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ABSTRACT

Context. The S-type asymptotic giant branch (AGB) star π1 Gru has a known companion at a separation of 2′′.7 (≈400 AU). Previous
observations of the circumstellar envelope (CSE) show strong deviations from spherical symmetry. The envelope structure, including
an equatorial torus and a fast bipolar outflow, is rarely seen in the AGB phase and is particularly unexpected in such a wide binary
system. Therefore a second, closer companion has been suggested, but the evidence is not conclusive.
Aims. The aim is to make a 3D model of the CSE and to constrain the density and temperature distribution using new spatially
resolved observations of the CO rotational lines.
Methods. We have observed the J = 3–2 line emission from 12CO and 13CO using the compact arrays of the Atacama Large Mil-
limeter/submillimeter Array (ALMA). The new ALMA data, together with previously published 12CO J = 2–1 data from the Submil-
limeter Array (SMA), and the 12CO J = 5–4 and J = 9–8 lines observed with Herschel/Heterodyne Instrument for the Far-Infrared
(HIFI), is modeled with the 3D non-LTE radiative transfer code SHAPEMOL.
Results. The data analysis clearly confirms the torus-bipolar structure. The 3D model of the CSE that satisfactorily reproduces the
data consists of three kinematic components: a radially expanding torus with velocity slowly increasing from 8 to 13 km s−1 along the
equator plane; a radially expanding component at the center with a constant velocity of 14 km s−1; and a fast, bipolar outflow with
velocity proportionally increasing from 14 km s−1 at the base up to 100 km s−1 at the tip, following a linear radial dependence. The
results are used to estimate an average mass-loss rate during the creation of the torus of 7.7× 10−7 M� yr−1. The total mass and linear
momentum of the fast outflow are estimated at 7.3× 10−4 M� and 9.6× 1037 g cm s−1, respectively. The momentum of the outflow is
in excess (by a factor of about 20) of what could be generated by radiation pressure alone, in agreement with recent findings for more
evolved sources. The best-fit model also suggests a 12CO/13CO abundance ratio of 50. Possible shaping scenarios for the gas envelope
are discussed.

Key words. stars: AGB and post-AGB – stars: mass-loss – stars: individual: π1 Gru – stars: general – radio lines: stars –
binaries: general

1. Introduction

Asymptotic giant branch (AGB) stars are believed to evolve from
low- to intermediate-mass (0.8–8 M�) main sequence stars. The
evolution of AGB stars is governed by the massive wind from
the stellar surface (typical expansion velocity, vexp ∼ 10 km s−1,
and mass-loss rate, Ṁ v 5× 10−7 M� yr−1; e.g., Ramstedt et al.
2009), which creates an expanding circumstellar envelope (CSE)
of molecular gas and dust already on the AGB. The physical
processes behind the AGB-star wind are comparatively well un-
derstood and current radiation-hydrodynamical models repro-
duce observed properties well (Eriksson et al. 2014; Bladh et al.
2015). However, several important aspects still need to be

investigated further, such as the wind evolution over time and
the formation of complex large-scale structures, to establish the
formation scenario for planetary nebulae (PNe).

Planetary nebulae are large, tenuous emission nebulae glow-
ing at visible wavelengths through recombination and forbid-
den lines from ionized (atomic) gas. Expansion velocities of
PNe are on average about a factor of two larger (∼20 km s−1;
Gesicki & Zijlstra 2000; Huggins et al. 2005) than typical AGB
wind velocities, but more extreme velocities in excess of
∼100 km s−1 are also found in post-AGB stars and PNe (e.g.,
Vlemmings et al. 2006; Clyne et al. 2015). Bujarrabal et al.
(2001) studied the CO emission from 30 protoplanetary nebu-
lae (P-PNe) and found that almost all of the sample sources have
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both a slowly expanding envelope (probably the remnant AGB
wind) and fast (often bipolar) outflows. The momenta of the
envelopes are consistent with a wind driven by radiation pres-
sure on dust grains (as on the AGB), but an alternative mecha-
nism is necessary to accelerate fast outflows. Imaging surveys
of PNe (see, e.g., Sahai 2014, and references therein) show
that less than 5% of PNe are round, as would be expected if
they were the direct result of an isotropic wind, while a ma-
jority of the AGB envelopes seem to be spherically symmetric
(Castro-Carrizo et al. 2010) on large scales. This further sup-
ports the idea that strong dynamical evolution takes place before
AGB stars become PNe. While different shaping agents (binary
interaction, large planets, and global magnetic fields) have been
suggested (see Balick & Frank 2002), much work remains be-
fore the theoretical models can be confirmed observationally.

In this context, molecular line observations of transitional
objects are extremely valuable since they trace the remnant ma-
terial of the AGB wind and give kinematic information (e.g.,
Sánchez Contreras & Sahai 2012). The unsurpassed potential of
the Atacama Large Millimeter/submillimeter Array (ALMA)
to study these transitional objects has already been demon-
strated with Early Science capabilities (Bujarrabal et al. 2013;
Olofsson et al. 2015). To add to previous studies, we observed
four binary stars on the AGB (R Aqr, Mira, W Aql, and π1 Gru)
with ALMA to investigate the dependence of the circumstellar
shaping and morphology on the AGB on the binary separation
and wind properties. The observations of Mira (o Cet) already
revealed how the massive AGB wind has been sculpted by the
fast, thinner wind from the companion (Ramstedt et al. 2014),
and in this paper, we present the initial results on the largest sep-
aration source of our sample, π1 Gru.

π1 Gru is an evolved, S-type AGB star (Van Eck et al.
1998a) at a distance of about 150 pc (Perryman et al. 1997) and
log(L/L�) = 3.86 (Van Eck et al. 1998b). A fast bipolar molec-
ular outflow was discovered by Sahai (1992) in 12CO J = 1–0
and 2–1 emission. Sahai (1992) also observed the 13CO J = 1–
0 line emission and found a 12C/13C abundance ratio in the
range 25–50. π1 Gru has a known G0V companion (Feast 1953;
Ake & Johnson 1992) at 2′′.7 separation, but Sahai (1992) al-
ready mentioned that a closer unknown companion would be
required to explain the observed morphology. The 12CO J =
2−1 emission was mapped by Knapp et al. (1999) and later by
Chiu et al. (2006) using the SMA (with a synthesized beam of
2′′.2× 4′′.2). Chiu et al. (2006) built on the model by Knapp et al.
(1999) and suggested that the star is surrounded by a thick, low-
velocity (11 km s−1) expanding torus with a faster bipolar out-
flow that is oriented perpendicular to the torus; this torus is re-
ferred to as a flared disk, but we use torus throughout this paper,
since the structure shows no sign of rotating. Herschel/PACS ob-
servations show a large arc, possibly a spiral arm, reaching out
at ∼40′′ to the east of the star (Mayer et al. 2014) and possi-
bly shaped by the known 2′′.7 companion. Mayer et al. (2014)
have also analyzed VLTI/MIDI and AMBER data, together with
Hipparcos and Tycho observations to search for a closer com-
panion. Although the second companion is not directly detected
in the VLTI observations, they have found support for a closer
companion (at 10–30 AU separation) from the combined analy-
sis of the available data.

