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Introduction: The Transformational Role of Astrochemistry!"
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matter only fills 70% of the solid angle of arrival of interstellar light, we
predict that water would be formed in the inner envelope with a maxi-
mum abundance relative to H2 in excess of 1027 (Fig. 3 and the
Supplementary Information). The predicted water line strengths for
the case of a minor UV-illuminated component are shown in green in
Fig. 1. The deduced amount of water is 0.003 Earth masses.

AGB stars also have a soft UV stellar radiation field21,22.
Pulsationally induced shocksmight generate a surplus ofUVphotons
close to the stellar photosphere. However, even for a clumpy inner
envelope, the densities just above the stellar photosphere are so high
that the UV photons will be severely attenuated in the first few
1014 cm, in contrast to the outer envelope, where thematerial ismuch
less dense.

The penetration of interstellarUVphotonswill result in the forma-
tion of hydrides, other than H2O, in the inner envelope through
successive hydrogenation reactions of heavy atoms (nitrogen, carbon
or sulphur). Ammonia (NH3, see Fig. 3) is an interesting example, as
it has been observed in IRC110216 and also in the CSEs of oxygen-
richAGB stars with abundances relative toH2 in the range 10

27–1026

(refs 6, 23), much larger than the 13 10212 predicted by thermoche-
mical models7,24. Other molecules, such as HC3N, which are typically
formed by photochemistry in the outer layers, also have increased
abundances in the inner regions, as seen in Fig. 3. The predicted higher
abundance of HC3N in the inner regions is confirmed by our recent
observations of HC3N (Fig. 4) with the IRAM 30-m telescope at Pico
Veleta, for which the line profiles point towards the existence of a
warm inner component. The discovery of high-excitation H2O lines
in the inner warm and dense envelope of an evolved carbon-rich star
causes us to question our knowledge of the envelope chemistry, and
outlines the importance of UV-induced photochemistry in the CSEs
of evolved stars. In the case of oxygen-rich environments, the same
mechanism predicts high abundances of carbon-rich species, such as
HCN, CH4 and CS (ref. 25), as has already been observed in several
evolved stars26,27.
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Figure 2 | Schematic overview of the envelope around a carbon-rich AGB
star. Several chemical processes are indicated at the typical temperature and
radial distance from the star in the envelope where they occur (not to scale).
Thermodynamic equilibrium (TE) chemistry defines the abundances in the
stellar atmosphere; shock-induced non-equilibrium chemistry takes place in
the inner wind envelope28; dust–gas and ion–molecule reactions alter the
abundances in the intermediate wind zone; molecules such as CO and HCN
freeze out at intermediate radii29; and the penetration of cosmic rays andUV

photons dissociates the molecules and initiates an active photochemistry
that creates radicals in the outer wind region30. The different mechanisms
hitherto proposed as origins of water in a carbon-rich environment are
indicated at the bottom of the figure in grey at the typical distances where
they occur. The penetration of the interstellar UV photons in a clumpy
circumstellar environment is shown in blue. The resulting chemical
processes important for the creation of H2O and HC3N are indicated in red.
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Figure 3 | Fractional abundances in the clumpy circumstellar environment
of IRC110216. The chemical model simulates a clumpy envelope structure,
where a fraction of the interstellar UV photons is able to penetrate deep into
the envelope (Supplementary Information). a–c, Predictions for the radial
distribution of the fractional abundances relative to H2 of H2O (a), NH3

(b) and HC3N (c) for a model with a minor UV-illuminated component
superposed on a major UV-shielded component. The minor component
shown in this figure contains 10% of the total circumstellar mass (fM5 0.1),
which is illuminated by interstellar UVphotons through a cone wherematter
fills 70% of the solid angle of arrival of interstellar light (fV5 0.3). Dashed
black lines correspond to theminor UV-illuminated component, continuous
black lines to the major UV-shielded component, and thick grey lines to the
weighted average abundance over the two components. Theweighted average
abundance is computed as !XXi rð Þ~ 1{fMð ÞXmajor

i rð Þz fMð ÞXminor
i rð Þ, where

Xmajor
i rð Þ and Xminor

i rð Þ are the abundance of the species i in the major UV-
shielded andminorUV-illuminated component, respectively, as a function of
radius r. Note that for H2O and NH3 the contribution from the major UV-
shielded component is negligible, and the dashed and thick grey line coincide.
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NGC 7027

Nakashima, J., Koning N., Kwok, S., Zhang, Y., 2009, ApJ, 692, 402
SMA 6C 

No. 1, 2009 SMA OBSERVATION OF IRAS 07134+1005 403

Figure 1. 12CO J = 3−2 total flux line profile.

gain calibrators 0739+016 and 0750+125 to track the phase vari-
ations over time. We calibrated the date using IDL–MIR, which
is a data reduction software package developed by the SMA
project. The absolute flux calibration was determined from ob-
servations of Ganymede, and was accurate to within 15%. The
final map has an accumulated on-source observing time of about
3 hr. The single-sideband system temperature ranged from 300
to 550 K, depending on the atmospheric conditions and the tele-
scope elevation. The SMA correlator had a bandwidth of 2 GHz
with a frequency resolution of 0.812 MHz corresponding to
0.7 km s−1 in the velocity resolution at 345 GHz. The phase
center of the map was taken at R.A.= 7h16m10.s26, decl.=
+9◦59′48.′′0 (J2000). Image processesing of the data was per-
formed with the MIRIAD software package (Sault et al. 1995).
The robust weighting gave a 2.′′28×1.′′73 CLEAN beam with a
position angle of 2.◦95. We checked the detection of the contin-
uum emission by integrating over a 2 GHz range in LSB, but
did not detect it. The upper limit of the continuum emission is
2.1 × 10−2 Jy beam−1.

3. OBSERVATIONAL RESULTS

In Figure 1 we present the total intensity profile of the
12CO J = 3–2 line. The profile exhibits a parabolic shape
usually expected from a simple spherical outflow (e.g., Morris
& Alcock 1977), and is about the same as those of the other CO
lines (see spectra in, e.g., Zuckerman et al. 1986; Bujarrabal
et al. 1992; Knapp et al. 1998, 2000). The peak intensity
is 38.1 Jy at VLSR = 74 km s−1. The velocity integrated
intensity is 492.8 Jy km s−1. The line-width at the zero intensity
level is 20 km s−1 (corresponding to an expanding velocity
of 10 km s−1). Since there is no single-dish CO J = 3–2
spectrum of IRAS 07134+1005 in the literature, we cannot
evaluate the extent of flux recovery by comparing with zero-
spacing data. However, at least 70% of the flux seems to be
recovered in the present interferometry. Since we know the
size of the molecular envelope (∼ 7′′–8′′) measured by the
Berkeley–Illinois–Maryland Association (BIMA) observation
in the CO J = 1–0 line (Meixner et al. 2004, the BIMA
observation recovered 100% of the flux), here we assume a
Gaussian brightness distribution with a FWHM of 8′′. Under this
assumption 70% of the flux is recovered with our uv-coverage
of the present observation. Since the emission region seems
to include small-scale structure, which is not resolved out by
interferometer, the real recovery rate of the flux would be more
than 70%.
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Figure 2. Total flux intensity map in the 12CO J = 3−2 line superimposed on
the mid-infrared 12.5 µm image taken from Kwok et al. (2002). The contour
levels are 3, 19, 35, 67, 83, 99, and 105σ , and the 1σ level corresponds to
4.80 × 10−2 Jy beam−1. The dashed contour correspond to −3σ . The FWHM
beam size is located in the bottom right corner. The origin of the coordinate
corresponds to the phase center. The dotted green arrows indicate the directions
along which the p–v cuts shown in Figure 4 were taken.
(A color version of this figure is available in the online journal.)

