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ABSTRACT

We present the high-resolution (2”-4") images of the molecular envelopes surrounding the evolved
stars, V Hya, VY CMa, and m' Gru observed with the Submillimeter Array. The CO J=2-1 and 3-2
images of the carbon star V Hya show that the circumstellar structure of this star consists of three
kinematic components; there is a flattened disk-like envelope that is expanding with a velocity of ~16
km s~!, the second component is the medium-velocity wind having a deprojected velocity of 40-120
km s~! moving along the disk plane, and the third one is the bipolar molecular jet having an extreme
velocity of 70-185 km s~1. The axis of this high velocity jet is perpendicular to the plane of the disk-
like envelope. We found that the circumstellar structure of the S-star 7 Gru traced by the CO J=2-1
resembles that of V Hya quite closely; the star is surrounded by the expanding disk-like envelope and
is driving the medium-velocity wind along the disk plane. We also obtained the excellent images of VY
CMa with the CO and 13CO J=2-1 and SO 65-54 lines. The maps of three molecular lines show that
the envelope has a significant velocity gradient in the east-west direction, suggesting that the envelope
surrounding VY CMa is also flattened and expanding along its radial direction. The high-resolution
images obtained with the SMA show that some AGB stars are associated with the asymmetric mass
loss including the equatorial wind and bipolar jet.
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I. INTRODUCTION

One of the most spectacular phenomena in the final
stage of low to intermediate mass stars is the meta-
morphosis of a spherically symmetric asymptotic gi-
ant branch (AGB) star into a planetary nebula (PN)
with highly asymmetric shape. It is known that most
of the AGB stars are surrounded by the spherically
symmetric envelope, while more than half of the PNe
and proto-PNe show the ring-like, bipolar, or butterfly
shapes (e.g., Su, Hrivnak, & Kwok 2001); it is still an
open question as to when and how the asymmetry ap-
pears and develops. Knapp et al. (1998) surveyed the
CO J=2-1 and 3-2 from 45 nearby AGB stars with
the single-dish telescope and found that at least one
third of their sample showed the lines that are strongly
non-parabolic shape. This suggests that the mass loss
from the AGB stars is more complex than the spheri-
cally symmetric wind expanding at uniform velocity. It
is therefore important to study the spatial and veloc-
ity structure of the circumstellar envelope around the
AGB stars with high angular resolution and examine
how the asymmetric structure forms. We have selected
the AGB stars which show the non-parabolic CO line
profiles and imaged them with high angular resolution
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using the Submillimeter Array (SMA; Ho et al. 2004)*.
Here we present the results of V Hya, VY CMa, and
' Gru.

II. BIPOLAR OUTFLOW AND DISK-LIKE
ENVELOPE AROUND V HYA

V Hya, an evolved star located at 380 pc away from
the sun (Knapp, Jorissen, & Young 1997) is a carbon
star with a high mass loss. Although the optical prop-
erties of V Hya are those of the normal N type carbon
star, the envelope surrounding this star shows several
peculiar properties. Single-dish molecular line observa-
tions have shown that the envelope of V Hya is elon-
gated along the north-south direction with a velocity
gradient along its minor axis (e.g. Kahane et al. 1996).
Such morphological and kinematic properties are differ-
ent from those of the typical AGB envelope, which has
spherically symmetric shape and uniform expansion. In
addition, V Hya is associated with a very fast (> 100
km s!) outflow that was observed in the optical and
infrared spectra (e.g. Sahai & Wannier 1988; Lloyd
Evans 1991) and in the CO J=2-1 and 3-2 spectra

*The Submillimeter Array is a joint project between the Smith-
sonian Astrophysical Observatory and the Academia Sinica In-
stitute of Astronomy and Astrophysics, and is funded by the
Smithsonian Institution and the Academia Sinica.
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Fig. 2.— Velocity structure of V Hya. Contours of the (a) medium-velocity (£30.0 to 60.0 km s™') and (b) high-

velocity (£60.0 to 162.2 km s™') redshifted (black contours) and blueshifted (white contours) components of the CO J=2-1
superposed on the intensity-weighted mean velocity map (the 1st moment map) of the low-velocity component (grey scale).
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Fig. 1.— The CO J=2-1 spectrum of V Hya observed
with one of the SMA baselines.