We observed π1 Gru in 12CO and 13CO J = 3–2 with ALMA.
In this paper we construct a 3D kinematic and radiative transfer
model based on the ALMA Atacama Compact Array (ACA) and
Total Power (TP) observations, together with the previously pub-
lished 12CO J = 2–1 SMA observations from Chiu et al. (2006)
via the publicly available radiative transfer code SHAPEMOL

(Santander-García et al. 2015). We present the new ALMA ob-
servations and the previously published observations (SMA and
Herschel/HIFI) in Sect. 2 and the ALMA and SMA observa-
tional results in Sect. 3. The radiative transfer modeling is de-
scribed in Sect. 4 and the model results are given in Sect. 5. We
give the Discussion and Summary in Sects. 6 and 7.

2. Observations

2.1. New CO radio line observations with ALMA

The 12CO and 13CO J = 3–2 emission was observed with the
ALMA-ACA in 2013. The observations consist of a four-point
mosaic. They were performed using four spectral windows with
a width of 2 GHz each, centered on 331, 333, 343, and 345 GHz.
The u−v coverage of an interferometer is always incomplete. In-
sufficient u− v coverage can cause artificial features when imag-
ing. Observations with the ALMA-TP array was performed in
cycle 2 (in 2015) to recover the most extended emission from
the source and produce high fidelity images. This array included
three 12m antennas, and the observations were performed in
single-dish, on-the-fly mapping mode.

We used the Common Astronomy Software Application
(CASA) for calibration and imaging (McMullin et al. 2007).
Firstly, the interferometric data was calibrated and preliminary
imaged to combine with the TP images later on. Quasars J0006-
0623 and J2235-4835 were used as bandpass and complex gain
calibrators, respectively. Uranus was used for flux calibration.
Because of the low signal-to-noise ratio of the 13CO J = 3–2
emission relative to 12CO J = 3–2, the 13CO J = 3–2 visi-
bility data was imaged using natural weighting to improve the
sensitivity. The spectral resolution was about 0.5 km s−1, but has
been binned to 2 km s−1 for 12CO J = 3–2 and 3 km s−1 for 13CO
J = 3–2 to improve the signal-to-noise ratio in the images cubes.
The resulting line profiles with a recovered flux in the ALMA-
ACA observation are discussed in Sect. 3.2.

Secondly, the TP observation calibration were carried out
with quasars J2230-4416 for focusing, J2230-4416 for point-
ing, and both of these and π1 Gru for atmospheric calibra-
tion. The brightness of the TP observation was first given in
main-beam brightness temperature scale (Tmb) and then con-
verted to Jy beam−1. The conversion factors of the data from K
to Jy beam−1 are 43.2 at 345 GHz and 45.0 at 330 GHz. The
beam size of the TP observation is 19′′ at 345 GHz and the rms
noise level of the images is 0.6 Jy beam−1 for 12CO J = 3–2 and
0.58 Jy beam−1 for 13CO J = 3–2. The overall uncertainty of the
TP calibration is about 5%.

The data was finally combined using CASA packages. Ow-
ing to the difference in spatial pixel sizes and spectral ranges
between the TP map and the ALMA-ACA map, the TP map was
first regridded to the coordinate system of the ALMA-ACA map.
Then the ALMA-ACA data was re-imaged using the CLEAN
package in an iterative procedure with a decreasing threshold
parameter. In this procedure the ALMA-TP map was used as a
model for initial cleaning. Finally, the ALMA-TP and ALMA-
ACA images were combined via the FEATHER package. A sum-
mary of the observations and the final image cubes is given in
Table 1.

2.2. Previously published CO radio line observations

SMA Observations: the 12CO J = 2–1 observation was per-
formed in 2004 using the SMA with a 2 GHz bandwidth cor-
relator and a 812.5 kHz channel separation over 256 channels.
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Table 1. Summary of the interferometric observations and final image cubes.

Transition Frequency Array On-source time TP On-source time ∆υ HPBW rms
[GHz] [min] [min]

[
km s−1

] [
Jy beam−1

]
12CO J = 3–2 345.796 ALMA-ACA 23.7 67.1 2 4′′.56 × 2′′.56 0.051
13CO J = 3–2 330.588 ALMA-ACA 23.7 67.1 3 5′′.19 × 2′′.57 0.045
12CO J = 2–1 230.538 SMA 180 0 2 4′′.20 × 2′′.20 0.114

Notes. The spectral resolution ∆υ and rms of emission-free channels are from the final image cubes of the combined data. The 12CO J = 2–1
image cube does not include TP observations.
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Fig. 1. Total flux of the 12CO J = 3–2 (left) and 13CO J = 3–2 (middle) emission from the ALMA-ACA data (red) and the combined (ACA+TP)
data (black). The spectra were generated by convolving the images with the APEX beam (FWHM = 18′′). The 12CO J = 3–2 spectrum
(Ramstedt et al. 2006) from APEX (FWHM = 18′′) is plotted for comparison. Owing to the artificial feature (explained in Sect. 3.2) in the
blueshifted wing of the 13CO J = 3–2 line, the line profile of the combined data was only plotted from –35 km s−1. The 12CO J = 2–1 spectrum
(right) from the SMA observation (Chiu et al. 2006) was generated by convolving the image with the SMA primary beam of 55′′.

The source was observed with 28 baselines and the longest base-
line was about 83 kλ. The calibrators were observed along with
the target. The data has previously been published by Chiu et al.
(2006).

In this study, the upper sideband data has been recalibrated
and reimaged using CASA. The bandpass calibration was car-
ried out using Uranus. The nearby quasar 2258-279 was set as
the complex gain calibrator and absolute flux calibrator (instead
of Uranus as in Chiu et al. 2006). We applied the Briggs weight-
ing method for imaging and an active mode for cleaning the
dirty maps in which the emitting region was carefully selected
to avoid the strong noise speaks. This resulted in some differ-
ences in the line profile compared to that found in Chiu et al.
(2006, see Sect. 3.2). The observations and the final image cube
are summarized in Table 1.