Figure 2 shows the total intensity map of the CO J = 3–2
line superimposed on the 12.5 µm image taken by the OSCIR
instrument mounted on the Gemini North Telescope (Kwok et al.
2002). The map center is taken at the position of the central
star (the central star can be seen, for example, in the 10.3 µm
and 11.7 µm images; see Figure 1 in Kwok et al. 2002). The
CO structure is clearly larger than the mid-infrared structure,
and we can see a resolved CO structure coincide well with
the 12.5 µm structure at the central region of the map (within
∼ 1.′′5 from the map center). This central structure has already
been hinted to as being hollow in the CO J = 1–0 BIMA
map (Meixner et al. 2004), but the intensity map of Figure 2
seems to coincide better with the mid-infrared structure than
with the BIMA map. The central CO structure appears to be
surrounded by a spherical envelope with an angular size of
about 8′′. The size of the spherical envelope found in the present
CO J = 3–2 map is almost the same as that found in the CO
J = 1–0 BIMA map. If we assume the distance to the star
is 2.4 kpc (Hony et al. 2003), 8′′ is translated to a linear size
of 2.9 × 1017 cm. The spherical envelope seems to be slightly
elongated in the north–south direction, but this elongation is due
presumably to the beam pattern exhibiting elongation in this
direction.

Figure 3 shows velocity channel maps in the CO J = 3–2
line. The feature seen in Figure 3 clearly exhibits a systematic
variation in velocity. The feature increases in size as one
approaches the systemic velocity (∼ 73 km s−1), suggesting a
spherically expanding envelope. In addition, the central structure
also exhibits a systematic variation in velocity. In the channels of
67–69 km s−1, an archlike feature (convex upward) is seen in the
northern side of the map center, in the channels of 70–73 km s−1

two intensity peaks are seen at the east and west sides of the map
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Figure 4. Position–velocity diagrams of the CO J = 3–2 line. The contour levels are 1.17, 2.32, 3.47, 4.62, 5.77, and 6.92 Jy beam−1. The direction of the cuts is
indicated in Figure 2.

the observational data and then refine the model if needed. The
comparison of the generated channel maps and p–v diagrams
with those observed is done by visual inspection. Shape does
not calculate the numerical hydrodynamic evolution or radia-
tion transfer equations. Since the CO J = 3–2 line seems to be
optically thick, we are only concerned with the morphology and
kinematics, and did not try to reproduce the intensity distribu-
tion and line profile. We assumed an axial symmetric geometry
in an effort to reduce the number of model parameters. We also
assumed, as outlined in Section 3, that the envelope consists of
an expanding torus and expanding sphere, both of which share
the symmetry axis.

The modeled sphere has a fixed outer radius of 4′′ and a
constant, radially expanding velocity of 9 km s−1. To model
the torus, we adjusted five different parameters: inner and outer
radii, thickness (height), inclination angles of the symmetry
axis and the expansion velocity. The best-fit parameters were
determined by (educated) trial and error until the reproduced
maps closely matched the observed. The parameters obtained
are: inner radius of 1.′′2, outer radius of 3.′′0, thickness of 4.′′5, and
a constant radial expansion velocity of 8 km s−1. The inclination
angle was determined to be 38◦ to the line of sight, and rotated 8◦

from the north counterclockwise (i.e., projected position angle
is 8◦). In Figure 5 we present the polygon-mesh view of the
model. The volume of the sphere and torus are each sampled
with 20,000 particles, which creates a sufficiently smooth map
for comparison with the observations.

In Figures 6 and 7, we present the channel maps and p–v
diagrams of the best-fit model described above. Since Shape
can currently only use a circular beam for simulating image
convolution, we used a circular beam with a diameter of 2′′

instead of the actual elliptical beam of 2.′′28 × 1.′′73. The use
of a circular beam should not affect the main features of the
model maps, but could affect the details. The features seen in
the model maps seem to roughly reproduce the observation,
even though some noticeable differences are evident. The major
difference is in the intensity distribution which is especially clear
in the p–v diagram. In the observed p–v diagram (Figure 4), the
intensity is clearly stronger in the redshifted (high velocity) side,
while the model p–v diagram exhibits a symmetric intensity
distribution in velocity with respect to the systemic velocity
(∼ 73 km s−1).

This asymmetry in the intensity may be due to radiative
transfer effects. The velocity of the near side (approaching side)
of the torus is, more or less, similar to that of the approaching
side of the sphere, and therefore the emission from the near side
of the torus is selectively absorbed by the sphere. In contrast,

2"

Figure 5. Polygon-mesh image of the best-fit model. 2′′ corresponds to 7.2×
1016 cm at the distance of 2.4 kpc.
(A color version of this figure is available in the online journal.)

the emission from the far side (receding side) of the torus is not
absorbed by the sphere, because the velocity of the far side is
clearly different from that of the near side of the sphere.

Apart from the asymmetry seen in the p–v diagrams, we see
further differences in the fine structure of the channel maps.
For example, the model map shows a smooth ring-like feature
in the 73 km s−1 channel, while the observational map clearly
shows two intensity peaks at the east and west sides of the
map center. A possible explanation for this kind of difference in
structure could be a distorted shape to the torus. To check this
possibility, we constructed a model with a distorted torus and
found that this distortion may indeed explain the observed map.
Of course, using a distorted model increases the number of free
parameters and therefore has a better chance of matching the
data. Nevertheless, showing the results of the distorted model
may be valuable in paving the way for improvements to the
simple, symmetric torus model.

In Figure 8 we present the distorted torus model and the
resulting maps. The top-right panel shows the geometry of
the torus. A sphere with a radius of 4′′ similar to that of the
symmetric model has been omitted for clarity. The torus is
basically a sphere with a hollowed out spheroidal region. This
torus has a radially expanding velocity field with a Hubble type
law of v(r) = 1/3r . The length of the major axis of the spheroid
is 3.′′6, and the length of the minor axis is 1.′′2. The center of
the spheroid is shifted to the south (along with the symmetry
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Figure 1. Total-flux line profiles of the 12CO J = 2–1 and 13CO J = 2–1 lines.

Image processing of the data was performed with the MIRIAD
software package (Sault et al. 1995). The robust weighting gave
a 2.′′74 × 1.′′37 CLEAN beam with a position angle of 75.◦9.

