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Abstract

The S-type star ⇡ 1 Gruis is an asymptotic giant branch (AGB) star which
is believed to soon become a proto-planetary nebula (PPN). ⇡ 1 Gruis has a
detected companion at a separation of «400 AU. Observations have discovered
strong deviations from spherical symmetry in the large-scale envelope. The
envelope structure consists of a slowly expanding component and a fast bipolar
outflow, which is rarely seen in the AGB phase and is particularly unexpected
in such a wide binary system. The missing link between the spherical outflow
in the AGB phase and the asymmetric ( e.g., jets, discs, spirals, tori) outflows
in PPNe poses a question to evolution theory. The studies of systems, such
as ⇡ 1 Gru, is particularly important to find the answer. This thesis will
briefly summarizes some properties of AGB stars in general and the results
on ⇡ 1 Gruis so far.
The molecular line emissions from cold gas is e↵ective to investigate the
circumstellar envelopes (CSEe) of AGB stars. The long baseline interferometrers operating at the submillimeter frequencies provide a powerful tool
to study small-scale structures. For instance, the Atacama Large Millimeter/submillimeter Array (ALMA) with unprecedented sensitivity and capability is a revolutionary instrument in the field. The fundamentals of radio
interferometry, data reduction, and imaging will be presented in this thesis.
Particularly the observations and data analyses are applied to ⇡ 1 Gruis. A
3D radiative transfer model constrained by the observations is used to study
the morphology and kinematic structure. The di↵erent shaping mechanisms
of the ⇡ 1 Gruis envelope are also discussed in this thesis.
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Chapter 1
Introduction
When low- and intermediate-mass stars (0.8Md † M † 8Md ) exhaust helium fuel in the
cores, the stars enter a new evolutionary stage in which they have the same brightness
but lower temperatures than the red giants in the earlier stages. The evolutionary stage
named the ”asymptotic giant branch” (AGB) lasts for a period of time shorter than one
million of years before the stars expel their whole envelopes, and become white dwarfs. An
AGB star consists of a degenerate core of carbon and oxygen, and surrounding helium
and hydrogen burning shells. The released energy makes them appear as cool (with
surface or e↵ective temperature T : 2000-3000 K), luminous (typical luminosity L: 20000
-50000Ld ) stars with stellar radii as large as one astronomical unit. On the early AGB,
the helium burning shell is the dominant energy source and the star evolves relatively
stably. When the helium is depleted, for the first time, in the burning shell, AGB stars
are in the thermally pulsating phase. The hydrogen burning shell is the main energy
source and produces more helium. When enough helium has been produced, helium shell
can be reignited in an explosive flash. The two burning shells are alternating as the main
energy source with a period of several thousands of years. The release of extra energy
results in the mixing of newly synthesized elements to layers closer to the surface. The
chemical products are then pushed out into the interstellar medium via the AGB wind.
Therefore, AGB stars play an important role in material enrichment of the universe.

1.1

The structure of AGB stars

The AGB star generally consists of a compact core due to the gravitation and an expanding envelope where the high radiation pressure is dominant at large radii. The physical
processes and chemical evolution in the stage makes AGB phase unique in stellar evolution. The structure can be detailed in the following components.
• The degenerate C-O core produced by triple-alpha and 12 C(↵, )16 O reactions. The
core mass can be slightly increased by the new ashes from the outer burning shells.
The products are also transferred to the surface that prevents the core mass to
increase too much.
1
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Figure 1.1: Sketch of an AGB star structure with scale for radius and mass
• He- and H-burning shells are simultaneously activated in the early AGB phase.
The burning shells are separated by a radiative intershell which mainly consists
of He and H. The He-burning shell will be extinguished when it runs out of He
fuel. However, He accumulated from H burning can be regularly reignited for a
couple hundreds of years with a period of few thousands of years. The phenomena
is also called the He-shell flash. The enormous amounts of released energy makes
the H-shell burning cease and the radiative intershell becomes partly convective.
The convection brings He-burning products to the surface and results, e.g., in the
apparent change of carbon-to-oxygen relative abundances. This is known as the
third dredge-up in the thermally pulsing phase.
• The convective envelope and the stellar atmosphere. The products of the He-burning
shell will characterize the observed spectra. It is a result of chemical reactions in the
inner parts and the third dredge-up. In massive AGB star, the temperature can be
high enough to onset further nuclear reactions (hot bottom burning) at the bottom
of the convective envelope. The outer layers are cool enough to favor molecular
formation. The short-term (period of about one year) pulsations of the atmosphere
drive shock waves and dust grain formation will occur at high attitudes.
• The circumstellar envelope (CSE). Dust and gas are accelerated and eventually
reach a terminal velocity at radial distances of several dozens of astronomical unit.
The typical wind velocity is less than 30 km s´1 . The molecular composition of the
gas and dust is dependent on the C/O ratio. New molecules can be formed from
the parent molecules that are produced in the inner atmosphere and transported to
the outer envelope. The photochemical processes also enrich the gas with a number

1.2. Chemical synthesis on the AGB

3

of molecular species, and causes the di↵erences in spatial distributions. The CSE
can expands to a distance of about 1 pc where the gas merges with the interstellar
medium.

1.2
1.2.1

Chemical synthesis on the AGB
E↵ects of third dredge-up

The C/O abundance ratio in the envelopes of AGB stars at the beginning of the thermal
pulse phase is below unity as it is in the whole universe. The situation is totally di↵erent in
the intershell zone (located between the He- and H-burning shells). It is composed mostly
of He, and 12 C previously produced through triple-alpha reactions. The 12 C abundance
is about 10 times higher than that of O ([Herwig, 2005]). As already mentioned, the
intershell will become partially convective after the He-shell flash starting in intermediatemass AGB stars. When the energy from the flash is transported out from the core, the
outer envelope can move inwards and reach the position of the intershell convective zone.
12
C is dredged-up to the surface and this makes the C/O-ratio increase after each thermal
pulse. The spectra consequently changes over time from M-type (oxygen-rich) to S-type
(C/O»1), and end up as C-type (carbon-rich) when the C/O ratio exceeds unity [Iben Jr
& Renzini, 1983]. The observed carbon-rich stars indicates the important implications of
the third dredge-up.
Observational detection and theoretical prediction from nucleosynthesis models have
confirmed the presence of slow neutron-capture (s-process) products in AGB stars, e.g.
Tc, Rb, Zr, and nuclei heavier than iron. S-process nucleosynthesis requires a neutron
source. The neutron source can be either the suggested 13 C pocket (13 C(↵,n)16 O) with
a low required temperature and (T » 107 K) and a low neutron density (n » 107 cm´3 )
in intermediate-mass stars, or 22 Ne(↵,n)25 Mg (with T » 3.108 K; n » 1010 cm´3 ) in
more massive AGB stars. In the former case, protons in the H-rich envelope moving
inwards will be mixed with 12 C-rich intershell convective zone after a thermal pulse to
start a chain of reactions 12 C(p, )13 N( ` , )13 C(↵,n)16 O. This means an assumption of
a low proton density so that 13 C does not perform a further proton-capture to produce
14
N in a CN cycle. In the later case, the 22 Ne formation is due to the alpha-capture
by 14 N via a chain of 14N(↵, )18F( ` , ) 18 O(↵, )22 Ne. Because the Rb/Zr abundance
ratio is sensitive to the neutron density [Garcı́a-Hernández et al., 2013], it is useful to
discriminate the operations for the two sources in AGB stars.

1.2.2

Hot bottom burning

The bottom of the convective envelopes in massive AGB stars (M ° 4Md ) can reach a
temperature high enough to onset nuclear reactions [Iben Jr, 1973]. The process is named
hot bottom burning (HBB) and occurs during the quiescence of the thermal pulse. The
largest consequence of the phenomena is the large Li production and a change of the massluminosity relation. The required temperature of HBB is about 108 K depending on the
metallicity. In the chain of reactions, 3 He(↵, )7 Be( ´ ,⌫)7 Li(p, ↵)4 He, 7 Be is formed at
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the bottom and carried to outer layers by mixing, which will produce 7 Li through electroncapture reaction. Then 7 Li is mixed downwards and destroyed by proton-capture.
HBB also a↵ects on the 12 C/13 C abundance ratio. The previously dredged-up 12 C in
the convective envelope is converted into 13 C, then 14 N via the CNO cycle. This results
in a rapid decrease of 12 C/13 C which will end up at an equilibrium value of 3 to 4. The
situation is similar for the 18 O/16 O abundance ratio. HBB almost completely destroys
18
O which makes the 18 O/16 O ratio become smaller than 10´16 . HBB preserves the typical
value of the 17 O/16 O ratio at about 10´1 -10´3 . Therefore, measurements of the 12 C/13 C
and 18 O/16 O abundance ratios are useful to diagnose if HBB occurs in AGB stars.
In summary, the important e↵ect of HBB is that it prevents oxygen-rich stars (M-type
stars) to become carbon-rich stars (C-type star) by converting the previously dredged-up
12
C to 14 N. The evolution of a star during the AGB stage is not only depends on the
metallicity but also on its mass. Stars with mass larger than 4Md are expected to become
nitrogen-rich star. Whereas the stars within the masses range close to but smaller than
4Md will become carbon stars.

1.3

Chemistry in the AGB envelopes

AGB stars make a major contribution of dust and gas to the interstellar medium after blowing away their envelopes at the end of their evolution. There are more than
70 di↵erent molecules detected in the envelopes of AGB stars. A large fraction of the
molecules has been found in the CSE of a nearby AGB star: IRC +10216. The chemical
processes are dependent on the initial element abundances, the physical conditions in
di↵erent regions, and on the radiation field.

