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Abstract
Doan Duc, L. 2019. Companion wind shaping in binaries involving an AGB star. Digital
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and
Technology 1845. 61 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-0728-2.

Stars of initial masses between 0.8-8 will become "asymptotic giant branch" (AGB) stars
during the final stages of their evolution. During this phase, the stars are characterized by low
velocity and high-density winds. An AGB star can lose a substantial fraction of its mass through
the stellar wind and thereby avoid ending up as a supernova explosion. The AGB stars, therefore,
play an important role in enriching the interstellar medium (ISM) with chemical elements and
in contributing dust and gas to the ISM. The mass-loss rate on the AGB is a decisive parameter
for the lifetime of this evolutionary phase and the fate of low- and intermediate-mass stars. An
accurate mass-loss-rate estimation provides an important constraint for wind models aimed to
better understand the wind-driving mechanism, as well as for stellar evolution.

The stellar wind is driven by radiation pressure on dust grains and blows away dust
and gas from the central star. This creates an extended envelope which is expected to be
spherical because of the isotropic radiation field of the central star, and the connection
between the radiation field and the wind. However, there is growing observational evidence of
asymmetrical morphology, e.g., torii, jets, bipolar outflows, in AGB circumstellar envelopes
(CSEs). Moreover, proto-planetary nebulae (proto-PNe) and PNe, the next evolutionary phase
after the AGB phase, show a wide range of asymmetrical morphologies. In many cases, an
embedded binary system has been detected in the gas envelopes. This is pointing to the
gravitational effect of the companion as important for the envelope shaping mechanism.

The work that this thesis is based on, studies two interesting examples of (post) AGB
stars which show complex morphologies of their CSEs. The S-star π1 Gruis shows a CSE
structure consisting of an equatorial low-velocity expanding spiral and a fast bipolar outflow.
The circumstellar environment of the post-AGB (or post red giant branch, post-RGB) star HD
101584 shows an equatorial density enhancement and a high-velocity bipolar outflow. Same
conclusions are drawn for both cases; that the radiation pressure on the dust cannot support the
observed energetic outflows, and that interaction with the companions are proposed to shape
the envelopes and accelerate the gas.

The thesis gives a brief introduction on AGB stars and wind shaping mechanisms of AGB
CSEs. The thesis also presents the principles of interferometry, the data reduction methods, and
the radiative transfer calculations used in the studies. Results from the included papers are also
discussed.
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1. Introduction

When low- and intermediate-mass stars (0.8 M� < M < 8 M�) exhaust the he-

lium fuel in the cores, they reach the evolutionary stage called the "asymptotic

giant branch" (AGB). This evolutionary stage can last up to almost one million

years before the stars expel their whole envelopes and become white dwarfs.

An AGB star consists of a degenerate core of carbon and oxygen, which is sur-

rounded by helium- and hydrogen-burning shells. These stars have low effec-

tive temperatures (2000-3000 K), high luminosities (3000-10000 L�), and the

stellar radii that can be as large as one astronomical unit (Höfner & Olofsson

2018). During the early AGB phase, the helium-burning shell is the dominant

energy source and the evolution of the star is relatively stable. After the he-

lium is depleted in the He-burning shell for the first time, the AGB star evolves

to the thermally pulsing phase. During this phase the hydrogen-burning shell

becomes the main energy source, fusing hydrogen into helium. When enough

helium has been produced, the helium shell will be reignited in an explosive

flash (a thermal pulse). The two burning shells are alternating as the main

energy source with a period of 10,000 to 100,000 years (Habing & Olofsson

2003). The release of extra energy during the thermal pulse results in the

mixing of newly synthesized elements to layers closer to the surface. The

chemical products are then transported into the interstellar medium via stellar

winds. Therefore, AGB stars play an important role in material enrichment of

the universe.

1.1 The structure of an AGB star

Unless otherwise stated, "Asymptotic giant branch stars" by Habing & Olof-

sson (2003) has been used as reference literature. An AGB star consists of a

compact core (where most of the stellar mass is concentrated), two burning

(He and H) shells, a dynamic atmosphere, and a very extended circumstellar

envelope. Fig. 1.1 shows a schematic overview of the stellar structure with

ranges for the radius and mass of each layer.

• The degenerate C-O core was produced by triple-alpha and 12C(α ,γ)16O

reactions during the previous evolutionary phase. The core mass in-

creases during the AGB phase as new ashes from the inner He-burning

shell are deposited on the core. However, the core mass is still below the

Chandrasekhar limit at the end of the AGB. The core temperature can

reach 108 K and the radius is approximately 0.01 M� (see Fig. 1.1).
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Figure 1.1. Sketch of the structure of an AGB star with approximate ranges for the

radius and mass for each layer.

• He- and H-burning shells are simultaneously activated during the early

AGB phase. The shells are separated by a radiative intershell region

which mainly consists of He and H. The He-burning will be extinguished

when the He shell runs out of fuel. However, the He shell can be re-

plenished by He accumulated from the H shell-burning. In this way,

He-burning can be regularly reignited for a few hundreds of years with

a period of 10,000 to 100,000 years. This phenomena is called the He-
shell flash. The enormous amounts of energy released makes the H-shell

burning cease and the otherwise radiative intershell becomes partly con-

vective. The convection eventually brings He-burning products up to

the surface and results in the observable change of, e.g., the carbon-to-

oxygen relative abundances at the surface. This is known as the third
dredge-up in the thermally pulsing AGB phase.

• The convective stellar envelope and the atmosphere. The production

of the nucleosynthesis in the stellar interior will influence the observed

spectra. In massive AGB stars, the temperature can be high enough at

the bottom of the convective envelope to onset further nuclear reactions

(hot bottom burning). Furthermore, the outer layers of the atmosphere

are cool enough to favor the formation of molecules. The short-term (pe-

riod of about one year) pulsations of the atmosphere drive shock waves,

which in turn create favourable conditions for dust formation to occur.
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• The circumstellar envelope (CSE). The newly formed dust particles are

accelerated away from the surface by radiation pressure, dragging the

gas along through collisions, triggering a general outflow. This stel-

lar wind cause the star to lose mass and creates the CSE. The typical

wind velocity is less than 30 km s−1 (Ramstedt et al. 2009). The atmo-

spheric chemistry of an AGB star depends strongly on the C/O abun-

dance ratio (Russell 1934). New molecules can be formed from the par-

ent molecules that are produced in the inner atmosphere and transported

to the outer envelope. Photochemical processes also enrich the gas with

a number of new molecular species in the outer CSE. As the CSE is

continuously expanding, the density decreases and will eventually reach

that of, and merge with, the interstellar medium, at distances of the order

of 106 solar radii.

1.2 Nucleosynthesis on the AGB

1.2.1 Effects 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 in most stars in the universe. The

situation is totally different in the intershell zone (located between the He-

and H-burning shells). It is composed mostly of H, He, and 12C previously

produced through triple-alpha reactions. The 12C abundance is about 10 times

higher than that of O (Herwig 2005). As already mentioned in Sect. 1.1, the

intershell will become partially convective after the He-shell flash has started.

When the energy from the flash is transported out from the inner He-burning

shell, the outer H-burning shell is extinquished and the convective envelope

can move inwards and reach the position of the intershell convective zone.
12C is dredged-up to the surface and this makes the C/O-ratio increase after

each thermal pulse. As a consequence, the spectra change 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

C-type stars indicate the important implications of the third dredge-up.

Observational detections have confirmed the presence of slow neutron-

capture (s-process) products in AGB stars, e.g. Tc, Rb, Zr, and other atoms

with nuclei heavier than iron, as predicted by nucleosynthesis models. S-

process nucleosynthesis requires a neutron source. The neutron source can

either be the suggested 13C pocket (13C(α ,n)16O) with a low required temper-

ature (T � 107 K) and a low neutron density (n � 107 cm−3) in intermediate-

mass stars, or 22Ne(α ,n)25Mg (with T � 3.108 K; n � 1010 cm−3 ) in more

massive AGB stars (Karakas 2010; Karakas et al. 2012). In the former case,

protons in the H-rich envelope moving inwards will be mixed with 12C-rich

intershell convective zone after a thermal pulse to start a chain of reactions
12C(p,γ)13N(β+,υ)13C(α ,n)16O. This requires low proton density so that 13C
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does not perform a further proton-capture to produce 14N in a CN cycle. In the

later case, the 22Ne formation is due to the alpha-capture by 14N via the reac-

tion chain of 14N(α ,γ)18F(β+,υ)18O(α ,γ)22Ne. Because the Rb/Zr abundance

ratio is sensitive to the neutron density (García-Hernández et al. 2013), it is a

useful indicator to discriminate between the effects of the two mechanisms in

AGB stars.

1.2.2 Hot-bottom burning

The bottom of the convective envelopes in massive AGB stars (M> 4 M�)

can reach temperatures high enough to start nuclear reactions (Karakas &

Lattanzio 2014). This nulecosynthesis process is called hot-bottom burning

(HBB) and occurs during the quiescence of the thermal pulse. As a conse-

quence of this phenomenon, there is a significant Li production and a change

of the mass-luminosity relation (Lattanzio & Wood 2004). The required tem-

perature for HBB to occur is about 4× 107 K, depending on the metallicity

(Mazzitelli et al. 1999). In the chain of reactions, 3He(α ,γ)7Be(β−,ν)7Li(p,

α)4He, 7Be is formed at the bottom of the envelope and carried to the outer

layers by mixing, which will produce 7Li through electron-capture reactions.

HBB also affects the 12C/13C abundance ratio. The previously dredged-

up 12C in the convective envelope is converted into 13C and then 14N via the

CNO cycle. This results in a rapid decrease of 12C/13C which will end up

at an equilibrium value of 3 to 4 (Lattanzio & Wood 2013). The situation is

similar for the 18O/16O abundance ratio. HBB almost completely destroys
18O, which results in the 18O/16O ratio as small as 10−16. HBB preserves the

typical value of the 17O/16O ratio at about 10−3-10−1 (Boothroyd et al. 1995).

Therefore, measurements of the 12C/13C and 18O/16O abundance ratios are

useful to diagnose if HBB occurs in AGB stars.

