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AGB Stars
Ramlal Unnikrishnan
Department of Space, Earth and Environment
Chalmers University of Technology

Abstract

Stars of low to intermediate initial masses (∼0.8 - 8 M⊙) enter the asymptotic giant
branch (AGB) phase in their late evolution. The intense mass loss during the AGB
forms an extended circumstellar envelope (CSE) of chemically rich gas and dust
around the star. These stars also form heavy elements via the s-process, and con-
tribute substantially to the chemical enrichment of the interstellar medium (ISM).

Carbon-rich AGB stars present more chemically complex CSEs than their oxygen-
rich counterparts. The chemical characterisation of carbon-star CSEs is crucial for
unravelling the astrochemical networks that form complex molecules and dust. How-
ever, most of our current knowledge of the circumstellar chemistry in carbon-stars
is based on observations and models of a single object, IRC+10 216, often regarded
as the archetype carbon-star. To address this lack of sufficient sampling evident in
the literature, this thesis presents the first spatially resolved, unbiased spectral survey
of circumstellar molecular line emission from carbon-stars other than IRC +10 216,
revealing their complex morphologies and chemical contents. We derive the emitting
region sizes and LTE fractional abundances for a large number of molecular species.

We further employ non-LTE radiative transfer models, constrained using a large
number of interferometric and single-dish observations, to determine both the phys-
ical and chemical characteristics of these envelopes. We derive the circumstellar
abundance distributions of various molecular species (CS, SiO, SiS), and compare
these to IRC +10 216, informing state-of-the-art chemical models as well. The large
amount of observational constraints available also helps illuminate the limitations
inherent to such modelling. Overall, this work leverages the high sensitivity and
angular resolution of the ALMA interferometer, combined with detailed radiative
transfer and chemical models, to provide a broader, more generalised understanding
of the chemistry in carbon-star CSEs, extending beyond IRC +10 216.

Keywords: Stars: AGB and post-AGB – stars: carbon – stars: winds, outflows –
stars: mass-loss – stars: abundances – submillimeter: stars – circumstellar matter –
radiative transfer – astrochemistry.
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Outline of the thesis

This thesis, titled Charting Circumstellar Chemistry of Carbon-rich AGB Stars, pro-
vides the necessary astrophysical and chemical background, both theoretical and ob-
servational, for the research work presented in the three appended papers. Papers I,
II, and III form a series of publications, which are together structured to approach the
question of carbon-chemistry in AGB CSEs using multiple tools, including observa-
tions and radiative transfer analysis, and to a smaller extent, chemical modelling.

Chapter 1 offers a general introduction to stars and stellar evolution, while Chap-
ter 2 delves into asymptotic giant branch (AGB) stars specifically. Their physical
structure and evolution are discussed, and the mass loss process leading to the for-
mation of the circumstellar envelope (CSE) is explained. The scientific relevance
of the study of AGB stars is also explored, in the context of their contribution to
nucleosynthesis and galactic chemical replenishment.

In Chapter 3, the physics of molecular transitions and emission line spectra is out-
lined, and their capacity as excellent diagnostic tools to explore the physical condi-
tions and chemical evolution of astronomical sources including AGB CSEs is looked
into. The various types of molecular transitions, including electronic, vibrational,
and rotational transitions are explained, along with processes like ro-vibrational tran-
sitions and infrared pumping. The benefits offered by unbiased spectral surveys of
molecular line emission are laid out.

Chapter 4 explores the chemistry in the circumstellar envelopes of AGB stars.
The chemical classification of AGB stars, and the various processes influencing cir-
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cumstellar chemistry are discussed. This chapter briefly summarises the existing
knowledge on the chemistry of carbon-rich CSEs, based on observations and models
available in the literature. The context of, and need for this particular project are
then delineated by situating the goals of the project within the context of our current
understanding of these objects.

Observational techniques and instrumentation used to obtain the data used in this
project are described in Chapter 5. The chapter describes both single-dish and in-
terferometric observations, and gives an overview of the technique of radio interfer-
ometry. The calibration and data reduction methods employed are briefly discussed.
The specific telescopes used to obtain the data used in this work are also introduced,
including ALMA, APEX, and Herschel/HIFI.

Chapter 6 introduces the essential theory and techniques of radiative transfer (RT)
modelling, a key method to derive the physical properties of the emitting medium
using the observed emission. The RT equations are first described, followed by the
physical model of the circumstellar envelope adopted in this work. This is followed
by a description of dust RT modelling, which fits the observed spectral energy dis-
tributions (SEDs) of the stars, to determine the stellar and dust properties. Gas RT
modelling, of both the CO and other molecular line emission is then discussed. We
use CO RT modelling to constrain the gas properties including temperature and den-
sity in the CSE, whereas RT modelling of other molecular species is aimed at de-
riving their fractional abundances. An overview of the various molecular excitation
mechanisms, and the differences between local thermodynamic equilibrium (LTE)
and non-LTE scenarios is also presented. The advantage of using both spatial and
excitation information simultaneously to constrain RT models is briefly discussed.

Chapter 7 gives a brief overview of the chemical modelling, an important astro-
chemical tool to study the evolution and complexity of the molecular chemistry in
astrophysical sources. An overview of the techniques and methods of chemical mod-
elling in general, and the current state of such modelling as applied specifically to
AGB CSEs are discussed, and various chemical models which account for different
physical and chemical phenomena relevant to circumstellar envelopes are touched
upon. Reaction networks, or databases containing large arrays of chemical reactions
and reaction rates, which are key inputs to chemical models, are also briefly intro-
duced along with a few state-of-the-art examples.

Chapter 8 summarises the three appended papers, highlighting the aims, methodol-
ogy, main results and conclusions of the respective works. Finally, Chapter 9 presents
the prospects and outlook for follow-up research.
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Introduction

“The stars are the landmarks of the universe.”
– John Herschel

1.1 Stars

Stars are some of the most fascinating objects in the universe, from the perspective
of both fundamental physics and human culture. The sparkling dots in the night sky
have inspired emotions of awe, wonder, and curiosity in humans across the globe,
from time immemorial. They have stimulated poetry and romance, fostered fateful
superstitions, and have been the subject of countless myths and legends across civili-
sations. Societies from all parts of the world gave birth to great folklore and beautiful
stories by ascribing familiar shapes and patterns to groups of stars, a practice we have
joyfully kept alive to date. At the same time, stars have also been objects of great sci-
entific relevance and intensive study for centuries, and have played a crucial role in
time reckoning, and in the development of agriculture, navigation, and much more.
The history of the study of stars is thus the history of the progress of mankind, from
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the hunter-gatherer to the modern human.
It is the energy from our star, the Sun, that is responsible for the sustenance of most

life on Earth. Stars are responsible for the production of all elements heavier than
lithium, and a large part of the radiation in the universe. They are also the drivers
of the physical and chemical evolution of galaxies and thereby the universe itself.
Inevitably, research on the formation, structure, and evolution of stars plays a central
role in the continuous development of modern-day astronomy and astrophysics, and
is pivotal to understanding our origin and place in the universe.

There are hundreds of billions of stars in our galaxy, the Milky Way, itself. Most of
them, including our Sun, are of relatively low or intermediate masses, ranging from
around 0.8 to 8 M⊙. Over billions of years, these stars will eventually evolve into a
phase called the asymptotic giant branch (AGB). AGB stars are the sites of produc-
tion of a large variety of elements, including carbon and oxygen which are crucial
for the origin and maintenance of life on Earth. Their circumstellar envelopes (see
Sect. 2.5) are also rich sites of molecule and dust formation. AGB stars contribute
significant amounts of gas and dust to the surrounding interstellar medium (see Sect.
2.6). The study of the physics, chemistry, and evolution of these stars is therefore of
great significance in understanding the chemical evolution of the universe. The main
focus of this thesis is on the molecular chemistry in the circumstellar envelopes of
AGB stars.

1.2 The life cycle of stars

The contents of this section are broadly based on Lattanzio & Wood, in Habing &
Olofsson (2003), which serves as the general reference wherever other literature is
not explicitly cited.

The evolutionary trajectory of a star is primarily determined by its initial mass,
although other factors, including the presence of companion stars, and initial metal-
licity (abundance of elements heavier than helium), also play major roles. Stars are
formed by the fragmentation and collapse of dense molecular clouds. These clouds
collapse under the effect of their own gravity, until their central regions reach temper-
atures and pressures high enough to initiate hydrogen fusion, which is the point we
denote as the birth of a star. A detailed review of the star formation process and re-
lated phenomena is outside the scope of this thesis. The interested reader is referred
to Stahler & Palla (2004); McKee & Ostriker (2007); Ward-Thompson & Whitworth
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PN

Figure 1.1: The stages in the life cycle of low/intermediate mass (0.8 M⊙ < M⋆ < 8 M⊙) stars.
PN and WD stand for planetary nebula and white dwarf, respectively. The physi-
cal sizes of the different phases are not drawn to scale. (credit: OpenAI/DALL.E
2).