We detected the continuum emission by integrating over a
1.0 GHz range in upper sideband (using emission-free channels),
and the flux density of the emission is measured to be 1.3 Jy.
This value is significantly smaller than previous measurements
at (or close to) 230 GHz (3–4 Jy; see, e.g., Hafez et al. 2008).
This is presumably because the extended (dust) component of
the continuum emission is resolved out by interferometer. Since
the main concern in the paper is the molecular component of the
central region, of which the flux is completely recovered, we do
not go into specifics about the continuum emission.

3. RESULTS

The total-flux profiles of the 12CO J = 2–1 and 13CO
J = 2–1 lines are presented in Figure 1. The peak intensity
of the 12CO J = 2–1 and 13CO J = 2–1 lines are 49.1 Jy and
5.3 Jy, respectively. The line widths (at the 0 intensity level) of
the 12CO J = 2–1 and 13CO J = 2–1 lines are 46 km s−1 and
62 km s−1, respectively. The velocity integrated intensities of
the 12CO J = 2–1 and 13CO J = 2–1 lines are 1029.6 Jy km s−1

and 165.0 Jy km s−1, respectively. Compared to a single-dish
observation with the SMT 10 m telescope (Zhang et al. 2008),
21% and 81% of the single-dish fluxes in the 12CO J = 2–1 and
13CO J = 2–1 lines have been recovered, respectively, in the
present interferometric observations. Taking into account the
uncertainty in the flux measurements, we could consider that
almost all of the single-dish flux of the 13CO J = 2–1 line has
been recovered, although a significant fraction of the 12CO flux
is lost. The majority of the missing flux of the 12CO emission
must originate in the extended spherical envelope (Masson et al.
1985; Fong et al. 2006). Given the low optical depth of the 13CO
line, the 13CO flux must primarily come from the dense, small
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Figure 2. Total-flux intensity maps in the 12CO J = 2–1 (upper panel) and
13CO J = 2–1 (lower panel) lines, superimposed on the L band (λ = 18–20 cm)
continuum image (gray scale; Bains et al. 2003). In the upper panel, contour
levels are −3.0, 3.0, 15.6, 28.1, 40.7, 53.3, 65.9, 78.4σ , and the 1σ level
corresponds to 1.5 × 10−2 Jy beam−1. In the lower panel, contour levels are
−3.0, 3.0, 5.9, 8.9, 11.8, 14.7, 17.6, 20.6, 23.5σ , and the 1σ level corresponds
to 6.3 × 10−3 Jy beam−1. The FWHM beam size is located in the bottom right
corners. The origin of the coordinate corresponds to the phase center.

region surrounding the central ionized region, and we recovered
the 13CO flux almost totally. For this reason, we believe that the
12CO flux emitted from the molecular component of the central
region, which is the main concern of this research, must be
almost fully recovered also. Note that in this paper the “central
region” means the region consisting of the central ionized region
and surrounding molecular component that is traced by the 13CO
emission.

Figure 2 shows the total-flux intensity maps of the 12CO
J = 2–1 and 13CO J = 2–1 lines, superimposed on the
L-band (λ = 18–20 cm) continuum image (Bains et al. 2003).
It is obvious that the ionized region is embedded inside the
molecular emission region. The CO feature appears to have an
axial symmetric structure with the symmetry axis lying along
the northwest to southeast direction (position angle ∼135◦).
The intensity of the CO emission is weaker in the northwest
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Figure 3. Velocity channel maps of the SMA compact array data in the 12CO
J = 2–1 line. The velocity width of each channel is 2 km s−1 and the central
velocity in km s−1 is located in the top left corner of each channel map. The
contour levels are −3, 3, 14.71, 26.43, 38.14, 49.86, 61.57, 73.29, 85σ , and the
1σ level corresponds to 8.04×10−2 Jy beam−1. The dashed contour corresponds
to −3σ . The FWHM beam size is located in the bottom right corner of the last
channel map. The origin of the coordinate corresponds to the phase center.

and southeast edges, and the emission region of the L-band
continuum spills into these CO-faint regions. This appearance

is consistent with previous observations in the CO J = 1–0 line
(see, e.g., Figure 11 in Bieging et al. 1991). The weak features
seen in the corners of the upper panel of Figure 2 are uncleanable
features, which are presumably due to an extended envelope.
The 12CO J = 2–1 feature is slightly larger than the 13CO
J = 2–1 feature in the northwest to southeast direction. The
angular size of the emission region of the 12CO J = 2–1 line is
roughly 26′′ (major axis: northwest to southeast) and 21′′ (minor
axis: northeast to southwest) at a 3σ level. This corresponds to
the linear sizes of 3.8 × 1017 cm and 3.1 × 1017 cm at a distance
of 980 pc (Zijlstra et al. 2008). Similarly, the angular size of the
emission region of the 13CO J = 2–1 line is roughly 22′′ (major
axis) and 18′′ (minor axis), corresponding to 3.2 × 1017 cm and
2.6 × 1017 cm at a distance of 980 pc.

Figures 3 and 4 show velocity channel maps of the 12CO
J = 2–1 and 13CO J = 2–1 lines, respectively. The emission
regions seen in Figures 3 and 4 are very similar to the 12CO
J = 1–0 maps (Masson et al. 1985; Bieging et al. 1991; Jaminet
et al. 1991; Graham et al. 1993b; Fong et al. 2006), even though
the spherical component is missing in the present 12CO J = 2–1
and 13CO J = 2–1 maps. As in previous CO J = 1–0 maps, the
12CO J = 2–1 and 13CO J = 2–1 features exhibit a systematic
motion: the northwest part of the feature is bright in the low-
velocity channels, whereas the southeast part of the feature
is bright in the high-velocity channels. The position–velocity
diagram given in Figure 5 is also consistent with the 12CO
J = 1–0 observations (see, e.g., Graham et al. 1993b), which
has been interpreted by an expanding ellipsoidal shell.

4. MORPHO-KINEMATIC MODELING WITH SHAPE

Since the flux of the central region is almost totally recovered
both in the 12CO J = 2–1 and 13CO J = 2–1 lines, the present
interferometric data should be useful to derive the morpho-
kinematic properties of the molecular component of the central
region. We have constructed models using the Shape software
originally developed by Steffen & López (2006) for the analysis
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Figure 4. Velocity channel maps of the SMA compact array data in the 13CO J = 2–1 line. The velocity width of each channel is 4.4 km s−1 and the central velocity
in km s−1 is located in the top left corner of each channel map. The contour levels are −3.0, 3.0, 7.7, 12.4, 17.1, 21.8, 26.5, and 31.2, and the 1σ level corresponds to
2.19 × 10−2 Jy beam−1. The dashed contour corresponds to −3σ . The FWHM beam size is located in the bottom right corner of the last channel map. The origin of
the coordinate corresponds to the phase center.