In summary, an important effect of HBB is that it prevents M-type stars

from becoming C-type stars by converting the previously dredged-up 12C to
14N. The evolution of a star during the AGB stage is not only dependent on

the metallicity, but also on its mass. Stars with mass larger than 4 M� are

expected to become nitrogen-rich stars because of the HBB (Boothroyd et al.

1993). Whereas, owing to the third dredged-up, the stars within the mass

range between 1.5 and 4 M� will become C-type stars (the lower limit for

solar composition, Höfner & Olofsson 2018). However, the conclusion for the

mass range also depends on the mass-loss rate (Karakas & Lattanzio 2014)

since the high mass-loss rate can terminate the AGB evolution before the third

dredge-up occurs.
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1.3 Chemistry in AGB envelopes

AGB stars are major contributors to the enrichment of gas and dust in the

Milky Way (Höfner & Olofsson 2018). There are more than 100 different

molecules detected in the envelopes of AGB and post-AGB stars (Olofsson

et al. 2017). A large fraction of the molecules has been found in the CSE of

a nearby AGB C-type star: IRC +10216 (Cernicharo et al. 2008). The chemi-

cal processes are dependent on the initial elemental abundances, the physical

conditions in different regions, and the radiation field.

1.3.1 Equilibrium chemistry

Observations show that features from different molecular species, such as TiO,

H2O in M-type stars, C2, CN, HCN and C2H2 in C-type stars, and YO, LaO

and ZrO in S-type stars, are dominant in the atmospheric spectra of AGB stars

(Habing & Olofsson 2003). The high temperature (� 2500 K) and density

(� 1014 cm−3) at the inner layers of the stellar atmosphere fulfills the con-

ditions for thermal equilibrium (TE). TE models (e.g., Tsuji 1973), can be

employed to estimate the molecular abundances in the stellar atmosphere. In

TE chemistry, molecules with higher dissociation energy are preferentially

formed. The molecular chemistry in this region is essentially dependent on

the C/O ratio. In C-type stars, all O atoms are locked in CO and the extra C

atoms lead to the formation of C-bearing molecules, e.g., HCN, CS, C2H2,

CN, etc., whereas, in M-type stars all C atoms are locked in CO and the extra

O atoms lead to formation of O-bearing molecules, e.g., H2O, OH, SiO, etc.

(Habing & Olofsson 2003). Consequently, the molecular abundances are not

only dependent on the absolute O and C abundances but also affected by the

abundance difference of these two elements, nO-nC. This results in a difficulty

to accurately measure the atomic abundances. All species formed in the atmo-

sphere will move outwards via pulsation and radiation pressure and they may

act as parent molecules for chemical reactions further out.

1.3.2 Effects of pulsation-driven shocks

• Dust formation
The typical features at 11.3 μm of silicon carbide in the spectral energy

distribution (SED) of C-type stars and the silicates features at 9.7 μm and 18

μm of in SEDs of M-type stars is evidence for the presence of dust grains in

AGB stars (Höfner & Olofsson 2018). Dust condensation radius is around 2

stellar radii for C-type stars and it is within a radius of about 10 stellar radii

for M-type stars (Höfner & Olofsson 2018). The theory of grain formation

is based on a two-step process of (1) the formation of homogeneous or het-

erogeneous nucleation (clusters) and (2) the growth of the clusters to form

macroscopic grains through deposition of atoms and molecules (Höfner &
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Olofsson 2018). A fully satisfactorily description must include complex prob-

lems involving the treatment of chemistry (nucleation, and gas phase, radical

and photo-chemistry reactions), cluster physics, thermodynamics, radiation-

matter interactions and non-linear dynamics (Höfner & Olofsson 2018, and

references therein).

In the envelope of an AGB star, pulsation driven shocks heat up and com-

press the gas. This results in high collisional rates, which facilitate nucleation

in the cooling post-shock gas. 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.

• Shock induced chemistry.

In the region with pulsation-driven shocks, there is evidence that the enve-

lope chemistry departs from thermal equilibrium. Non-equilibrium 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 anomalously high abundance of H2O in C-type

stars is one example (e.g., Melnick et al. 2001; Lombaert et al. 2016). Periodic

shocks destroy HCN, CS and enhance SiO formation in C-type stars (Willacy

& Cherchneff 1998; Cherchneff 2006). Other molecular abundances are also

very different from the values derived in TE models. For instance, in M-type

stars, HCN, CS and CO2 are found with several orders of magnitude higher

values than in TE (Duari et al. 1999; Schöier et al. 2013). In S-type stars,

HNC is also enhanced (Schöier et al. 2011; Danilovich et al. 2014). An ex-

planation for the phenomena is that CO is destroyed by the pulsation driven

shocks (Cherchneff 2006). The CO destruction creates free oxygen and car-

bon atoms that can 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

Through the wind, dust and gas can escape from 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 formed from this de-

struction play an important role in the chemical processes which enhance the

variety of molecules in the envelopes (Lee 1984; Agúndez et al. 2010). Since

AGB stars are cool, the UV photons involved in the photo-chemistry are from

external sources rather than from the central stars. However, Saberi et al.

(2017) recently proposed that internal UV radiation from the stellar chromo-

sphere can play an important role for the chemical composition of the CSEs.

The radial distance where the photochemistry potentially becomes important,

is dependent on the mass-loss rate and the expansion velocity, i.e., on the den-

sity (Saberi et al. 2019). The largest radial distances of different molecular

14



species are different depending on their dissociation properties. H2 has a high

capacity for self-shielding and is just dissociated in the very outer edges of the

CSEs. CO is both self-shielding and shielded by H2, as well as by the dust

(Habing & Olofsson 2003), but will be dissociated at smaller radii than H2

due to its lower abundance.

A key parent molecules in C-type stars is acetylene, C2H2, whose products

from photodissociation and ionization are very reactive. The radicals and the

ions are essential to produce hydrocarbon species and cyanopolyne species,

HCnN (Cherchneff et al. 1993; Habing & Olofsson 2003). In M-type stars,

the main parent molecule contributing to the chemistry of the CSEs is H2O

(Habing & Olofsson 2003). Sub-millimeter observations (e.g., Dinh-V-Trung

& Lim 2008) showed that the positions where the peak abundances of different

molecular species occur are at the same position as where rapid destructions

of the parent molecules occur.

1.4 Mass loss of AGB stars

AGB stars lose a substantial amount of their mass during their life-time. Ram-

stedt et al. (2009) have determined the mass-loss rates for a flux-limited sam-

ple of AGB stars with different spectral types using CO rotational lines. As

can be seen in Fig. 1.2, the mass-loss rate ranges between 10−8-10−4 M� yr−1

and the wind parameters, i.e., mass-loss rate and expansion velocity, have a

similar distribution for M-, S-, and C-type AGB stars. Pulsation-enhanced

dust-driven outflows are the most well-supported mechanism behind the phe-

nomena (Höfner & Olofsson 2018). In AGB stars, the rate of mass loss ex-

ceeds the nuclear-burning rate. The mass loss will therefore determine the

duration of the AGB phase.

There are several empirical methods to estimate the mass-loss rates, as dis-

cussed by Höfner & Olofsson (2018). Mass-loss-rates can be estimated based

on dust emission, i.e., dust scatters and absorbs the star-light, and then re-emits

at longer wavelengths. The dust emission consists of a broad continuum and

sharp dust features. The SED method is commonly used for a wide wavelength

range in the spectra (Groenewegen et al. 2007; Gullieuszik et al. 2012). The

method relies on assumptions of the dust velocity, the grain size distribution,

and the compositions of dust. Since these parameters are difficult to determine

from observations, the resulting mass-loss rates are rather uncertain (Höfner

& Olofsson 2018).

The second method is based on the CO rotational line emissions (e.g., Groe-

newegen 1994; Schöier & Olofsson 2001; Ramstedt et al. 2008). The method

has advantages, for example, the high abundance of CO in all spectral types,

its strong lines, and the large spatial extent of the CO CSEs because of its

high binding energy. CO molecules are normally excited by collisions with

the most abundant molecule H2. The transitions between different rotational
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Figure 1.2. Mass-loss rates plotted against the gas expansion velocities for M-type

(blue), S-type (green), and C-type (red) stars from Ramstedt et al. (2009).

states can be used to probe different regions in the CSEs, e.g., the high J-

transitions are excited close to the central star, while the lower J-transitions in

the outer most layers of the the CSEs.

Treatment of non-local thermodynamic equilibrium in the radiative trans-

fer can be used to fit CO rotational lines and derive mass-loss rates (Schöier

& Olofsson 2001). In these calculations, two especially important parame-

ters are the fraction CO abundance compared to H2 abundance and the size

of the CO envelope. The CO/H2 ratio is derived from chemistry models. The

size of the CO envelope is a major source of uncertainty in the mass-loss-

rate estimates and it is estimated from photodissociation models (e.g., Mamon

et al. 1988; Saberi et al. 2019). Fortunately, the envelope sizes can be directly

measured with highly sensitive telescopes, e.g., ALMA (Atacama Large Mil-

limeter/submillimeter Array) (Paper IV). The aforementioned mass-loss-rate

estimates based on the CO rotational lines assuming a spherical CSE with

a constant wind velocity and a constant mas-loss rate becomes problematic

when applied for a clumpy envelope and/or an axial outflow (see Chapter 2).

A 3D radiative transfer model is needed to deal with the large scale asymme-

tries (see Chapeter 4).
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2. Shaping the envelopes of AGB stars

Recent observations have revealed asymmetric structures in the envelopes of

AGB stars at both small scales (e.g., Paladini et al. 2012; Lykou et al. 2015;

Ohnaka et al. 2016; Paladini et al. 2017) and larger scales (e.g., Maercker et al.

2012; Decin et al. 2015; Kervella et al. 2016; Sahai et al. 2016; Homan et al.

2018). 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, Ramstedt et al. 2009).

Some mechanism possibly playing a role for the shaping of AGB winds, also

discussed in paper I, will be presented in the following sections.

2.1 Wind-interaction models

Whether single stars can form asymmetric circumstellar structures was ini-

tially investigated using interacting wind models (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),

which has a density contrast between the pole and the equator. A hot bub-

ble is created in the post-shock gas and the bubble expands at constant pres-

sure. 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 transforms into a fast bipolar outflow.