(2011); or Bodenheimer (2011).
The main stages in the evolutionary sequence of a single low/intermediate mass

(0.8 M⊙ <M⋆ < 8 M⊙) star is depicted in Fig. 1.1. The various phases in the evolution
of a star are named according to the position of the star in each phase in a plot of
luminosity vs surface temperature. Such a plot is known as the Hertzsprung-Russell
diagram (HR diagram, see Fig. 1.2a). The HR diagram is a fundamental tool in
the study of stellar evolution, developed in the early 1900s by astronomers Ejnar
Hertzsprung and Henry Norris Russell. The path traced by a star in the HR diagram
as it evolves is called its evolutionary track. The evolutionary tracks of stars of initial
masses in the range 1 - 15 M⊙ are shown in Fig. 1.2b, and Fig. 1.3 zooms into the
evolutionary track of a 1 M⊙ star, and shows the internal structure of the star during
the different phases in its evolution.

The sections below briefly outline the characteristics of the various evolutionary
stages of a low/intermediate mass star, starting from its birth. See Kippenhahn &
Weigert (1990), and Lamers & Levesque (2017) for detailed descriptions of the
physics and phases of stellar evolution.
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(a) HR diagram
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Figure 1.2: (a) Schematic view of the HR diagram, showing the different phases in stellar
evolution (credit: ESO). (b) Evolutionary tracks of 1 - 10 M⊙ stars in the HR
diagram (credit: Toonen et al. 2016).

1.2.1 Pre-AGB evolution

1.2.1.1 Main sequence

The main sequence (MS) phase is the first and longest stage in the evolution of stars,
It is the long strip running diagonally across the HR diagram (Fig. 1.2a), from the
high luminosity and temperature region at the top-left to the low luminosity, cool
region at the bottom right. The time spent by a star in this phase is dependent on its
initial mass. While a star of ∼0.1 M⊙ takes roughly 1012 years (more than the current
age of the universe) to complete its MS evolution, a massive star of ∼60 M⊙ will only
spend 106 years in the main sequence.

In this phase, the star releases energy by fusing the hydrogen in its core to helium.
The reaction pathway by which this fusion occurs also depends on the birth mass
(M⋆) of the star. For stars with M⋆ < 1.3 M⊙ (see Salaris & Cassisi 2005), the hy-
drogen fusion is dominated by the proton-proton (pp) chain. The reaction sequence
for the pp chain is as follows:



1H + 1H −→ 2H + e+ + νe
2H + 1H −→ 3He + γ
3He + 3He −→ 4He + 2 1H

(1.1)
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Figure 1.3: The evolutionary track of a 1 M⊙ star in the HR diagram, showing the stellar
structure at various phases (credit: Pearson Education).

where e+ denotes a positron, νe is an electron neutrino, and γ is a gamma ray. The
formation of 4He as per the third reaction in Eq. 1.1, is referred to as the pp1 chain.
Fig. 1.4 shows the schematic view of H-fusion through the pp1 chain. At different
temperatures, other proton-proton chains (pp2 and pp3) can be activated, which lead
to the production of heavier elements Li and Be in addition to 4He. See LeBlanc
(2010) for the details of these less-frequent pathways.

For stars having M⋆ > 1.3 M⊙, the carbon-nitrogen-oxygen (CNO) cycle domi-
nates the H-burning. The reactions involved in the major branch of the CNO cycle
are:



12C + 1H −→ 13N + γ
13N −→ 13C + e+ + νe
13C + 1H −→ 14N + γ
14N + 1H −→ 15O + γ
15O −→ 15N + e+ + νe
15N + 1H −→ 12C +4 He

(1.2)

1https://en.wikipedia.org/wiki/Proton-proton_chain
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1 Introduction

Figure 1.4: Schematic view of the pp1 chain, showing the formation of 4He by H-fusion
(credit: Wikipedia1).

and



15N + 1H −→ 16O + γ
16O + 1H −→ 17F + γ
17F −→ 17O + e+ + νe
17O + 1H −→ 14N + 4He

(1.3)

The reactions in Eq. 1.2 constitute the CN cycle, shown schematically in Fig. 1.5.
Eq. 1.2 and 1.3 together form the CNO cycle. The CNO cycle produces 14N as a
byproduct, and is relevant to the hot bottom burning process (see Sect. 2.3.2.4) in
the AGB phase as well, in addition to the core hydrogen fusion in the main sequence
phase.

1.2.1.2 Red Giant Branch and Horizontal Branch

Once the star has exhausted the hydrogen in its core by converting it to helium, the
core contracts due to the absence of radiation pressure to balance self-gravity. As
the core contracts, the outer layers of the star expand, increasing the stellar radius
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Figure 1.5: Schematic view of the CNO cycle, showing the formation of 4He by H-fusion
(credit: Wikipedia2).

(R⋆) more than an order of magnitude in a timescale of roughly a million years. A
layer of hydrogen in a shell above the core will reach temperatures sufficient enough
to initiate hydrogen fusion, which now becomes the source of energy production in
the star. The expanded star is now a red giant, and this phase in the HR diagram
is called the red-giant branch (RGB). This stage is characterised by an inert helium
core surrounded by shell burning of hydrogen. As the outer layers expand and cool,
the luminosity of the star rises to more than 100 times the solar luminosity. During
this phase, large convective motions will move nucleosynthetic products from the
internal layers to the surface of the star, in a process known as the first dredge-up
(see Sect. 2.3.2.3).

The shell-burning of hydrogen continues to produce more and more helium as the
star ascends the RGB, increasing the mass and temperature of the helium core. For
low-mass (0.8 M⊙ < M⋆ < 2 M⊙) stars, helium fusion is initiated at the tip of the
RGB in a thermal-runaway process called the helium flash which rapidly raises the
core temperature (∼108 K) and lifts its degeneracy. The star now enters the horizontal
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Figure 1.6: Schematic view of the triple-alpha process, showing the formation of 12C by he-
lium fusion (credit: Wikipedia3).

branch (HB). The HB is characterised by a helium-fusing core surrounded by a shell
of hydrogen burning.

Helium burning in the core of HB stars occurs through the triple-alpha process,
where three helium nuclei are fused to form one carbon nucleus. The reactions in-
volved in the triple-alpha process are given below, and are shown schematically in
Fig. 1.6.


4He + 4He ⇌ 8Be + γ
4He + 8Be → 12C + γ

(1.4)

1.2.2 The AGB phase

After the exhaustion of the core helium, the stellar core will start to contract again,
as it did at the end of the MS phase. For stars with birth masses (M⋆) ≲ 8 M⊙, this
will result in the formation of a degenerate core composed mainly of carbon and
oxygen. These stars are not massive enough to attain core temperatures high enough
to fuse carbon. They now pass through the asymptotic giant branch (AGB) phase,
characterised by an inert C-O core, and burn helium and hydrogen in shells outside
the core. The evolution along the AGB can be divided into two distinct stages, the

2https://en.wikipedia.org/wiki/CNO_cycle
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early AGB (E-AGB) and the thermally-pulsing AGB (TP-AGB).

1.2.2.1 Early AGB

In this phase, the star has just begun its ascent along the AGB. The energy production
in the star at this stage is initially dominated by the shell burning of He above the
core. However, the luminosity of the star keeps increasing due to the larger and
larger energy being output by the shell-H burning in a region further outside than the
He-burning shell (see Sect. 2.3.2). After around 105 years, the luminosity of the star
will come to be dominated by the H-shell. For stars in the mass range 4 − 8 M⊙,
the second dredge-up (see Sect. 2.3.2.3) occurs during this period, and results in the
enrichment of the stellar surface with products from the CNO cycle. The early AGB
stage is understood to last for approximately 106 to 107 years (Vassiliadis & Wood
1993).

1.2.2.2 Thermally-pulsing AGB
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Figure 1.7: Variation in luminosity from the H (blue) and He (red) burning shells, and the total
radiated surface luminosity (black) during the TP-AGB phase (credit: Karakas &
Lattanzio 2014).