Herschel/HIFI observations: the 12CO J = 5–4, 9–8, and
14–13 observations were part of the Herschel SUCCESS pro-
gram (Teyssier et al. 2011; Danilovich et al. 2015) and observed
with the onboard instrument HIFI (de Graauw et al. 2010). The
signal-to-noise ratio of the 12CO J =14–13 line was about 2 to 3
and because of this high uncertainty we decided to omit this line
from our analysis. The telescope beam sizes of 12CO J = 5–4
and 9–8 observations are 36′′.1 and 20′′.1, respectively. The tech-
nical setup, data reduction, and line profiles were published in
Danilovich et al. (2015). The line profiles were plotted in main
beam temperature scale with a noise rms of 15 mK at a channel
resolution of 3 km s−1. In this paper, we adopted the line profiles
without any recalibration.

3. Observational results and discussion

3.1. The continuum flux

A single continuum source was detected from the line-free chan-
nels of the ALMA-ACA and SMA observations. Neither the
known companion, nor a closer companion, such as that pro-
posed by Mayer et al. (2014), would be resolved. The contin-
uum flux densities are 32.7 ± 6 mJy at 230 GHz and 82.2 ±
4.7 mJy at 343 GHz. Assuming optically thick blackbody emis-
sion from a stellar photosphere with a temperature of 3000 K
(Vanture & Wallerstein 2002; Abia & Wallerstein 1998) and a
stellar radius of 2.2× 1013 cm (Chiu et al. 2006), the flux den-
sities would be 35 mJy and 78 mJy, respectively. The measured
continuum flux is consistent with the thermal emission of the
stellar photosphere. Since the stellar temperature, radius, and
flux measurement are highly uncertain, it is not enough to de-
termine whether there is a contribution from dust continuum
emission.

3.2. Line profiles

Figure 1 (left and middle) shows the line profiles of the com-
bined (ACA+TP) 12CO J = 3–2 and 13CO J = 3–2 data gener-
ated by integrating over a circular region with the width of the
APEX beam (18′′) centered on the stellar position. The 12CO
J = 3–2 line profile from APEX (Ramstedt et al. 2006) is also
plotted to evaluate the recovered flux in the combined ALMA
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data. A comparison shows that the ALMA-ACA observations
recovered a fraction of less than 50% of the flux observed in the
TP observation. The combined ALMA maps contain v90% of
the flux observed by APEX in 2005, which is within the calibra-
tion uncertainties. The lower sideband containing the 13CO line
was affected by the mirrored 12CO line from the upper sideband.
This resulted in an artificial feature in the blueshifted wing of the
13CO J = 3–2 line profile. The line is therefore only plotted from
–35 km s−1 in Fig. 1 (middle). The 12CO J = 2–1 emission ob-
served with the SMA (Chiu et al. 2006), shown in Fig. 1 (right),
is convolved with the SMA primary beam (FWHM of 55′′).

All emission lines (except the 13CO J = 3–2) show a double-
horned profile with steep sides at intermediate velocity and ex-
tended wings. The double-horned core of the spectral line shows
a slowly expanding component, while the high-velocity wings,
reaching out to ±60 km s−1 relative to the systemic velocity, are
indicative of an outflow that is much faster than a typical AGB
wind. There is no sign of an asymmetry in the 12CO J = 3–2
data observed with the mosaic field v40′′. Chiu et al. (2006) sug-
gested that an over-resolved inhomogeneous structure caused the
stronger peak at the blueshifted velocities in the 12CO J = 2–1
line profile from their analysis of the data. In contrast, the peak
is seen on the redshifted side of both the line profile observed
by Knapp et al. (1999) and the line profile from our recalibra-
tion of the data. This discrepancy may be due to the different
calibration and data reduction strategy, as already mentioned in
Sect. 2.2.

3.3. Images
12CO J = 3–2: the channel maps of the 12CO J = 3–2 emission
from the combined data, shown in Fig. 2, were constructed by
integrating over 2 km s−1 close to the systemic velocity (from –
30 km s−1 to 8 km s−1) and over 4 km s−1 for the high velocities
(from –62 km s−1 to –46 km s−1 and from 20 km s−1 to 36 km s−1)
to increase the signal to noise of the high-velocity channels in
which the emission is weaker.

The emission at the systemic velocity, VS = −12 km s−1,
shows what looks like an elongated torus along the east-west
(EW) direction. The emission has a maximum close to the stel-
lar position. When moving away from the systemic velocity, the
size of the emitting region decreases. Also, the emission gradu-
ally moves from the south to the north from blue- to redshifted
velocities. This spatial shift of the emission distribution at low
relative velocities can be interpreted that the radially expanding
torus is inclined relative to the line of sight.

The high-velocity channel maps are shown in the first and
last rows of Fig. 2. In agreement with the 12CO J = 2–1 emission
(Chiu et al. 2006), the north-south (NS) orientation of the higher
velocity emission is opposite to that at lower velocities. Further-
more, the 12CO J = 3–2 emission seen in the channels from –58
to –46 km s−1 and 20 to 32 km s−1 shows an extended region with
two separated parts. We propose that this bimodal distribution
can be possibly interpreted as emission coming from the lobe
walls of a bipolar outflow, while the –62 km s−1 and 36 km s−1

channels may show the lobe tips or lobe edges at the highest
line-of-sight velocity of the bipolar outflow.

In Fig. 2, as well as in the position-velocity (PV) diagram
in Fig. 5, the emission is divided into two components around
–46 km s−1 and +20 km s−1. At blueshifted velocities, the south-
ern component is just slightly north of the stellar position while
the second, northern component is found approximately 5′′ to
the north. Assuming that the velocity of the high-velocity out-
flow increases radially and the system is inclined relative to the

line of sight, the gas moving along the edges of lobes have differ-
ent line-of-sight velocities at the same distance from the equator.
For example, the gas moving along the edge of the northern lobe
facing the observer, has a higher line-of-sight velocity than the
gas moving along the edge away from the observer at the same
distance from the equator. This can explain the bimodal distri-
bution seen at, for example –50 km s−1. At this velocity channel,
the southern emission component would come from the closer
lobe edge and the northern emission component would come
from the more distant lobe edge, where the same line-of-sight
velocity is reached further away from the equator of the system.
The exact distribution of the emission as a function of velocity is
an intricate function of the gas distribution, i.e., inclination and
curvature of the high-velocity outflow and the clumpiness of the
gas, and kinematics.