PA = 4
PA = -28

PA = -53

•Shape modeling
•Ellipsoidal shell model - systemic 
velocity
•Residual: high-velocity features
•Trail of a jet, PA=-53d, 145d
•Torus with polar regions cleared by 
high velocity outflow

SMA 6C
archival 
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NGC 6302
Peretto N., Fuller G., Zijlstra A. & Patel N.A., 2007, A&A, 473, 207

SMA 8C 

2 N. Peretto et al.: The massive torus of NGC 6302

Table 1. Observed transitions

Transition Frequency Telescope Resolution Beam

(GHz) (km s−1) (arcsec)
12CO J= 2→ 1 220.398 JCMT 0.4 20

SMA 0.3 6.2 × 3.2
13CO J= 2→ 1 230.538 JCMT 0.4 20

SMA 4.4 6.2 × 3.2
12CO J= 3→ 2 345.796 JCMT 0.5 13
13CO J= 3→ 2 330.587 JCMT 0.5 13

for all the transitions, but was rebinned to 0.4 km s−1 for anal-

ysis.

We raster-mapped the region around NGC 6302 in the

J= 2→ 1 and J= 3→ 2 transitions of 12CO. Extended emis-

sion components were seen at some velocities, but the main

emission component corresponding to NGC6302 was found

to be unresolved at 230GHz and only slightly resolved at

345GHz. We subsequently took 13CO spectra pointing to-

wards the 12CO J= 3→ 2 emission peak position, taken to be

α = 17h13m43.9s, δ = −37◦06′11′′ (J2000).

All observations were made by position-switching to an off

position (0′′,+300′′) from this central position. This off posi-

tion was carefully checked from emission which may have con-

taminated the source observations, but no emission with a peak

temperature of greater than 0.2K (with a line width of 1 km/s

or more) was found at the frequency of either the J= 3→ 2

or J= 2→ 1 transitions. The telescope pointing was regularly

checked during the observations and was found to be constant

to within ±2′′. A linear baseline has been removed from each of

the spectra. The main beam efficiency of the JCMT is 0.69 and

0.63 at the frequency of the J= 2→ 1 and J= 3→ 2 respec-

tively. The observational parameters are summarised in Table

1.

2.2. SMA observations

NGC 6302 was observed at a wavelength of 1.3mm with

the SMA2 on 26 June 2005. We used all 8 antennas in the

compact configuration, with a maximum of baseline of 70m.

The six shortest baselines range in length from 16.5 to 32 m.

The phase center was RA(2000)=17hh13m44.2s Dec(2000)=-

37◦06′15.9′′. The central frequency of the upper side band was

set to 230.538GHz with a total bandwidth of∼ 2 GHz (i.e. cov-

ering the frequency range ∼ 229.5 to ∼ 231.5 GHz). The lower

side band was centered at ∼ 220.5 GHz (i.e. covering ∼ 219.5

to ∼ 221.5 GHz). The correlator was configured to provide a

velocity resolution of ∼ 0.26 km s−1 for the CO J= 2→ 1 line

and ∼ 4.4 km s−1 for the 13CO J= 2→ 1 line. Weather condi-

tions were good for 230 GHz observations with a relative hu-

midity of 20%, atmospheric opacity at zenith τ225 = 0.2 and

Tsys,DS B ≈ 250 K.

2 The Submillimeter Array is a joint project between the

Smithsonian Astrophysical Observatory and the Academia Sinica

Institute of Astronomy and Astrophysics, and is funded by the

Smithsonian Institution and the Academia Sinica.

Fig. 1. Hα image from Matsuura et al. (2005a) (colour scale)

overlaid with our SMA 1.3 mm continuum map (white con-

tours).The contours are 5% and then from 10 to 90% in steps

of 20% of the 1.3 mm continuum emission peak. The emission

peak is 0.62 Jy/beam.

The phase and amplitude were calibrated by observing

SgrA∗ for 5 minutes around every 20 minutes of integration

on NGC 6302. The angular separation between SgrA∗ and

NGC 6302 is ∼ 11◦. The passband calibration was done us-

ing Callisto, 3C279 and 3C454.3. The flux calibration was per-

formed using Callisto assuming a brightness temperature of

120 K at 229.45 GHz. The absolute astrometric positional ac-

curacy in the observations is found to be better than 0.3′′based

on observations of the quasars 1911−201 and 1924−292.

The visibility data were reduced using the SMA version

of the Miriad software package. Applying natural weighting,

the final maps have a synthesized beam of 6.2′′×3.2′′with

P.A.=6.9◦. The rms noise in the continuum image obtained by

averaging the LSB and USB data isσ = 5.9mJy. The rms noise

in the CO channel maps, at 1 km s−1 resolution, is ∼ 125 mJy.

3. Continuum emission

The SMA 1.3 mm continuum map is shown in Fig. 1. To avoid

molecular line contamination of our continuum data, the CO

emission, on which the the correlator bandwidth was centred,

has been removed. This continuummap reveals a single source

elongated in the North-South direction. The angular resolution

provided by the SMA spatially resolves the structure. The po-

sition, size and flux are given in Table 2, together with the inte-

grated flux measured inside the 5σ contour (∼ 30 mJy/beam).

The 1.3 mm continuum flux contains contributions from

dust emission and thermal free–free emission. The free-free

contribution is ∼ 50% of the total flux (see Fig. 13 of Matsuura

et al. 2005a), leaving 0.65 Jy from the dust continuum emis-

sion. Assuming a mean dust temperature ranging from 30 K

to 120 K (Kemper et al. 2002), a dust to H2 mass ratio of

1%, a typical dust opacity for protostellar disks of 2 cm2 g−1

N. Peretto et al.: The massive torus of NGC 6302 9

Fig. 9. a) Hα map (grey scale) overlaid with the SMA 13CO

J= 2→ 1 medium (solid blue lines) and high (dashed red

lines) components. The black dashed line corresponds to the

axis along which we constructed the position-velocity diagram

shown in (b). b) 13CO J= 2→ 1 position-velocity diagram con-

structed along the black dashed axis shown in (a). The ellipse

delimitates the molecular emission coming from the torus. The

0′′ position corresponds to δ(2000)=-37d06′15.9′′.

in the 12CO J= 2→ 1 and 13CO J= 2→ 1 transitions than is

the case for the torus emission. However its greater velocity

from the systemic velocity of the sources leads us to interpret

this component as associated with the outflow from the source.

Interestingly this component is projected onto the source in the

region where the torus emission is weakest, perhaps suggesting

this may material being accelerated out of the torus.

6.2. Position-offset diagrams: ballistic flow

To uncover the general velocity pattern, we determine for each

velocity channel the position and flux of the brightest pixel. The

radial offset of this pixel from the stellar position is measured.

We assume the star to be located at the position proposed by

Matsuura et al. (2005a; cf Fig.6). This technique reduces dras-

tically the amount of information contained in the images, but

has been found to provide a powerful tool, used, e.g., in maser

studies of circumstellar envelopes.

We apply this method to the SMA 12CO J= 2→ 1 data,

which shows best signal to noise ratio. The result is shown

in Fig. 10. We select all channels with peak flux above 1

mJy/beam. The left panel shows the positions of these peaks.

The stellar position is taken as (0,0). Different symbols indicate

the velocity ranges. Larger symbols are used for stronger peak

fluxes. The distribution is reasonably well fitted with a tilted

ring, with a radius of 5.5′′, an inclination of 18◦ (Meaburn et

al. 2005), rotated to a position angle of −5◦.