1.3.1

Equilibrium chemistry

Observations show that di↵erent molecular lines, such as TiO, H2 O in M stars, C2 , CN,
HCN and C2 H2 in C stars, and YO, LaO and ZrO in S stars (C/O»1), are dominant in
the atmospheric spectra of AGB stars. The high temperature (» 2500 K) and density
(» 1014 cm´3 ) at some inner layers of the convective envelope fulfills the conditions for
local thermal equilibrium (LTE). LTE models (e.g., [Tsuji, 1973] ) can be employed to
estimate the molecular abundances. In LTE chemistry, molecules with higher dissociation
energy are preferentially formed. The molecular chemistry in this region is essentially
dependent on the C/O ratio. In carbon-rich stars (C/O°1), all O atoms are bonded
in CO and the extra C atoms lead to the formation of C-bearing molecules, e.g., HCN,
CS, C2 H2 , CN, etc., whereas all C atoms are bonded in CO and the extra O atoms
lead to formation of O-bearing molecules, e.g., H2 O, OH, SiO, etc., in oxygen-rich stars
(C/O†1). The molecular abundances are not only dependent on the O and C abundances
but also a↵ected by the abundance di↵erence of the two elements nO -nC . This results
in a difficulty to accurately measure the atomic abundances. All species formed in the
atmosphere will move outwards via pulsation and radiation pressure and they may act
as parent molecules for chemical reactions further out.
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E↵ect of pulsation driven shocks

• Dust formation
The typical features (at 11.3 µm) of silicon carbide in the spectral energy distribution
(SED) of C stars and the features (at 9.7 µm and 18 µm) of silicates in some SEDs of M
stars is evidence for the presence of dust grains in AGB stars. Dust-driven wind models
(e.g.,[Höfner, 2008]) explaining the high mass-loss rates in AGB stars rely on a dust formation zone located within a radius of about 10 stellar radii. In M-type stars, scattering
on large grains (with a radius of the order of 0.3 µm and larger) has to be invoked in the
wind models to reproduce the observed wind properties (e.g. [Ramstedt et al., 2009]).
The presence of these types of grains in the wind formation zone has also been confirmed
observationally [Norris et al., 2012]. The theory of dust grain formation is based on a twostep process of (1) the formation of homogeneous or heterogeneous nucleation (clusters)
and (2) the growth of the clusters to form macroscopic grains through deposition of atoms
and molecules. The theoretical models have to deal with a complex problem involving
the treatment of chemistry (nucleation, and gas phase, radical and photo-chemistry reactions), cluster physics, thermodynamics, radiation-matter interactions and non-linear
dynamics.
In the AGB star envelope, pulsation driven shocks heat up and compress the gas. This
results in high collisional rates which facilitates nucleation in the cooling post-shock gas.
After experiencing a couple of shock heating and cooling cycles, the nucleii can grow to
form dust grains. The dust condensation is strongly dependent on the shock structure and
the dynamical time scale. The final grain size is controlled by accretion and evaporation.
In C-type stars, carbonaceous grains are build up as the results of either coagulation
of polycyclic aromatic hydrocarbons (PAHs) where the ring molecules can be associated
in dimers ([Cau, 2002]), or the accretion of acetylene, C2 H2 , molecules. When the first
ring, phenyl, C6 H5 , in formed in post-shock gas, the larger PAHs can grow through an
C2 H2 (una↵ected by the shock) addition and H abstraction. In M-type stars, silicates
and oxides, such as alumina, Al2 O3 , and titanate [Plane, 2013], are initially important
material for dust formation. Moreover, some other clusters such as enstatite, MgSiO3 ,
and forsterite, Mg2 SiO4 , grown through the combination of oxygen and magnesium also
play a important roles in the dust formation in M-type stars.
• Shock induced chemistry .
At the region of the pulsation driven shocks, the envelope chemistry departs from
the local thermal equilibrium (LTE). Non-LTE chemistry will take place in the shocked
region as the material is transported further out in the envelope. There are a number of
observed species that are not produced in the inner regions, that can be used to probe the
implications of the shock passages. The detection of an anomalous abundance of H2 O in
the C-type star IRC + 10216 is one example. In addition, molecular abundances are very
di↵erent from the values inferred in LTE. For instance, in M-type stars, HCN, CS and
CO2 are found with several orders of magnitude higher values than in LTE [Duari et al.,
1999, Schöier et al., 2013]. In S-type stars, HNC is also enhanced[Debiprosad Duari,
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2000], while periodic shocks destroy HCN, S and enhance SiO formation in C-type stars
[Willacy & Cherchne↵, 1998]. An explanation for the phenomena is that CO is destroyed
by the pulsation driven shocks. The CO destruction creates free oxygen and carbon
atoms that lead to the formation of O-bearing molecules in carbon-rich envelopes and
C-bearing molecules in oxygen-rich envelopes.

1.3.3

Photo-chemistry in the circumstellar envelope

Dust and gas can escape from the weak gravitation of the central star and create a
chemically rich CSE. The gas molecules can be photodissociated by high energy UV
photons penetrating the outer CSE. Radicals from the destruction play an important role
in chemical processes which enhance the variety of molecules in the envelopes. Since AGB
stars are cool, the UV photons involved in the photo-chemistry are from external sources
(ISM) rather than from the central stars. The radial distance, where the photochemistry
becomes important, is dependent on the mass-loss rate and the expansion velocity, i.e.,
on the density. The largest radial distances of di↵erent molecular species are di↵erent
depending on their dissociation properties. H2 has a high capacity for self-shielding and
is just dissociated at the very outer edges. CO is both self-shielding and shielded by H2 ,
as well as by the dust, but will be dissociated at smaller radii than H2 due to it’s lower
abundance.
A key parent molecules in C-type stars is acetylene whose products from photodissociation and ionization are very reactive. The radicals and the ions are essential to
produce hydrocarbon species and cyanopolyne species, HCn N . Sub-millimeter observations show the di↵erent spatial distribution of di↵erent molecular species. The positions,
where the peak abundances occur, may be at the radius of rapid destruction of the parent molecules. Dinh-V-Trung et al. (2008) have observed the ring-like distribution of a
number of molecules in the carbon-rich star IRC + 10216. In M-type stars, the main
parent molecule contributing to the chemistry of the CSEs is H2 O. Whereas the neutralneutral reactions are important in the carbon-rich envelopes and the diatomic oxides are
significantly produced in the envelopes.

Chapter 2
Radio interferometer and aperture
synthesis
The Earth’s atmosphere is highly transparent at radio frequencies. This makes groundbased observations e↵ective. The radio window extends from 14 MHz to 1.5 THz. The
low-frequency cut-o↵ is due to the ionosphere transparency, while at high frequencies
it is limited at frequencies of the lowest rotational bands of the tropospheric molecules
(H2 O, O2 , N2 , and CO2 ). With the biggest radio telescopes (about a hundred meters
in diameter) to date, the best angular resolution limited by the di↵raction, „ {D, is
approximately at the order of one arcsec. It is not comparable to the resolution of current
telescopes operating at visual wavelengths. Owing to material limits, it is impossible to
continually increase the telescope diameter, D, in order to reach the desired resolution
at a certain wavelength, . The problem can be overcomed by coherently combining the
signal received from several small telescopes separated by an equivalent distance D. The
concept of radio interferometry and the aperture synthesis method will be presented in
the following sections.

2.1
2.1.1

The two-element radio interferometer and synthesis imaging
Basics of radio interferometry

Assuming two points P2 and P1 in a monochromatic electromagnetic wave field, the points
have a certain phase di↵erence. If the intensity at one point (P2 ) can be determined
from the other point (P1 ), the wave field is fully coherent. Alternatively, if there is no
connection between the field at the two points, the field is incoherent. The partially
coherent field is a wave fields intermediate between the two cases. The mutual coherence
function between two points P2 and P1 is a time-averaged cross-correlation between the
wave field at the points.
7
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Figure 2.1: Illustrating the Cittert-Zernike Theorem. An extended wave source is on the
source plane (X,Y), two antennas (P1 and P2 ) are on the observation plane (x,y). A
source element is indicated by the direction cosines ⇠ and ⌘, and at distances s1 and s2
to the antennas.

1
pP1 , P2 , ⌧ q “ lim
T Ñ´8 2T

ªT

´T

U pP1 , tqU ˚ pP2 , t ` ⌧ qdt “ xU pP1 , tqU ˚ pP2 , t ` ⌧ qy ,

(2.1)

where ⌧ “ s{c is the time delay between the points. U1 ptq and U2 pt´⌧ q are the wave field
at the points. Considering an incoherent wave field from an extended source in the plane
(X,Y), namely the source plane (Figure 2.1), illuminates an two points (two antennas)
P2 and P1 in the plane (x,y), namely the observation plane. The relation between the
mutual coherence of the two points and the source brightness density distribution can be
described via the van Cittert-Zernike Theorem,
º
Ipl, mqe´2⇡ipu⇠`v⌘q d⇠d⌘,
(2.2)
12 pu, vq “
where u “ px1 ´x2 q{ and v “ py1 ´y2 q{ are the x- and y-distance in units of wavelength
between the two points, ⇠ and ⌘ is the direction cosines in the source plane, and I is
the intensity of the source. The equation specifies that the coherence function, which
is also called the visibility, is a Fourier transform of the intensity distribution of the
source. In principle, the intensity distribution can be deduced by taking the inverse
Fourier transform of the measured visibility. An extensive version of the equation 2.2 in
3-dimensions is introduced by adding a Z- and a z-axis perpendicular to the planes. The
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relation is now written as,
12 pu, vq

“

º

Ipl, mqe´2⇡ipu⇠`v⌘q
a
d⇠d⌘.
1 ´ ⇠ 2 ´ ⌘2

(2.3)

In the equation, it is assumed that the z-axis is directed to the source center and the
source has a small angular size. A series of mosaic measurements can be taken in case of
an extended source.