13CO J = 3–2: the J = 3–2 emission from the less abun-
dant 13CO isotopologue was imaged by integrating over 3 km s−1

(Fig. 3). The emission is very weak compared to the 12CO emis-
sion and the gas is mostly concentrated and excited in the inner
parts of the envelope. At the systemic velocity, the emission has
two peaks on either side of the stellar position along the EW di-
rection. Even if the data was convolved with an identical beam
as the 12CO J = 3–2, the image would still have this distribu-
tion. Any emission is below the noise level at velocities beyond
–25 km s−1 and 2 km s−1.

12CO J = 2–1: the channel maps from the rereduced 12CO
J = 2–1 line emission are given in Fig. 4. As previously de-
scribed (Chiu et al. 2006), the emission at the systemic veloc-
ity, VS = −12 km s−1, shows a torus structure that is flared and
elongated along the EW direction, similar to the 12CO J = 3–2
distribution. The slightly larger spatial size at each channel ve-
locity compared to the J = 3–2 emission is caused by the lower
minimum kinetic temperature required for the J = 2–1 excita-
tion. Moreover, the emission has a two-peak (on either side of
the stellar position) distribution that differs from the new 12CO
J = 3–2 data. The gap between the two peaks has been attributed
to a central cavity (Chiu et al. 2006), but that is not required to
explain the new 12CO J = 3–2 data. The orientation of the syn-
thesized beams (see Figs. 4 and 2) can contribute to the different
distribution of the 12CO J = 2–1 and 12CO J = 3–2, but not fully
explain the difference. This is discussed further in the following
sections.

3.4. Position-velocity diagrams

The PV diagrams of the 12CO J = 3–2 emission shown in Fig. 5
were made along a NS cut (one pixel wide at a PA of 0◦) through
the stellar position. A different correlation between the velocity
vector field and the position vector is seen for the equatorial torus
and the fast bipolar outflow, separately.

The NS PV 12CO J = 3–2 diagram is similar to that of 12CO
J = 2–1 (see Chiu et al. 2006), but less extended in spatial offset
than the 12CO J = 2–1 emission (as already seen in the chan-
nel maps). The emission at low relative velocity (plotted in the
central plot of Fig. 5) is consistent with an expanding, inclined
equatorial torus, extended to the north at redshifted velocity, and
to the south at blueshifted velocity.

The emission at higher velocities originates from the fast out-
flow component (plotted in the far left and right plot of Fig. 5)
and shows the opposite pattern: a redshifted velocity to the south
and blueshifted velocity to the north. In this part of the figure,
the position is directly proportional to the velocity, i.e., emission
with higher velocity comes from a position further away from the
center. The offset emission regions seen at blue- and redshifted
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Fig. 2. Contour maps of the 12CO J = 3–2 emission from the combined ALMA data. Contour levels are at 3, 5, 9, 15, 20, 25, and 30σ (σ =
1.2 Jy beam−1 for the middle rows, derived from the plotted channels), and at 3, 5, 7, and 9σ (σ = 0.08 Jy beam−1 for the first and last rows, derived
from the plotted channels). The synthesized beam size of 4′′.56 × 2′′.56 at a PA of –81◦ is plotted in the lower left corner of the 20 km s−1 channel.
The local standard of rest velocity is given in the upper right corner of each channel. A cross denotes the stellar position determined from the
continuum emission.

velocities (with a Dec-offset beyond about ±5′′) correspond to
the bimodal distributions also seen in the channel maps in Fig. 2.
We do not detect significant emission beyond –70 km s−1 in the
blueshifted part and +40 km s−1 in the redshifted part. This corre-
sponds to a maximum projected gas velocity of about 60 km s−1

in the CSE.

4. Circumstellar model

4.1. Geometry and velocity field

As mentioned above, Chiu et al. (2006) built on the flared-disk
model to reproduce the low-velocity component seen in the 12CO
J = 2–1 SMA maps, but they never attempted to model the fast
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Fig. 3. Same as Fig. 2, for the 13CO J = 3–2 emission from the combined ALMA data. Contour levels are at 3, 5, 7, 9 15, and 20σ (σ =
0.055 Jy beam−1, derived from the full data set). The synthesized beam size of 5′′.19× 2′′.57 at a PA of –81◦ is plotted in the lower left corner of the
–10 km s−1 channel.

component. In this study, we reconstructed the gas envelope us-
ing both a low-velocity torus and a fast bipolar outflow to study
the full 3D morphology and kinematics of the system. The com-
bined ALMA data are used as observational constraints, together
with the previously published SMA data. The structure of the
modeled gas envelope is schematically illustrated in Fig. 6. The
modeled envelope was constructed as a system with the follow-
ing three components:

(1) A radially expanding torus in the shape of a flared disk with
an opening angle of 2ϕ0, an inner radius of d/2, and an outer
radius of R1. The radius R1 is just the maximum radius used
in the model computation. It does not necessarily represent
a density-cutoff radius, i.e., the physical outer boundary of
the torus; nebular layers beyond R1 do not contribute signif-
icantly to the observed emission for the density and temper-
ature laws adopted in our model. The outer radius was con-
strained by the observed angular size at the central channel.
The radial gas velocity inside the torus depends on the dis-
tance from the center and latitude above or below the equator,

v1 =

[
v1a + v1b

r
R1

]
fϕ, (1)

where the constants v1a and v1b were chosen to produce line
profiles with the same width as the line cores of the obser-
vational data and r is the radial distance from the center
(r =

√
x2 + y2 + z2). The fϕ factor increases linearly with

latitude. It has the value of f0◦ = 1 at the equator and the
values of f±ϕ0 at the top and bottom edges were determined
by fitting the data.

(2) A central, radially expanding component originating at the
center and placed inside the torus. The velocity is constant,
v2. Its shape is cylindrical with diameter d and height h.

(3) A faster bipolar outflow perpendicular to the torus extends
from the central component. The lobes have a radially ex-
panding velocity field linearly increasing with the distance
from the equator,

v3 = v3a + v3b
z

R3
, (2)

where v3a and v3b were chosen so that the velocity increases
from the central component velocity to the highest velocity
inferred from the data and z is the vertical distance from the
equator. The radius R3 is just the maximum radius used in
the model computation. It is not the physical outer boundary
of the outflow. The R3 value was poorly constrained by the
observations because of the low signal-to-noise ratio at very
high velocities and the dependence on the inclination of the
system.