The right panel of Fig. 10 shows the velocity versus the an-

gular separation between the peak and the assumed stellar posi-

tion. Such diagrams can distinguish between expanding shells

and polar flows (Zijlstra et al. 2001). Both are present here. The

solid line is our model for the ring, where the best fit is found

for a central velocity Vlsr = −31.5 km s
−1 and an expansion

velocity Vexp = 8 km s−1. These differ slightly from the ear-

lier fits but are within the uncertainties. The symbols clustering

around the drawn line shows that part of the CO emission is

well derscribed by an expanding ring. In the following sections

we consider the values inferred from the best fit model as the

reference ones.

On Fig. 10 (right) we also notice that at higher and lower

velocity two linear features appear. These show velocity lin-

early increasing with distance from the star. This is indicative

of polar flows. The ballistic nature of these can be understood

as due to the interaction of a slow and a fast wind, where the

swept-up interface moves at a constant but direction-dependent

velocity. This gives rise to a ballistic flow pattern (Zijlstra et al.

2001), seen in bipolar OH/IR stars.

The velocity range of this component is small in NGC

6302, compared to typical for bipolar OH/IR stars. The gra-

dient is ∼ 140 km s−1 pc−1. But it shows a considerable spatial

extent, 2-3 times the size of the ring. The linear flows are seen

on either side of the star, and both approaching and receding

components with respect to the systemic velocity, are present.

7. Discussion

7.1. Comparison with other objects

Molecular gas is relatively common among planetary nebulae.

It is seen among the youngest objects where the high density

material traps the dissociation and ionization fronts within the

nebulae. As the nebula expands and dilutes, the molecular re-

gions will be overrun (Huggins et al. 1996, Woods et al. 2005).

In the most recent and the most sensitive survey, Huggins et

al. (2005) detect CO emission for 40 nebula out of a sample of

110, although only a few are as bright as NGC6302.

CO torii are known for a number of objects in a similar

evolutionary phase. M 1-16 (Huggins et al. 2000) has an ex-

tensive envelope of 0.12M&, around a very compact ionized

region. NGC7027 also has a high-mass (∼ 1M&) CO shell, but

its ionized nebula is elliptical and lacks the butterfly shape. A

closer optical morphological analogy is NGC 2346, which is

also a butterfly nebula: it shows CO distributed in a clumped

expanding ring with an estimated mass of 0.1M& (Bachiller et

al. 1989).

– 21 –
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Fig. 4.— Position-velocity maps of 12CO J=2–1 along cuts in the East-West direction (upper

and middle frames) and in the North-South direction (lower frame). Offset in arcsec from
the position of the continuum peak is indicated in the upper-right corner of each frame. The

contour levels are (9, 12, 15, 20, 25, 30, 40, 50, 60, 75, 90, 120, 150, 180)×60 mJy beam−1.

– 22 –

Fig. 5.— Sketch of the model for the expanding torus in NGC 6302.

•Torus mass ~ 1.4 Msun (0.09 Msun)
•Dynamical age of torus ~7500 yrs
•Expanding Torus 8 km s-1 (15 km s-1)
•No fast CO outflow detected: 
terminated by ejection of inner edge 
of torus

Trung, DV, Bujarrabal, V., Castro-Carrizo A., Lim, J., Kwok, S., 2008 
ApJ 673, 934
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IRC+10420

•Clumpy, asymmetric expanding envelope with a 
weak bipolar outflow
•Envelope has two concentric shells: 1”-2” and 3”-6”
•Low isotopic ratio 12C/13C=6: strong mixing of 
processed material from stellar interior to the 
surface of the star

– 17 –

Fig. 1.— 1.3 mm continuum emission map of IRC+10420 obtained with the SMA compact

configuration. The synthesized beam is 3′′.52 x 3′′.21 (PA = 54◦) as indicated by the ellipse
in the bottom left corner. Contour levels are every 6 mJy beam−1 (∼ 3σ).

– 19 –

Fig. 3.— Channel maps of the 12CO J=2–1 line emission obtained from the SMA compact

configuration alone. The synthesized beam is 3′′.44 x 3′′.12 (PA = 46◦) and is indicated in
the bottom left corner of the figure. Contour levels are drawn every 0.6 Jy beam−1 or 1.3

K (∼ 10σ). The velocity resolution is 4.2 km s−1. The cross indicates the position of the
continuum peak emission.

SMA 8C 

Trung, D-V, Muller, S., Lim, J., Kwok, S., Muthu, C., 2009, ApJ, 692, 409
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W Hya  Muller, S., Trung, D-V,  He, J., Lim, J., 2009,  ApJ, 692, 409
SMA 8VEX 
SMA 6VEX 

HCN (3-2) emission in the envelope of W Hya 3

while Justtanont et al. (2005) favored a much lower rate
of 2−3×10−7 M" yr−1. We adopt here a value of 5×10−7

M" yr−1. The abundance of HCN relative to molecular
hydrogen predicted from non-equilibrium chemical mod-
els (Duari et al. (1999); Duari & Hatchell (2000)) may
vary between a few times 10−6 and a few times 10−5,
depending on the shock velocity. We adopt a represen-
tative constant value of 10−6. We note, however, that
this assumption leads to a very slight overestimate of
the HCN (3-2) intensity in the outer part of the HCN
envelope (see Fig.4). Most likely, the abundance of HCN
is gradually decreasing with radius due to the photodis-
sociation by external radiation field. We also assumed a
local turbulent velocity of 1 km s−1 in the envelope.

We tried various expansion velocity laws and found
that the relation V(r) ∝ log(r), starting from 2 km s−1

at an inner radius of ∼ 1014 cm and reaching 7 km s−1

at a radius of 1016 cm, produces a satisfactory fit to
the HCN (3-2) line profile, and is consistent with OH
maser observations of Szymczak et al. (1998). Other
faster rising velocity laws, such as those prescribed
by Deguchi & Nguyen-Q-Rieu (1990) or Zubko & Elitzur
(2000), do not reproduce the rounded-top and asymmet-
ric profile of HCN (3-2) as seen by the SMA (they actu-
ally produce double-peak profiles).

The rounded-top line profile indicates that the HCN
(3-2) is optically thick. In addition, we find that the
excitation temperature of the HCN (3-2) transition fol-
lows closely the kinetic temperature of the gas. Un-
less the wind is highly clumpy, resulting in small fill-
ing factor in the beam, the brightness temperature of
the HCN (3-2) emission, resolved by the SMA, is there-
fore directly related to the temperature profile in the
inner region. The very high temperature profile used by
Deguchi & Nguyen-Q-Rieu (1990) or the one designated
as GS in Figure 3 of Zubko & Elitzur (2000) are clearly
inconsistent with our data. The shallower temperature
profile derived by Zubko & Elitzur (2000) also produces
too high a brightness temperature for the HCN (3-2) line
because the kinetic temperature is above 400 K within
an inner region of 50 AU in diameter, which is compa-
rable to the SMA synthesized beam of ∼ 0.5′′. In our
model, we need to use a steep temperature profile T(r)
∝ r−1, starting with T0 = 650 K at the base of the en-
velope. The predicted line profile is compared with that
observed in Figure 2. Our model also provides a good
match to the single-dish profiles of the HCN (3-2) and
(4-3) lines observed by Bieging et al. (2000).