During the shell burning of He and H, the energy production from the He shell
will increase to very high ( 106 to 107 L⊙) values over a relatively short timescale

3https://en.wikipedia.org/wiki/Triple-alpha_process
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1 Introduction

of around 100 years. This happens due to explosive thermonuclear runaway in the
triple-alpha process in the He-shell owing to the continuous accumulation of helium
on it from the H-shell burning above. This process is termed the helium shell flash.
It brings about convectional instabilities in the stellar envelope, and leads to the third
dredge-up (TDU, see Sect. 2.3.2.3). These processes together, i.e., the helium shell
flash, the instabilities, and the subsequent TDU, are collectively called a thermal
pulse (TP). AGB stars where thermal pulses occur are said to be in the TP-AGB
phase. TP events are repeated on a timescale (∼103-105 years) dependent on the stel-
lar mass, as the quiescent He-shell burning is restarted by the repeated accumulation
of helium from the H-burning shell. The number and intensity of these events depend
on the birth mass and composition of the stars. The time between subsequent ther-
mal pulses is termed the interpulse phase (∼104 years, Karakas & Lattanzio 2014).
Fig. 1.7 shows the variation in the luminosities of the H and He burning shells, and
the total radiated surface luminosity in the TP-AGB phase (Karakas & Lattanzio
2014).

During the AGB phase, several interesting and complex phenomena take place,
including processes like hot bottom burning (see Sect. 2.3.2.4), and strong mass loss
(Sect. 2.4) which creates chemically rich circumstellar envelopes (CSEs, Sect. 2.5).
The structure, evolution, and properties of AGB stars are explored in more detail in
Chapter 2.

1.2.3 Post-AGB evolution

At the end of the AGB phase, the convective envelope decreases in mass, and the
thermal pulses (Sect. 1.2.2.2) stop. The stars now move towards higher effective
temperatures at roughly constant luminosity, and are known as post-AGB stars. The
mass loss from the stellar surface ends, and the stellar and circumstellar envelopes are
slowly ejected into the interstellar medium (ISM), exposing the inert, luminous C-O
core. Fig. 1.8 shows the CSEs of two typical AGB and post-AGB sources mapped in
CO J = 3 − 2 line emission at their systemic velocities. While the AGB star shows
centrally-peaked CO emission, the post-AGB star displays a ring morphology, due
to the lack of present-day mass loss.

In a timescale of around 104 years, the strong UV radiation from the central star
will ionise the ejected material around it, forming objects known as planetary nebulae
(PNe). The exposed core will eventually form a white dwarf (WD) star. The locations
of the PN and WD stages in the HR diagram are shown in Fig. 1.3. Over the course
of billions of years, the WD will cool down to become an invisible black dwarf.
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Figure 1.8: CO J = 3 − 2 line emission around the systemic velocity, for a typical (a) AGB
CSE, and (b) post-AGB CSE, mapped by ALMA (credit: Olofsson et al. in prep.).
Both these sources are located in the Galactic bulge, at comparable distances. The
white ellipses at the bottom-left corners indicate the synthesised beam sizes of the
observations. The black contours are at 0.3, 0.5, 0.7, 0.9, and 0.975 times the peak
intensity of the respective images.

It is thought that around 10-25% (e.g. Iben et al. 1983; Blöcker 2001; Herwig
2005) of post-AGB sources experience a final helium shell flash (Iben et al. 1983),
also known as a very late thermal pulse (VLTP), where the growing helium layer due
to the shell burning of hydrogen reaches the critical mass to initiate helium fusion.
As the VLTP is extremely short-lived, only two sources have so far been directly
observed undergoing this phenomenon, V 605 Aql and V 4334 Sgr (also known as
Sakurai’s Object, see Tafoya et al. 2022, 2023, and references therein). Such objects,
which thus go through a brief nuclear fusion phase once again during their original
post-AGB evolution, are often called born-again stars. After quickly looping through
the HR diagram, passing through the helium fusing phase followed by an AGB-like
phase, the central star re-enters the WD track and once again becomes hot enough
to ionise the surrounding material, which was ejected during the born-again phase,
forming a hydrogen-deficient, helium- and carbon-rich PN, often called a born-again
PN (e.g. Guerrero et al. 2012), within the old hydrogen-rich extended PN (e.g. Jacoby
1979; Guerrero & Manchado 1996; Toalá et al. 2021). Born-again sources are im-
portant in the study of evolved stars as they offer an excellent opportunity to observe
multiple stages of late-stage stellar evolution in relatively human timescales. Recent
high-resolution sub-mm interferometric studies (e.g. Tafoya et al. 2022, 2023) have
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Figure 1.9: ALMA observations of the born-again star Sakurai’s object. The black contours
denote the 233 GHz continuum emission, displaying a bright compact central
component and faint elongated structures along the northeast and southwest di-
rections. The coloured points denote the spatial distribution of the centroid posi-
tions of the HCN J = 4− 3 line emission at different velocities, showing a bipolar
distribution. The physical distance scales shown assume a distance of 3.5 kpc to
the source. (credit: Tafoya et al. 2023).

revealed disc-like structures and bipolar outflows in these rapidly evolving sources
(see e.g. Fig. 1.9).

1.3 The evolution of massive stars

Massive stars (M⋆ > 8−10 M⊙) are known as supergiants or hypergiants, due to their
very high luminosities (up to 106 L⊙, see LeBlanc 2010). After depleting their core
hydrogen as MS stars, they go on to fuse helium in their cores, and as supergiants,
continue to more cycles of nuclear burning in their cores after the exhaustion of
helium, forming heavier and heavier elements up to iron. They finally end their life
in extremely bright supernova (SN) explosions, triggered by the sudden implosion of
their cores. During a supernova explosion, the outer layers of the star are violently
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ejected into the interstellar medium. The core remnant after the explosion may form
a neutron star or a black hole, depending on the mass of the star.

Figure 1.10: The stages in the life cycle of high mass (M⋆ > 8 M⊙) stars. The physical sizes
of the different phases are not drawn to scale. (credit: Brooks/Cole Thomson
Learning / Google Gemini Pro 3.0).

Fig. 1.10 shows a schematic diagram of the typical evolutionary sequence of a
massive star. The details of the steps and processes involved in high-mass stellar
evolution are not further discussed here, as the central focus of this work is the AGB.
The reader is referred to Kippenhahn & Weigert (1990) or LeBlanc (2010) for an
elaborate discussion on the evolution and end stages of such massive stars. The
remaining chapters of this thesis will focus exclusively on AGB stars.
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2

AGB stars and why to study them

The contents of this chapter are broadly based on Habing & Olofsson (2003) and
Herwig (2005), which serve as the general references wherever other literature is
not explicitly cited.

2.1 Introduction

The brightest stars in galaxies are often on the AGB, with luminosities rising up to
as much as 104 L⊙. However, AGB stars are also very cool objects, with surface
temperatures around just 2000-3000 K. This is due to the fact that their radii are
very large, with the stellar surface extending up to several 100 times the solar radius.
These stars have low surface temperatures, around 2000-3000K, making the stellar
emission peak in the red, at ∼1µm, and significantly fainter in the optical. Some of
these stars are even invisible to the naked eye, as they can be efficiently obscured by
large amounts of dust formed in their outflows (see Sect. 2.3.3.3 and Sect. 2.5). The
AGB is one of the most important phases in the stellar life-cycle. It is the last stage
in which the star can release nuclear energy. The evolution to and from the AGB was
briefly described in Section 1.2. This chapter focuses on the physical properties of
AGB stars and their circumstellar envelopes, and paves the way for a more elaborate
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2 AGB stars and why to study them

discussion of circumstellar chemistry in Chapter 4.

2.2 Classification of AGB stars

AGB stars are classified mainly based on their atmospheric carbon-oxygen elemen-
tal abundance ratio (C/O). This scheme splits AGB stars into three categories or
chemical types: (1) M-type stars, or oxygen-rich stars (C/O < 1), (2) C-type stars or
carbon-rich stars (or simply carbon-stars, C/O > 1), and (3) S-type, or intermediate
stars (C/O ⪅ 1). This categorisation is very useful in investigating the variations in
circumstellar chemistry across AGB CSEs (see Chapter 4).

At the start of the AGB, typical C/O ratios found in stars are around 0.3, meaning
all stars start their AGB phase as oxygen-rich. As the star evolves, the C/O ratio
changes. For stars with masses greater than ∼1.5M⊙, newly nucleosynthesised 12C
is brought to the surface by dredge-ups (see Sect. 2.3.2.3), increasing the C/O ratio.
For stars with M⋆ > 4M⊙, the effect of this process is reversed when 12C is removed
from the surface by hot bottom burning (HBB, see Sect. 2.3.2.4), by reprocessing
the 12C via the CNO cycle. Hence, only stars in the mass range ∼1.5 - 4M⊙ become
carbon-rich, or C-type, AGB stars.

In addition to the spectral-type classification, AGB stars are also classified on the
basis of their variability (see Sect. 2.3.3.1), into three main groups: (1) Mira vari-
ables, (2) Semi-regular (SR) variables, and (3) Irregular variables. Miras are typ-
ically well-evolved AGB stars having regular periods and showcasing large ampli-
tudes. The semi-regular variables have smaller amplitudes, and are further divided
into two subgroups, SR type-a (SRa), which are still mostly regular, and SR type-b
(SRb), with poor regularity. The irregular variables present ill-defined periods at very
small amplitudes. Fig. 2.1 shows the V-band light curves of a Mira variable and a
semi-regular variable star.