4.2. Density and temperature distribution

Some simplifying assumptions are necessary to limit the num-
ber of free parameters of the 3D model. The density distribution
was chosen assuming the following hypothetical, but realistic,
scenario for the shaping of the current CSE: the torus (1) is pre-
sumably formed in the earlier AGB phase. At some point, the
bipolar outflow was triggered and the faster moving material has
plowed through the polar regions giving rise to the central com-
ponent (2), in which the current dynamics are the result of the
interaction between the fast outflow and the slower AGB wind.
Further out, the bipolar outflow (3) is the faster moving material
that has escaped the AGB envelope. The gas density distribution
of a spherically expanding AGB envelope created by a constant
mass-loss rate, Ṁ, and expansion velocity, ve, decreases outward
according to

n(r) =
Ṁ

4πr2vem
, (3)

where m is the particle mass. Since the gas velocity inside the
torus depends on the radius according to Eq. (1), the H2 number
density of the torus was set to be proportional to r−3,

n1(r, ϕ) = n1a

[ r
1015 cm

]−3 1
fϕ
, (4)

where n1a is a scaling factor, r is the radial distance from the
center, and the fϕ factor is due to the linear dependence of the
torus velocity on the latitude (Eq. (1)). The constant velocity of
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Fig. 4. Same as Fig. 2, for the recalibrated and reimaged 12CO J = 2–1 emission from the SMA (Chiu et al. 2006). Contour levels are at 3, 5, 7, 9,
13, 15, and 20σ (σ = 0.3 Jy beam−1, derived from the full data set). The synthesized beam is shown in the lower left corner of the 0 km s−1 channel
and is 4′′.2 × 2′′.2 at a PA = –22◦.

the central component (2) motivates an r−2 dependence of the H2
number density,

n2(r) = n2a

[ r
1015 cm

]−2
· (5)

The scaling factors, n1a and n2a, were initially set using Eq. (3)
with the mass-loss rate chosen as an average of previous
results (1× 10−6 M� yr−1) and a constant expansion velocity
(11 km s−1), but then varied to fit the data.

For bipolar planetary nebulae, a velocity distribution
that follows the Hubble law expansion is often found
(Sánchez Contreras & Sahai 2004). Assuming that the velocity
increases radially in the outflow component (3), the density was
initially set as an inverse cubic function of the radius,

n3(r) = n3a

[ r
1015 cm

]−3+α

, (6)

and then both the scaling factor na3 and the exponent α were
varied until the data could be reproduced at high velocities
(see Sect. 5.2). The 12CO abundance (relative to H2) was as-
sumed to be constant for all three components and a value of
6.5 × 10−4 (Knapp et al. 1999) was adopted. The 13CO abun-
dance was changed to fit the 13CO J = 3–2 data once all the
other parameters had been obtained from fitting the 12CO lines.

A description of the gas kinetic temperature as a func-
tion of radius in a spherical envelope was presented by
Goldreich & Scoville (1976). Chiu et al. (2006) and Knapp et al.
(1999) successfully applied this temperature distribution when
they modeled the torus. A similar dependence on radius,

T = T0

[ r
1015 cm

]−0.7+β

K, (7)

was adopted for the whole envelope. The scaling factor, T0, was
varied from 100 K to 500 K, while the exponent was slightly
varied around –0.7 through the free parameter β.

4.3. Radiative transfer modeling and imaging

In the radiative transfer model, the parameters introduced in
Eqs. (1)–(2) and (4)–(7), together with the inclination angle
of the torus relative to the line of sight, and the PA of the
equator were varied until all the available spatially resolved
data could be reproduced. The radiative transfer calculation
was performed via SHAPE+SHAPEMOL (Steffen et al. 2011;
Santander-García et al. 2015), which is a 3D modeling tool
for complex gaseous structures. To solve the radiative transfer
equations for 12CO and 13CO, the code uses tabulated absorp-
tion and emission coefficients that are appropriate for different
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Fig. 5. Position-velocity diagram for the 12CO J = 3–2 emission along a cut at a PA of 0◦ made by integrating over a 2 km s−1 velocity interval:
low velocity and high signal-to-noise ratio at the middle panel with contour levels at 3, 5, 9, 15, 20, 30σ (σ = 1.2 Jy beam−1); high velocity and
low signal-to-noise ratio at the left and right panels with contour levels at 3, 5, 9, 15, 20σ (σ = 0.06 Jy beam−1). The vertical and horizontal dashed
lines show the systemic velocity (−12 km s−1) and the stellar position, respectively.

geometries and kinematic, and calculates the non-LTE level pop-
ulations via the large velocity gradient (LVG) approximation. We
believe the LVG approximation is valid for π1 Gru because the
expansion velocity is larger than the local line width (the ther-
mal contribution is less than 1 km s−1) and owing to the large
velocity gradient across the CSE. The output simultaneously de-
pends on the gas density, kinetic temperature, velocity distri-
bution, CO isotopologue abundance, and logarithmic velocity
gradient ((dV/dr)(r/V)). A microturbulent velocity of 2 km s−1

(Chiu et al. 2006) was adopted. The calculation is conducted
for the 17 lowest rotational transitions of the ground-vibrational
state of both 12CO and 13CO, including collisions with H2 (see
Santander-García et al. 2015, for details). The envelope was con-
structed of 1283 grid cells and rendered through a velocity inter-
val of ±100 km s−1 around the systemic velocity. The velocity
band is divided into 150 channels.

The comparison between the model and observations re-
quires that the effects of the interferometer, for example, the
missing u − v coverage, noise of the atmosphere, and electric
systems, are included before imaging. Using the SIMOBSERVE
task in CASA, we simulated the visibilities of the observation us-
ing the resulting brightness distribution from the radiative trans-
fer calculation. The SMA and ALMA-ACA simulated data has
the on-source duration and the antenna configurations of the
original observations. The data was then imaged in the same way
as the real observational data. The ALMA-TP simulation was
performed inside SHAPE+SHAPEMOL by convolving the 3D
model with the ALMA primary beam. The ALMA-ACA simu-
lated images were finally combined with the ALMA-TP simu-
lated images using the same procedure as for the real data.