We note that for the HCN (3-2) line, the resulting pro-
file is asymmetric and does not peak at the systemic ve-
locity. That is due to the strong self-absorption arising
from the combination of steep temperature profile and
slow acceleration in the inner envelope. This effect can
also explain the difference in the inferred systemic ve-
locity from Gaussian fitting of optically thick lines such
as HCN (4-3), SiO(5-4) and (8-7) (Bieging et al. 2000),
with respect to other lines such as SiO(2-1) and CO lines
(Cernicharo et al. 1997).

5. DISCUSSION AND PERSPECTIVES

In the model proposed by Charnley et al. (1995), HCN
is formed in the outer envelope as a result of photochem-
ical reactions initiated from methane. The distribution
of HCN is predicted to peak at a radius ≥ 200 AU for a

Fig. 1.— 1.1 mm continuum emission (top left corner box) and
HCN (3-2) channel maps of W Hya as observed with the SMA very
extended configuration. Contours are every 25 mJy/beam for the
continuum map, and every 0.75 Jy/beam (5σ), corresponding to
60 K for the synthesized beam of 0.55′′ × 0.40′′ (P.A.= 26◦), for
the channel maps. The white cross indicates the position of the
phase center, set at the stellar position from the Hipparcos catalog
in the year 2000 (R.A.J2000 = 13h49m01.s998 and Dec.J2000 =
−28◦22′03.′′49). The white dot gives the expected position of the
star at the date of our observations in 2008, due to its proper
motion. The small offset (! 0.15′′) between this position and the
peak emission may be due to baseline errors.

Fig. 2.— Brightness temperature at the peak of the HCN (3-2)
emission as a function of velocity, with model prediction overlaid
(dashed line). Note that the blue-shifted part of the spectrum is
strongly affected by self-absorption.

Fig. 3.— Position-velocity diagrams along two perpendicular
axes. Note the small velocity gradient along the SE-NW direction.
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while Justtanont et al. (2005) favored a much lower rate
of 2−3×10−7 M" yr−1. We adopt here a value of 5×10−7

M" yr−1. The abundance of HCN relative to molecular
hydrogen predicted from non-equilibrium chemical mod-
els (Duari et al. (1999); Duari & Hatchell (2000)) may
vary between a few times 10−6 and a few times 10−5,
depending on the shock velocity. We adopt a represen-
tative constant value of 10−6. We note, however, that
this assumption leads to a very slight overestimate of
the HCN (3-2) intensity in the outer part of the HCN
envelope (see Fig.4). Most likely, the abundance of HCN
is gradually decreasing with radius due to the photodis-
sociation by external radiation field. We also assumed a
local turbulent velocity of 1 km s−1 in the envelope.

We tried various expansion velocity laws and found
that the relation V(r) ∝ log(r), starting from 2 km s−1

at an inner radius of ∼ 1014 cm and reaching 7 km s−1

at a radius of 1016 cm, produces a satisfactory fit to
the HCN (3-2) line profile, and is consistent with OH
maser observations of Szymczak et al. (1998). Other
faster rising velocity laws, such as those prescribed
by Deguchi & Nguyen-Q-Rieu (1990) or Zubko & Elitzur
(2000), do not reproduce the rounded-top and asymmet-
ric profile of HCN (3-2) as seen by the SMA (they actu-
ally produce double-peak profiles).

The rounded-top line profile indicates that the HCN
(3-2) is optically thick. In addition, we find that the
excitation temperature of the HCN (3-2) transition fol-
lows closely the kinetic temperature of the gas. Un-
less the wind is highly clumpy, resulting in small fill-
ing factor in the beam, the brightness temperature of
the HCN (3-2) emission, resolved by the SMA, is there-
fore directly related to the temperature profile in the
inner region. The very high temperature profile used by
Deguchi & Nguyen-Q-Rieu (1990) or the one designated
as GS in Figure 3 of Zubko & Elitzur (2000) are clearly
inconsistent with our data. The shallower temperature
profile derived by Zubko & Elitzur (2000) also produces
too high a brightness temperature for the HCN (3-2) line
because the kinetic temperature is above 400 K within
an inner region of 50 AU in diameter, which is compa-
rable to the SMA synthesized beam of ∼ 0.5′′. In our
model, we need to use a steep temperature profile T(r)
∝ r−1, starting with T0 = 650 K at the base of the en-
velope. The predicted line profile is compared with that
observed in Figure 2. Our model also provides a good
match to the single-dish profiles of the HCN (3-2) and
(4-3) lines observed by Bieging et al. (2000).

We note that for the HCN (3-2) line, the resulting pro-
file is asymmetric and does not peak at the systemic ve-
locity. That is due to the strong self-absorption arising
from the combination of steep temperature profile and
slow acceleration in the inner envelope. This effect can
also explain the difference in the inferred systemic ve-
locity from Gaussian fitting of optically thick lines such
as HCN (4-3), SiO(5-4) and (8-7) (Bieging et al. 2000),
with respect to other lines such as SiO(2-1) and CO lines
(Cernicharo et al. 1997).

5. DISCUSSION AND PERSPECTIVES

In the model proposed by Charnley et al. (1995), HCN
is formed in the outer envelope as a result of photochem-
ical reactions initiated from methane. The distribution
of HCN is predicted to peak at a radius ≥ 200 AU for a

Fig. 1.— 1.1 mm continuum emission (top left corner box) and
HCN (3-2) channel maps of W Hya as observed with the SMA very
extended configuration. Contours are every 25 mJy/beam for the
continuum map, and every 0.75 Jy/beam (5σ), corresponding to
60 K for the synthesized beam of 0.55′′ × 0.40′′ (P.A.= 26◦), for
the channel maps. The white cross indicates the position of the
phase center, set at the stellar position from the Hipparcos catalog
in the year 2000 (R.A.J2000 = 13h49m01.s998 and Dec.J2000 =
−28◦22′03.′′49). The white dot gives the expected position of the
star at the date of our observations in 2008, due to its proper
motion. The small offset (! 0.15′′) between this position and the
peak emission may be due to baseline errors.

Fig. 2.— Brightness temperature at the peak of the HCN (3-2)
emission as a function of velocity, with model prediction overlaid
(dashed line). Note that the blue-shifted part of the spectrum is
strongly affected by self-absorption.

Fig. 3.— Position-velocity diagrams along two perpendicular
axes. Note the small velocity gradient along the SE-NW direction.