2.3 The structure of AGB stars

The structure of an AGB star can be divided into four major components: (1) the
core, (2) the stellar envelope, (3) the stellar atmosphere, and (4) the circumstellar
envelope (CSE). The physical and chemical processes taking place in these regions
are schematically shown in Fig. 2.2. The temperature and density fall drastically as
we move to the successive outer layers from the stellar core. The characteristics of
these four components are described below.
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Figure 2.1: Visible/V-band light curves of the Mira variable o Ceti (top), and the semi-regular
variables RU Cyg (SRa, middle) and R Dor (SRb, bottom). Photometric data
shown in this plot were obtained from the AAVSO1database.

2.3.1 The core

The core is the central, innermost region of an AGB star, having only 0.5−1 M⊙ in
mass, and extending only to less than 0.01% of the total radial size of the star. The
core is the hottest and densest part of the star, with temperatures of up to 108 K,
and densities already comparable to those of white dwarfs. In contrast to the core of
a main-sequence star, the AGB core is inert and does not carry out nuclear fusion.
It is composed mainly of carbon, oxygen, and degenerate electrons, and is often
called an inert C-O core. The composition and properties of the core do not change
significantly during the AGB phase, owing to its degeneracy, implying that unlike in
the previous evolutionary phases, AGB evolution is no longer controlled exclusively
by the evolution of the core (see Sect. 2.4).

1https://www.aavso.org

19

https://www.aavso.org


2 AGB stars and why to study them

AST5770 - UiO - S. Wedemeyer

• Circumstellar environment around AGB stars:  
• Complicated chemistry of the CSE  
• Detailed formation and destruction of molecules and dust grain important  
• Impact on chemical abundances  

Asymptotic Giant Branch (AGB)
Post-main sequence evolution 

Li
lje

gr
en

 / 
H

öf
ne

r &
 O

lo
fs

so
n 

20
18

Figure 2.2: A schematic view (not to scale) of the inner layers, atmosphere, and the circum-
stellar envelope of an AGB star (credit: Höfner & Olofsson 2018).

2.3.2 The stellar envelope

The stellar envelope is the large, hot region surrounding the core, and it contains
roughly 50−80% of the stellar mass. Around 99.99% of the size of the star is consti-
tuted by the envelope. Fig. 2.3 shows a schematic diagram of the core and envelope
structure of an AGB star. The stellar envelope consists of two shells of alternate nu-
clear burning, an inner one of helium, and an outer one of hydrogen. These shells
are separated by an intershell region (Fig. 2.3). The majority of the stellar envelope
is comprised of a large convective envelope, lying above the hydrogen-burning shell,
and reaching up to the surface of the star. For stars of low envelope masses, a thin
radiative shell lies between the H-burning shell and the convective envelope.

2.3.2.1 Nucleosynthesis: fusion

The primary nucleosynthesis in AGB stars occurs in the two shell regions described
above. In the outer shell, H is fused to form 4He, principally via the CNO cycle. This
influences the composition of the intershell region below it, which is processed by
the inner He-burning shell. There, He is burnt via the triple-alpha process to form
12C. See Karakas & Lattanzio (2014) for an elaborate review of the nucleosynthesis
and stellar yields of AGB stars.
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Figure 2.3: Schematic view of the core and stellar envelope of an AGB star (credit: Karakas
& Lugaro 2010).

2.3.2.2 Heavy element nucleosynthesis: the s-process

The slow neutron-capture process or simply the s-process involves, as the name sug-
gests, slow capture of neutrons followed by β− decay, leading to the formation of
successively heavier elements. The s-process elements, like lead, technetium and
zirconium, are produced in the helium-rich intershell region (Fig. 2.3) between the H
and He burning shells. Fig. 2.4 shows an example of s-process nucleosynthetic path-
ways. During the dredge-ups (see Sect. 2.3.2.3), the s-process elements are brought
from the intershell region to the surface of the star, where they are incorporated into
the stellar wind, eventually enriching the ISM.

2.3.2.3 Dredge-ups

During the evolution of a star, there are multiple dredge-up processes that bring up
the nuclear-burning products from the interior of the star to the surface (Iben 1975;
Sugimoto & Nomoto 1975). The first dredge-up (FDU) occurs during the red-giant
branch (RGB, see Sect. 1.2.1.2), when the convective envelope penetrates inwards,
mixing the products from partial H-burning to the surface. This decreases the surface
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2 AGB stars and why to study them

Figure 2.4: Example of a typical s-process nucleosynthesis sequence, from Ag to Sb (credit:
Wikipedia2).

abundance of 12C, while increasing those of 13C and 14N.
The second dredge-up (SDU) occurs in stars heavier than 4 M⊙, during the early

AGB (see Sect. 1.2.2.1) phase, after the exhaustion of core helium burning. This
time, the convective envelope brings up material from the old burning layers, which
are rich in He and 14N, to the surface layers of the young AGB star. Owing to
the increased luminosity following the helium shell flash (see Sect. 1.2.2.2), a third
dredge-up (TDU) occurs, due to the convective envelope penetrating what was previ-
ously the intershell convection zone. He and 12C are mixed upwards in this process.
Repeated TDU events significantly alter the stellar surface abundances of AGB stars,
increasing, in particular, the amount of 12C at the surface. Fig. 2.5 shows the abun-
dance ratios of various elements and isotopes at the stellar surface, after the first and
final thermal pulses, as a function of initial stellar mass, based on the models by
(Karakas & Lugaro 2016). The variations seen between the initial and final TPs are
brought about by successive dredge-ups altering the abundance ratios.

2.3.2.4 Hot bottom burning (HBB)

In thermally-pulsing AGB (TP-AGB, see Sect. 1.2.2) stars with masses above ∼4
M⊙ (at solar metallicity, see Karakas & Lugaro 2016), the thin radiative layer present
between the hydrogen-burning shell and the convective envelope can disappear if the
bottom of the convective envelope reaches temperatures (3−8×107K) high enough
to start nuclear burning. Such a situation is called hot bottom burning (HBB, Iben
1973; Sackmann et al. 1974). The CNO cycle products produced by HBB are im-

2https://en.wikipedia.org/wiki/S-process
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Figure 2.5: Stellar surface abundance ratios of various elements and isotopes, after the first
and final thermal pulses, as a function of initial stellar mass for a star of metallicity
0.014 (Karakas & Lugaro 2016).

mediately transported via convection to the surface of the star, leading to an increase
in the surface abundance of 13C and 14N, at the cost of a reduced abundance of 12C,
counteracting the effect of the third dredge-up (see Sect. 2.3.2.3), and a drastic in-
crease in the 17O/18O isotopic ratio (see Fig. 2.5). For stars which are not massive
enough to undergo HBB, the 17O/18O ratio remains constant throughout the whole
TP-AGB phase, and is an excellent tracer of the initial stellar mass (De Nutte et al.
2017; Alcolea et al. 2022; Khouri et al. 2025).

2.3.3 The stellar atmosphere

The name atmosphere is attributed to the layers immediately above the convective
envelope of the AGB star. It is the outermost layer of the star, often viewed as the
surface of the star, and is the region where the stellar wind originates. The interplay
of various complex physical phenomena in the stellar atmosphere is crucial to mass
loss and AGB evolution. High-resolution interferometric images of the stellar surface
of two AGB stars, showing convective patterns, are shown in Fig. 2.6.

2.3.3.1 Pulsations

Radial pulsations arise in the outer parts of the convective envelope of AGB stars
due to opacity effects (e.g. Bowen 1988). These intrinsic pulsations lead to repeated
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Figure 2.6: Left: VLTI-PIONIER near-infrared interferometric images of the surface of the
evolved giant star π1 Gruis at 1.625 µm (Paladini et al. 2018); Right: ALMA sub-
millimeter interferometric images of the surface of the AGB star R Doradus at 338
GHz (Vlemmings et al. 2024).

contractions and expansions of the photosphere, leading to periodic variations in the
stellar brightness and radius. AGB stars are long-period variables (LPVs) with pul-
sation periods ranging from 10 to around 2000 days. Pulsations produce supersonic
shock waves that propagate through the atmosphere of the star, heating up, compress-
ing, and pushing out material (e.g. Cherchneff 2006; Liljegren 2018). This process
plays an important role in driving the stellar wind (see Sect. 2.4).