Wind-interaction models including detailed hydrodynamics and microphysics,

as well as radiative transfer (Frank & Mellema 1994), have confirmed the de-

pendence of the shaping on the density distribution of the previously ejected

gas envelope. If the expansion velocity of the hot bubble is significantly higher

than that of the slow wind, and the density contrast between the torus equator

and pole, q, is less than 2, the bubble becomes elliptical. A q from 2 to 5 will

result in a fast bipolar outflow morphology. Larger values of q combined with

an even higher wind speed result in a highly collimated outflow. However, the

models are incomplete because they ignore the origin of the torus structure.

The toroidal/elliptical morphology could be created if the star itself is rotat-

ing already on the AGB. Dorfi & Hoefner (1996) have shown that the effect of

slow rotation (of the order of 2 km s−1 at the stellar surface), 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
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elliptical envelope. The resulting wind density contrast between the equator

and the pole is of the order of 5 in these models. By applying The Wind

Compressed Disk models to AGB stars, Ignace et al. (1996) have shown that

the Coriolis effect, effective if the star is rotating fast enough, can produce

a disk-like structure. However, recent investigations combining the results

of magneto-hydrodynamics (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 (García-Segura et al. 2014). 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). Binary interaction will be discussed

further in Section 2.3.

2.2 The effects of magnetic fields

Maser observations provide a tool to probe the local magnetic field, using,

e.g, SiO masers at a radial distance of about 10 AU (Herpin et al. 2006), H2O

masers at a distance of several hundred AU (Vlemmings et al. 2002), and

OH masers at a distance of 1000-10000 AU (Rudnitski et al. 2010), through

Zeeman line splitting. The measured field strengths vary with radial distance

as plotted in Figure 2.1. 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 field (Vlemmings 2010). The origin of the magnetic

field, however, is still an open question. Blackman et al. (2001) proposed that

differential rotation between the contracting core and the expanding envelope

creates a magnetic dynamo. The influence of a close companion or a giant

planet can possibly spin-up an AGB star and power a dynamo (Nordhaus &

Blackman 2006).

A strong global magnetic field can cause an asymmetric outflow as pro-

posed by MHD models (Matt et al. 2000). The models 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; Ramstedt et al. 2012). In combination

with the interacting wind models described above, the magnetic effect gives

a plausible explanation for the observed morphologies. Wind interaction and

the collimation of bi-polar outflows have also been studied using MHD mod-

els where the wind is driven by magnetic pressure (García-Segura et al. 1999).

The authors hypothesized that a single star can reach a critical rotational speed

at the end of the AGB phase. Later on, García-Segura et al. (2014), however,

found that it is impossible to obtain the rotation needed in the MHD calcula-

tion for a single star. Again, the origin of the magnetic field, or the launching
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Figure 2.1. Illustrating the measured magnetic strengths using different masers (as

mentioned in the text) as a function of radial distance for a number of Mira-type stars.

The solid and dashed lines respectively show r−2 and r−1 laws. The vertical dashed

line and vertical dashed dotted line respectively show the stellar surface and the outer

edge of the envelopes. The figure is from Vlemmings (2010).

of the fast wind are not well explained, but would require an extra source of

angular momentum, like a binary companion.

2.3 Envelope shaping in binaries

Wind shaping by a binary companion is the most supported mechanism for ex-

plaining the formation of asymmetric PNe (Jones & Boffin 2017). The influ-

ence of the companion on the wind shaping depends on the binary separation,

the mass ratio between the companions, the wind speed, and the rotation of

the primary star as well. The gravitational attraction of the companion focuses

the AGB wind onto the orbital plane, causing the CSE departure from spher-

ical symmetry. The phenomenon can be observed as the following features:

(i) funnelling of matter through the inner Lagrangian point (e.g., Shcherbakov

& Tuominen 1992; Karovska et al. 2005), (ii) formation of an accretion disk

around the companion (e.g., Reimers & Cassatella 1985; Sahai et al. 2018),

that is normally expected to associate with axial asymmetric outflows, e.g, jets

or bipolar outflows, (iii) spiral arms associated with the orbital motion of the

companion and/or the reflex motion of the mass-losing star (e.g., Cernicharo

et al. 2015; Kim et al. 2017), and (iv) circumbinary disk (e.g., Kervella et al.

2015). Furthermore, a strong wind from a companion can further contribute

to the shaping of the circumstellar material of the primary star envelope as
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suggested by Ramstedt et al. (2014). Höfner & Olofsson (2018) proposed that

a hard radiation field from a hot companion can also affect the dust formation.

The following subsections will summarize some results from hydrodynamical

simulations and observations.

2.3.1 Results from hydrodynamical simulations

There are several modelling attempts to investigate the impact of a close com-

panion on the AGB wind morphology in a binary system. Mastrodemos &

Morris (1999) studied wind morphologies in binary systems with a mass-

losing primary across a broad parameter space using hydrodynamical models.

The models can produce various morphologies of the CSE (bipolar, elliptical,

or spiral) by varying the other parameters. However, the actual reason for the

different morphologies is unclear since the complex physical processes behind

the parameter changes are not explained. For simplicity, Kim & Taam (2012)

separated the effects on the wind geometry of the reflex motion of the AGB

star and the gravitational attraction of the companion in wide binaries. The

three-dimensional hydrodynamical simulation showed an arc-like pattern of

the CSE, which is resulted from the overlap of the structures caused by the

two factors. The observed morphology depends on the inclination angle be-

tween the orbital plane and the line of sight, i.e., a well-defined spiral pattern

for a system seen face-on, and circular arcs for a system seen edge-on. It was

also found that the resultant morphologies show a correlation with the wind-

to-orbital velocity ratio, i.e., the pattern becomes flattened in the meridional

plane if the orbital velocity of the AGB star is relatively high compared to the

wind velocity.

Motivated by the detected high mass transfer rates in Mira binaries and post-

AGB binaries, Mohamed & Podsiadlowski (2012) suggested a mass transfer

mechanism for binaries, and called it ’wind Roche-lobe overflow’ (wRLOF).

The mechanism can be efficient in AGB stars with a slow wind acceleration

and dust condensation radius, Rdust , comparable to the Roche-lobe radius, RL.

In the model with Rdust > RL, the circumstellar material funnels through the

inner Lagrangian point, L1. Then, part of the stream is deflected and lost

through the Lagrangian point L2 to create a single-arm spiral where the high

density region will favour dust formation. On the other hand, in the model

with Rdust <RL, the dust formation is largely unaffected by the companion, the

outflow occurs in nearly spherical shells which are distorted at the companion

position. The mass accretion rate in the models is much higher than that of the

Bondi-Hoyle-Littleton wind accretion. The outflow is strongly concentrated

to the orbital plane. This facilitates the formation of a bipolar outflow in the

interaction wind models that assume a density contrast between the poles and

the equatorial region.
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2.3.2 Results from observations

A companion in a binary system involving an AGB star is difficult 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 dis-

cover binary stars become uncertain in binaries involving AGB stars due to the

intrinsic pulsation variations. There are several methods used to detect com-

panions, discussed by Habing & Olofsson (2003), including: (i) light curve

measurements showing that the light from a companion results in either shal-

low or wide, flat minima in the light curves of the long-period AGB variables;

(ii) detections of ultraviolet excess which is emitted by a hot companion or

accretion disk around the companion, and X-ray emission which is emitted

by collision of matter streams or by matter falling onto the companion; (iii)
observations of symbiotic binaries with symbiotic activities and peculiar spec-

tra that show low-excitation absorption features and high-excitation emission

lines; (iv) imaging of asymmetries in envelopes at both small scale (around

dust formation radius) and large scale (using CO rotational lines).

The studies of AGB wind shaping are observationally constrained by a lim-

ited number of well-studied binaries. However, there is an increasing number

of AGB stars detected with arc or Archimedes-spiral patterns in their CSEs.

The patterns can be interpreted as possible evidence of embedded central bi-

nary stars in the gas envelopes, i.e., the binary orbital motion and/or gravi-

tational attraction of the companion as discussed in Sect. 2.3.1. The orbital

period of the systems can be easily estimated using the spiral-arm spacing and

the wind velocity (Kim & Taam 2012). An Archimedes single-spiral arm in

the envelope of the extreme carbon star AFGL 3068 was, for the first time,

observed using dust scattered ambient starlight with HST (Mauron & Huggins

2006) before the companion was detected by the observations in the near in-

frared (Morris et al. 2006). The ALMA observations of the source revealed a

feature of the spiral winding that was interpreted as a influence of an eccentric-

orbit binary companion (Kim et al. 2017). Table 2.1 gives a summary of the

AGB stars observed with spiral patterns that are ascribed to be induced by

binary companions found in literature.

Observations have also revealed jets or bipolar outflows in several AGB

stars. The formation of the outflows is, however, not well-studied. It is be-

lieved that the phenomenon must be associated with the accretion disk forma-

tion in binary systems (Sahai et al. 2016). The carbon star V Hydrae, which is

a well-studied source in the tramsition phase from AGB to PN, shows a pecu-

liar gas envelope consisting of a fast ( about 200 km s−1), collimated bipolar

outflow perpendicular to a thin disk-like outflow with a low (about 16 km s−1)

expansion velocity (Hirano et al. 2004). Sahai et al. (2008) found ultravio-

let excess in V Hydrae that is indicative of an actively accreting companion.

Analyzing the HST observations of the high-speed bullet ejection which is

qualitatively consistent with the bipolar outflow at the larger scale, Sahai et al.
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Table 2.1. Examples of AGB stars observed with spiral patterns.

Name Spectrum Variable type Estimated separation [AU]

AFGL 3068 C Mira 120 a

IRC +10216 C Mira 25 b

Mira (o Ceti) M Mira 60 c

W Aquilae S Mira 180 d

R Sculptoris C SR 60 e

CIT 6 C SR 68 f

π1 Gruis S SR 70 g

EP Aquarii M SR 65 h

a Mauron & Huggins (2006); b Decin et al. (2015);
c Ramstedt et al. (2014); d Ramstedt et al. (2017); e Maercker et al.

(2012) ; f Kim et al. (2013); g Paper II ; h Homan et al. (2018).

(2016) proposed a scenario in which the binary system has an eccentric orbit,

and the bullet-like outflow is ejected from an accretion disk formed around the

companion when the system is at periastron passage. The jet velocity can be as

high as the Keplerian velocity at the position close to the surface of the com-

panion. Furthermore, there are other examples including, e.g., the fast bipolar

outflow observed in π1 Gruis (see Sect. 2.4.1), the jet in R Aquarii (Schmid

et al. 2017), the knotty bipolar outflow in Mira o Ceti (Meaburn et al. 2009),

and the nascent bipolar outflow in CIT 6 (Kim et al. 2015).