2.1.2

Two-element radio interferometer

The simplest interferometer consists of two antennas that are separated by a distance
called the baseline B (Fig. 2.2). The antennas simultaneously receives a signal from an
object on the sky, along the direction s. The antennas transform the electromagnetic
wave to voltages. The voltages will go through two amplifiers. The amplified outputs, U1
and U2 , then go into the correlator where they are multiplied and averaged to generate
the coherence function,
ª
1 T
(2.4)
pP1 , P2 , ⌧ q “ lim
U1 ptqU2 pt ´ ⌧ qdt
T Ñ8 2T 0
where ⌧ “ pB.sq{c is the time delay between the antennas. Inserting the voltage signals
after the amplifiers into the equation, gives
ªT
pP1 , P2 , ⌧ q “
U0 cos p2⇡⌫tq U0 cos p2⇡⌫ pt ´ ⌧ qq dt
0
(2.5)
"ª T
*
ªT
1 U02
“ lim
cos p2⇡⌫⌧ q dt `
cos p4⇡⌫t ´ 4⇡⌫⌧ q dt .
T Ñ´8 T 2
0
0
If the integration time is much longer than the electromagnetic wave period, the second
term on the right hand side will be zero. Equation 2.5 can then be written as,
pP1 , P2 , ⌧ q v U02 cos p2⇡⌫⌧ q .

(2.6)

Since the Earth is spinning, the time delay, ⌧ , varies with time. The coherence function
is a cosine function of the time delay. The antenna receivers have a certain bandwidth
d⌫ and that the source is extended over a solid angle ⌦. The geometrical center of the
source is at direction s0 and the source element position can be given by s “ s0 ` .
The brightness density distribution I⌫ p q of the source is dependent on the direction s.
The two antennas have the same e↵ective collecting area Ap q. The power received per
unit solid angle d⌦ per band width d⌫ is given by Ap q I⌫ p q d d⌫. Applying Equation
2.6, the coherence pattern is then given in exponential form as
º
2⇡⌫
pP1 , P2 , ⌧ q “
Ap q I⌫ p q ei c B.ps0 ` q d , d⌫
⌦

“e

i 2⇡⌫
B.s0
c

d⌫

º
⌦

Ap q I⌫ p q e

i 2⇡⌫
B.
c

(2.7)

d
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Figure 2.2: Sketching a two-element radio interferometer.

2.2. Calibrations

11

The term outside the integral determines the phase of the coherence at the center of the
source. Equation 2.7 is integrated over the source, however Apsq will be zero everywhere
outside the main beam of the antenna so the integral is only calculated over the beam
area. Equation 2.7 is similar to the van Cittert-Zernike theorem (2.2) with the addition
that the visibility is also dependent on Apsq of the antennas themselves. The left hand
side of the equation gives the visibility which can be written as
º
2⇡⌫
V pBq “
Ap q I⌫ p q ei c B. d .
(2.8)
⌦

Recall the aforementioned coordinates, the observational coordinates, (u,
a v, w), has u
and v pointing east and north, respectively; the source coordinates (⇠, ⌘, 1 ´ ⇠ 2 ´ ⌘ 2 )
has three components that are direction cosines with respect to u, v, and w. The visibility
is now given by
º
´
¯
?
d⇠ d⌘
i2⇡ u⇠`v⌘`w 1´⇠ 2 ´⌘ 2
a
V pu, v, wq “
Ap⇠, ⌘q Ip⇠, ⌘q e
.
(2.9)
1 ´ ⇠ 2 ´ ⌘2
⌦

Assuming the distant source is distributed in a small region on the sky so that the square
root in this equation becomes unity, and the equation above is then a 2-dimension Fourier
transform
º
i2⇡w
V pu, v, wq “ e
Ap⇠, ⌘q Ip⇠, ⌘q ei2⇡pu⇠`v⌘q d⇠ d⌘,
(2.10)
⌦

or, equivalently
V pu, v, 0q “ V pu, v, wqe

´i2⇡w

“

º

Ap⇠, ⌘q Ip⇠, ⌘q ei2⇡pu⇠`v⌘q d⇠ d⌘.

(2.11)

⌦

The brightness distribution coupled to the primary beam shape, ⌦Ap⇠, ⌘q Ip⇠, ⌘q, can be
extracted by performing the inverse Fourier transform. Eventually, the real intensity
Ip⇠, ⌘q is corrected for the beam pattern. In order to reconstruct a high fidelity image
of the sky brightness distribution, an infinite numbers of visibility measurements are
required with di↵erent values of u and v, or di↵erent baselines. This is impossible in
reality. Modern radio observatories consist of arrays of antennas that sample the visibility
function at many discrete positions in the u ´ v plane. The signal from each pair of
antennas will be correlated and averaged as described above. Owing to the Earth’s
rotation, the longer duration of an observation, the higher number of points in u ´ v
plane will be measured.

2.2

Calibrations

The measured visibility, Vr , actually di↵ers from the true visibility, V , because of the
e↵ects of the instruments and the Earth atmosphere. The non-ideal atmosphere causes
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extinction and refraction of the emission. The telescope is characterized by, e.g., surface
accuracy, noise, gain stability. Therefore the measured visibility must be corrected before
imaging and analysis. Thanks to linear devices, the calibration formula specifies the linear
relation between the measured and observed visibilities,
Vrij ptq “ Gij ptqVij ptq ` ⇠ij ptq ` ⌘ij ptq,

(2.12)

where Gij ptq is the baseline-based complex gain of the antenna pair (i, j); ⇠ij ptq is the
baseline-based complex o↵set; and ⌘ij ptq is the stochastic complex noise. The o↵set term
is in general negligible. The noise can be decreased by observing a no emission sky region
for a long integration. If one observes an object (calibrator) which has a known brightness
density distribution and the visibilities related to the true structure is subtracted from
the observed visibilities, the residual visibilities will represent the two o↵set components
that can finally be subtracted from the observed visibilities of the target.
Calibration is a process that determines the complex gain and then extracts true
visibilities from observed visibilities. It can be done by using either calibrator sources
that are not significantly variable and have known information such as spectrum and
positions, or by using the source being observed (self-calibration) in the case that the
source has a strong enough signal. Since the complex gain is direction-dependent, the
calibrator should be close to the source being observed. Otherwise several calibrators
surrounding the source should be observed to make the direction-dependence becomes
less important. The complex gain is also time-varying. If the calibrator and the source
are not observed simultaneously in a single field-of-view, the observation is switched in
the sequence: calibrator-source-calibrator.
The baseline-based complex gain is simply determined according to Equation 2.12,
when the calibrator, which has known visibilities, is observed. On the other hand, the
antenna-based complex gain is convenient for some reasons: most variations caused by the
antenna before the signals enter the correlator; in an array of N antennas, having N(N1)/2 baselines, baseline-based calibration requires more space for storing the parameters
than antenna-based calibration; and antenna-based calibration can be done even though
there is no full set of the baseline data. The baseline-based complex gain can be factored
as,
Gij ptq “ gi ptqgj˚ ptqgij ptq,
(2.13)
where gi ptq and gj ptq are the antenna-based complex gain of antenna i and j, and gij ptq
is the residual baseline-base complex gain, commonly called closure error which is about
unity. Assuming that a point-like calibrator with the true visibilities, Vij “ Aij ei'ij is
rij ei'rij . The calibrator is unresolved
observed resulting in the measured visibilities, Vrij “ A
and has the flux density S which is reasonable when considering Aij “ S and 'ij =0.
Applying Equation 2.13 for the amplitudes and phases of the visibilities, they can be
written as,
Aij ptq “ ai ptqa˚j ptqaij ptq, and

ij ptq

“

i ptq

´

˚
j ptq

`

ij ptq,

(2.14)

where aij ptq and ij ptq are the closure phase and the closure amplitude, respectively.
Inserting the visibilities into Equation 2.12 with the assumption that the o↵set terms
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had been removed, the shortened calibration formula is given by,
rij “ ai ptqa˚ ptqaij ptqS, and '
A
rij ptq “
j

i ptq

´

˚
j ptq

`

ij ptq.

(2.15)

The equations can be solved in principle, and the antenna-based amplitude gain ai and
the antenna-based phase i can be calculated for every antenna.
The whole process of calibration consists of the following steps. First, the initial
calibration is done to correct for antenna pointing, delays and positions. This must be
done before the target observation is carried out. After that the bandpass calibration is
done to correct for the frequency-dependence of the antenna gain. Then the antenna-base
gain for amplitude and phases of the visibilities are calculated using the calibrators. The
derived parameters are stored in gain tables and finally applied to the observed visibilities
of the target source.

