemmings et al. (2010) estimated
the thickness of the maser disk to be ∼300 au, which implies
θ0 � 24◦. If we assume that R = 680 au and Vinf = 1.8 km s−1,
we obtain Ṁinf = 3×10−4 n8 M� yr−1, where n8 is the gas volume
density in units of 108 cm−3. Observations of thermal methanol
lines in Cep A imply a gas density of ∼107 cm−3 at the mas-
ing site (Torstensson et al. 2011a). However, Torstensson et al.
note that the derived gas volume density might be diluted by the
large beam (∼14′′) of their observations. Considering the dilu-
tion factor, the true gas volume density could be nH2 ≥ 108 cm−3

within a 2′′ region around the Cep A-HW2 object. A gas volume
density of 108 cm−3 is also consistent with the values required
by the models of methanol maser excitation (Cragg et al. 2005).
Our mass infall rate is similar to that estimated by Goddi et al.
(2011) from their observations of the high-mass star forming re-
gion AFGL5142. As indicated in the following calculations, this
mass infall rate is high enough to continue mass accretion onto
a central high-mass YSO and so this region could be forming a
central star of ∼20 M� (Hosokawa & Omukai 2009; Hosokawa
et al. 2010).

Our observations and model fitting estimate the infall mo-
mentum rate Ṗinf = ṀinfVinf to be 5×10−4n8 M� yr−1 km s−1. On
the other hand, the momentum output rate produced by the stel-
lar radiation pressure can be estimated using L̇∗ = (L∗τ)/(4πc),
where L∗ is the stellar luminosity, τ the average optical depth
of accreting gas, and c the velocity of light. Taking L∗ = 1.3 ×
104 L� for the Cep A-HW2 object and τ = 10 as an upper limit
in a typical star forming region (Lamers & Cassinelli 1999), the
momentum output rate of the stellar radiation pressure is es-
timated to be L̇∗ = 2 × 10−4 M� yr−1 km s−1. Consequently,
the infall momentum rate exceeds the stellar radiation pressure
(Ṗinf ≥ L̇∗), which is consistent with the infall motion observed
at the radius of the maser emission.

The infall might be caused by the transportation of angu-
lar momentum owing to turbulence driven by the magneto-
rotational instability (Balbus & Hawley 1991). The turbulent
velocity can be estimated from a comparison of the magnetic
energy density um with the kinetic energy density due to the tur-
bulence ukt. The magnetic energy density at the masing site can
be estimated using the equation um = B2/(2μ0), where B is the
magnetic field strength and μ0 the magnetic permeability in a
vacuum. Taking B = 8.1 mG (8.1× 10−7 T) at the masing site in
Cep A-HW2, as measured by Vlemmings (2008), the magnetic
energy density um is 2.6 × 10−7 J m−3. In the case of um � ukt,
the turbulent velocity vturb can be estimated to be ∼1.3 km s−1.
The estimated turbulent velocity is comparable with the turbu-
lent linewidth of 1.1 km s−1 calculated using the maser po-
larization, radiative transfer model for the methanol masers in
Cep A-HW2 (Vlemmings et al. 2010). This level of turbulence
exceeds the estimated uncertainties for the disk model veloci-
ties (0.7 km s−1). Consequently, it is plausible that random mo-
tions could be caused by magnetically-induced turbulence and
could account for the differences between the model and ob-
served maser velocities occurring in some parts of the system.
This turbulence could be responsible for the measured infall ve-
locities in maser regions, where the fitted rotational velocity of
0.5 km s−1 is smaller than the Keplerian velocity gradient of
∼6 km s−1 derived from the l.o.s. velocity of the CH3CN line
emission.

The differences observed in the kinematics of the 6.7 GHz
methanol maser and CH3CN line emissions, despite the very

similar ring structures traced in both emissions (see Table 4),
might be due to their arising in different locations within the
disk because of differing gas volume densities. The 6.7 GHz
methanol masers can arise at high densities (nH2 ≥ 108 cm−3)
and may occur in infalling gas located at the mid-plane of the
disk, where dense neutral materials are self-shielded from ioniz-
ing photons and can participate in the gas accretion onto the cen-
tral YSO (e.g., Bik et al. 2008). On the other hand, the CH3CN
emission is associated with moderate density gas (∼106 cm−3)
and may arise on the surface of the disk where it is strongly af-
fected by the ionizing photon pressure. It is difficult for the gas
in these regions to be accreted and hence no infall motions are
expected.