The ALMA project, led by Ramstedt S. (Uppsala University), aimed to

investigate the role of a companion in shaping the AGB outflow and has ob-

served four well-studied binary systems: R Aquarii, Mira (o Ceti), W Aquilae,

and π1 Gruis. The results showed the imprint of companions on the winds in

all four systems. The binary system of the Mira star R Aquarii and its white-

dwarf companion with the smallest separation (∼10 AU) showed a ring-like

pattern aligned with the orbital plane (Ramstedt et al. 2018; Bujarrabal et al.

2018). The pattern was suggested to be caused by the mass-loss variations

of the AGB star. The Mira o Ceti system with a moderate separation (∼60

AU) presented a complex structure of gas bubbles and spiral arcs resulting

from several dynamical processes during the evolution of the system (Ram-

stedt et al. 2014). W Aquilae and its main-sequence companion at a separa-

tion of ∼180 AU presented two weak spiral patterns with different inter-arm

spacings (Ramstedt et al. 2017). Using an eccentric hydrodynamic wRLOF

model of mass transfer, the authors suggested that the larger-spacing pattern

being brighter (denser) to the west was evidence for the wind shaping by the

known companion. The smaller-spacing pattern was, however, formed by an

unknown process. The observations of the largest separation (∼400 AU) sys-

tem of π1 Gruis and its main-sequence companion revealed, for the first time,

the gas envelope of two components: a faster bipolar outflow perpendicular

to a spiral pattern (Paper II, see Sect. 2.4.1). These diverse morphologies ob-
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ALMA CO,  13CO(3-2) 

Figure 2.2. Sketch of the π1 Gruis envelope with the suggested close companion, the

known G0V companion, the sprial arc (Sacuto et al. 2008). The different regions are

coded with colors representing the detection range of the used instruments (adapted

from Mayer et al. (2014) with ALMA region added).

served in the systems reflect the very complicated dynamic processes of AGB

wind shaping. The outcome will depend on many parameters, e.g., the wind

speed of the mass-losing star, the mass ratio of the components, the binary

separation, and the evolutionary stage of the companion.

2.4 π1 Gruis and HD 101584

2.4.1 π1 Gruis

π1 Gruis is one of the brightest intrinsic S stars with mV � 6.5 (Ducati 2002).

The detection of Tc in the atmosphere is a firm evidence of its current evolu-

tionary stage on the thermally pulsing AGB (Little et al. 1987). The spectrum

S5 (C/O ratio � 0.8) is dominated by ZrO and YO molecular lines (Stewart

et al. 2015). π1 Gruis is a semi-regular variable with a pulsation period of 198

days (Tabur et al. 2009). Its sun-like companion at a separation of about 400

AU has a long orbital period of 6200 years (Feast 1953; Proust et al. 1981)

so that its motion is hardly noticeable over the decades of observation. Some

fundamental parameters of the star are summarized in Table 2.2. Figure 2.2

illustrates the π1 Gruis envelope with the companions and the coverage of the

different observations so far. The photosphere of the star appears round with

no signs of Roche-Lobe distortion (Paladini et al. 2018).

The inner circumstellar envelope (within 5 stellar radii) probed by

VLTI/MIDI appears very complex, and despite a first indication of spheri-

cal symmetry (Sacuto et al. 2008), more recent observations (Paladini et al.

2017) tuned to measure asymmetries, showed that the envelope is elongated.
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Table 2.2. The characteristic parameters of π1 Gruis.

Parameter Value Reference

Coordinates α= 22h 22m 44s.20571

δ= -45◦ 56
′

52”.6115 Van Leeuwen (2007)

Distance 160 pc Van Leeuwen (2007)

Proper motion μα∗ = 33.4; μδ = -17.7 Høg et al. (2000) Tycho-2

(mas/yr) μα∗ = 28.48; μδ = -12.14 Van Leeuwen (2007) Hipparcos

Magnitude mV = 5.31 - 7.01 Pojmanski (2002)

Variable type SRb Samus et al. (2009)

Variable period 198 days Tabur et al. (2009)

Spectral type S5 Stewart et al. (2015)

Luminosity 7244 L� Mayer et al. (2014)

Mass 1.5 M� Mayer et al. (2014)

Radius 347 R� 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 M� Proust et al. (1981)

C/O ratio 0.8 Smith & Lambert (1986)

The proper motion of π1 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 difference is consistent

with a companion with a short orbital period of 4-50 year (Mayer et al. 2014).

The CSE structure with a low-velocity torus and a high-velocity bipolar

outflow was first suggested by Sahai (1992). The gravitational effect of the

known companion is inadequate to create the disk and power the fast outflow.

The 12CO J=2-1 emission was first imaged with an interferometer by Chiu

et al. (2006). The channel maps showed the low-velocity component in the

shape of a flared disk with two flux peaks on either side of the stellar position

along the EW direction. This feature was interpreted as a central cavity which

would correspond to a significant decrease of the mass-loss over the last 90

years.

The very large-scale structure was studied with Herschel/PACS at wave-

lengths of 70 μm and 160 μm (Mayer et al. 2014). The images of the dust con-

tinuum emission indicated an elliptical dust envelope, which was suggested

to be a spatial extension (stretches over 11750 × 9790 AU) of the structure

seen in CO line emission observed by Chiu et al. (2006). Mayer et al. (2014)

concluded that the known companion does not have any effect 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. The authors suggested that the

arc originated at the know companion, then curved towards the north-east. If
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this speculation is true, the resulting wind velocity must be higher than that

inferred from the previous CO observation.

In Paper I, a comparison between 12CO J=2-1 and 12CO J=3-2 suggested

that the synthesized beam and the excitation conditions can explain the feature

seen in the 12CO J=2-1 channel maps. This provided an alternative explana-

tion for the mass-loss decrease suggested by Chiu et al. (2006). The bipolar

outflow momentum exceeds the highest value possibly gained from radiation

pressure. This means that the radiation pressure alone would not be sufficient

to drive the fast outflow. A density contrast between the equator and polar re-

gions found in the 3D radiative transfer model agrees with the required value

in various shaping mechanisms.

In Paper II, the flared torus was then resolved to reveal a central arc-like

structure that roughly fits a single arm spiral. An undetected, close-in compan-

ion at a separation of 70 AU was suggested to shape the wind into the flattened

spiral. The smoothed particle hydrodynamics (SPH) model of a close binary

system with an eccentric orbit can produce a spiral pattern with the feature

of the branching windings seen in the observations. The fast bipolar outflow

traces parts of two round bubbles at red- and blue-shifted velocities. The high-

velocity (∼60 km s−1) bubbles are oriented perpendicular to the low-velocity

spiral. The outflow formation is associated with a high mass-loss eruption.

The mass-loss rate increased massively, by at least a factor of 5, and later

declined. The origin of the phenomena is, however, unclear.

2.4.2 HD 101584

HD 101584 is classified as spectral type A6Ia. Based on its far-infrared excess,

Bakker et al. (1996b) inferred that the object is in the post-AGB phase. It

has recently evolved from the AGB phase at most a few hundred years ago

(Bakker et al. 1996b). However, providing the evidence of low-extinction of

gas in the disk oriented almost face-on, Olofsson et al. (2019) (Paper III) have

argued that the object has an alternative evolutionary status and is in the post-

RGB phase. Bakker et al. (1996a) suggested the presence of a companion

that has an orbital period of 218 days. The low-mass main-sequence (or low-

luminosity white dwarf) companion has a mass of 0.6 M� and a separation of

0.7 AU (Olofsson et al. 2015). Some fundamental parameters of the star are

summarized in Table 2.3.

The CO rotational line emission revealed a spatially compact emission re-

gion, whose line profiles show a central narrow peak, and a high-velocity

(150 km s−1) component (Olofsson & Nyman 1999). Olofsson et al. (2015)

proposed a hypothesis of a capturing scenario. In that scenario, the system

initially had a relatively small separation and the primary star then reached a

critical radius and captured the companion. The companion spiraled inward
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Table 2.3. The characteristic parameters of HD 101584.

Parameter Value Reference

Coordinates α= 11h 40m 58s.80522

δ= -55◦ 34
′

25”.81318 Gaia Collaboration (2018)

Distance 0.7 kpc Bakker et al. (1996a)

1.8 kpc Olofsson et al. (2019)

Proper motion [mas/yr] μα∗ = -7.968; μδ = -0.355 Gaia Collaboration (2018)

Magnitude mV = 7.01 Sivarani et al. (1999)

Spectral type A6Ia Sivarani et al. (1999)

Luminosity 5000 L� Bakker et al. (1996b)

Mass 1 M� Olofsson et al. (2017)

Temperature 8500 K Sivarani et al. (1999)

Orbital period 218 days Bakker et al. (1996b)

Semi-major axis 0.7 AU Olofsson et al. (2015)

Companion spectra MS or WD Olofsson et al. (2015)

Companion mass 0.6 M� Olofsson et al. (2015)

but did not fall into the primary. It finally stopped at the current separation due

to friction with the newly formed common envelope.

Using high angular resolution data observed with ALMA, in Paper III, we

interpreted the circumstellar environment as a system of four components: (i) a

central compact component, (ii) an expanding equatorial density enhancement

component which is a flattened density distribution in the orbital plane, (iii)
a bipolar high-velocity (150 km s−1) outflow oriented almost along the line of

sight, and (iv) an hourglass-structure component. There is also evidence for a

second bipolar outflow. The large gas momentum cannot be supplied by the

radiation pressure in any case. Following up on the hypothesis of the capturing

scenario, we estimated the gravitational binding energy to be approximately

one-tenth of the gas kinetic energy. Additional energy sources, i.e., the grav-

itational energy released from the matter falling onto the companion when

creating a accretion disk, must be included to power the outflow.
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3. Radio interferometry and aperture synthesis

The Earth’s atmosphere is highly transparent at radio frequencies. This makes

ground-based observations effective. The radio window extends from 14 MHz

to 1.5 THz. The low-frequency cut-off is due to the ionosphere transparency,

while at high frequencies it is limited at frequencies of the lowest rotational

bands of the tropospheric molecules (H2O, O2, N2, and CO2). With the largest,

current radio telescopes (about a hundred meters in diameter), the best angular

resolution limited by the diffraction, ∼ λ/D, where D is the telescope diame-

ter and λ is the wavelength, is approximately of the order of one arcsec. This

is not comparable to the resolution of current telescopes operating at visual

wavelengths. Owing to material and mechanical limitations, it is impossible

to continually increase D in order to improve the resolution at a certain wave-

length. The problem can be overcome by coherently combining the signal

received from several telescopes separated by an equivalent distance D. The

concept of radio interferometry and the aperture synthesis method will be pre-

sented in the following sections.