2.3

The multiple-array observation

In the aperture synthesis method, the longest baseline of an interferometer determines
the spatial resolution of an observation. In practice, the antenna configuration is selected
depending on the structure of the objects being observed. A long baseline array provides
the power to resolve compact objects, while a short baseline array gives a good sensitivity
when imaging a extended object. The Atacama Large Millimeter/submillimeter Array
(ALMA) consists of a very large (baselines up to 16 km) array of 12-m antennas. ALMA
also has a compact (maximum baseline of 150 m) array, the Atacama Compact Array
(ACA), which is a system of twelve 7-meter antennas and four 12-meter antennas. Figure
2.3 illustrates the di↵erent responses of di↵erent arrays to the sky brightness distributions.
In the case of closely-packed point-like sources (Figure 2.3a) the compact array with
low spatial resolution is ine↵ective in resolving the sources. On the other hand, the
compact array can recover the flux from the spatially extended source which is missing
in the observation with the extended array (Figure 2.3b). The extended array is efficient
when observing the points sources (Figure 2.3a). Combining the data observed with the
multiple arrays will give high fidelity to the final image. This is also demonstrated in
Figure 2.3c with case of an extended source distributed in smaller brightness sources.
The image from the compact array has some negative intensity regions resulting from the
missing short-spacing data that can be remedied in the final image by adding data from
observations with a more extend array.
The field-of-view of an interferometer is defined as the primary beam of a single antenna in the array. If a source is distributed across a region larger than the primary beam,
the mosaic method can be employed. The adjacent regions are alternately observed. The
distance between two close pointings is about 1/2 the primary beam.
The u-v coverage of an interferometer is always incomplete. An insufficient u-v coverage can cause artificial features when imaging. In practice, there is always a hole at
the centre of the u-v plane. The diameter of this incomplete part depends on the size
of the shortest baseline. The short-spacing problem is due to the lack of information
at the low spatial frequencies of the u-v coverage. One can eliminate the missing flux
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a.

b.

a.
c.
Figure 2.3: Simulated images showing the response of di↵erent ALMA arrays to the
models of the sky brightness distribution (left): extended array (middle) and compact
array (right). The models are point sources (a), or a spatially extended source (b), or a
spatially extended source distributed in smaller bright spots (c). The images are edited
from the original version at https://casaguides.nrao.edu.
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density issue when observing an extended source if high-spatial-resolution interferometric
observations (for imaging small scale structures) are combined with a total-power (for the
largest structures and total flux recovery) observation using a single dish telescope. The
diameter of the telescope is usually larger than the smallest distance between antennas
in the array.
The Common Astronomy Software Applications (CASA) package is developed to primarily support the data post-processing needed for radio astronomical interferometry,
i.e., ALMA and VLA. CASA can deal with standard data reduction, combining the data
observed with di↵erent arrays, and combining single-dish data with interferometer data.
The entire, general procedure for data reduction is demonstrated in Figure 2.4. The
data must be correctly weighted before combining. The date is joined during imaging.
Normally, visibility weights are inversely proportional to the square of the rms noise, ij2 ,
of the visibilities. The rms noise is given by,
d
2k
Tsys,i Tsys,j
(2.16)
ˆ 1026 ,
ij “
⌘q ⌘c Aef f
2 ⌫tij
where k is Boltzmann’s constant; ⌘q and ⌘c are the quantization and correlator efficiencies;
Aef f is the e↵ective antenna area; and Tsys is the system temperature of the antennas;
⌫ is bandwidth; and tij is the integration time. Owing to the di↵erent Aef f , Tsys , and
⌘q and ⌘c , individual array have di↵erent weights and sensitivity. In order to match the
sensitivity when combining the data, the individual array observations must be performed
for a reasonable durations. Otherwise, the weight must be changed manually, however this
will a↵ect the sensitivity. The method for combining data recorded with interferometric
arrays and data from single dish is shown Figure 2.4. The interferometer data is first
calibrated and then combined using reasonable weights. The weights depend on the onsource time, the properties of a system, and the goals of the investigation. One would
give a high weight to the extended array data if the detailed structure of the strong,
extended source is the main goal of the observation. In case of a low signal to noise
ratio, the compact array should be given higher weights. The calibrated data of a single
dish (total power) observation is used to generate visibilities that have the maximum
baseline equal to the telescope beam and are distributed by a Gaussian taper. The array
combined visibilities is eventually joined with the total power visibilities for imaging and
deconvolution. The weights of the visibilities must be carefully set in the combination
step.

2.4

The ⇡ 1 Gruis observations using ALMA

⇡ 1 Gruis was observed with both the ALMA compact array, ACA, and the main arrays.
The ALMA total power (TP) observation was also taken to complement the interferometric data. Table 2.1 shortly summarizes the observations. The u-v coverages and mosaic
pointings of the interferometric observations are given in Figure 2.5 and 2.6, respectively.
The primary beam of the 7-m antenna of the ACA array is larger than that of the 12-m
antenna so the number of ACA mosaic pointings is fewer than that of the main array to
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Main array

Compact array

Total power (TP)

Standard Data
reduction

Data cube
Standard Data
reduction

Standard Data
reduction
Deconvolution
with TP beam

Weighting

Weighting
Generate Gaussian
UV distribution

Combine Main&Compact
visibilities

Apply Virtual
primary beam

TP visibilities

Weighting

Weighting
Joined data for analysis

Figure 2.4: A sketch of the method used to combine data from the interferometric arrays
and the single dish observation.
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Figure 2.5: u-v coverage of the ALMA observations: the ACA data in red and the main
array data in blue.
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Figure 2.6: The mosaic positions the ACA observation (left) and the main array observations (right).

Figure 2.7: The weights vary with the distance from the reference antenna in ALMA-ACA
(left) and the main array observations (right).
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cover an similar sky area. The interferometric observations were performed using four
spectral windows with a width of 2 GHz each, centered on 331, 333, 343, and 345 GHz.
The observations cover both the 12 CO and 13 CO J=3-2 line emission.
Table 2.1: Summary of the ALMA observations used in this study
Array
Date
On-time source Nant Baseline
[min]
[m]
ALMA-ACA 08-Oct-13
23.7
7
11-49
ALMA 12-m 25-Mar-14
7.06
31
15-438
09-Apr-15
7.06
41
15-348
ALMA-TP 02-May-15
67.1
3
The observational data of individual dates was stored in measurement sets that include
both the calibrators and ⇡ 1 Gruis data. The data reduction is done using CASA. In
general, the errors caused by the system first needs to be flagged in the delivered data.
The flux calibrators are then set with a model. After that the bandpass calibration is
done to correct for the frequency-dependence of the receivers. Eventually the antennabased gain calibration is taken and applied to the whole measurement set. The TP data
was calibrated as a standard single-dish observation.
The calibrated, interferometric data observed with the arrays is combined before it
is jointed with the TP data. All the data must first be checked and adjusted, if needed,
for pointing positions to verify that the observations have the same center phase. Then
the combining procedure follows the aforementioned chart in Figure 2.4. In order to
combine the interferometric data, the data must be manually weighted by reasonable
factors. Due to the expense of the telescope-time, the on-source time of the two arrays
does not have optimal proportions for combining. The data weights were plotted with
the uv -distance, which is the distance calculated from the reference antenna to the most
distant antenna. The ACA data is clearly much more sensitive than the main array data.
Considering the same spectral set-up, in accordance with Equation 2.16 the di↵erence is
due to the integration time, the on-source time, and the antenna properties. Ideally, the
ratio between ACA (7-m) array and the main (12-m) array weights are expected to be
0.18, approximately. The new weights of the combined, interferometric data is plotted in
Figure 2.8.
The TP data can be combined with the interferometric data in two di↵erent ways.
The first, simple way use Fourier transforms to combine the TP image cube with that of
the interferometric arrays. The two image cubes will be converted to the visibility plane,
the visibilities combined, and then reconverted into a combined image cube. The second
way is done by using the TP2Vis task in CASA. TP2Vis will generate the visibilities
assuming a Gaussian distribution of the u-v coverage. The TP visibilities are then joined
with the interferometric, combined visibilities with a reasonable weights. The TP data
of ⇡ 1 Gruis is down-weighted by a factor of 10´4 which gives a good trade-o↵ between
resolution and signal-to-noise ratio in the final image cube.
The final visibilities were imaged and deconvolved using the CLEAN package, in
CASA, in an iterative procedure with a decreasing threshold parameter. A dirty image
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Figure 2.8: The weights of the combined, interferometric data. The black dots represent
the data from the ACA array, and the rest is from the main array.
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8 km/s

8 km/s

Figure 2.9: The images at the same velocity (frequency) from the di↵erent data: ACA
data (left), the combined ACA + main array data (middle), and the combined ACA +
main array + TP data (right). The synthesized beam is shown in the lower left corner.
The spiral structure is not resolved in the ACA image, while the ACA + main array
image shows some negative regions. The ACA + main array + TP data can resolve the
small scale structure and recover the total flux density.
is initially made to estimate the peak intensity. Then a new mask regions for the new
cycle will be chosen from the residual. The mask regions is where the pixel intensity
is higher than 1/2 of the peak in the last cycle. The threshold for stopping CLEAN is
also 1/2 of the peak found in the last residual. This ensures that we avoid strong noise
peaks. The loop will end when the peak is a few times the expected rms noise. Figure 2.9
demonstrates the improvement seen at the same channel image of the di↵erent combining
levels. The ACA + main array + TP image resolves structure that could not be seen
in the ACA image, and remove some negative-intensity regions seen in the ACA + main
array image.

Chapter 3
Radiative transfer equation and the
LVG approximation
3.1

Radiative transfer equations

When propagating through a medium, radiation can be absorbed, or emitted, or scattered
when interacting with molecules and atoms. The specific intensity I changing along a
path of ds is described by an equation of the absorption term k I ds, and emission term
j ds,
dI “ ´k I ds ` j ds,
(3.1)
where k is the absorption coefficient and j is the emissivity or emission coefficient.
Introducing the optical depth, d⌧ = - k ds, and the source function, S “ j {k , the
radiative transfer equation can be written as
dI
“I ´S .
d⌧

(3.2)

If the kinetic temperature, and the number density is high enough, local thermal equilibrium (LTE) is fulfilled. According to Kirchho↵’s law, the source function is now the
Plank function, B pT q which only depends on the temperature,
S “ B pT q “

2h 3
1
,
2
h
{kT
c e
´1

(3.3)

where h is the Plank constant, and h is the Boltzmann constant. The radiative transfer
equation will have a simple solution,
I psq “ I p0qe´⌧

psq

`
` B pT q 1 ´ e´⌧

psq

˘

.