4.3. Enclosed mass

If we assume Keplarian rotation of the maser disk then we can
estimate the enclosed mass using the expression M = (RV2

rot)/G,
where G is the gravitational constant. For Vrot = 0.5 km s−1

(implied from our modeling), this yields an enclosed mass
of ∼0.2 M�. An alternative method for calculating the en-
closed mass uses the free fall velocity and the equation M =
(RV2

inf)/(2G). For Vinf = 1.8 km s−1, the implied enclosed mass
is ∼1.2 M�. Both of these estimates are significantly smaller
than those of a high-mass star (≥8 M�), and they are also much
smaller than the enclosed mass inferred from the velocity gra-
dient observed in the CH3CN line emissions (∼20 M�). We dis-
cuss two possible explanations as to why the masses estimated
from the 3D velocities of the methanol masers may be smaller
than those determined from the thermal lines: radiation pressure
and magnetic pressure. If the infall momentum rate is roughly
equal to the momentum output rate produced by a stellar radi-
ation pressure (i.e. Ṗinf � L̇∗), the apparent enclosed mass will
approach ∼0 M� in the free fall model. For Cep A-HW2, we
have shown that Ṗinf is only a factor 2 or so higher than L̇∗ (see
Sect. 4.2), and thus radiation pressure may play a role in support-
ing the cloud against infall, which in turn reduces the apparent
enclosed mass. To see if magnetic pressure provides an alterna-
tive explanation, we need to compare the kinetic energy density
(due to the rotation of the methanol gas) to the magnetic energy
density. The kinetic energy density of the methanol gas is given
by ukr = (1/2)nH2mH2 V2

rot, which equates to 4.2 × 10−8 J m−3

for Cep A-HW2. The magnetic energy density at the masing
site is estimated to be 2.6 × 10−7 J m−3 (see Sect. 4.2). Since
ukr ≤ um, the disk gas may be partially supported by the mag-
netic field at the radius of the maser ring in which case the rota-
tion speed estimated from the methanol maser would be slower
than that for the CH3CN emission. This is predicted by the mag-
netic braking theory (which appears to work for low-mass star
formation regions), according to which an efficient way of trans-
porting angular momentum is through outgoing helical Alfvén
waves (Basu & Mouschovias 1994). For high-mass star forma-
tion Peters et al. (2011) suggest that magnetic braking might be-
come qualitatively important for the local accretion onto YSOs,
despite it being of minor importance for the global gas dynamics.
This magnetic support may be occurring only at the higher den-
sities associated with the maser-gas clouds (nH2 ≥ 108 cm−3),
while not being relevant in the moderately dense CH3CN gas
regions (∼106 cm−3), if B scales with the empirical relation
B ∝ n0.47

H2
(Crutcher 1999; Vlemmings 2008). This hypothesis

can be tested in the near future through dust polarization mea-
surement with the SMA to derive more accurate values of nH2

and B in the CH3CN emission region.
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5. Conclusions

We have used three epochs of JVN observations over the pe-
riod between 2006–2008 (spanning a total of 779 days) to mea-
sure the spatial distribution and internal proper motions of the
6.7 GHz methanol maser spots associated with the Cep A-HW2
YSO. The maser spots were found to be distributed in a curved
structure surrounding the HW2 object, similar to previous re-
sults obtained by other authors. The maser distribution closely
matches that of the observed CH3CN and NH3 disks in terms
of the position, size, elongation, and the range of the radial
velocities.

We measured internal proper motions in a total of 29 maser
spots, and the amplitude of the proper motions ranged from 0.2
to 7.4 km s−1, with an average value of 3.1 km s−1. The detected
motions were modeled as originating in a disk with both rota-
tion and infall velocity components. The derived rotation and
infalling velocities at the disk radius of 680 au for our observa-
tions are Vrot = 0.5 ± 0.7 km s−1 and Vinf = 1.8 ± 0.7 km s−1,
respectively. The magnitude of the infall velocity compared to
the rotational component suggests that the Cep A-HW2 object is
at an evolutionary phase where there is active gas accretion from
the disk onto the central high-mass YSO. The mass infall rate
estimated from the derived infall velocity is consistent with the
possibility of the HW2 object having a final mass of ∼20 M�,
and the infall momentum rate appears sufficient to overcome the
stellar radiation pressure.
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