4 Muller et al. 2008

TABLE 1: MODEL PARAMETERS

STAR
Distance D = 78 pc (1)
Systemic velocity (LSR) VSYS = 40.4 km s−1 (2)
Effective temperature Teff,! = 2500 K (3)
Stellar radius R! = 2.73 × 1013 cm (4)

ENVELOPE
Inner radius Rin = 1 × 1014 cm
Outer radius Rout = 3 × 1015 cm
Mass-loss rate Ṁ = 5 × 10−7 M" yr−1

Temperature profile T(r) = 650 K (r/Rin)−1

Launching velocity V0 = 2 km s−1 (5)
Terminal velocity V∞ = 7 km s−1 (4)

Velocity law (r < Rout) V(r) = (V∞−V0)log10(r/Rin)
log10(1016 cm/Rin)

+ V0

Abundance of HCN [HCN]/[H2] = 10−6

Local turbulent velocity σturb = 1 km s−1

References. — (1) Knapp et al. (2003); (2) Cernicharo et al.
(1997); (3) Haniff et al. (1995); (4) Justtanont et al. (2005); (5)
Miyoshi et al. (1994).

Fig. 4.— Azimuthal average of the HCN (3-2) emission as a
function of radius at VLSR = 42.1 km s−1, corresponding to the
peak of the line profile in Figure 2. Our SMA data are indicated
by open squares with error bars overlaid. The model prediction is
shown in dashed line.

mass-loss rate ≥ 10−7 M" yr−1. Our SMA observations,
however, clearly reveal that in the case of W Hya, HCN is
present, and thus should form, much closer to the stellar
photosphere, within 20 AU. This is consistent with the
shock chemistry model developed by Duari et al. (1999)
and Duari & Hatchell (2000). In this model, stellar pul-
sations induce strong and periodic shocks in a narrow re-
gion above the photosphere. Thermal equilibrium (TE)
abundances are assumed as initial conditions in the pho-
tosphere, and the evolution of chemical abundances is
investigated in the post-shock region. As a net result of
shock chemistry, several carbon-bearing species, such as
HCN, CS and CO2, are produced in significant amounts.
Noticeably, the abundance of HCN can be increased by

about 5 orders of magnitude with respect to its former
TE value. The route to HCN is through the reaction of
CN with H2, which is sensitive to temperature and be-
comes very efficient in the post-shock layer. Since HCN
is chemically stable and does not participate in the for-
mation of dust grains (unlike, e.g., SiO) in the inner en-
velope, it further remains unaltered as it travels through
the envelope, until it reaches the photodissociation region
of the outer wind. As a result, HCN is a good tracer of
the kinematics in the envelope.

The requirement of a smoothly increasing velocity with
radius to reproduce the HCN (3-2) line profile for W Hya
and maser observations (Szymczak et al. 1998) are incon-
sistent with a fast acceleration of the wind within ! 10
stellar radii, as predicted by models of mass-loss driven
by radiative pressure on dust grains (e.g., Kwok 1975;
Goldreich & Scoville 1976). Observations in other lines
tracing different radii also called for a slow wind accel-
eration, which could be explained if dust grain forma-
tion occurs over large extent up to several hundreds of
AU (Lucas et al. 1992), and/or if grain properties change
through the envelope (Chapman & Cohen 1986). Alter-
natively, the slow acceleration could result from the in-
efficiency of dust drag when the mass loss is small (see,
e.g., Bowen 1988; Winters et al. 2000).

The velocity gradient along the SE–NW axis (see
Fig.3) is about 5 km s−1 over 0.5′′. MERLIN observa-
tions of OH maser lines by Szymczak et al. (1998) reveal
a remarkably similar trend in amplitude and position an-
gle. Interestingly, Lattanzi et al. (1997) measured the
visible diameter of W Hya along two orthogonal direc-
tions and found a significant asymmetry of 20%, with
elongation in a direction comparable to that of the ve-
locity gradient seen in the envelope. It is not clear, how-
ever, whether this apparent elongation is due to some
oblateness of the star or to a nonsymmetric brightness
distribution over the stellar disk. The velocity gradient
that we observe in the inner envelope of W Hya could be
either due to the rotation of the envelope or to a weak
bipolar outflow.

The next jump in angular resolution achievable with
the Atacama Large Millimeter Array will allow us to
probe the envelope even deeper, possibly down to the
dust formation zone. Such observations could directly
test the validity of shock chemistry models. In particu-
lar, very high angular resolution observations at differ-
ent phases of the stellar variablity could directly show
the effects of the pulsations on the formation of dust and
molecules, and possible modulations of the mass loss (see,
e.g., Diamond & Kemball 2003).
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IRC+10216 (CW Leo)
• Nearest and brightest Carbon-rich AGB star (distance: ~150 pc)

• Mass loss rate = several x 10-5 Msun/yr
206 N. Mauron & P.J. Huggins: Multiple shells in the circumstellar envelope of IRC+10216                        

Fig. 3. CompositeB +V image of IRC+10216, shown with a regular transfer function (left) and with an average radial profile subtracted (right)

to enhance the contrast. The field is 131′′
× 131′′. North is at the top, East to the left.

Some of these features can be better seen in Fig. 4 where we

plot representative radial strips (20◦ wide) through the shells.

The uncertainty in the intensities is small (3–5%) so most of

the structure seen is real. The two plots at the top of Fig. 4

are adjacent strips (to the NW) and it can be seen that they

exhibit quite similar, though not identical, features. The next

two strips point to the NE and SW in opposite directions and

have essentially no correlated features. The structure in the strip

at P.A.=214◦ shows a particularly clear shell profile: from 30′′

to 42′′ the intensity is nearly constant, it then rises to a limb

brightened peak, and falls abruptly to the outside by a factor of

nearly two in<
∼ 2′′. Note that when all sectors are averaged, the

shells are not seen.

The spacing of the shells does not obviously show a regular

spatial pattern, but the typical radial separation is ∼ 5′′–20′′

which corresponds to a time interval of 200–800 yr. From con-

sideration of a simple model of limb brightened shells, as in

Mauron (1997) but modified for external, optically thin illumi-

nation, the density contrast between the shells and intershell

regions is inferred to be quite large, up to a factor of 10.

3.5. Relation of the dust shells to the gas

The relation of the dust shells to the distribution of gas in the

envelope is of interest because in AGB envelopes the dust and

gas are not completely coupled. The dust is expected to drift

through the gas, in the case of IRC+10216, at a speed of ∼

2 km s−1 (Kwan & Hill 1977). In a homogeneous envelope,

this relative motion has no major effect on the structure, but in

a multiple shell envelope, this might not be the case.

Fig. 4. Radial strips through the shells of IRC+10216 in the composite

B + V image. The strips are 20◦ wide and are labeled by PA. The

strip labeled avg is the average over 360◦ in azimuth for reference.

Intensities are relative to the value at 10′′, scaled by factors of 2 from

bottom to top. The uncertainties in the intensities of the 20◦ sectors are

3–5%.