2.3.3.2 The formation of molecules

As the temperatures of the atmospheric layers of AGB stars are ∼2000 - 3000 K, they
are cool enough to allow the formation of molecules. For carbon-rich (C-type) stars,
the main molecules formed are CO, HCN, CN, and C2H2, while oxygen-rich (M-
type) stars form molecules including CO, H2O, SiO, and SO2 in their atmospheres.
Convectional mixing and the presence of shocks caused by pulsations complicate the
molecule formation process in the atmosphere. The broad emission and absorption
bands of the formed molecules can be seen in the stellar spectrum of AGB stars, as
shown in Fig. 2.7. C-type stars display molecular bands of carbon-bearing parent
species, including HCN, C2H2, and C3, whereas M-type stars show those of oxygen-
bearing species like SiO, H2O, and CO2.
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Figure 2.7: ISO short-wavelength spectrometer (SWS) spectra of the M-type star o Ceti (up-
per), and the C-type star RY Dra (lower). The spectrum of the star V778 Cyg
(middle) shows features from both C- and O-rich chemistry. The different molecu-
lar absorption bands and dust emission features are marked. (Olofsson, in Habing
& Olofsson 2003)

2.3.3.3 Dust

Along with the formation of molecules as described above, the cool and dense nature
of the outer atmospheric layers of AGB stars also leads to the abundant formation of
dust grains (e.g. Millar (Ch. 5), in Habing & Olofsson 2003; Gail & Sedlmayr 2013;
Höfner & Olofsson 2018). Refractory material released by stellar nucleosynthesis
and convective dredge-up episodes condense in the inner CSE to form solid grains,
typically around a distance of 2-3 stellar radii (R⋆) from the AGB star (see Höfner
& Olofsson 2018, and references therein), where the local temperature drops below
condensation thresholds (≲ 2000 K). As discussed in Sect. 2.3.3.1, the density of
the gas in the atmosphere is temporarily increased by pulsations which levitate its
outer layers. This leads to an increase in the efficiency of the dust formation process.
The dust condensation sequence is highly sensitive to the C/O ratio in the stellar
atmosphere: in oxygen-rich (M-type) stars, silicate grains (e.g.Mg2SiO4, MgSiO3)
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0.65 µm 0.75 µm 0.82 µm

Figure 2.8: VLT SPHERE/ZIMPOL observations of the polarised light around the AGB star
W Hya at 0.65, 0.75, and 0.82 µm (Khouri et al. 2020). The dashed circles denote
the NIR stellar radius of 18 mas (Woodruff et al. 2009).

dominate, whereas in carbon-rich (C-type) stars, amorphous carbon and SiC grains
are prevalent. This can be seen in the dust features that appear in the spectra of the
two types of AGB stars, with the SiC ∼11 µm feature being prominent in the spectra
of C-type stars, and the silicate features at ∼10 and 18 µm dominating that of M-type
stars (see Fig. 2.7).

The nucleation and subsequent grain growth processes are regulated by complex
non-equilibrium chemistry, gas densities, pulsation-driven shocks, and the stellar ra-
diation field, all of which influence the efficiency and spatial scales of condensation.
The radially increasing expansion velocity of the CSE in the inner region leads to
decreasing densities, eventually causing dust formation to stop. From this region on-
wards, the dust composition does not change in general, until the grains are irradiated
by the interstellar radiation field at the outer parts of the CSE.

Polarimetric observations can map the dust around AGB stars, as the scattering
of stellar radiation from the surrounding dust grains produces polarised light. Such
high-resolution observations, carried out using the ZIMPOL instrument on the VLT,
towards the AGB star W Hya are shown in Fig. 2.8. These type of observations can
help study the spatial distribution of dust around AGB stars, and constrain their dust
condensation radii and the extents of their wind acceleration regions.

Understanding the microphysics of dust nucleation and growth around AGB stars
is crucial not only for constraining late-stage stellar evolution but also for tracing the
origins of cosmic dust in general, which seeds the formation of new stars, planetary
systems, and potentially even prebiotic chemistry. See Gail & Sedlmayr (2013) for
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Figure 2.9: Left: Schematic diagram of the dust-driven winds of AGB stars (courtesy: Peter
Woitke); Right: Wind speed as a function of dust-to-gas ratio (Winters et al. 2000;
Mattsson et al. 2010).

an in-depth study of dust formation and properties in AGB stars.

2.4 Dust-driven mass loss

AGB stars display heavy mass loss from the stellar surface into the surrounding ISM.
The mass-loss rates of AGB stars are typically in the range 10−8 − 10−4 M⊙ yr−1. The
very high mass loss from the stellar surface outweighs the minor growth of the core
that occurs as a consequence of the fusion processes ongoing in the shells. It is the
mass loss that hence drives the onward evolution of AGB stars.

Outward motion of the top layers of the stellar atmosphere due to pulsations can
not be the sole cause of the wind, as this process alone is not powerful enough to
make these layers attain escape velocity (Wood 1979). The currently accepted for-
malism of the origin of AGB mass loss is the dust-driven wind model (e.g. Sedlmayr
& Dominik 1995). In this scheme, dust formation occurs in the pulsation-levitated,
shocked outer layers of the atmosphere (see Fig. 2.9). These dust grains are accel-
erated by the radiation pressure as they absorb and scatter photons from the central
star. They then collide with and transfer momentum to the gas particles around them.
Such dust-gas collisions create an outflow of gas and dust that we call the stellar
wind. Fig. 2.9 shows that the wind velocity steadily increases with increasing dust-
to-gas ratio (Winters et al. 2000; Mattsson et al. 2010), a strong indication that the
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wind arises due to the momentum transfer from radiation to the gas via dust grains.
The study of the causes and mechanisms of mass loss, and its dependence on fun-

damental stellar parameters, is crucial to understanding the evolution of AGB stars
(e.g. Willson 2000). Numerical simulations like DARWIN (Dynamical Atmospheres
and Radiation-driven Wind models with Implicit Numerics, Höfner et al. 2016) are
being used extensively to study these phenomena further.

2.5 The circumstellar envelope

The circumstellar envelope (CSE) is the extended, tenuous, chemically rich environ-
ment surrounding the AGB star, formed by the extensive mass loss described above.
The CSE can be divided into three regions, based on the variation in physical prop-
erties present within it (see Fig. 4.1). First, the inner wind is the region extending
from the atmosphere to the dust-condensation zone. It presents exponentially falling
gradients of temperature and density. Above it is the intermediate wind where dust
forms and grows. The characteristics of this region are not yet well-understood. The
part of the CSE from the radius where the wind has achieved terminal velocity, till
it merges into the ISM is termed the outer wind. CSEs are rich sites of molecule
and dust formation, and complex chemistry. The various chemical processes and
pathways taking place in AGB CSEs are discussed in Chapter 4.

2.5.1 A note on complex morphology

The density gradient in the CSE is typically assumed to roughly follow an r−2 distri-
bution, though discrete variations are routinely observed (e.g. Agúndez et al. 2017;
Velilla Prieto et al. 2019; Kim et al. 2015b, and Paper I), possibly induced by the
presence of binary companions. Observed complex circumstellar morphology in-
cludes density enhancements such as arcs and shells, as seen in IRC +10 216 and II
Lup (Cernicharo et al. 2015; Agúndez et al. 2017; Lykou et al. 2018, and Paper I), to
spiral structures as observed in stars like CIT 6 and LL Peg (Kim et al. 2015b, 2017).
Fig. 2.10 shows the multi-shell density enhancements seen in molecular emission to-
wards II Lup by ALMA, and the asymmetric spiral seen in the CSE of the carbon-star
CIT 6 in interferometric CO and HC3N observations. Hydrodynamical simulations
(e.g. Kim & Taam 2012) of the effects of stellar/sub-stellar binary companions on the
AGB wind have shown that such large-scale arcs and spiral density patterns can be
created by the existence of a companion close to the mass-losing AGB star.
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Figure 2.10: Left: Complex substructure in the CSE of the carbon-star II Lup, as observed
in molecular line emission with ALMA (Paper I). Right: The asymmetric spiral
structure in the CSE of the CIT 6. CO J = 2˘1 line emission, observed with the
SMA, is shown in blue, and that of HC3N J = 4˘3, observed with the VLA, is
given in red (Kim et al. 2015b; Claussen et al. 2011).

It is to be noted that despite the presence of such local enhancements in the gas
density, 1D radiative transfer models (see Chapter 6) of circumstellar molecular line
emission, which usually employ smooth density and temperature gradients across
the CSE, generally perform reasonably well in fitting the observed line spectra and
constraining gas properties and molecular abundances (see e.g. Agúndez et al. 2012;
Massalkhi et al. 2019, 2024; Danilovich et al. 2015, 2018, 2019, Paper II and Pa-
per III). A proper analysis of these morphological structures, including directional
asymmetries, warrants 3D radiative transfer modelling.