(3.4)

LTE is not justified in the case of the CSEs of AGB stars. This makes the equation
more complicated. Considering the emission from a molecular line transition with the
upper level u, the lower level l, and the energy di↵erence between two levels h 0 “ Eu ´El ,
22
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the emission and absorption coefficient are calculated from the Einstein coefficients, Aul
for spontaneous transition, and Bul and Blu for stimulated transition as follows
j “

h
nu Aul p q,
4⇡

(3.5)

h
pnl Blu ´ nu Bul q p q ,
(3.6)
4⇡
where p q is the normalized line profile, and assumed to be identical for absorption and
emission. nu,l are the level populations or the number density of gas in the corresponding
states. The three Einstein coefficients can be calculated from each other by using the
equations of detailed balance,
k “

gl Blu
Aul
2h 3
“ 1, and
“ 20,
gu Bul
Bul
c

(3.7)

where gu,l is the statistical weight of the states. Inserting Eq. (3.5), (3.6), and (3.7) into
the source function we get
ˆ
˙´1
2h 03 gu nl
S “ 2
´1
.
(3.8)
c
g l nu

When the gas density is high enough, gas can be (de-)excited through collisions with
other gas molecules. The collisional rates Cul , Clu depend on the kinetic temperature.
The collisional rates between two states follows the equation of detailed balance as the
Einstein coefficients,
h
gl Clu
´ 0
“ e kTk .
(3.9)
gu Cul
Therefore, the gas excitation, and de-excitation is a combined e↵ect of the radiation field
and collisions (i.e., temperature and density). The change of the level populations for
every state follows statistical equilibrium. It states that the rates of de-excitation out of
one state must be equal to the rates of excitation which re-populates the same state from
other levels.
`
˘
`
˘
nu Aul ` Bul U ` Cul “ nl Blu U ` Clu ,
(3.10)
≥
where U “ K ps ´ s’q Sps’qds’ is the average radiation field at the frequency corresponding to the transition. The mathematical function, K ps ´ s’q, depends on the geometry
and the physical properties of the medium and S is the source function.
The radiative transfer equation (Eq. 3.2) can be solved if the source function S is
known. However, the source function depends on the level populations (Eq. 3.8) which
in turn are determined by the radiation field and the collisional probability (Eq. 3.10).
The coupling between Eq. (3.2) and (3.10) makes it necessary to solve them iteratively.
In practice, in order to solve the radiative transfer from a certain transition, we have to
take into account a large number of states. On the other hand, a molecule which emits
or absorbs photons can interact radiatively with every other molecule in the whole CSE.
The average radiation field in the statistical equilibrium equation must be calculated by
integrating through the entire CSE in which the medium properties ( e.g., the gas density,
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Figure 3.1: Sketch of the interaction length in the LVG approximation
temperature, and velocity) have complex distributions. These calculations are extremely
complicated. However, in some cases where the radiation interaction length is small, the
problem can be treated locally by invoking certain approximations.

3.2

The large velocity gradient approximation

The large velocity gradient (LVG) approximation can be used for the CSEs of AGB stars
where the line-of-sight velocity in every direction will change more than the thermal line
width over a short distance. Figure 3.1 illustrates two close points, M1 and M1 in an
expanding CSE with a constant velocity v. The di↵erence between the line-of-sight gas
1
1
velocities at the two points is v “ v2 ´ v1 “ vpcos'2 ´ cos'1 q. If the expansion velocity
v is large enough, v is larger than the local thermal line width v which is usually
less than 1 km s´1 at temperatures typical for AGB CSEs. The Doppler-shifted emission
or absorption profiles at the di↵erent points do not overlap. The photon emitted at M1 ,
which has a frequency inside the line, can not be absorbed by the molecule at M2 and vice
versa. This means there is no radiative interaction between M1 and M2 . The interaction
length is defined as the largest distance at which the molecules can interact,
l»

v

V

R,

(3.11)

where V is the velocity di↵erence along a distance R. The level populations of molecules
can now be calculated by only taking the most nearby molecules within the volume of
radius l into account. The gas density and temperature is assumed to be constant within
that volume.
Using the LVG approximation, the escape probability, prq, can be defined as the
probability for photons emitted at a position r to escape at the surface. The average
radiation field can be simply calculated from the source function
U “ r1 ´ prqs Sprq.

(3.12)
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The LVG approximation also relies on complete re-distribution in which a re-emitted
photon at a position has no memory of the frequency, direction, and polarization of the
absorbed photon. This results in the same line profiles for absorption and emission. The
hypothesis is justified by elastic collisions and the relatively low radiative probability.
The escape probability over all directions for a spherical CSE is given by
prq “

1 ´ e´⌧ prq
,
⌧

where the optical depth ⌧ prq depends on the logarithmic velocity gradient ✏ “
as given in the following equation [Santander-Garcı́a et al., 2015],
` ˘
?
r{ Vc
⌧ prq “ k ⇡ v
,
1 ` µ2 p✏ ´ 1q

(3.13)
lnpVq
lnprq

“

r dV
V dr

(3.14)

where k is the normalized absorption coefficient, V is radial velocity, and µ “ cos'.
Inserting these equations into the statistical equilibrium equation we can estimate the
line brightness temperature.
Applying the LVG approximation when calculating the gas level populations in the
CSEs of AGB stars can give an adequate accuracy, even where the requirements for the
large velocity gradient are barely justified. However, it is not optimal to estimate the line
intensity [Bujarrabal & Alcolea, 2013]. Another method is often employed for solving
the radiative transfer equation across the CSEs after the level populations have been
calculated assuming the LVG.
There are several limitations for application of the LVG approximation. The approximation is valid in cases where the large scale velocity which is about at least 5 times
larger than the local thermal width and the density changes little within the interaction
region. The latter condition is hard to fulfil. Moreover, it might be problematic when
the velocity dispersion is small in some directions. This requires a radiative interaction
length larger than the dimension of the CSEs.

3.3

Radiative transfer in SHAPE+SHAPEMOL

The preliminary model for studying the morphology and kinematics of the S-type AGB
star ⇡ 1 Gru was performed by using the SHAPE+SHAPEMOL radiative transfer code.
[Ste↵en et al., 2011, Santander-Garcı́a et al., 2015]. SHAPE is a 3D modelling tool for
complex gaseous structures. To quickly solve the radiative transfer, SHAPE uses the
ray-casting algorithm. The code does not take into account any heating so it needs the
final temperature distribution across the computational domain as input.
SHAPEMOL is a 3D code implemented inside SHAPE for calculating CO line emission. The absorption  and emission j coefficients are pre-calculated by iteratively
solving the level population equations using the LVG approximation, and tabulated for a
wide range of temperature T , gas density n, and the abundances . The results also depends the logarithmic velocity gradient ✏. The calculation is conducted for the 17 lowest
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rotational transitions of the ground-vibrational state of both 12 CO and 13 CO. The LVG
approximation is valid in cases where the expansion velocity in the CSE of AGB stars is
significantly larger than the thermal line width (less than 1 km s´1 ).
The 3D modelling is interactively constructed using 3D Module inside SHAPE. The
user can easily construct objects with di↵erent types of geometries. The characteristic
parameters for the di↵erent components of the model can be set up analytically. A
whole process of rendering a model is that SHAPE will sample the model by grid points.
Every point is characterized by its information, e.g. position, gas velocity, density, and
temperature. SHAPEMOL selects tables that have the closet values of ✏ and Vr . It
then calculates the  and j for each point by interpolating between the values of the
two selected tables according to the input density and temperature. The outcome by
SHAPEMOL will be used in SHAPE for solving the radiative transfer equation, and for
imaging.

Chapter 4
Shaping the envelopes of AGB stars
Recent observations have revealed asymmetric envelopes of AGB stars at both small scales
(e.g. [Paladini et al., 2012, Lykou et al., 2015]) and larger scales (e.g. [Sahai, 1992, Hirano
et al., 2004, Maercker et al., 2012]). The asymmetries have been observed in the shapes of
torii, and/or spiral arcs, and/or bipolar outflows that are often seen in planetary nebulae
(PNe). In some cases, the wind speeds (up to 100 km s´1 ) are much larger than the values
of typical AGB winds (less than 30 km s´1 [Eriksson et al., 2014]). The shaping agent
during the AGB phase poses questions to stellar evolution theory during this evolutionary
stage. Some possible shaping AGB winds mechanisms, also discussed in paper I, will be
presented in the following sections.

4.1

Wind-interaction models

Whether single stars can form asymmetric morphologies was initially investigated using
interacting wind models [Balick & Frank, 2002]. In these models, a fast isotropic wind
is launched inside a pregenerated and 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 constant pressure.
The expansion velocity of the bubble depends on the density distribution of the torus,
and varies from the pole to the equator [Icke, 1988]. The very high gas velocity at the
poles eventually gives rise to a fast bipolar outflow. Wind-interaction models including
detailed hydrodynamics and microphysics, as well as radiative transfer [Frank & Mellema,
1994] have confirmed the dependence of the shaping on the density distribution of the
previously ejected gas envelope. If the expanding velocity of the hot, blown bubble is
significantly higher than the slow wind velocity, and the density contrast (between the
torus equator and the pole) q † 2 the bubble becomes elliptical, while a q from 2 to 5
will result in a fast bipolar morphology. Larger values of q † combined with an even
higher speed of the wind results in a highly collimated outflow. However, the models are
incomplete because they ignore the origin of the pre-generated aspherical structure.
The toroidal/eliptical morphology could be created if the star itself is rotating already
on the AGB. [Dorfi & Hoefner, 1996] have shown that the e↵ect of a slow rotation (of the
27
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order of 2 km s´1 ), combined with the strong temperature and density dependence of the
dust formation process in AGB stars, can lead to an enhanced equatorial mass loss and
produce an elliptical envelope. The resulting density wind contrast between the equator
and the pole is of the order of 5. By applying The Wind Compressed Disk models to
AGB stars, [Ignace et al., 1996] have shown that the coriolis e↵ect, e↵ective if the star
is rotating fast enough, can produce a disk-like structure. The gravitational e↵ect of a
close companion star, or a giant planet, can play an important role in the formation of a
torus [Iben Jr & Livio, 1993]. A close companion or a binary merger can spin-up AGB
stars to the rotation rate required for the wind-compressed disk to be formed. Binary
interaction will be discussed further in Section 4.3.