(Knapp et al. 1997). Knapp et al. (1997) also found
that the high-velocity CO gas is bipolar, and proposed
that the fast-moving gas is expanding along the east-
west direction, which is perpendicular to the major axis
of the envelope. However, previous observations did
not bring us the detailed structure of the high-velocity
outflow and the relation between the high-velocity flow
and the slowly expanding envelope.

We have mapped the envelope surrounding V Hya
in the CO J=2-1 and 3-2 lines using the five antennas
of the SMA during the period from February to May in
2003. The primary-beam size (HPBW) of the 6 m an-

tennas at 230 and 345 GHz were measured to be ~54"
and ~36", respectively. The synthesized beam had a
size of 4.4""x3.1" at 230 GHz and 2.1”x1.9” at 345
GHz. Fig. 1 shows the CO J=2-1 spectrum observed
with one of the SMA baselines. It is shown that the
circumstellar structure of V Hya consists of three kine-
matic components (Hirano et al. 2004). The CO line
profile shows the two spikes having the radial velocity
offsets of AV = =8 km s™! from Viys = —17.5 km s~ 1.
The spatial distribution of this component is elongated
along the north-south direction with its approaching
part to the west and the receding part to the east of
the star (grey scale of Fig. 2), which is consistent with
the previous single-dish CO J=2-1 results of Kahane
et al. (1996). Such a spatial-kinematic structure can
be explained if the CO emission arises from an inclined
disk-like envelope expanding along its radial direction.
A flattened disk-like structure was also identified by
Sahai et al. (2003) based on their interferometric CO
J=1-0 observations. Hereafter, we refer to this com-
ponent as the low-velocity disk. The CO line profile
shows strong wings that extends to AV < 60 km
s~! from the systemic velocity (hereafter referred to as
the medium-velocity wind). The medium-velocity wind
(black and white contours in Fig. 2a) is spatially com-
pact (~5"-8") and has a clear bipolarity with the same
orientation as that of the low-velocity disk. In addition,
the CO emission from V Hya is associated with the ex-
tremely high-velocity component with AV = +£60-160

km s™'. The detection of these wing components is
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Fig. 3.— Schematic picture of the circumstellar structure of V Hya.

confident because the phases of the visibilities show co-
herent behavior across the velocity range of 160 km
s™! (see Fig. 1). The high-velocity component (black
and white contours in Fig. 2b) is well collimated bipo-
lar with its approaching part in the east and receding
part in the west of the star. This orientation is opposite
with respect to those of the low- and medium-velocity
components, and can be explained if the direction of
the high velocity component is perpendicular to the
disk plane. Hereafter, we refer to this component as
the high-velocity jet.

If we assume that the low-velocity disk is thin, the
ratio between the major and minor axes suggests that
the disk plane is inclined by ~60° from the line of sight,
which is consistent with the the previous estimation of
~70° by Sahai et al. (2003). We find that the gas
in the low-velocity disk is moving at almost constant
deprojected velocity of 16 km s~!, which is similar to
the typical AGB wind velocity. The north-south extent
in the CO J=2-1 map suggests that the low-velocity
disk has a radius of 5700 AU and a dynamical time
scale of 1700 yr. If we assume that the axis of the
high velocity jet is perpendicular to the disk plane, the
deprojected velocity and the dynamical time scale of
the jet are estimated to be 70-185 km s~! and 100-250
yr, respectively.

The nature of the medium-velocity wind is puzzling.
Here we present three possible scenarios; 1) the interac-
tion between the low-velocity disk and the high-velocity
wind, 2) equatorial mass outflow with higher velocity,
or 3) a second bipolar outflow with different axis. In
the first and the second scenarios, the direction of the
medium-velocity wind is close to the disk plane, and
the deprojected velocity of the wind is estimated to
be 40-120 km s~!. The dynamical time scale of this
medium-velocity wind estimated from the spatial ex-
tent of ~5-8”, inclination angle, and the deprojected
velocity is 100-400 yr, which is close to the time scale
of the high-velocity jet. The third scenario is the inter-
pretation proposed by Kahane et al. (1996), in which
the medium-velocity wind came from a bipolar out-
flow with large opening angle. However, the orientation

of the approaching and receding parts of the medium-
velocity wind suggests that the axis of this bipolar flow
should be close to the plane of the disk. If we take
into account the geometry of the low-velocity disk and
the high-velocity jet, the third scenario is less likely,
although we cannot rule out the possibility that V
Hya ejects two orthogonal outflows as in the case of
CRL 2688 (Cox et al. 2000). In Figure 3, we show a
schematic picture of these three kinematic components
based on the scenarios of case 1 or 2.