2.6 Building blocks of the universe

AGB stars play a major role in the universal cycle of matter, by nucleosynthesis-
ing heavy elements and releasing them into the ISM of their host galaxies through
their stellar winds. They are also responsible for the formation of dust grains. The
periodic table of elements is shown in Fig. 2.11, with the different nucleosynthesis
sources indicated by different colours. It can be seen that the AGB stars are major
contributors of many elements, ranging from carbon and nitrogen, to the s-process
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Figure 2.11: The periodic table of elements. Colours indicate different nucleosynthesis
sources (credit: Kobayashi et al. 2020).

elements like lead.
The mass loss from AGB stars thus forms the building blocks of the next genera-

tion of molecular clouds and stars (see e.g. Tielens 2005). They are also drivers of the
chemical evolution of galaxies. Therefore, a thorough characterisation of the physics
and chemistry on the AGB is of paramount importance to astrophysics in general.
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Molecules as diagnostic tools

The contents of this chapter are broadly based on Kwok (2007) and Wilson et al.
(2013), which serve as the general references wherever other literature is not explic-
itly cited.

Molecules, through their spectral lines, are excellent probes of the physical and
chemical characteristics of circumstellar and interstellar gas. The intensity of a spec-
tral line traces the amount and physical properties of the emitting matter, and its
interactions with the local radiation field, while the spectral line profile sheds light
on its kinematics, and also reveals important details about optical depth effects. For
unresolved sources, the line width, through Doppler broadening, is often a direct
measure of how fast the circumstellar material is moving.

The specifics of the molecular chemistry in the circumstellar envelopes of AGB
stars will be dealt with in Chapter 4, and the major methods employed to observe
line emission will be described in Chapter 5. This chapter offers a summary of the
basic characteristics of molecular transitions and emission lines, examining how they
are useful in estimating various properties of the emitting material.
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3.1 Molecular transitions and line spectra

As is the case for atoms, molecules too have ground states and several excited states,
and transitions between them. However, molecules are more complicated structures
than atoms, and their Schrödinger equations are, therefore, more complex, and dif-
ficult to analyse directly. The Born-Oppenheimer approximation (Born & Oppen-
heimer 1927) offers some simplification, by stating that the nuclear and electronic
motion in a molecule can be treated separately, dividing the molecular wave func-
tion into a nuclear and an electronic component. Energy levels of a molecule, and
consequently the transitions between them, can then be divided into three separate
categories, namely electronic, vibrational, and rotational, based on the type of en-
ergy level among which they occur. Fig. 3.1 shows a schematic of the arrangement
of these three types of energy levels in a molecule. The classification of molecular
transitions based on this division is briefly summarised below.

Figure 3.1: A schematic representation of the arrangement of the electronic, vibrational, and
rotational energy levels of a molecule (credit: Wikimedia Commons1).

1https://commons.wikimedia.org/wiki/File:Molecular_energy_levels_en.svg
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3 Molecules as diagnostic tools

1. Electronic transitions: These are transitions caused by the excitation or de-
excitation of electrons between the different electronic states or energy levels
of the molecule. These energy levels are separated by large energy gaps (∼ a
few eV), and hence the spectral lines corresponding to these transitions fall in
the visible or UV regions of the electromagnetic spectrum.

2. Vibrational transitions: These transitions arise from the oscillations or vibra-
tions of the relative nuclear position with respect to its equilibrium position.
There is a range of vibrational states within every electronic state. There can
be different types of vibrations, depending on the type of molecule involved.
For a diatomic molecule like CO, stretching, or the periodic elongation and
compression of the bond between the constituent atoms forms the molecular
vibration mode. For molecules with more than two atoms, stretching can be
symmetric or asymmetric, and additional vibration modes, e.g. bending (pe-
riodic change of the angle between bonds), and different combinations of the
above, can also exist.
For an N-atom molecule, there will be 3N-5 vibration modes if it is linear,
and 3N-6 if non-linear. The typical differences between the energies of adja-
cent vibrational levels of molecules are in the range of 0.01-0.1 eV, and hence
the corresponding spectral lines fall in the infrared part of the electromagnetic
spectrum.

3. Rotational transitions: These transitions arise from the rotation of the nuclei,
as a result of either the torque exerted by the irradiating field on the dipole of
the molecule, or collisions. For molecules with no intrinsic dipole moment,
like H2 or C2H2, there can be no pure rotational transitions. Molecular ro-
tational transitions have typical energies around ∼10−3 eV, leading to spectral
lines in FIR, sub-mm and radio wavelengths. The CO J = 1−0 rotational tran-
sition at 115 GHz is a commonly studied example. It is also to be noted that
rotational transitions are constrained by the electric dipole moment selection
rule to have ∆J = ±1 due to the symmetries in the rotational wave function of
molecules.

The spectral lines of rotational transitions are what we mainly observe using tele-
scopes like ALMA and APEX (see Chapter. 5), and are the primary tools employed
in this work to study the physics and chemistry of circumstellar gas. As an exam-
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(b) HC3N (J = 11 − 10)

Figure 3.2: Spectral lines of the SiO (J = 2− 1, left) and HC3N (J = 11− 10, right) rotational
transitions observed towards IRAS 15194−5115, using ALMA (Paper I)

ple, Fig. 3.2 shows emission lines of SiO and HC3N observed towards the AGB star
IRAS 15194−5115 (Paper I). The molecules studied in this work, and the properties
of the circumstellar material derived from the observed spectral lines will be dis-
cussed in Chapter 4. Sect. 4.2 of Paper I explains in detail the methods employed to
estimate molecular abundances from spectral lines, including population diagrams
and analytical methods.

In addition to the above, there are also ro-vibrational transitions, which involve
changes in both the vibrational and rotational state of a molecule. A particularly
important mechanism related to ro-vibrational transitions is infrared (IR) pumping.
In this process, molecules absorb infrared photons, typically emitted by warm dust
grains or stars, exciting them into higher vibrational states (v > 0). These excited
vibrational levels are usually short-lived and decay into a range of rotational states of
the ground vibrational level (v = 0). As a result, IR pumping can significantly alter
the rotational level populations compared to what would be expected from purely
collisional excitation, often leading to enhanced line intensities or population inver-
sions that drive maser action. This mechanism is especially relevant in environments
with strong IR radiation fields, such as the envelopes of evolved stars (see Paper II
and Paper III).

The energy levels of certain molecules are split into further divisions than those
described above, due to the coupling of their spin- and orbital-angular momentum.
This process is known as spin-orbit coupling, and leads to a splitting of the observed
emission lines into components called fine-structure. In molecules like CN and C2H,
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Figure 3.3: Hyperfine components of the CN (N = 2 − 1) rotational line towards the C-rich
AGB star IRAS 07454−7112, observed with APEX. The red vertical lines denote
the frequencies of the major components (Paper I).

interactions between the electric or magnetic moments of the nuclei with electrons
lead to further splitting of the energy levels, and consequently the line spectra, known
as hyperfine splitting. Fig. 3.3 shows the hyperfine components in the line spectrum
of the CN (N = 2−1) rotational line towards the C-rich AGB star IRAS 07454−7112.

3.2 What can molecules tell us?

Molecular spectra can be analysed to reveal a host of information about the astro-
physical environments from which the emission originates (e.g., see Fig. 4.6a). Dif-
ferent molecules can be used to trace different properties of the sources. In AGB
CSEs, the emission from carbon monoxide (CO) is often used to derive the physical
properties of the gas, such as its mass, temperature, density, and velocity (e.g. De
Beck et al. 2012; Danilovich et al. 2015; Olofsson et al. 2022). The observed pro-
files of such quantities determine the circumstellar physical models underlying our
molecular line radiative transfer models (see Paper II). Fig. 3.4 shows the distribution
of gas mass-loss rates and expansion velocities, from a large sample of AGB stars in
the galactic bulge, derived from CO radiative transfer modelling by Olofsson et al.
(2022).
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Figure 3.4: Mass-loss rates (left) and expansion velocities (right) of a large sample of AGB
stars from the galactic bulge, derived from CO radiative transfer modelling (Olof-
sson et al. 2022). The blue and red colours denote sources with standard and
detached dust envelopes, respectively.

Another example is H2O, which, with its high dipole moment, serves as a good
tracer of the variations in the radiation field, and plays a crucial role in line cooling
in the inner CSEs of M-type AGB stars (e.g. Maercker et al. 2016a). Using high
spectral-resolution observations, the kinematics and dynamics of the stellar winds,
including expansion velocities, asymmetries, and turbulence, can be studied in great
detail. The excitation analysis, abundance calculations, and mapping of the emission
from other molecules, such as SiO, HCN, and HC3N, are used to further constrain the
physical properties of CSEs, and also to study the chemistry of the gas, as described
in Chapter 4.