5. Modeling and interpretation

5.1. Finding the best-fit model

All free parameters were first adjusted to fit the 12CO J = 3–2
line emission. With the many adjustable parameters of the 3D
model, the goodness of fit has to be evaluated by taking several
different aspects into account. The velocity distribution and in-
clination angle of the torus were set to reproduce the observed
line shapes and spatial distribution seen in the channel maps.
The sizes of the different components were constrained by fit-
ting the spatial extent seen in the channel maps (by eye) as-
suming a distance of 150 pc (Perryman et al. 1997). The density

Fast outflow (3)

 Central component (2)

Equator

Line of sight

R3

2000 AU

1

Fig. 6. Sketch illustrating the three components used to model the CSE
of π1 Gru.

and temperature distribution were primarily chosen to fit of the
strength of the emission in the 12CO J = 3–2 line. Those best
values were applied to successfully reproduce the 12CO J = 2−1.
Then the high-J transition lines 12CO J = 5–4 and J = 9–8 could
be fitted by refining the temperature function since the line ra-
tios are sensitive to the kinetic temperature. The 13CO J = 3–2
data was matched by only adjusting the 13CO/H2 fractional abun-
dance. Some additional test models with different velocity fields,
morphologies, and temperature distributions (see Appendix A)
were considered to find the best-fit model. A chi-square measure
was used to evaluate the goodness of the fit from the line profiles,
χ2 =

∑N
i=1 (Io

i − Im
i )2/Nσ2

i , where Io
i and Im

i are the beam cor-
rected flux of the observations and the model at channel i, respec-
tively, N is the number of channels, and σ is the measurement
uncertainty of the observed flux, assumed to be 20% on average.
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Fig. 7. Line profiles from the observations (black) and the model (red). The black dashed line in the upper right panel shows the observed profile
multiplied by a factor of 2 to correct for the missing flux according to Chiu et al. (2006).

Table 2. Input parameters for the best-fit model.

Parameter Value

R1 3× 1016 cm (2000 AU)
R3 5× 1016 cm (3300 AU)
d 4× 1015 cm (270 AU)
h 2× 1015 cm (130 AU)
ϕ0 25◦

v1a 8 km s−1

v1b 5 km s−1

v2 14 km s−1

v3a 11 km s−1

v3b 89 km s−1

f±ϕ0 2.5
n1a 9× 107 cm−3

n2a 6× 107 cm−3

n3a 6× 107 cm−3

α 0
Inclination∗ 40◦
PA of equator 5◦
T0 190 K
β –0.15
12CO/13CO 50

Notes. (∗) The angle between the line of sight and the equatorial plane.

5.2. Best-fit model and comparison to previous results

The parameters of the best-fit model are given in Table 2. The
outer radius (R1 = 3×1016 cm), and opening angle (ϕ0 = 25◦) of

the torus agree with the model by Chiu et al. (2006). The intro-
duced central component is smaller (angular width ≈1.7′′) than
the synthesized beam of the ALMA-ACA observation and does
not affect the fit significantly. At a given radial distance, the gas
velocity at the top and bottom edges of the torus is 2.5 times
( fϕ0 = 2.5) higher than the gas velocity along the equator. An
inverse cubic density law (i.e., α = 0) for the fast bipolar out-
flow resulted in images very similar to those observed, mean-
ing that the best fit is achieved when the density distribution of
the torus and the outflow have the same dependence on radius.
Only the scaling factors of the density functions (Eqs. (4) and
(6)) differ slightly. The best-fit model has a PA of 5◦ and the
inclination of the torus relative to the line of sight is 40◦, which
agrees with what was found in previous studies (Chiu et al. 2006;
Knapp et al. 1999). If the inclination is decreased (or increased)
by more than 10◦ relative to the best-fit value, the model line
profiles have a parabolic shape (or a U-shaped profile with a
deep center) in contrast to observed data. If the PA is changed
by more than 10◦, the relative intensity of the line peaks is not
reproduced.

The model shows that the temperature distribution suggested
by Knapp et al. (1999) for the torus cannot be applied to repro-
duce the high-J transition lines as well. The temperature in our
model is lower (T0 = 190 K instead of 300 K) and decreases out-
ward more rapidly (β = −0.15) than that found by Knapp et al.
(1999). The model gives a value of 50 for the 12CO/13CO abun-
dance ratio, which is in agreement with upper limit for π1 Gru
derived by Sahai (1992), but is twice the median value of 25
found for S-type AGB stars (Ramstedt & Olofsson 2014).

The model line profiles are plotted (Fig. 7) together with the
observed line profiles and overall they match the data very well.
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Fig. 8. Contour maps of the 12CO J = 3–2 emission from the model simulating the combined (ACA+TP) ALMA observation. The contour levels
are the same as those of the observational result plotted in Fig. 2.

The SMA 12CO J = 2–1 observation only recovered less than
50% of the total flux as mentioned by Chiu et al. (2006). There-
fore, in the very right panel of Fig. 7, the line intensity has been
scaled by a factor of 2 to be able to compare the line shapes.
This is only an approximation because the missing flux mainly
comes from the extended parts of the envelope with higher veloc-
ity, whereas the flux of line core comes from the inner parts and
would be better recovered. The peak intensity of the predicted
12CO J = 9–8 line is about 20% less than that from the obser-
vation. Our model cannot reproduce the different peak strengths
seen in the 12CO J = 9–8 and the 13CO J = 3–2 line. This can
be an indication that the LVG approximation does not perfectly
apply to the torus where the velocity gradient is less steep than
in the outflow.

The spatial distribution of the 12CO J = 3–2 and J = 2–1 is
shown in the model channel maps in Figs. 8 and 9. At the sys-
temic velocity, the model has successfully reproduced the two-
peaked distribution seen in the 12CO J = 2–1 data without a cav-
ity at the center and the central peak distribution seen in the 12CO
J = 3–2 data. This means that the model without the central cav-
ity can reproduce the data features. In general, the model images
at each channel are very similar to the observations for low to

intermediate velocities. The weak bimodal emission distribution
at very high-velocity channels (Fig. 2) was not reproduced by
our model. As suggested above, the emission could come from
the gas at the edges of the two bipolar lobes, but it would depend
on the detailed structure and temperature distribution of the out-
flow, and an exact fit was not attempted.

Figure 10 shows the line-of-sight optical depth (along the
system equator at the systemic velocity) as a function of distance
from the center for all three modeled lines. Since the emission
is optically thin, the peak position of the optical depth indicates
where the gas is maximally excited, and agrees with the positions
of the emission peaks of the channel map at the systemic velocity
(Fig. 4). The maximum optical depth of the 12CO J = 3–2 line
occurs inside 5′′ and the corresponding two emission peaks are
unresolved by the beam.