3.1 The two-element radio interferometer and synthesis
imaging

3.1.1 Basics of radio interferometry

Assuming two points P2 and P1 in a monochromatic electromagnetic wave

field, the waves recorded at the different points will have a certain phase dif-

ference. The mutual coherence function between the two points P2 and P1 is a

time-averaged cross-correlation between the wavefields at the points (Thomp-

son et al. 2017):

Γ(P1,P2,τ) = lim
T→∞

1

T

∫ T

0
U1(P1, t)U∗

2 (P2, t − τ)dt = 〈U1(P1, t)U∗
2 (P2, t − τ)〉 ,

(3.1)

where τ is the time delay between the points. U1(P1, t) and U2(P2, t − τ) are

the wavefield at the respective points.

Consider that an incoherent wavefield from an extended source in the source

plane (X,Y), which illuminates two points (two antennas) P2 and P1 in the

observation plane (x,y). The planes are parallel and at a large distance from

each other. The position of a source element in the (X,Y) plane can be specified
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ξ η

Figure 3.1. Illustrating the Cittert-Zernike Theorem. An extended wave source is at

the source plane (X,Y), two antennas (P1 and P2) are at the observation plane (x,y).
The figure is adapted from Thompson et al. (2017).

by the direction cosines, ξ and η , with respect to the axes in the (x,y) plane.

The relation between the mutual coherence of the two points in the observation

plane, and the source brightness density distribution can be described via the

van Cittert-Zernike Theorem (Thompson et al. 2017),

Γ12(u,v) =
∫∫

I(l,m)e−2πi(uξ+vη)dξ dη , (3.2)

where u = (x1 − x2)/λ and v = (y1 − y2)/λ are the x- and y-distance in units

of wavelength between the two points (P1 and P2), and I is the intensity of

the source. The coherence function, which is also called the visibility, is the

Fourier transform of the intensity distribution of the source in the sky. In

principle, the source intensity distribution can be deduced by taking the inverse

Fourier transform of the measured visibility.

3.1.2 The two-element radio interferometer and aperture
synthesis

This subsection has used "Tools of radio astronomy" by Wilson et al. (2009)

as reference literature. The simplest interferometer consists of two antennas

that are separated by a distance called the baseline B (see Fig. 3.2). The

antennas simultaneously receive 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,

Γ(P1,P2,τ) = lim
T→∞

1

T

∫ T

0
U1(t)U2(t − τ)dt (3.3)
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Figure 3.2. Sketch a two-element radio interferometer. The figure is adapted from

Wilson et al. (2009).

where τ = (BBB...sss)/c is the time delay between the antennas. Note that the bold-

face notations introduce the vectorial quantities. The unit vector s is toward

the observed source. Inserting the voltage signals after the amplifiers into the

equation gives,

Γ(P1,P2,τ) = lim
T→∞

1

T

∫ T

0
U0cos(2πνt)U0cos(2πν (t − τ))dt

= lim
T→∞

1

T
U2

0

2

{∫ T

0
cos(2πντ)dt +

∫ T

0
cos(4πνt −4πντ)dt

}
.

(3.4)

If the integration time is much longer than the electromagnetic wave period,

the second term on the right hand side will be zero. Equation 3.4 can then be

written as,

Γ(P1,P2,τ)�U2
0 cos(2πντ) . (3.5)

The left-hand side of the equation represents the visibility, which is a func-

tion of the baseline. The right-hand side represents the power received by the

antennas. The power received per unit solid angle dΩ per bandwidth dν is

given by A(sss) Iν(sss)dsssdν , where Iν(sss) is the brightness density distribution of

the source, and A(sss) is the effective collecting area of the antennas. Equation

3.5 can be rewritten as,

V (B) =
∫∫

Ω
A(sss) Iν(sss)e−i 2πν

c BBB.sss dsss. (3.6)

With the aforementioned coordinates, the visibility is now given by,

V (u,v) =
∫∫

Ω
A(ξ ,η) I(ξ ,η)e−i2π(uξ+vη) dξ dη . (3.7)
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Figure 3.3. u-v coverage of the ALMA observations of π1 Gruis (Paper II): the com-

pact array data in red and the main array data in blue.

The brightness distribution coupled to the primary beam shape,

A(ξ ,η) I(ξ ,η), can be extracted by performing the inverse Fourier transform.

Eventually, the real intensity I(ξ ,η) is corrected for the beam pattern (see

Sect. 3.3).

In order to reconstruct a perfect high fidelity image of the sky brightness

distribution, an infinite numbers of visibility measurements are required with

different values of u and v, or different baselines. This is impossible in reality.

Modern radio observatories consist of arrays of antennas that sample the vis-

ibility 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. Ow-

ing to the Earth’s rotation, the longer duration of an observation, the higher

number of points in u− v plane will be measured. However the u-v coverage

of an interferometer is always incomplete. Fig. 3.3 shows an example of the

u-v coverage of the ALMA observations of π1 Gruis presented in Paper II.

Special techniques to interpolate the missing values and reconstruct the inten-

sity distribution of the observed source are briefly introduced in Sections 3.3

and 3.5.

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. Fig. 3.4 shows the mosaic positions of the ALMA

observations for π1 Gruis presented in paper I and II.
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Figure 3.4. The mosaic positions of the ACA observations (left) and the main array

observations (right).

3.2 Calibration

The measured visibility, Ṽ , differs from the true visibility, V , because of the

effects of the instruments and the Earth atmosphere. The atmosphere causes

extinction and refraction of the emission. The telescope is characterized by,

e.g., surface accuracy, noise, and gain stability. Therefore the measured visi-

bility must be corrected before imaging and analysis. The calibration formula

specifies the linear relation between the measured and observed visibilities,

Ṽi j(t) = Gi j(t)Vi j(t)+αi j(t)+βi j(t), (3.8)

where Gi j(t) is the baseline-based complex gain of the antenna pair (i, j);
αi j(t) is the baseline-based complex offset; and βi j(t) is the stochastic com-

plex noise. The offset term is in general negligible. The noise can be decreased

by observing a no emission sky region for a long integration time. If one ob-

serves 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 offset 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 cali-

brator sources that are not significantly variable and have known information

such as spectrum and positions, or by using the source itself (self-calibration)

in the case that it has a strong enough signal. Since the complex gain is

direction-dependent, the calibrator should be close to the source in the sky.

Otherwise several calibrators surrounding the source should be observed to

make the direction-dependence 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.
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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.

3.3 Imaging process

Observed visibilities are discrete measurements distributed in an irregular grid

in the u-v plan. The integral in Eq. 3.7 is therefore replaced by a summation.

The data must be re-gridded into a regular grid and weighted using a grading

function before inverse Fourier transform is performed to derive the intensity

distribution ID(ξ ,η) which is called the dirty map. The dirty map is a convo-

lution of a dirty beam BD(ξ ,η) which is a Fourier transform of a point source

in the regions sampled, and the actual intensity distribution, I(ξ ,η), of the

observed source,

ID(ξ ,η) = BD(ξ ,η)⊗ I(ξ ,η). (3.9)

Further deconvolution is required to derive I(ξ ,η). The most common method

is the CLEAN algorithm (e.g., Högbom 1974). Generally, an iterative CLEAN

loop is established following this procedure: First, (i) find the brightest points

in the dirty map, (ii) create a model map of the points containing a fraction of

the fluxes of the points, (iii) subtract the model map from the dirty map to get

a residual map, then repeat step (iii) n times until the residual peak equals a

threshold value, each time using the residual map from the previous iteration

instead of the dirty map. The final model is then convolved with a clean beam

which is a Gaussian with a FWHP equal to that of the dirty beam, and the final

residual is added to make the clean map.

All the interferometric data used in this thesis were calibrated and im-

aged using CASA (Common Astronomy Software Applications, McMullin

et al. 2007). CASA is developed to primarily support the data post-processing

needed for radio astronomical interferometry, i.e., ALMA and VLA. The vis-

ibilities were imaged and deconvolved using the CLEAN package, in CASA.

To avoid cleaning noise peaks, regions (masks) have been selected to limit

where CLEAN looks for components to clean. The masks are where the pixel

intensity is higher than 1/2 of the signal peak in the last cycle. This iterative

procedure is performed with a decreasing threshold parameter to stop CLEAN

also at 1/2 of the signal peak found in the last residual. The loop will end when

the peak is a few times the expected rms noise.
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3.4 Visibility fitting
Data analysis to derive the characteristic properties of an observed source, e.g.,

the source’s position, flux, and spectrum, etc., is normally performed after an

imaging process. The final results are dependent on assumptions made during

the data reduction, for instance when choosing the gridding, weighting, and

cleaning methods. Therefore, the final results are non-unique. On the other

hand, if either the intensity distribution of the source is very simple, e.g., a

point source, spherically symmetric, or the angular resolution of the interfer-

ometer is larger than the source size, the imaging process can be avoided and

a model can be fitted directly to the visibilities instead to derive the interesting

parameters. By assuming a model of the sky intensity distribution, one can

compute the visibilities using the Fourier transform on the uv-plane. Then the

model visibilities are compared to the observed visibilities.

The visibility-fitting method was used in Paper IV. The project observed

nearby AGB stars using the ALMA compact array (ALMA-ACA). The main

goal of the project is to measure the extent of the CO line emitting region.