4.2

The e↵ects of magnetic fields

Axial outflows in circumstellar envelopes can be produced in the wind interaction models.
As already mentioned the model assumes an initially aspherical distribution where the
material is highly concentrated along the equatorial plane. The condition is presumably
fulfilled if the rotational velocity is sufficient, and/or the magnetic field is strong enough.
Recent investigations combining the results of MHD and stellar evolution models, have
shown that the rotational velocities retained at the end of the AGB are not sufficient
to form bipolar PNe [Garcı́a-Segura et al., 2016]. A number of observations point to
relatively strong (order of 1-10 G at surface; Figure 4.1) magnetic fields throughout the
circumstellar envelopes of AGB stars. Maser observations provide a good tool to probe
the local magnetic field, e.g, SiO masers at a scale of about 10 AU [Herpin et al., 2006],
H2 O masers at a scale of several hundreds AU [Vlemmings et al., 2002], and OH maser
at scale of 1000-10000 AU [Rudnitski et al., 2010], through Zeeman line splitting. The
measured field strengths vary with the radial distance as plotted in Figure 4.1. So far,
the rather few observations constrain the field strengths decreasing outwards as an r´n
law, with n=2 for a poloidal field and n=1 for a toroidal filed [Vlemmings, 2010]. The
origin of the magnetic field, however, is still an open question. Eric K. G. et al. (2001)
proposed di↵erential rotation between the contracting core and the expanding envelope
creating a magnetic dynamo. This results in the slow rotation that is typically seen in
many white dwarfs. The influence of a close companion or a giant planet can possibly
spin-up an AGB star and power a dynamo as suggested by Nordhaus et al. (2006).
A strong global magnetic field can cause the asymmetric outflow as proposed by
magneto-hydrodynamic (MHD) models. Matt et al. (2000) used MHD models to show
that a modest dipole magnetic field at the surface carried radially outwards by the wind
can force plasma to construct a disk along the field equator. The field lines are radial,
and oppositely oriented below and above the equator. The required field strength is of
the order of a few G, similar to what has been measured on some AGB stars (e.g., [Lèbre
et al., 2014]). Wind formation and the collimation of bi-polar outflows have also been
studied using MHD models where the wind is driven by magnetic pressure [Garcı́a-Segura
et al., 1999, Garcı́a-Segura et al., 2005]. In combination with the interacting wind models
described above, this gives a plausible explanation for the observed morphologies. Again,
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Magnetic fields around (post-)AGB stars and (Pre-)Planetary Nebulae
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(solar-type) and B R 1 (toroidal). Future observations of CO polarization might be
able to provide further constraints.
As the masers used for these studies are mostly found in oxygen-rich AGB stars,
it has to be considered that the sample is biased. However, recent CN Zeeman splitting
observations (Herpin et al. 2009) seem to indicate that similar strength fields are found
around carbon-rich stars.
Beyond determining the magnetic field strength, the large scale structure of the
magnetic field is more difficult to determine, predominantly because the maser observations often probe only limited line-of-sights. Even though specifically OH observations seem to indicate a systematic field structure, it has often been suggested that there
might not be a large scale component to the field that would be necessary to shape the
outflow (Soker 2002). So far the only shape constraints throughout the envelope have
been determined for the field around the supergiant star VX Sgr (Fig.2), where maser
observations spanning 3 orders of magnitude in distance are all consistent with a large
scale, possibly dipole shaped, magnetic field.
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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, like a binary companion.

4.3

Envelope shaping in detached binaries

Binary shaping is the most strongly supported mechanism to explain the asymmetries in
AGB envelopes [De Marco, 2009]. The influence of the companion on the wind shaping
depends on the binary separation, the mass ratio, the wind speed, and the rotation of the
primary as well. Mastrodemos and Morris (1999) studied wind morphology across a broad
parameters space using hydrodynamical models [Mastrodemos & Morris, 1999]. Ignoring
the tidal deformation by the companion, the models can reproduce various morphologies
(bipolar, elliptical, or spiral) by varying the other parameters. However, the actual reason
for the di↵erent morphologies is unclear since the complex physical processes behind the
parameter changes are not explained. For simplicity, Kim and Taam (2012) focused on
the e↵ects of the reflex motion of the AGB stars in wide binaries on the wind geometry
[Kim & Taam, 2012]. The three-dimensional hydrodynamical simulations take the gas
pressure and gas-parcel interaction into account. The resultant morphologies exhibit a
correlation with the wind-to-orbital velocity ratio. On the orbital plane the material
density shows fluctuations resulting in a well-defined spiral pattern. While the density
distribution shows circular arcs across the meridional plane.
Motivated by the detected high mass transfer rate in Mira binaries and post-AGB
binaries, Mohamed and Podsiadlowski (2012) suggested a mass transfer machanism for
binaries, and called it ’wind Roche-lobe overflow’ (wRLOF) which can be efficient in
AGB stars with a slow AGB wind acceleration [Mohamed & Podsiadlowski, 2012]. The
model results in a high mass transfer rate (compared to the standard RLOF) when the
dust condensation radius is comparable to the Roche-lobe radius. The wind is strongly
concentrated on the orbital plane. This makes an equatorial outflow and facilitates the
formation of bipolar outflow in the interaction wind model that rely on the density contrast between the poles and the equatorial region.
The binary companions of AGB stars are hard to detect. This is because of the
high luminosity of the AGB giant and because of the dusty envelope surrounding it. In
addition, the common methods used to discover binary stars become uncertain in cases of
binaries involving AGB stars due to intrinsic pulsational variations. The studies of AGB
wind shaping are observationally constrained by a limited number of well-known binaries.
The Mira AB system is a symbiotic binary with an M-type AGB star and its white dwarf
companion at a separation of 70 AU. The recent ALMA data reveals a complex gas
envelope which confirms the binary shaping of the AGB winds [Ramstedt et al., 2014].
The spiral arm roughly fits a theoretical estimate when considering the inclination angle
of the system. Generally, strong asymmetries of observed envelopes may be a hint of
a binary companion. An Archimedes single-spiral arm in the envelope of the extreme
carbon star AFGL 3068 was observed using dust scattered ambient starlight with HST
before the companion was detected by observations in the near infrared [Morris et al.,
2006]. So far, a number of AGB stars observed with high spatial resolution and sensitive
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ALMA observations show deviations from spherical outflow, e. g. R Sculptoris [Maercker
et al., 2012], CW Leonis [Decin et al., 2015], and ⇡ 1 Gruis (paper I). The mechanism for
the shaping of the envelope around ⇡ 1 Gruis will be discussed in more detail in Section
5.3.