The more molecules we can detect, study, and compare, the more we can say
about the chemical processes and pathways occurring in circumstellar environments.
Observations of different isotopologues of molecules can help constrain the isotopic
ratios of various elements, like 12C/13C, which can be used to study the evolutionary
history of the star. For example, the three stars studied in Paper I have very different
12C/13C ratios. We derived the isotopic ratios of carbon, silicon, and sulphur for the
three stars. The estimates match well with the expected AGB values (see Table 8 of
Paper I).
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Figure 3.5: The IRAM 30-m spectral survey of the C-rich AGB star IRC +10 216, showing
the identified lines (credit: Cernicharo et al. 2000).

3.3 Spectral surveys: how and why

Targeted observations of specific spectral lines, for example those of CO, are used
to study specific properties of AGB CSEs, as mentioned in Sect. 3.2. In addition,
a vast amount of information about the chemistry of these outflows can be obtained
by observing their spectra across wide bandwidths, not targeted specifically at any
molecule, but to obtain as many emission lines from various molecules as possible.
This type of observation is commonly known as an unbiased spectral survey, as it
is not biased to any particular molecular species. This is the mode of observation
employed in this work.

Unbiased spectral surveys have led to the detection of many new molecules. For
example, around half of the total molecules detected to date towards the nearby
carbon-star IRC +10 216 were discovered in the course of such a survey of that star
by Cernicharo et al. (2000), using the IRAM 30-m telescope. An overview of this
survey, showing the large number of detected molecules, is shown in Fig. 3.5. The
ALMA band 3 spectral surveys performed in this work, towards three C-rich AGB
stars, IRAS 15194−5115, IRAS 15082−4808, and IRAS 07454−7112, are shown in

37



3 Molecules as diagnostic tools

Figure 3.6: Overview of the spectral survey of three C-rich AGB stars, IRAS 15194−5115
(top), IRAS 15082−4808 (middle), and IRAS 07454−7112 (bottom), adapted
from Paper I. Colours indicate spectral windows of ALMA observations.

Fig. 3.6. The observations yielded a large number of molecular rotational emission
lines, indicating that the CSEs of these stars are also equally chemically diverse as
that of IRC +10 216. The survey is presented in detail in Paper I. The upcoming
ALMA Wideband Sensitivity Upgrade (WSU2, see Carpenter et al. 2023; González
2024) will significantly shorten the observing time needed for spectral surveys, by a
combination of wider bandwidths, more sensitive receivers, and correlator upgrades,
making it possible to conduct such observations much faster.

2https://www.almaobservatory.org/en/scientists/alma-2030-wsu/wsu-program/
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4

Circumstellar chemistry

As discussed in Chapter 2, AGB stars are highly complex, evolved objects which
play a major role in the cosmic chemical cycle. They present extensive mass loss, and
their circumstellar envelopes are interesting chemical factories, harbouring numerous
molecules and dust species produced through a variety of chemical pathways. This
chapter highlights some models and observational results, and the different factors
and processes involved therein.

4.1 Molecules around AGB stars

Molecule formation from atomic matter in AGB stars starts in the warm (∼3000 K),
high-density, outer layers of their atmospheres (Sect. 2.3.3.2). To date, 107 molec-
ular species, and their different isotopologues, have been detected in circumstellar
environments (Table 4.1), ranging from two-atom molecules like CO and SiO, to rel-
atively long carbon chains like C8H, and large cyanopolyynes like HC7N and HC11N.
Salts like NaCl and KCl, and refractory heavy metal oxides including AlO and TiO2

have been detected in AGB CSEs. These species and their spectral lines can be used
to estimate various characteristics of circumstellar matter, as described in Chapter 3.

In the work presented in Paper I, we identified a total of 311 emission features
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Table 4.1: Molecules detected in circumstellar envelopes, sorted left to right in the increas-
ing order of the number of constituent atoms, indicated at the top of each column.
Molecules detected up to 2021 are listed from McGuire (2022). The newer de-
tections included here are from Fonfría et al. (2022); Koelemay & Ziurys (2023);
Cabezas et al. (2023); Cernicharo et al. (2023, 2025) and Pardo et al. (2025). See
McGuire (2022) and the CDMS catalogue (Müller et al. 2005), for the references to
the publications presenting the detection of each of the following species. Tentative
detections are labelled with a (?) symbol.

2 3 4 5 6 7 ≥8

AlF C3 l-C3H C5 C5H C6H C7H
AlCl C2H C3N C4H l-C4H2 CH2CHCN C6H2
C2 C2S C3O C4Si C2H4 CH3C2H CH3SiH3
CN HCN C3S c-C3H2 CH3CN HC5N MgC6H
CO HCO+ C2H2 CH4 C5N C6H− HC7N
CP H2O NH3 HC3N l-HC4N MgC5N C8H
SiC H2S H2CO HC2NC C5N− MgC5N+ C8H−

HCl HNC H2CN HNC3 MgC4H SiC6 HC9N
KCl MgCN H2CS SiH4 C5S H2C5 HC11N
NaCl MgNC CNCN CH−4 HC4H C6H6
OH NaCN C3N− C4H− SiH3CN MgC6H+
PN SO2 PH3 MgC3N MgC4H+ C7N−

SO SiC2 HC2N SiC4 HMgCCCN C10H−

SiN CO2 HMgNC MgC3N+ SiC5
SiO AlNC MgCCH NaC3N CH3NC
SiS SiNC l-SiC3 CH2NH H2C4
CS HCP c-SiC3 CH2CN CH3OH (?)

CN− SiCN HNCS CH2CO (?)
CH CaNC HNCO CH3Cl (?)
HF MgC2 c-C3H
SiP TiO2 HOCN (?)
H2 C2P HCNO (?)

AlO KCN HSCN (?)
TiO FeCN NCCP (?)
PO C2N HC2O (?)
VO KCN CH3 (?)
FeC Si2C H3O+ (?)
NO AlOH
NS OCS

FeO (?) CaC2
SO+ (?) C2O (?)
CO+ (?)
CH+ (?)
CF+ (?)
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belonging to 49 molecules (including isotopologues) in the ALMA band 3 survey of
three C-rich AGB CSEs.

4.2 Diversity among AGB CSEs

Among the different categories (M-S-C, see Sect. 2.2) of AGB stars, the carbon-
rich (C-type) stars are the richest in terms of the number and diversity of molecules
formed. While the CSEs of M-type stars present relatively small molecules including
CO, H2O, etc., and a few larger molecules like NH3, the detection of larger molecules
like long-chain hydrocarbons (CnH) and cyanopolyynes (HCnN) has been done only
towards C-type CSEs. Most of these detections have been made towards the nearby,
extreme C-rich AGB star IRC +10 216, which is the most studied AGB star to date
(see Sect. 4.4.1).

A similar difference can also be seen in the dust species present in M-type and
C-type CSEs (e.g. Gail & Sedlmayr 2013; Höfner & Olofsson 2018). In the CSEs of
M-type stars, the dominant dust species are silicates. Based on 9.7- and 18-µm solid-
state features, several amorphous silicates have been identified in these stars (see
Dorschner 2010, and references therein). Further, alumina (Al2O3) and crystalline
silicate dust have also been detected towards some M-type stars (e.g. Blommaert
et al. 2006, 2014). A detailed modelling of the dust formation in oxygen-rich CSEs
was presented by Gobrecht et al. (2016a). In contrast, the CSEs of C-type stars are
dominated by amorphous carbonaceous dust (e.g. Kraemer et al. 2019; Sloan et al.
1998; Zijlstra et al. 2006), and also show features (∼11.3 µm) of SiC (e.g. Ventura
et al. 2014). The nature and types of dust formed in AGB stars are thus dependent on
the stellar C/O ratio, which is influenced by the evolutionary pathway of the star, as in
the occurrence or not of processes like hot bottom burning. Other factors, including
metallicity, also play important roles in the formation of dust in AGB stars (e.g. Tosi
et al. 2022).

4.3 Chemical stratification

The radial division of AGB CSEs into the inner-, intermediate-, and outer-wind re-
gions was discussed in Sect. 2.5. Fig. 4.1 shows a schematic diagram of the chemical
structure of an AGB CSE, outlining the physical and chemical processes taking place
in these regions. The molecules formed in the outer layers of the stellar atmosphere
are transported outwards in the stellar wind, and involve in various chemical reactions
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Inner wind Intermediate wind Outer wind

Figure 4.1: Schematic diagram of the chemical structure of an AGB CSE. (adapted from
Markwick 2000).

in the CSE, particularly in the outer wind, which is the site of most of the complex
chemistry in these sources. The outer wind is characterised by cool gas, expanding at
terminal velocity. The molecules in these low-density outermost regions of the CSE
are subject to photodissociation by the UV radiation from the interstellar radiation
field (ISRF), giving rise to the formation of a multitude of interesting species.