A Gaussian intensity distribution was assumed in the models to fit the ob-

servational visibilities for all the sources. The models were characterized by

several variables: the source position (RA and Dec), the total flux density,

the size (major and minor axis), and the position angle of the major axis of

the Gaussian distribution (Martí-Vidal et al. 2014). The best-fit models were

selected using the χ2 minimizing method, where

χ2 = ∑
i

(
V o

i −V m
i

σ2
i

)
, (3.10)

where V o
i and V m

i are the observed and model visibilities; σi is the uncer-

tainty. The index i counts for baselines, frequency channels and times. The

minimization is performed separately for each frequency channel. Fig. 3.5

demonstrates the results of a model fitting to the visibilities of the ALMA ob-

servation for RT Cap which is presented in Paper IV. The residual is calculated

from subtracting the fitting result from the original data.

3.5 Multiple-array observation

3.5.1 Short and long baseline arrays

In the aperture synthesis method, the longest baseline of the interferometer

determines the spatial resolution of the observations. In practice, the antenna

configuration is selected depending on the structure of the objects being ob-

served. A long baseline array provides the power to resolve compact objects,

while a short baseline array gives a good sensitivity when imaging an extended

object. Figure 3.6 illustrates the different responses of the different arrays

to the sky brightness distributions. In the case of closely-packed point-like
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Figure 3.5. Results from the model fitting to the visibilites for the CO(3-2) line of the

carbon star RT Cap. The left panel shows the major and minor axis of the Gaussian

fit to each channel across the line. The middle panel shows the resulting flux of the

model and the residual flux after subtraction of the model. The right panel shows the

χ2 for each channel.

sources (Figure 3.6a) the compact array with low spatial resolution is ineffec-

tive 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 3.6b). The extended array is efficient when ob-

serving the points sources (Figure 3.6a). Combining the data observed with

multiple arrays will give high fidelity to the final image with a good balance

between the angular resolution and the recovered flux. This is also demon-

strated in Figure 3.6c with the case of an extended source distributed in smaller

brightness spots. Furthermore, the images from the interferometers have some

negative intensity regions resulting from missing "short-spacing" issue. The

issue can be remedied in the final image by adding data from observations

with a more compact array and/or single dish telescope.

3.5.2 Combining data observed with different configurations

The CASA package can deal with standard data reduction, combining the data

observed with different arrays, and combining single-dish data with interfer-

ometry data. The general procedure for data reduction is demonstrated in

Figure 3.7. The data from different arrays must be correctly weighted rela-

tive to each other before combining them. The data is joined during imaging.

Normally, visibility weights are inversely proportional to the square of the rms

noise, σ2
i j, of the visibilities. The rms noise is given by,

σi j =
2k

ηqηcAe f f

√
Tsys,iTsys, j

2Δνti j
×1026, (3.11)

where k is Boltzmann’s constant; ηq and ηc are the quantization and correlator
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Figure 3.6. Simulated images showing the response of different ALMA ar-

rays to the models of the sky brightness distribution (left): extended array

(middle) and compact array (right). The models are point sources (a), a

spatially extended source (b), and a spatially extended source distributed in

smaller bright spots (c). The images are edited from the original version at

https://casaguides.nrao.edu/index.php/Guide_To_Simulating_ALMA_Data.
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Figure 3.7. A sketch of the method used to combine data from the interferometric

arrays and the single dish observations.
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Figure 3.8. The weights vary with the distance from a reference antenna in ALMA-

ACA (left) and the main array observations (right from the observations of π1 Gruis

described in detail in Paper I and II).

efficiencies; Ae f f is the effective antenna area; and Tsys is the system tempera-

ture of the antennas; Δν is bandwidth; and ti j is the integration time. Owing to

the different Ae f f , Tsys, and ηq and ηc, individual array have different weights

and sensitivity. The weights of the π1 Gruis data observed with the main array

and the ACA is plotted versus the uv-distance in Fig. 3.8.

In order to match the sensitivity and be able to combine the data, the in-

dividual array observations must be performed for a reasonable durations of

time. Otherwise, the weights must be changed manually, however, this will

affect the sensitivity. The interferometry data is first calibrated and then com-

bined using reasonable weights. The weights depend on the on-source time

and the properties of a system. High weights are given to the extended array

data if the detailed structure of the strong, extended source is the main goal

of the observations. In case of a low signal-to-noise ratio, the compact array

should be given higher weights. The ACA data is clearly much more sensitive

than the main array data as seen in Fig. 3.8. Considering the same spectral

set-up, the difference is due to the integration time, the on-source time, and the

antenna properties (Equation 3.11). Ideally, the ratio between the ACA (7-m)

array and the main (12-m) array weights is expected to be 0.18, approximately.

The new weights of the combined, interferometric data are plotted in Figure

3.9.

The TP data can be then combined with the combined interferometry data

in two different ways. The first, simple method use Fourier transforms to

combine the TP image cube with that of the interferometer 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 method is to

use the TP2Vis task in CASA. TP2Vis will generate the visibilities assuming a
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Figure 3.9. The weights of the combined, interferometry data. The black dots repre-

sent the data from the ACA array, and the rest is from the main array.

Figure 3.10. The images at the same velocity (frequency) from the different 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.
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Gaussian distribution of the u-v coverage. The TP visibilities are then joined

with the interferometric, combined visibilities using reasonable weights. For

example, the TP data of π1 Gruis in Paper II is down-weighted by a factor

of 10−4 which gives a good trade-off between resolution and signal-to-noise

ratio in the final image cube.

Figure 3.10 demonstrates the improvement seen in the same channel image

at different completeness of the uv-coverage. 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.

3.6 Simulating interferometric data

In order to determine the physical and/or chemical conditions found in the

studied system, results from radiative transfer models are compared to inter-

ferometric observations. This is only reliable if the effects of the interfer-

ometer, for example, the missing u − v coverage, noise of the atmosphere,

electric systems, and uncertainties added from the imaging process are in-

cluded in the modelling results. The SIMOBSERVE and SIMALMA tasks

in CASA are commonly used to simulate visibilities from an observation us-

ing the brightness distribution from radiative transfer calculation as the source

model. The SIMALMA task is designed to directly simulate combined visibil-

ities observed with the ALMA 12-m main array, ACA, and total power array.

The simulated data should have the on-source duration and the antenna con-

figurations of the original observations. The data is then imaged in the same

way as the real observational data before a comparison can be made.
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4. Radiative transfer methods

4.1 Radiative transfer equations

When propagating through a gaseous medium, radiation can be absorbed,

emitted, or scattered when interacting with molecules and atoms. The change

of the specific intensity Iν at frequency ν along a path ds is described by an

equation with the absorption term kν Iνds, and the emission term jνds,

dIν =−kν Iνds+ jνds, (4.1)

where kν is the absorption coefficient and jν is the emissivity or emission co-

efficient. Introducing the optical depth, dτν = - kνds (where the minus sign

implies that the τ and s increase in opposite directions), and the source func-

tion, Sν = jν/kν , the radiative transfer equation can be written as

dIν

dτν
= Iν −Sν . (4.2)

If the collisional rate among the atoms and molecules is high enough, local

thermal equilibrium (LTE) is fulfilled. According to Kirchhoff’s law, the

source function is now the Planck function, Bν(T ), which only depends on

the gas temperature T ,

Sν = Bν(T ) =
2hν3

c2

1

ehν/kT −1
, (4.3)

where h is the Planck constant, c is the speed of light, and k is Boltzmann’s

constant. The radiative transfer equation will have a simple solution in an

isothermal medium (T (τ) = const.),

Iν(s) = Iν(0)e−τν (s) +Bν(T )
(

1− e−τν (s)
)
. (4.4)

LTE is not justified in 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 difference between two

levels hν0 = Eu −El , the emission and absorption coefficient are calculated

from the Einstein coefficients, Aul for spontaneous emission, and Bul and Blu
for stimulated emission and absorption as follows

jν =
hν
4π

nuAulΦ(ν), (4.5)
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kν =
hν
4π

(nlBlu −nuBul)Φ(ν) , (4.6)

where Φ(ν) is the normalized line profile, which is assumed to be identical for

absorption and emission. nu,l are the level populations, i.e., the number density

of the molecules in the corresponding states. The three Einstein coefficients

can be related to each other through the equations of detailed balance,

gl

gu

Blu

Bul
= 1, and

Aul

Bul
=

2hν3
0

c2
, (4.7)

where gu,l is the statistical weight of the different states. Inserting Eq. (4.5),

(4.6), and (4.7) into the source function we get

Sν =
2hν3

0

c2

(
gunl

glnu
−1

)−1

. (4.8)

When the gas density is high enough, gas can be (de-)excited through colli-

sions with other gas molecules. The collisional rates Cul , Clu depend on the

kinetic temperature. The collisional rates between two states follows the equa-

tion of detailed balance similar to the Einstein coefficients,

gl

gu

Clu

Cul
= e−

hν0
kTk . (4.9)

The gas excitation and de-excitation is a combined effect of the radiation field

and collisions. 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 +BulJν +Cul

)
= nl

(
BluJν +Clu

)
, (4.10)

where Jν is the average radiation field at the frequency corresponding to the

transition.

The radiative transfer equation (Eq. 4.2) can be solved if the source function

Sν is known. However, the source function depends on the level populations

(Eq. 4.8) which in turn are determined by the radiation field and the collisional

probability (Eq. 4.10). The coupling between Eq. (4.2) and (4.10) makes it

necessary to solve them iteratively. In practice, in order to solve the radiative

transfer for a certain transition, we have to take a large number of states into

account. On the other hand, a molecule which emits or absorbs photons can

interact radiatively with every other molecule in the whole CSE (as long as

the frequency of the radiation overlaps and the CSE is optically thin). The

average radiation field in the statistical equilibrium equation must be calcu-

lated by integrating through the entire CSE in which the physical properties

(e.g., the gas density, temperature, and velocity) have complex distributions.
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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.

4.2 The large velocity gradient approximation

The large velocity gradient (LVG) approximation, also called the Sobolev ap-

proximation, 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 4.1 illustrates two close points, M1 and M2 in a ra-

dially expanding CSE with velocity
−→
V1 and

−→
V2 (V1 = V2 = V ). The difference

between the line-of-sight gas velocities at the two points is ΔV = V
′
2 −V

′
1 =

V (cosϕ2 − cosϕ1), where ϕ is the angle between the radial direction and the

line of sight. If the expansion velocity V is large enough, ΔV is larger than

the local thermal line width, δV , which is usually around 1 km s−1 at tempera-

tures typical for AGB CSEs (Bujarrabal & Alcolea 2013). The Doppler-shifted

emission or absorption profiles at the different points do not overlap. The pho-

ton emitted at M1, which has a frequency inside the line, can therefore not be

absorbed by the molecule at M2 and vice versa. This means that 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 � δV

ΔV
R, (4.11)

where ΔV is the velocity difference along a distance R. The level popula-

tions of the 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.