5.3. Outflow linear momentum

The terminal gas velocity along the torus equator is about
13 km s−1. If this value is representative of the expansion velocity
of the CSE before the formation of the outflow, this corresponds
to an average mass-loss rate of about 7.7× 10−7 M� yr−1. This
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Fig. 9. Contour maps of the 12CO J = 2–1 emission from the model simulating the SMA observation. The contour levels are the same as those of
the observational result plotted in Fig. 4.

agrees with the value estimated by Chiu et al. (2006), and is al-
most half of that estimated in Knapp et al. (1999) when fitting
the single-dish 12CO J = 2–1 emission. From the sizes of the
structures and the expansion velocity distributions, the kinematic
timescale of the torus and outflow is about 730 yr and 160 yr,
respectively.

The bipolar outflow of the best-fit model suggested has a
density distribution that is comparable to the torus at the same
radial distance. The estimated total mass of the bipolar outflow
is Moutflow = 7.3 × 10−4 M� when applying an average par-
ticle mass of 3× 10−24 g and integrating the density distribu-
tion across the structure. The highest deprojected gas velocity
is about 100 km s−1 corresponding to a Doppler shift velocity
of about 60 km s−1 in the lines. This results in a linear momen-
tum of the outflow, which is the total outflow mass multiplied
by the outflow velocity integrated over the velocity distribution,
of Poutflow = 9.6 × 1037 g cm s−1. If radiation pressure alone is
responsible for lifting the outflow, this process would take about
3300 yr (calculated from Poutflow/(L/c)). This means that the radi-
ation pressure alone would not be sufficient to drive the fast out-
flow with a kinematic timescale of 160 yr, which is in agreement
with the findings for more evolved sources (e.g., Bujarrabal et al.
2001; Olofsson et al. 2015).

6. Discussion

6.1. Excitation properties

All line profiles in this work show a slowly expanding compo-
nent at the line core and a high-velocity component at the wings.
The less extended wings of the 12CO J = 5–4 and J = 9–8
line profiles indicate that the CO molecules are mostly excited
to the high-J states in the central regions where the temperature
and density are high enough. The minimum kinetic temperature
(∼250 K) of the 12CO J = 9–8 transition, needed for significant
collisional excitation, is only reached in regions close to central
star. The transition is mainly radiatively excited.

The differences in spatial distribution of the emission from
the CO lines are also due to the different excitation requirements.
The higher excitation temperature of the J = 3–2 transition than
the J = 2–1 makes the emission more compact at every channel
and particularly at the systemic velocity. Our model can repro-
duce the different apparent spatial distributions of the two 12CO
lines, and the 13CO line, reasonably well without including a
central cavity (as suggested by Chiu et al. 2006, from only hav-
ing access to the 12CO J = 2–1 line). If the cavity actually exists,
it must be smaller than the synthesized beam in the case of the
12CO J = 3–2 emission. The apparent shape is dependent on the
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Fig. 10. Line-of-sight optical depth, calculated from the model, along
the equator at the line rest frequencies. The 13CO J = 3–2 optical depth
was scaled by a factor of 30.

observational setup, line excitation, and actual distribution of the
gas, and shows that it is very important to perform detailed ra-
diative transfer modeling before drawing conclusions about the
physical distribution of the gas in these types of objects.

6.2. Envelope shaping mechanisms

The formation of the torus+outflow structure seen in π1 Gru,
poses a challenge to the understanding of stellar evolution the-
ory, as do the typical bipolar structures in PNe. The gravitational
perturbation of the known companion of π1 Gru is not strong
enough to concentrate material onto the orbital plane and form
the torus (e.g., Mayer et al. 2014). Even if the orbit is extremely
eccentric and the envelope could be compressed at the periastron
passage, the timescale for the creation of the torus is too short for
it to still be significantly affected. If the orbit is assumed circu-
lar, the period would be 6200 yr to be compared to the kinematic
timescale of the torus on the order of 730 yr. Stellar wind mod-
els for AGB stars (assuming a dust-driven wind) typically show
wind velocities less than 30 km s−1 (e.g., Eriksson et al. 2014;
Bladh et al. 2015). For π1 Gru, the fast (≤100 km s−1) bipolar
outflow has a linear momentum that is higher than the maximum
value available from the radiation pressure of the star, which sug-
gests that a different mechanism is required to drive the outflow.

The torus could be created if the star itself is rotating already
on the AGB. Dorfi & Hoefner (1996) have shown that the ef-
fect of a slow rotation (the order of 2 km s−1), combined with the
strong temperature and density dependence of the dust forma-
tion process in AGB stars, can lead to an enhanced equatorial
mass loss and produce an elliptical envelope. By applying the
wind compressed disk model to AGB stars, Ignace et al. (1996)
showed that the coriolis effect, effective if the star is rotating
fast enough, can produce a disk-like structure. A close compan-
ion or a binary merger can spin-up AGB stars to the rotation
rate required for the wind-compressed disk to be formed. How-
ever, there is no evidence for rotation observed in π1 Gru, but

a velocity below 2 km s−1 cannot be excluded. The gravitational
effect of a close companion star, or a giant planet, can play an
important role in the formation of a torus (Iben & Livio 1993).

Whether single stars can form bipolar morphologies was
initially investigated in interacting wind models (see, e.g.,
Balick & Frank 2002, and references therein). In these models,
a fast isotropic wind is launched inside a slowly expanding torus
(without investigating the formation of the torus itself) with a
density contrast between the pole and the equator. A hot bubble
is created in the post-shock gas and the bubble expands at con-
stant pressure. The expansion velocity of the bubble depends on
the density distribution of the torus and varies inversely from the
pole to the equator (e.g., Icke 1988). The very high gas veloc-
ity at the poles eventually launches the bipolar outflow. Wind-
interaction models including detail hydrodynamics and micro-
physics (e.g., Frank & Mellema 1994) have confirmed the de-
pendence of the shaping on the density distribution of the previ-
ously ejected gas envelope. A density contrast (between the torus
equator and the pole) from 2 to 5 results in a fast bipolar outflow.
A higher value results in a highly collimated outflow. Within the
modeled torus, the best-fit model of π1 Gru has a density contrast
of 2.5 between the equator and the edge at an angle of 25◦. If a
linear dependence with angle is assumed, the contrast between
the equator and the pole is 6.4, which is a reasonable agreement
between the results from the interacting wind models and the
observed morphology.