Chapter 5
The S-type AGB star ⇡ 1 Gruis
5.1

Some results from previous studies

⇡ 1 Gruis is was first cataloged in 1756. It is one of the brightest intrinsic S stars. Some
fundamental parameters of the star are summarized in Table 5.1. Using the temperature
and luminosity, the evolutionary stage is marked in the Hertzsprung-Russell diagram
together with some evolutionary tracks in the Fig. 5.1. The star falls on the track of a 2
Md main sequence star with a metallicity Z = 0.02 [Mayer et al., 2014]. ⇡ 1 Gruis has a
known large separation companion. This sunlike companion at a separation of about 400
AU has a long orbital period of 6200 years so that its motion is hardly noticeable over
the decades of observation. The proper motion of ⇡ 1 Gruis shows a large discrepancy
between the values determined by the short spanning (3 years) Hipparcos and the long
spanning (a century) Tycho-2 catalogues. The analysis of the di↵erence is consistent
with a companion with a much shorter orbital period (1500-10000 years). This supports
the idea of a closer undetected companion existing in the system as mentioned by Sahai
(1992), and then discussed by Sacuto et al. (2008) [Sacuto et al., 2008]. The detection of
Tc in the atmosphere is a firm evidence of its current evolutionary stage on the thermally
pulsing AGB. The spectrum S5 (C/O ratio » 0.8) is dominated by lines from ZrO and
YO molecules. ⇡ 1 Gruis is semi-regular variable with a pulsational period of 150 days.
The outer edge of its CSE expands to radius of 0.28 pc [Young et al., 1993] which traces
a mass-loss history of „25000 years. Figure 5.2 illustrates the ⇡ 1 Gruis envelope with the
companions and the coverage of di↵erent observations so far.
The small-scale structure of the circumstellar environment was observed at the N
band (7.5 to 14.5 µm) by using the MIDI interferometer on the VLT Auxiliary Telescopes
[Sacuto et al., 2008]. The field-of-view of the observation was within a radius of 175 AU. It
was smaller than the known companion separation. The observation showed no evidence
for an asymmetry. The 1D radiative transfer code (DUSTY) was employed to fit the data
and determine the parameters related to the central star and the dust environment. The
best fit model gave the central star radius of 347 Rd . An optically thin (in the N band)
dust shell located at 14 stellar radii with a temperature of 700 K at the inner boundary
was required to reproduce the data. The shell was made of 30% amorphous alumina
material and 70% silicates. In order to simultaneously fit the 8-9 µm band, an additional
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cts the circumstellar envelopes (CSEs) of the AGB star in
ways. First, the material that is transferred via the WRLOF
ocused by the gravitational potential of the companion and
ms a density wake that trails the orbital motion of the comon. The result is a wind pattern shaped as an Archimedean
al, as predicted by hydrodynamic simulations in Theuns &
ssen (1993), Mastrodemos & Morris (1998, 1999), and Kim
aam (2012b). Second, the presence of the companion also
ifests itself via the gravitational force that it exerts on the
mary, causing it to move5.1.
around the
centre results
of mass of from
the bi- previous studies
Some
y system (Soker 1994; Kim & Taam 2012c,a). Furthermore,
m & Taam (2012c) and Kim et al. (2013) recently demoned that the combination of the two effects leads to a spiral Fig. 1. ASAS-3 light curve of 1 Gru with an adopted pulsation period
d pattern exhibiting knots where the two structures intersect. of 195 days covering 14 cycles.
Observationally, spiral patterns were found around a small
mber of AGB or proto-PN objects: AFGL 3068 (Mauron &
gins 2006), CIT 6 (Dinh-V.-Trung & Lim 2009; Kim et al.
3), o Cet (Mayer et al. 2011), R Scl (Maercker et al. 2012),
W Aql (Mayer et al. 2013), all of which are wide binary
ems with an orbital separation in the range of 50–160 au.
ently, Mauron et al. (2013) found that 50% of a samof 22 AGB stars have elliptical emission, which the aus attributed to binaries whose envelopes are flattened by a
panion.
This work continues our study of large-scale environments
inary AGB stars from the Herschel Mass loss of Evolved
S sample (MESS; Groenewegen et al. 2011). Contrary to
yer et al. (2013, hereafter Paper I), which concentrated excluly on Hersche/PACS observations of the large-scale strucs (around R Aqr and W Aql), here we also explore the
e surroundings of the star using H
Intermediate
ometry Data (IAD; van Leeuwen & Evans 1998) as well as
ublished archive observations obtained with the Very Large
scope Interferometer Astronomical Multi-BEam combineR
TI/AMBER, Petrov et al. 2007). We do this by analysing the
ctures around the binary AGB star 1 Gru at angular scales
m 0. 02 to 60 . Section 2 discusses the fundamental properof 1 Gru. In Sect. 3, the observations of Herschel/PACS
VLTI/AMBER are described, with their results presented Fig. 2. Evolutionary tracks from STAREVOL for stars with initial
masses 1.5 M (black line), 1.7 M (red dotted line) and 2.0 M (green
ect. 4. The different interaction scenarios that can produce dashed line) from the pre-main-sequence to the end of the AGB. 1 Gru
mmetries in the extended environment of the star on both is represented by the large blue circle.
Figurein Sect.
5.1:5. Hertzsprung-Russell diagram shows evolutionary tracks
ll and large scales are discussed
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d (green dashed
S5,7 star 1 Gru (HIP 110478)
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= 163 pc; van Leeuwen
2007)
by the
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blue circle (adapted from [Mayer et al., 2014]).
this star, close to the tip of the AGB. With values of T eff =
1

of the brightest and best studied intrinsic S stars (Keenan
4). The intrinsic nature of the S star 1 Gru is defined
m the presence of spectral lines of the element Tc (Jorissen
l. 1993). The pulsation period of the star was initially ded to be 150 days by Eggen (1975) and used in varipublications since then. A new derivation of the period
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vey (ASAS) Photometric V-band Catalogue (Pojmanski &
ciejewski 2005) revealed, however, 1 Gru varies with a
ation period of 195 days (see Fig. 1).

bout intrinsic S stars, see Van Eck & Jorissen (1999).

3100 K and log L/L = 3.86 (Van Eck et al. 1998), the location of 1 Gru in the Hertzsprung-Russell diagram can be
compared with evolutionary tracks (Fig. 2) computed from the
STAREVOL code (Siess 2006; Siess & Arnould 2008) with a
metallicity Z = 0.02. It appears that 1 Gru falls on the track
of a star of initial mass 2.0 M , but by the time that star has
reached log L/L = 3.86,
mass
dropped to about 1.5 M .
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Fig. 10. Illustration of the surroundings of 1 Gru including the close companion, the disc, the G0V companion, and the spiral arc. The coloured
areas represent the field of view or detection range of the used instrument: olive represents the VLTI/AMBER range, horizontal grey lines the
H
µ constraint, light blue the SMA CO(2-1) observations, and dark orange the partly overlapping Herschel/PACS field of view.
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1992). All of the authors interpreted their findings as a disc structo Roche lobe filling) is consistent with both the AMBER and
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data. The AMBER data do not allow us to unambiguously select one among the possible H
solutions
(Table 3), but they offer confidence for the hypothesis of a close
companion in the 1 Gru system.
As a summary, the whole scenario including the close companion, the disc, the G0V companion, and the spiral arc are illustrated in Fig. 10. The coloured areas represent the field of view
or detection range of the respective observing facility. The horizontal grey lines around the close companion indicate the range
of acceptable orbital separations using the H
µ constraint. This is refined to the region indicated by the “error bar”
which is based on the results from the H
IAD fitting
(see Table 3).

6. Conclusions and summary

ture inclined by 35 to the plane of the sky, which is also supported by the axis ratio of the far-IR emission. In the CO map
by Chiu et al. (2006) the disc has an inner radius of 1. 2 and
an outer radius of 20 . Based on the focusing ratio, it can
be ruled out that the known G0V companion focuses the AGB
wind towards the orbital plane given the enormous separation of
the system. Furthermore, the G0V companion would be orbiting within the disc without causing any observable disturbance.
Because of this, we assumed that the disc is not located in the
orbital plane of the G0V companion and followed the hypothesis of Chiu et al. (2006) that 1 Gru may have a close second
companion.
We found support for this assumption in several observations. 1 Gru is a known µ binary, meaning that its longterm and short-term proper motions are significantly different
(Makarov & Kaplan 2005; Frankowski et al. 2007). An analysis of the H
(van Leeuwen 2007) and Tycho-2 (Høg
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Table 5.1: The characteristic parameters of ⇡ 1 Gruis
Parameter
Value
Reference
Coordinates
↵= 22h 22m 44.20571s
1
= -45˝ 56 52.6115”
[Van Leeuwen, 2007]
Distance
160 pc
[Van Leeuwen, 2007]
Parallax
6.14 mas
[Van Leeuwen, 2007]
Proper motion [mas/yr] µ↵ ˚ = 33.4; µ = -17.7
[Høg et al., 2000] Tycho-2
µ↵ ˚ = 28.48; µ = -12.14 [Van Leeuwen, 2007] Hipparcos
Magnitude
mV = 5.31 - 7.01
[Pojmanski, 2002]
Variable type
SRb
[Samus et al., 2009]
Variable peiod
150 days
[Sacuto et al., 2008]
Spectra type
S5
[Stewart et al., 2015]
Luminosity
7244 Ld
[Mayer et al., 2014]
Mass
1.5 Md
[Mayer et al., 2014]
Radius
347 Rd
[Sacuto et al., 2008]
Temperature
3100 K
[Mayer et al., 2014]
Orbital period
6200 yr
[Mayer et al., 2014]
Semi-major axis
400 AU
[Proust et al., 1981]
Companion spectra
G0V
[Proust et al., 1981]
Companion mass
1 Md
[Proust et al., 1981]
´1
Expansion velocity
10.5 km s
[Sahai, 1992]
Envelope age
25000 yr
[Sahai, 1992, Young et al., 1993]
C/O ratio
0.8
[Smith & Lambert, 1986]

shell composed of H2 O and SiO extending from the photosphere to a radius of 4.4 stellar
radii with temperature of about 1000 K had to be included.
The torus-outflow structure of the CSE was first discovered by Sahai (1992). From
observation of the rotational line emission (12 CO J=2-1 and 1-0, 13 CO J=1-0) Sahai
(1992) interpreted the envelope as a system consisting of two components: an equatorial
disk inside a slow velocity component (v » 10.5 km s´1 ) and a collimated bipolar outflow
(v •38 km s´1 q. It is believed that the e↵ect of the known companion is inadequate to
create the disk and power the fast outflow. A closer unobserved companion was suggested
to shape the envelope. By using single-dish observations of 12 CO J=2-1 emission, Knapp
et al. (1999) found that the outflow velocity reaches as high as 90 km s´1 . The authors
constructed a model for the slow component with a tilted, expanding disk (v = 15 18 km s´1 ) . The model has shown a high mass-loss rate (1.2ˆ10´6 Md yr´1 ) compared
to the value estimated by Sahai (1992), and a dynamical time scale significantly smaller
than that found from the circumstellar dust distribution. The high mass-loss rate has
presumably increased the last 1000 years and the star is almost at the end of AGB phase.
The 12 CO J=2-1 emission was first imaged with an interferometer by Chiu et al. (2006).
The channel maps show the slow velocity components in shape of a flared disk which
is tilted by 55 degrees relative to the line of sight and created by an equatorial wind .
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A model reconstructing the slow velocity component with a central cavity successfully
reproduced the data. From the cavity dimension, the mass-loss rate showed a significant
decrease over the last 90 years. The linear momenta of the fast bipolar outflow and the
disk were estimated with assumptions of the local thermal equilibrium and optically thin
emission. A comparison between the linear momenta and the possible momentum gained
from radiation pressure indicated that the asymmetric structure can be driven by the
radiation pressure. The study suggested that a dipole magnetic field had collimated the
polar wind and a close component for concentrating the wind to form the equatorial disk.
The large-scale structure was studied with Herschel/PACS at wavelengths of 70 µm
and 160 µm [Mayer et al., 2014]. The images of the dust continuum emission indicated an
elliptical envelope. The dust envelope was suggested to be a spatial extension (stretches
over 11750 ˆ 9790 AU] ) of the disk component seen in the previous observations of the
CO line emission. The previously estimated inclination of the disk was in agreement
with the axis ratio of the large scale envelope. Based on the ratio, Mayer et al. (2014)
concluded that the known companion does not have any e↵ect on the disk formation and
its orbital plane is aligned with the disk. The observation also revealed a signature of
part of a spiral arc. It was suggested to originate from the know companion, then curved
towards the north-east. If this speculation is true, the resulting wind velocity must be
higher than that inferred from the previous CO observation.