In the LVG approximation approach, the escape probability, β (r), 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

J = [1−β (r)]S(r). (4.12)

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

β (r) =
1− e−τ(r)

τ
, (4.13)
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ϕ ϕ

Figure 4.1. Sketch explaining the interaction length used in the LVG approximation

where the optical depth τ(r) depends on the logarithmic velocity gradient

ε = dln(V)
dln(r) =

r
V

dV
dr as given by the following equation (Santander-García et al.

2015),

τ(r) = k
√

πδV
r/

(
ν Vr

c

)
1+μ2(ε −1)

, (4.14)

where k is the normalized absorption coefficient, Vr is s the radial component

of the velocity, and μ = cosϕ . Inserting these equations into the statistical

equilibrium equation we can estimate the line intensity.

Applying the LVG approximation when calculating the gas level popula-

tions 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 (Schoenberg 1985; Bujarrabal &

Alcolea 2013).

The approximation is valid in cases where the large scale velocity 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 cause errors when the velocity dispersion is small in some directions.

This requires a radiative interaction length larger than the dimension of the

CSEs.

4.3 Radiative transfer in SHAPE+SHAPEMOL

The initial model for studying the morphology and kinematics of the S-type

AGB star π1 Gru was constructed by using the SHAPE+SHAPEMOL radia-

tive transfer code (Steffen et al. 2011; Santander-García et al. 2015). SHAPE
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is a 3D modelling tool for complex gaseous structures. The code does not

solve the gas energy-balance equations so it needs a temperature distribution

across the computational domain as input.

SHAPEMOL is a procedure implemented inside SHAPE to calculate the

excitation and radiative transfer for CO line emission. The absorption, kν ,

and emission, jν , coefficients are pre-calculated by iteratively solving the

level population equations using the LVG approximation, and tabulated for

the ranges of temperature, T , gas density, n, the abundances, χ , and for differ-

ent logarithmic velocity gradients, ε . The calculation is conducted for the 17

lowest rotational transitions of the ground-vibrational state of both 12CO and
13CO.

The 3D model is interactively constructed using 3D Module inside SHAPE.

Objects with different types of geometries can be easily constructed. The char-

acteristic parameters for the different components of the model can be set up

analytically. When rendering a model, SHAPE will subdivide the spacial com-

putation domain into N3 grid points. Every cell is characterized by its infor-

mation, e.g. position, gas velocity, density, and temperature which are set up

when constructing the model. SHAPEMOL selects tables that have the closet

values of ε and r
v χ . It then calculates kν and jν for each cell by interpolating

between the values of the two selected tables according to the input density

and temperature. The output from SHAPEMOL will be used in SHAPE to

solve the radiative transfer equation, and for imaging.

SHAPE uses a ray-casting algorithm to compute the emergent beams from

the grid. Each beam has a band-width Δν . Replacing the specific intensity Iν
by the emergent energy per solid angle, Eν = IνA, from a cell surface area A,

the radiative transfer equation is rewritten as,

dEν

kνds
=−Eν +SνA. (4.15)

When the beam propagates through a certain cell where kν and jν are constant,

the source function is constant across the cell. Equation 4.15 is solved by

integrating along the cell length Δs,

Eν = e−τν E0 +SνA(1− e−τν ). (4.16)

Casting the beam through all cells along the line-of-sight, one can calculate

the emergent energy at the closest cell to the observer. The accuracy of the

results can be improved by increasing the number of the cells.

4.4 Radiative transfer in LIME

LIME (Line Modeling Engine) is a non-LTE, non-local 3D radiative transfer

code (Brinch & Hogerheijde 2010). LIME is capable of solving the radiative
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Figure 4.2. The random point distribution (leftmost), the corresponding Delaunay

triangulation (middle), and the corresponding Voronoi tessellation (rightmost) (from

Brinch & Hogerheijde 2010).

transfer problem in arbitrary source structure morphologies. The code sam-

ples a source model into a random set of points in which the point distribution,

however, represents the local properties, e.g., density, level populations, mean

free path. The code subdivides the source model into Voronoi cells around the

grid points. The Voronoi cell of a given grid point A is the region surrounding

A, which contain points that lie closer to A than to any other grid points in

the computation domain. The obtained grid points are eventually connected

by Delaunay triangulations. A Delaunay triangulation is constructed by con-

necting any three grid points so that there is no other grid points can lie inside

the circle defined by the Delaunay triangle. The lines of the Delaunay trian-

gulations will be used to transport photon between points (Fig. 4.2). A photon

passing through a certain grid point will continue to travel along the line which

has the smallest angle to its original direction. The level populations of a en-

tire cell have the same values as that of the corresponding grid point inside the

cell. The radiation field seen by a point can be considered as a summation of

the emission from the inside and from the outside of the cell.

To produce the images the code ray-traces through the source model. The

ray-tracing now makes photons move in straight lines instead of jumping be-

tween the grid points. Each cells is characterised by the level populations of

the corresponding point inside the cell, and the radiation field is integrated

across the volume of the neighbouring cells.

LIME is well suited for solving the radiative transfer problem in source

models with high density contrast and for modelling data from (sub-) millime-

ter interferometers, e.g, ALMA, and SMA.
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5. Summary of the included papers and
contributions

5.1 Paper I

The paper presented the data analysis of the 12CO and 13CO J=3-2 line emis-

sion from π1 Gruis observed with the compact array ALMA-ACA, the 12CO

J=2-1 emission observed with the interferometer SMA, and the 12CO J=5-

4 and J=9-8 emission observed with the HIFI instrument onboard the space

telescope Herschel. The analysed data, including low-J and high-J transi-

tions, provided sufficient constraints for the study of the π1 Gruis CSE. The

paper confirmed the torus-bipolar structure of the CSE suggested by previous

studies.

The paper also presented a 3D radiative transfer model of the CSE con-

strained by the observations to derive the velocity, the density and temperature

distribution. The best-fit model suggested that the torus velocity slightly in-

creases outward and depends on the latitude above or below the equator. This

may be the result of the dynamical interaction between the fast outflow and

the torus. In addition, the density contrast between the equator and polar re-

gions, which agrees with the required theoretical value for various shaping

mechanisms, was estimated from the model. The derived scalar momentum

for the fast bipolar outflow is much higher than the value possibly supported

by radiation pressure. This ruled out a scenario in which radiation pressure

alone can accelerate the gas to launch the high-velocity outflow. The paper

also discussed the possible shaping mechanisms and supported the idea of a

close, undetected companion which is involved in the torus formation, whereas

other mechanisms, e.g., the wind interaction mechanism and/or magnetic field,

could have impacted on the outflow formation.

My contribution: The ALMA data is part of a larger project for which S.

Ramstedt is the principal investigator. The additional data is retrieved from

public archives. S. Ramstedt and I came up with the idea of the data analysis

and radiative transfer model. I did all the data reduction and modelling. I

wrote the manuscript except for the introduction.

5.2 Paper II

The paper presented the analysis of the combined data of the 12CO J=3-2 line

emission from π1 Gruis observed with the ALMA-ACA and main array. The
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improved spatial resolution compared to the previously published data allowed

for the investigation of the complex circumstellar morphology and the search

for imprints on the CSE of the third component. The observations revealed a

spiral pattern, which had been interpreted as low-velocity torus, along the or-

bital plane and a fast bipolar outflow perpendicular to the spiral. This was the

first time such a structure was observed in a source on the AGB. The presence

of the spiral strongly supported the suggestion of a close-in, undetected com-

panion (a third body) in the system. The new data were consistent with a third

companion that has an orbital period of about 330 yrs and lies at a separation

of about 70 AU. Assuming optically thin emission, the gas mass of the bipolar

outflow was estimated. The results showed that the mass-loss rate increased

massively (by at least a factor of 5) at the formation of the outflow and later

declined.

A model of the structure and kinematics of the CSE constructed using the

morpho-kinematical 3D code SHAPE in combination with the non-local, non-

LTE 3D radiative transfer code LIME was also presented in the paper. The in-

put parameters, e.g., the spiral velocity and the temperature distribution, were

adopted from Paper I. In the best-fit model, the bipolar outflow consists of

two thin-walled bubbles expanding radially. The density contrast between the

arm and inter-arm regions was estimated to have a lower limit of about 2 to

be observationally discernable with the set-up of the interferometer used for

the π1 Gruis observations analyzed in the paper. The paper also discussed

a possibility of an relatively high eccentricity of the orbit of the undetected

companion by comparing to results from a SPH simulation.

My contribution: The ALMA data is part of a larger project for which S.

Ramstedt is the principal investigator. S. Ramstedt and I came up with the

idea of the data analysis and radiative transfer model. Together with W. H. T.

Vlemmings, I did all the data reduction. I did the radiative transfer model. I

wrote the manuscript.

5.3 Paper III

The paper presented data analysis of the star HD101584 which was classi-

fied as a post-AGB star in previous studies. It has a close companion at a

separation of ∼0.7 AU. The system was observed with the ALMA interferom-

eter. Single-dish observations were also carried out with the APEX telescope

to complement the ALMA data. The continuum emission was modelled to

investigate the dust grain sizes and the dust density distribution, and to esti-

mate the dust mass. The observations showed molecules typically found in

an O-rich circumstellar envelope. There were 12 molecular species and their

isotopologues detected in the circumstellar environment. The line emission,

characterized by different excitation conditions and chemistry, allowed for a
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detailed study of the morphology, kinematics, and the evolutionary status of

the system.

The gas envelope was interpreted as a system of four separate components.

The components physical characteristics were investigated in detail. From the

estimated gas mass and inclination angle of the system, the kinetic energy and

scalar momentum of the accelerated gas were estimated. The results are in

line with conclusions from many studies of similar sources with fast outflows.

It was concluded that the radiation pressure alone cannot power and shape the

fast gas outflow. The paper followed up the hypothesis of a binary companion

capture scenario suggested in a previous study. The gravitational binding en-

ergy released when the companion spiralled in towards the primary, however,

is relatively small compared to the gas kinetic energy. Therefore, an additional

source of energy, i.e., due to material falling toward the companion, must be

included for a complete explanation. The dynamical time scales for the differ-

ent components were also estimated to be comparable to objects with similar

characteristics.