The gas distribution in IRC+10216 is not known in detail

on the size scales of interest, but useful information is available
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Keady, J & Ridgway, S., 1993, ApJ, 406,199

Ivezic, Z & Elitzur, M., 2010, MNRAS 
(arXiv: 1001.4579)

Expansion velocity profile
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Dust

AlF

SiCC

KCl

C6H

~30”

• 440 lines detected toward IRC+10216 

• ~200 new detections, most of them narrow 
lines(Vexp<7 km s-1)

• ~100 lines as yet unidentified

• Many narrow lines are identified as vibrationally excited 
rotational transitions in species such as SiCC, SiS, CH3CN, 
HC3N, CS and CO (Patel et al. 2009)  

• Spatial distribution of emission from narrow lines is very 
compact: ~0.2” => we are probing the region of dust formation 
and rapid acceleration

• Images and calibrated visibility data-sets of full survey will be 
made publicly available on acceptance of ApJSS paper.

• Recently completed SMA line-surveys:  VY CMa, IK Tau (O-rich 
AGB stars; PI: Ken Young)
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Line surveys of  VY CMa and IK Tau Young et al. 2010



SMA Advisory Committee Meeting 12 &13 October 2010, CfA
SMA

S
M

I
T

H
S

O
N

IA
N

 A
STROPHYSICAL

 O

B
S
E

R
V

A
T

O
R

Y

A

C
A

D
EMIA SINICA

 I
A

A

Detection of narrow lines in IRC+10216

Eu/K~1200 K

Si34S v=1, J=17-16
298.63 GHz

Si34S v=1, J=19-18
333.73 GHz

29SiS v=1, J=17-16
301.39 GHz

29SiS v=1, J=19-18
336.82 GHz

Isotopic abundance 
ratios ~ solar values

Patel, Young, Brünken et al. (2009) ApJ 692,1205
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CO v=1 J=3-2 342.65 GHz,
 J=2-1 228.44 GHz 

First astronomical detection of 
vibrationally excited CO emission

Eu/K=3116 K

Previous attempt to detect
v=1 J=1-0 line:
Scoville, K & Solomon, P., 1978
Cummins et al. 1980

CS and CO v=1 likely to be radiatively excited

Patel, Young, Brünken et al. (2009) ApJ 691,L55

2 Patel et al.

Fig. 1.— Spectra of vibrationally excited CO emission in J=3–2
(top) at 342648.11 MHz and J=2–1 (bottom) at 228439.11 MHz
toward IRC+10216. The spectra are obtained from a 2′′ wide
square region centered on the position of the star. The line near
-11 km s−1in the top panel is tentatively identified as CC34S 8(7)–
5(6) at the rest frequency of 342629.24 MHz.

2D Gaussian fits are (∆α, ∆δ) = (−0.′′1, 0.′′0) and
(0.′′1,−0.′′2) for the 3–2 and 2–1 emission, respectively.
These offsets are not significant compared to the abso-
lute astrometric uncertainty of ∼ 0.′′1. The deconvolved
source size is 1.′′6 × 0.′′9 with P.A=-28circ for the 3–2
emission and it is a point source for the 2–1 emission as
fitted by the IMFIT task of Miriad package. The visi-
bilities vs u-v distance for both emission does not show
a tapering, suggesting that both the lines are spatially
unresolved.

4. DISCUSSION

Maps of the v=1 J=3–2 and J=2–1 CO emission (Fig-
ure 2) show very compact spatial distribution roughly
the size of the synthesized beams. Examination of the
visibilities against u-v distance shows that the emission
remains spatially unresolved in our subcompact and ex-
tended array observations. The vibrationally excited CO
emission is expected to occur very close to the star since
the excitation temperature is 3100 K. We assume in the
following discussion that both the lines are arising from
the same region of diameter 0.′′2, which corresponds to a
radius of 2.2×1014 cm (for a distance of 150 pc). We note
that this is comparable to the inner radius of the dust
shell in IRC+10216 from interferometric IR observations
by Danchi et al. (1994).

For a source size of 0.′′2, from the observed flux density
of the 342.6 (228.4) GHz CO line, we obtain a brightness
temperature of 210 (412) K. Assuming LTE, this implies
an optical depth of 0.24 (0.53). Danchi et al. (1994) mea-

Fig. 2.— Integrated intensity maps of CO v=1 J=3–2 (top) and
J=2–1 (bottom) emission. Contour level intervals and starting
value are 5σ with σ = 0.16 Jy beam−1 km s−1in both panels. The
synthesized beam is shown in the lower right corner. The emission
is spatially unresolved.

sure the kinetic temperature of the dust shell to be 1356
K at this radius. Previous work by Sahai and Wannier
(1985) uses a value of 600 K for the inner dust shell’s
temperature (see also Toombs et al.). We assume the
dust temperature to be the same as the gas tempera-
ture and use a value of 1000 K, which is also suggested
by an extrapolation of the temperature vs radius plot
derived by Crosas and Menten (1997) from the analy-
sis of multiple J transitions of CO in the outer parts of
the shell. With this value of temperature and with the
further assumption of uniform optical depth in the line,
using the Gaussian fitted line-widths and A coefficients
for the J=3–2 and J=2–1 transitions in v=1 state (from
SLAIM), we derive the column densities in the J=3–2
(J=2–1) levels to be 1.3× 1017 (3.7× 1017) cm−2, where
we have used the standard relation for column density,
excitation temperature and optical depth for CO (see
Eqn. 14.43 of Rohlfs and Wilson 2000).

The total CO column density N(CO) is obtained from
above using the full partition function including vibra-
tional and rotational levels: (2J + 1)hB

kT e
vhwe

kT (1− e
vhwe

kT )
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eSMA observations of IRC+10216– 20 –

Fig. 2.— HCN J = 3 − 2 spectrum in the ground vibrational state and v=(0, 11e, 0) state
taken at the JCMT (top) and with the eSMA (bottom).

– 24 –

Fig. 6.— Integrated intensity maps of (a) HCN J = 3 − 2 transitions in the v = (1, 11f , 0)
state, (b) in the v = (0, 11f , 1) state, (c) KCl J = 35 − 34 in the v = 2 state, (d) Si34S

J = 15− 14 in the v = 0 state overlaid on the continuum emission of the circumstellar dust
and photosphere. Contours are set at -3, 3, 9, and 15 σ (1 σ ∼ 23 mJy).

– 25 –

!"#$% !"#$%

Fig. 7.— Total integrated intensity maps (contours) of HCN J = 3 − 2 v = (0, 11e, 0) (left)
and v = 0 (right) states, overlaid on the continuum emission of the circumstellar dust and

photosphere. For the v = (0, 11e, 0) state map, the contours are drawn at -3, 3, 10, 20, 30,
40, 50, and 60 σ (1 σ = 57 mJy), respectively. For the ground vibrational state map, the

contours are drawn at -3, 3, 6, and 9 σ (1 σ = 39 mJy).

Shinnaga, H., Young, K., Tilanus, R., Chamberlin, R, et al., 2009, ApJ, 698, 1924
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Detection of CO emission in Galactic bulge AGB stars:  
Winnberg et al. (2009) 

OH 359.681-0.095

Schulteis 
name Comment

line flux 
(JyXkm/s) Mdot

A12 detected 42.5 8.3x10^-4
A51 detected 32 6.24x10^-4
A10 confused … ?
A27 3 potential … ?