The kinematic timescales for the torus and fast outflow in
our model are similar to the typical values found for PPNe and
PNe (Bujarrabal et al. 2001), showing the same circumstellar
structures. The momentum excess (compared to what is avail-
able from radiation pressure alone) implies the need for an addi-
tional wind driver. Wind formation and the collimation of bipolar
outflows have also been studied using magneto-hydrodynamics
(MHD) models where the wind is driven by magnetic pressure
(García-Segura et al. 1999, 2005). These models are successful
in creating bipolar structures and highly collimated jets when
the magnetic field is strong enough and the rotational velocity
is sufficient. However, recent investigations combining the re-
sults of MHD and stellar evolution models, have shown that the
rotational velocities retained at the end of the AGB are not suffi-
cient to form bipolar PNe (García-Segura et al. 2016). Matt et al.
(2000) used MHD models to show that a modest magnetic field
(of order a few G at the surface, similar to what has been mea-
sured on some AGB stars; Lèbre et al. 2014) is sufficient to form
a dense equatorial disk around an AGB star with a slow, mas-
sive wind. In combination with the interacting wind models de-
scribed above, this gives another possible explanation for the ob-
served morphology. Again, the origin of the magnetic field or the
launching of the fast wind are not explained, but would require
an extra source of angular momentum, e.g., a binary companion.

The suggested second companion remains to drive the for-
mation of the observed morphology. If close enough, it could
also accrete the wind through an accretion disk and possi-
bly drive the fast outflow. The low velocity of the torus sets
favorable conditions for wind Roche-lobe overflow (wRLOF;
Mohamed & Podsiadlowski 2012), where a slowly expanding
wind first fills the Roche lobe of the primary star (the AGB
star) and then flows through the inner Lagrangian point onto
the accretion disk of the companion. Models including the
wRLOF scenario can produce substantial accretion rates also
in larger separation binaries (e.g., Mira, R Scl, Ramstedt et al.
2014; Maercker et al. 2012), where traditional Bondi-Hoyle ac-
cretion models fail to reproduce the observations. The exact
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requirements to drive an outflow with the momentum observed
in π1 Gru will be the subject of a future publication.

The CSE of π1 Gru is not the only case where a torus plus
bipolar structure has been observed around an AGB star. The
CO line observations of V Hya also shows a similar structure
(Sahai et al. 2003). Using the CO J = 2–1 and 3–2 line ob-
servation, Hirano et al. (2004) have distinguished three compo-
nents in the CSE of V Hya based on its kinematic properties,
which are similar to the results in this study. These authors also
suggested a similar explanation for generating an intermediate-
velocity component as the central component in our model. An-
other similar example is the post-AGB star, CRL 618, with a
very fast, collimated outflow rising from a low-velocity, dense
core (Sánchez Contreras et al. 2004). Owing to the complex ge-
ometry showing features commonly found in stars of the next
evolutionary phase, π1 Gru is an extremely interesting case to
study in order to find the missing link between the spherical out-
flows of AGB stars and the bipolar outflows observed at later
stages.

7. Summary

We have presented the analysis of new ALMA-ACA data of the
12CO J = 3–2 and 13CO J = 3–2 line emission, together with
previously observed 12CO J = 2–1 data from the S-type AGB
star π1 Gru. The high-sensitivity ALMA observations recov-
ered the extended emission, and for the first time, resolved the
high-velocity component. The analysed data, including low-J
transitions (from ALMA and SMA observations) high-J transi-
tion (from Herschel/HIFI observations) provided sufficient con-
straints for a 3D radiative transfer model. The best-fit model re-
constructing the gas envelope has satisfactorily reproduced the
line profiles, channel maps, and suggested a reasonable value
for the abundance of 12CO/13CO. The gas envelope is modeled
as a system of three separate components: a radially expanding
torus with the velocity linearly increasing with latitude and ra-
dial distance, a central, radially expanding component that may
have resulted from the dynamical interaction between the fast
outflow and the torus, and a fast bipolar flow perpendicular to
the equator with a radially expanding velocity field. The out-
flow momentum excess found in our model rules out a scenario
in which radiation pressure alone can lift the high-velocity out-
flow. The density contrast between the equator and polar regions
suggested from various formation mechanisms can successfully
reproduce the data. This supports that the gravitational effect of a
close companion is involved the torus formation, while the wind
interaction mechanism and/or a bipolar magnetic field could be
included when considering the outflow formation.
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Appendix A: Finding the best-fit model

Some alternative models that were tested to find the best-fit
model are presented here. The models with different velocity
fields, morphologies, and temperature distributions were con-
strained by both the channel maps and line profiles.

A model using a constant expansion velocity for the whole
torus could not reproduce the line profile nor the channel maps.
Indeed the line profile of the 12CO J = 3–2 line from such
a model has an intensity at the systemic velocity that is much
smaller than that of the peaks (at about ±6 km s−1), while the
center and peak intensities are comparable in the observed line
profile. The model channel maps are rather sensitive to the as-
sumed velocity field. If v1 is reduced by 10%, the 12CO J = 2–1
emission in the velocity channel beyond ±12 km s−1 is reduced
below the noise level. The best-fit velocity distribution is also
dependent on the chosen inclination angle of the torus, which
was constrained by the flattened shape of the torus seen at the
systemic velocity in the channel maps (Fig. 2). Finally, the PA
of the torus was set to reproduce the relative intensity of the two
peaks compared to each other in the observed line profiles (see
Sect. 5.2).

A collimated velocity field, which is typically found in
P-PNe and PNe in which the outflow gas velocity is perpen-
dicular to the equatorial plane, was first attempted to model the

fast bipolar component. This gave line profiles similar to the ob-
served profiles, however, it also resulted in a very large intensity
ratio between the central velocity channel and the nearby chan-
nels, which is not seen in the observed images.

An alternative model, without the central component (2), was
also tested. In that model, the torus reaches regions close to the
central star and is shaped like a flared disk. The fast bipolar
outflow rises on top of the torus. This model successfully re-
produced the spatial distribution of the 12CO J = 2–1 and the
12CO J = 3–2 emission, in particular the two-peaked distribu-
tion of the 12CO J = 2–1 emission, as well as the single cen-
tral peak of the 12CO J = 3–2 emission at the systemic veloc-
ity (without a central cavity). However, in order to reproduce
the data, the innermost outflow velocity had to be lower than
the velocity of the torus at the same position, which would be
unphysical.

The temperature distribution, as suggested by Knapp et al.
(1999), results in a good agreement with the observations in the
low-J transition lines, the 12CO J = 2–1 and J = 3–2, and 13CO
J = 3–2 line. However, it overestimates the intensity of the 12CO
J = 5–4 and J = 9–8 lines that are excited in the central regions.
The two lines are sensitive to temperature and can be simul-
taneously fitted when the temperature decreases outward more
rapidly than that found in Knapp et al. (1999, see Sect. 4.2).
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