5.2
5.2.1

Results from the low spatial resolution ALMA
data and the radiative transfer model
Observational results

The ACA observation of the 12 CO and 13 CO J = 3-2 emission from ⇡ 1 Gruis was done
and delivered first. The spatial resolution is about that of the SMA observation of 12 CO
J = 2-1 emission [Chiu et al., 2006]. The multiple datasets from the observations at
the same resolution is used to investigate the CSE in a preliminary model. Paper I
presents the new ACA and TP observations together with the recalibrated SMA data.
The observational results constrain the morphology and kinematic structure.
The interferometric data was calibrated and imaged in CASA. The ACA data and TP
data was combined using the FEATHER package that uses a Fourier transform method
as already mentioned in Section 2.4. A brief summary of the interferometric observations
and the final image cubes are given in Table 5.2. Figure 5.3 shows the line profiles that
are generated by convolving the data with the width of the APEX beam (182 ) for the
12
CO and 13 CO J = 3-2 emission and the SMA primary beam (FWHM of 552 ) for the
12
CO J =2-1 emission. The line profiles are characterized by a low-velocity component
in the center and a high-velocity component ( up to ˘60 km s´1 relative to the systemic
velocity) in extended wings.
The channel maps of the emissions are shown in Fig. 5.4, 5.5, and 5.6. All the
transitions exhibit a spatial shift of the distributions which gradually moves from the
south to the north from blue- to redshifted velocities. The maps show what looks like an

Chapter 5. The S-type AGB star ⇡ 1 Gruis

36

Table 5.2: Summary of the interferometric observations and final image cubes.
Transition Frequency
Array
HPBW
“
‰
“ rms ´1 ‰
´1
rGHzs
km s
Jy beam
12
CO J=3-2
345.796
ALMA-ACA
2
42 .56 ˆ 22 .56
0.051
13
2
2
CO J=3-2
330.588
ALMA-ACA
3
5 .19 ˆ 2 .57
0.045
12
2
2
CO J=2-1
230.538
SMA
2
4 .20 ˆ 2 .20
0.114
35
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Figure 5.3: Total flux of the 12 CO J=3-2 (left) and 13 CO 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 = 182 ). The
12
CO J=3-2 spectrum [Ramstedt et al., 2006] from APEX (FWHM = 182 ) is plotted
for comparison. Owing to artificial feature in the blueshifted wing of the 13 CO J=3-2
line, the line profile of the combined data was only plotted from -35 km s´1 . The 12 CO
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 552 . (This figure is adopted from
paper I.)
elongated torus along the east-west (EW) direction at the systemic velocity (-12 km s´1 ).
The emission 12 CO J=3-2 has a maximum close to the stellar position, while the two
other transitions have two peaks on either side of the stellar position along the EW
direction. The gap between the two peaks was attributed to a central cavity [Chiu et al.,
2006]. The morphology and the orientation of the synthesized beams can contribute to
the di↵erent distributions, but the excitation conditions must be taken into account to
fully explain the brightness distributions.
At high-velocity channels in the first and last rows of Fig. 5.4, the north-south (NS)
orientation of the higher velocity emission is opposite to that at the lower velocities. The
blueshifted part is to the north and the redshifted part is to the south. Moreover, the
12
CO J=3-2 emission seen in the channels from -58 to -46 km s´1 and 20 to 32 km s´1
is distributed in an extended region with two separated parts. We propose that this bimodal distribution can be 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
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Figure 5.4: Contour maps of the 12 CO J=3-2 emission from the combined ACA+TP
data. Contour levels are at 3, 5, 9, 15, 20, 25, and 30 ( =1.2 Jy beam´1 for the middle
rows, derived from the plotted channels), and at 3, 5, 7, and 9 ( =0.08 Jy beam´1 for
the first and last row, derived from the plotted channels). The synthesized beam size of
42 .56 ˆ 22 .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. (This figure
is adopted from paper I.)
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Figure 5.5: Same as Fig. 5.4, for the 13 CO J=3-2 emission from the combined ALMA
data. Contour levels are at 3, 5, 7, 9 15, and 20 ( =0.055 Jy beam´1 , derived from the
full data set). The synthesized beam size of 52 .19 ˆ 22 .57 at a PA of -81˝ is plotted in
the lower left corner of the -10 km s´1 channel. (This figure is adopted from paper I.)
at the highest line-of-sight velocity of the bipolar outflow.

5.2.2

Modelling

The 3D model reconstructs the gas envelope consisting of both a low-velocity torus and a
fast bipolar outflow to study the full morphology and kinematic structure of the system.
Aiming to derive the temperature distribution, density, and velocity field, the model was
built to reproduce the data. We have adopted the previously published data of the 12 CO
J=5-4, 9-8 emissions together with the ALMA data to our analysis. The observations
were part of the Herschel/HIFI SUCCESS program [Danilovich et al., 2015]. The data
including low- and high-J transitions provides sufficient constraints for the 3D non-LTE
radiative transfer model.
The model consists of three separate components: (1) a radially expanding torus with
the velocity linearly increasing with latitude and radial distance (from 8 to 13 km s´1
along the torus equator), (2) a central, radially expanding component (with constant
velocity of 14 km s´1 ) that may have resulted from the dynamical interaction between
the fast outflow and the torus, (3) and a fast bipolar flow perpendicular to the equator
with a radially expanding velocity up to 100 km s´1 . The best-fit model successfully
reproduces the line profiles. Besides, the model can reproduce the di↵erent apparent
spatial distributions of the two 12 CO lines reasonably well without including a central
cavity as suggested by [Chiu et al., 2006].
The model is used to estimate the average mass-loss rate, the kinematic timescale
of the torus and outflow, the 12 CO/13 CO abundance ratio, and the linear momentum
of the outflow. A comparison between the momentum and the highest value possibly
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Figure 5.6: Same as Fig. 5.4, for the recalibrated and reimaged 12 CO J=2-1 emission
from the SMA [Chiu et al., 2006]. Contour levels are at 3, 5, 7, 9, 13, 15, and 20
( =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 42 .20 ˆ 22 .20 at a PA=-22˝ . (This figure
is adopted from paper I.)
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gained from the radiation field shows that the radiation pressure alone would not be
sufficient to drive the fast outflow, which is in agreement with the findings for more
evolved sources (e.g.,[Bujarrabal et al., 2001, Olofsson et al., 2015]). The model finds
a density contrast between the equator and polar regions in agreement with what has
been suggested for various formation mechanisms. The modelling results support that
the gravitational e↵ect of a close companion is involved in the torus formation, while
the wind interaction mechanism and/or a bipolar magnetic field could be included when
considering the outflow formation.

5.3

Future prospects: Preliminary results from the
high spatial resolution ALMA data

Small scale structures of the CSE has been studied using the ALMA main array. The
data is combined with the ACA and TP data as described in Section 2.4. The synthesized
beam of the combined data is 02 .84 ˆ 02 .56. Figure 5.7 shows the channel maps of the
12
CO J=3-2 emission. The spectral resolution has been binned to 2 km s´1 for channels
close to the systemic velocity (from -30 km s´1 to 8 km s´1 ) and 4 km s´1 for for some highvelocity channels (from -57 km s´1 to -41 km s´1 and from 19 km s´1 to 35 km s´1 ). At slow
relative velocities, the arc-like structure, instead of the torus in the low spatial resolution
data, appears in every channel. A spatial shift of the distribution exhibits the di↵erent
parts of the arcs that are inclined relative to the line of sight. At high velocities in the
first and last rows of Figure 5.7, the north-south (NS) orientation in the distribution is
opposite to that at the low velocities. The ring-like structure becomes smaller at higher
velocities and then disappears. This confirms the idea proposed in paper I that the
distribution shows the lobe edges or lobe tips at the highest line-of-sight velocity of the
bipolar outflow. In summary, the CSE appears to consist of an arc-like or spiral structure
at low velocities and a fast bipolar outflow which is oriented perpendicularly to the plane
of the slow-velocity component.
Whether the low-velocity component is a spiral or concentric arcs will be further
investigated. Figure 5.8 indicates the maximum value of the spectrum over the lowvelocity channels in the middle rows of Figure 5.7. The distribution roughly fits an
Archimedean spiral that is given by R “ 2.6 ´ 1.87, where R is the radial distance
and is the angle in units of arcsecs and radians, respectively. The spiral structure can
be traced from the central star to the fourth winding with constant spacing. Assuming
binary interaction causes the spiral formation, the estimated orbital period is about 830
years. This value is much shorter than the orbital period of 6200 years of the known
companion. This estimate again suggests a close, undetected companion in the system.
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Figure 5.7: Channel maps of the 12 CO J=3-2 emission from the combined data. The
synthesized beam size of 02 .84 ˆ 02 .56 at a PA of -81˝ is plotted in the lower left corner
of the -11 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. (This figure is adopted from paper II in prep.)
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Figure 5.8: The collapsed image shows that the brightest values of the image corresponding to the low-velocity channels in Figure 5.7. The synthesized beam is plotted in the
lower left corner. The line is plotted on top of the image to roughly show the spiral
structure. (This figure is adopted from paper II in prep.)
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(1999). The Astrophysical Journal, 517 (2), 767.
[Garcı́a-Segura et al., 2005] Garcı́a-Segura, G., López, J. A., & Franco, J. (2005). The
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