The paper considered two different cases for the evolutionary status of the

object: (i) a lower-luminosity post-RGB star, and (ii) a higher-luminosity post-

AGB star. The central core mass was estimated from the mass-luminosity

relation for both cases. Combining the results with the estimated dust and gas

mass, the paper gave a value of 0.5–1 M� and 2–7 M� for the initial mass

in the post-RGB and post-AGB case, respectively. Taking in account the low

estimated 17O/18O ratio, the paper favored the case of a post-RGB star.

My contribution: The paper was led by Hans Olofsson. I constructed and

calculated 3D radiative transfer models to analyse the morphologies and kine-

matics of all the components of the circumstellar environment. I made further

models to estimate the inclination angle of the structure. I wrote section 4.9

and participated in the discussion around the results, conclusions, and the final

manuscript.

5.4 Paper IV

The DEATHSTAR project was aimed to provide a good constraint on the

mass-loss-rate estimates of AGB stars and study the symmetry of the CSEs. In

the project, sixty-two nearby AGB stars with different spectral (M, C, and S)

types were observed in the CO J=2-1 and J=3-2 line emission using ALMA

ACA. The paper presented the first results of 42 objects (21 M-type and 21

C-type stars) from the DEATHSTAR project.

The sizes of the CO emitting regions were estimated using the visibility-

fitting method with the CASA task UVMULTIFIT. Gaussian intensity distri-

butions were used to fit the observed visibilities for all the sources. It was

found that the radius of the CO emitting region was about a factor of 2 smaller

than the modelling photodissociation radius for the semi- and irregular vari-
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able stars, and a factor of 3 smaller for the Mira variable stars. Using the

mass-loss rate and the wind velocity from previous studies, the paper calcu-

lated the gas density of the CSEs. The results showed that there was no cor-

relation between the gas density and the size of the CO emitting region in the

lower-mass-loss-rate semi- and irregular variables. On the other hand, the size

of the CO emitting region increases with the gas density for the higher-mass-

loss-rate Mira variables. The dependence is, however, slightly less steep than

that of the modelling photodissociation radius on the gas density.

The paper selected 6 sources with both M and C spectral types in the sample

to compare the fitting result of the size of the emitting region with the result

from our previous radiative transfer models. Note that the small statistic num-

ber of the subsample, for the low mass-loss-rate M-type stars, the fitting size of

the CO emitting region is seemingly smaller than that from the model, whereas

the opposite was found for the high mass-loss-rate M-type stars. There was,

however, no apparent conclusion for the C-type stars.

The first results of the symmetry of the CSEs on the large-scale were also

presented in the paper. Noticing abnormal features in the spectral line profiles,

that cannot be explained with the spherical CSEs, and the goodness of the

Gaussian fit, i.e., if the emission can be well fitted with Gaussian intensity

distribution, the paper suggested interesting candidates with the indications of

asymmetric CSEs for further investigations. There is about one-third of the

sources detected with the strong indications.

My contribution: The project was led by S. Ramstedt. I did the Gaussian fit

for the observed visibilities of the sources presented in the paper. I simulated

the observations of the radiative transfer modelling results and performed the

Gaussian fit for the simulated visibilities to compare with the observations.

I measured the flux for all the detected line emission from the observations.

I participated in the discussion around the results, conclusions, and the final

manuscript.
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6. Conclusion and outlook

Thanks to high angular resolutions observations, especially at (sub-) mil-

limetre wavelengths using radio interferometry, large-scale asymmetrical mor-

phologies in the CSEs have been discovered in an increasing number of AGB

stars. These objects are believed to evolve to PNe with spectacular morpholo-

gies after the AGB evolutionary phase. Binary shaping is strongly supported

among several other mechanisms, e.g., wind-interaction, or magnetic-field

wind shaping. The binary detection is, however, challenged by the intrinsic

variations of the AGB star and the highly obscuring envelope of dust and gas.

An indirect method, i.e., observations of spiral patterns, torii, and axial out-

flows, is commonly used to infer the presence of a companion.

A prominent effect of the companion is the gravitational attraction of the

outflowing material from the mass-losing star, the impact of which is depen-

dent on the binary separation. The gravitational attraction is the only explana-

tion for the formation of the arc-like (spiral) structure (confined to the orbital

plane) in the CSE of π1 Gruis. The data analysis suggested an undetected

companion with a moderate separation of ∼70 AU in Paper II. A 3D hydro-

dynamical model of the binary system with a high eccentricity can reproduce

branching features observed in the spiral pattern. For the complex structure

of the gas envelope surrounding the system of HD 101584 and its close com-

panion (∼0.7 AU), the gravitational attraction results in an equatorial density

enhancement component and a common envelope which might terminate the

giant-phase evolution of the mass-losing star prematurely.

In contrast, the formation of the high-velocity outflow is not well under-

stood. The momentum excess of the high-velocity outflows compared to the

value possibly gained from the radiation pressure in the two cases is in line

with the conclusion for many other PPNe. The mass-loss eruption related to

the bipolar outflow formation of π1 Gruis is a possible explanation, but firm

conclusions cannot be drawn. The energy required to power the high-velocity

outflow in the circumstellar environment of HD 101584 was probably released

when material fell onto the accreting companion with a high accretion rate.

6.1 Outlook

The Deathstar project reported many interesting candidates for further in-

vestigations, where the hints of the asymmetrical envelopes can be probed

with high angular resolution observations, using, e.g., the main and extended
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ALMA arrays. The infrared wavelength observations at small scales around

the central stars and the dust formation zones, using, e.g., PIONIER/VLTI and

SPHERE/VLT, can be used for the purpose of hunting for embedded binary

systems. These studies will also provide a good statistic sample for investi-

gations addressing the challenging questions related to the departure from the

spherical CSEs of AGB stars to the formation of the asymmetrical morpholo-

gies observed in PNe.

For π1 Gruis, there are still remaining questions to be addressed. The asym-

metric structure was verified throughout the envelope from the inside to the

outside, however, whether the asymmetry of the gas envelope seen in the CO

emission (Paper II) is originating from the small-scale asymmetries in the dust

formation zones observed by Paladini et al. (2017), and whether it is consistent

with the large-scale dust envelope observed by Mayer et al. (2014) still needs

to be investigated in more detail. The formation of the bipolar outflow also

needs to be established: which mechanism powers the high-velocity bipolar

outflow, and whether it originates from the undetected companion or from the

AGB star. Furthermore, a detailed, self-consistent SPH model for the circum-

stellar envelope including a close binary system will provide more adequate

evidence for the formation of the spiral pattern.
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7. Svensk sammanfattning

Stjärnor som föds med massor mellan 0,8-8 M� blir "Asymptotic Giant

Branch" (AGB, asymptotiska jättegrenen på svenska) stjärnor under de sista

stadierna av deras utveckling. Under denna fas karakteriseras stjärnorna av

stjärnvindar med låg hastighet och hög gas-densitet. En AGB-stjärna kan för-

lora en stor del av sin massa genom stjärnvinden och därigenom undvika att

sluta som en supernova-explosion. AGB-stjärnorna spelar därför en viktig roll

för att berika det interstellära mediet (ISM) med nya grundämnen och bidrar

med stoft och gas till ISM. Massförlusten (som sker via stjärnvinden) på AGB

är en avgörande parameter som bestämmer tiden denna utvecklingsfas tar och

ödet för stjärnor med låg eller mellanstor massa. En mer exakt bestämning

av massförlusten är viktig för vindmodeller som syftar till att bättre förstå hur

vinden uppstår.

Stjärnvinden drivs av strålningstryck på dammkorn och blåser bort stoft

och gas från centralstjärnan. Detta skapar ett cirkumstellärt hölje som förvän-

tas vara sfäriskt till följd av centralstjärnans isotropa strålningsfält och kop-

plingen mellan strålningsfältet och vinden. Det finns emellertid växande ob-

servationella bevis för asymmetrisk morfologi, t. ex., torusar, jet-strålar och

bipolära utflöden, i AGB cirkumstellära höljen (CSE). Dessutom visar pro-

toplanetariska nebulosor (proto-PN) och planetariska nebulosor (PN), nästa

utvecklingsfas efter AGB-fasen, många olika typer av asymmetriska morfolo-

gier. I flera fall har ett dubbelstjärne-system detekterats inuti gashöljet vilket

visar att gravitionen från en binär kompanjon kan forma höljet.

Denna avhandling baseras studier av två intressanta exempel på (post-)

AGB stjärnor vars cirkumstellära höljen har komplex morfologi. S-stjärnan

π1 Gruis har en CSE-struktur med en platt spiral som expanderar från sys-

temets ekvator med låg hastighet och ett snabbt bipolärt utflöde. Gashöljet

runt post-AGB (eller post-röda jättegrenen) stjärnan HD 101584 har en lik-

nande struktur med förtätningar runt ekvatorn och ett snabbt utflöde från pol-

erna. Samma slutsatser dras för båda fallen; att strålningstryck på stoft inte kan

ligga bakom de snabba utflödena och att interaktion med binära kompanjoner

föreslås forma höljena och hjälpa till att accelerera gasen.

En viktig effekt kompanjonen kan ha är att den med gravitationens hjälp

drar till sig vinden från stjärnan med massförlust. Hur stark effekten är beror

på avståndet mellan de två stjärnorna. Detta är det scenario som kan förk-

lara bildandet av den spiralstruktur som sträcker ut sig längs orbitalplanet i π1

Gruis CSE. Dataanalysen i Artikel II antyder att det finns ytterligare en, tidi-

gare oupptäckt kompanjon som ligger på en måttlig separation (∼70 AU) från
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stjärnan med vind. För gas-höljet runt HD 101584 och dess nära kompanjon

(∼0.7 AU), resulterar gravitations-kraften som verkar på vinden i en densitets-

förtätning längs ekvatorn samt att gashöljet omger båda stjärnorna. Utveck-

lingen hos ett dubbelstjärnesystem med ett gemensamt gashölje kommer att

avvika från det man normalt förväntar sig hos en stjärna utan kompanjon (som

t.ex. solen). Resultaten i de två fallen ligger i linje med slutsatser som dragits

från studier av liknande objekt.
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