IIT. ENVELOPES SURROUNDING THE RED
SUPERGIANT VY CMa

VY CMa is known as the most luminous red super-
giant (~5x10° L) at a distance of 1.5 kpc (Richards et
al. 1998). The very high mass loss rate of ~3.5x10~4
Mg yr~' (Stanek et al. 1995) produces a very thick
circumstellar envelope, which completely obscures the
central star. We have mapped the envelope of VY CMa
using the eight antennas of the SMA. The angular res-
olution was 4.2"x2.8”. Thanks to the wide coverage
of the correlator, strong emission lines of CO J=2-1,
BCO J=2-1 and SO 65-5, were observed simultane-
ously. The CO and SO maps show that the envelope
has a circular shape with its radius of ~6000 AU. In the
CO J=2-1, there is a diffuse component that extends
to the NE direction. Although the projected shape of
the envelope is close to circular, the velocity structure
is different from that of the spherically expanding enve-
lope. There is a significant velocity gradient in the east-
west direction, suggesting that the envelope surround-
ing VY CMa is also flattened and expanding along its
radial direction. Recent optical images of VY CMa ob-
tained with Hubble Space Telescope show a one-sided
reflection nebula of the size ~5” (Smith et al. 2001).
The spatial-kinematic structure of the molecular enve-
lope and the one-sided reflection nebula suggest that
VY CMa has a disk-like component that is slightly in-
clined from the plane of the sky and a bipolar outflow
perpendicular to the disk plane.
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IV. FLATTENED ENVELOPE AROUND
PI(1) GRU

7! Gru is a nearby mass-losing S star at a distance of
153 pc (Perryman et al. 1997). This star is known to be
accompanied by a faint main-sequence (GOV) compan-
ion separated by 2.7 (e.g., Proust et al. 1981; Sahai
1992). Previous single-dish CO J=2-1 and 1-0 obser-
vations by Sahai (1992) and Knapp, Young, & Crosas
(1999) revealed that the circumstellar structure of !
Gru traced by the CO emission resembles that of V Hya
quite closely. The CO line profiles are double-horned
shapes with strong line wings. There is a significant ve-
locity gradient along the north-south direction, which
corresponds to the minor axis of the elongated enve-
lope. Furthermore, Knapp et al. (1999) found a fast
molecular wind with a projected outflow speed of at
least 70 km s1.

We have observed the CO J=2-1 emission lines from
7' Gru using the eight antennas of the SMA. Since
the declination of this source is -46°, the SMA is the
only interferometer that can observe the CO J=2-1
line from this source. The CO J=2-1 map with an an-
gular resolution of 4.0”x2.2” shows that the molecular
envelope of 7' Gru is elongated along the east-west
direction. The size of the envelope is 20”x 12", that
corresponds to 3000x1800 AU. The velocity structure
seen in the high-resolution map of 7' Gru is similar
to that of V Hya. The low-velocity component that
corresponds to the two horns in the line profile having
the radial velocity offsets of AV = £5 km s™! from
Vegs = -11.8 km s™! has its approaching part to the
south and the receding part to the north of the star.
This suggests that 7! Gru is surrounded by the inclined
disk-like envelope expanding along its radial direction.
As in the case of V Hya, the higher velocity component
(AV < £25 kms™!) of 7 Gru is spatially compact and
shows a clear bipolarity with its approaching part to the
south and the receding part to the north of the star,
which is the same orientation as that of the low-velocity
component. Unfortunately, we could not detect the ex-
tremely high-velocity component that extends to 3:70
km s~} because of the lack of sensitivity.

V. SUMMARY

The high-resolution (2-4") images of V Hya, VY
CMa and 7' Gru obtained with the SMA show that
these three evolved stars are surrounded by the flat-
tened disk-like envelopes. Although the origin of equa-
torial mass loss and the nature of the medium-velocity
wind observed in V Hya and 7! Gru are not understood
well, it is certain that such an asymmetric mass loss at
the late stage of AGB phase plays an important role in
forming the PNe with highly asymmetric shapes.
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