Based on their position in this formation-destruction-formation pathway of cir-
cumstellar species, the molecules in AGB CSEs can be categorised into two groups,
namely parent molecules and daughter molecules, as described below.

• Parent molecules: These are species which are formed from atomic gas in
the inner wind. These include mainly C2H2, HCN, CH4, H2S, NH3, CO, CS,
SiO, SiS, and N2 (e.g. Cordiner & Millar 2009; Agúndez et al. 2012). The
brightness maps of the line emission from parent molecules present centrally-
peaked morphologies, i.e., emission that peaks close to the central star (in the
inner wind) and extends radially outwards (see Sect. 4.1 of Paper I).
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Figure 4.2: Systemic-velocity maps of the J = 1 − 0 line emission of HCN (left) and CN
(right), showing centrally-peaked and shell emission respectively, for the AGB
star AI Vol. Contours are at 3, 5, and 10 σ. The red + sign denotes the continuum
peak position (credit: Paper I)

• Daughter molecules: These are species formed from the parent molecules,
through photodissociation or other chemical pathways. They are found in the
outer wind. Most of the species detected in CSEs, including long-chain hydro-
carbons and cyanopolyynes are daughter species. These species are distributed
in hollow spherical shells in the outer CSE, as indicated by their line emission
maps which show no emission near the central star, but peak in shells radially
farther away (see Sect. 4.1 of Paper I).

The centrally-peaked HCN, and the shell CN emission morphologies for the carbon-
star IRAS 07454−7112 mapped by ALMA are shown in Fig. 4.2. This is consistent
with the fact that CN is a photodissociation product of the parent species HCN. The
nature of photodissociation of the constituent molecules, i.e., whether they are disso-
ciated in lines or the continuum, and their shielding efficiencies, has a significant in-
fluence on the gas-phase chemistry in the CSE. In particular, the photodissociation of
CO (e.g. Saberi et al. 2019) is key in precisely determining the extent of circumstel-
lar outflows and their mass-loss rates. In addition to the simple centrally-peaked and
shell morphologies, there are also species which can display more complex struc-
tures, including having both centrally-peaked and shell emission components, like
HC3N and SiC2 (see Fig. 2.10).

Fig. 4.3 shows an overview of the radial variation in chemistry for a typical CSE,
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Figure 4.3: Schematic of the chemistry in a circumstellar envelope, showing parent and
daughter species. The regions marked in Roman numbers are: (I) degenerate
C-O core and He, H burning shells, (II) convective atmosphere, (III) shocked in-
ner wind where parent species are formed, (IV) intermediate wind, (V) outer wind
where daughter species are formed primarily by photodissociation, (VI) the ISM.
(credit: Li et al. 2014).

schematically depicting the radial arrangement of parent and daughter species. The
various chemical pathways in AGB CSEs are subject to intensive study, both through
observations and chemical modelling. With the development of modern interferom-
eters like ALMA, VLA, and NOEMA, it is now possible to resolve and map the cir-
cumstellar envelopes of AGB stars, and study the chemical structure of these sources
in detail (e.g. Dinh-V-Trung & Lim 2008; Velilla Prieto et al. 2015; Maercker et al.
2016b; Agúndez et al. 2017, and Paper I). Single-dish spectral surveys have also sig-
nificantly advanced our knowledge of circumstellar chemistry (e.g. Cernicharo et al.
2000; De Beck et al. 2012; De Beck & Olofsson 2018, 2020; Velilla Prieto et al.
2017). Such observational studies, along with the advances in our knowledge of
chemical reaction networks and rates, have led to the development of detailed chem-
ical models (see Chapter 7) fine-tuned for AGB circumstellar environments (e.g.
Brown & Millar 2003; Cordiner & Millar 2009; Agúndez et al. 2017; Van de Sande
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et al. 2019, 2020, 2021). To interpret the observations and derive reliable abundance
profiles throughout the observed CSEs, one commonly employs radiative transfer
modelling (see e.g. Agúndez et al. 2012; De Beck et al. 2012; Danilovich et al. 2016,
2019, 2020, and Paper II and Paper III). The relevant methodologies employed in
Paper I, Paper II, and Paper III are described in more detail in chapter 6.

4.4 Carbon chemistry

The high molecular richness of the outflows of C-rich AGB stars is primarily due
to the larger versatility of the carbon atom compared to that of oxygen in terms
of possible chemical reactions and pathways, owing to its higher valency. The in-
creased ability of carbon to form stable long-chain molecules (catenation), owing to
the high bond-strength between C-atoms, also leads to the presence of large, complex
molecules in C-rich CSEs. The high carbon abundance also allows the formation of
a large number of carbon-bearing species, possibly including polycyclic aromatic
hydrocarbons (PAHs, e.g. Cherchneff et al. 1992; Allain et al. 1997), which are not
found in M-type CSEs.

4.4.1 The story so far: IRC +10 216

IRC +10 216, also known as CW Leonis, is a nearby (120-190 pc, Groenewegen
et al. 2012; Andriantsaralaza et al. 2022), carbon-rich (C/O > 1.5 ± 0.4, Fonfría
et al. 2022) AGB star, with a high mass-loss rate (Ṁ=2-4×10−5 M⊙ yr−1, Guélin et al.
2018), making it an easy target for observations. Owing to these properties and the
molecular richness in its CSE, the majority of the observational studies and chemical
models of carbon-star CSEs so far have focused on this object (e.g. Agúndez et al.
2017; He et al. 2008; Cernicharo et al. 2000; Cordiner & Millar 2009; Guélin et al.
2018; Pardo et al. 2022; Patel et al. 2011; Velilla Prieto et al. 2019; Van de Sande
et al. 2019). Hence, IRC +10 216 holds the status of an archetypal carbon-star, the
morphology and circumstellar physics and chemistry of which have been extensively
observed and modelled.

Line emission from various molecular species in the CSE of IRC +10 216 has been
analysed in detail in several studies. Patel et al. (2011) detected a large number of
vibrationally-excited rotational lines arising from the inner envelope of IRC +10 216,
in an interferometric spectral survey with the Submillimeter Array (SMA). Spectral
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Figure 4.4: Systemic-velocity surface brightness maps of C2H and CN towards IRC +10 216,
observed using ALMA (credit: Agúndez et al. 2017).

surveys using Herschel have led to the detection of many lines from the high-energy
rotational transitions of several molecular species, including CO, HCN, CS, and SiC2

(Cernicharo et al. 2010). Agúndez et al. (2017) used ALMA to map the CSE of IRC
+10 216 in various lines, including those of C2H, C4H, HC3N, HC5N, C3N, and
CN. Fig. 4.4 shows the systemic-velocity surface brightness maps of C2H and CN
towards IRC +10 216 from Agúndez et al. (2017). From such maps, the radial surface
brightness profiles of the species can be obtained, which can offer estimates of the
sizes of the emitting regions of different molecules. These can help in obtaining
accurate abundance estimates, and can also be used to fine-tune chemical models of
C-rich CSEs to gain a better understanding of the chemical reactions occurring in
these environments.

The chemistry of silicon- and sulphur-bearing species, including CS (see Fig. 4.5),
SiO, and SiS, in the CSE of IRC +10 216 has been explored by Velilla Prieto et al.
(2015, 2019), and Massalkhi et al. (2019), among others. Similar studies of a sample
of other carbon-stars (see Sect. 4.4.2) are presented in this work (see Paper II and Pa-
per III). Radiative transfer modelling has also been extensively employed to estimate
circumstellar physical parameters like gas temperature and mass-loss rate, as well
as to derive molecular abundances. Fig. 4.6 shows such a model of the circumstel-
lar gas parameters of IRC +10 216, from the radiative transfer models by Agúndez
et al. (2012), along with a comparison of the observed and modelled radial surface
brightness profiles of different molecular species from Agúndez et al. (2017).

As seen in Fig. 4.4 and Fig. 4.5, the emission maps of different molecules in the
CSE of IRC+10 216 trace distinct arc-like structures in addition to a broad shell.
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Figure 4.5: Surface brightness channel maps of CS J = 2 − 1 line emission towards IRC
+10 216, observed using ALMA (credit: Velilla Prieto et al. 2019).

This is also seen towards the stars studied in this work (see Sect. 4.1.1. in Paper
I). These are indicative of large-scale radial density enhancements in the CSE, a
deviation from the smooth, spherical CSE assumption. Recent chemical models have
incorporated the existence of such density-enhanced shells, and hence offer more
realistic predictions of the chemical abundances and emission profiles (e.g. Cordiner
& Millar 2009). Van de Sande & Millar (2019) further extended the relevant chemical
models to include the effects of photo-induced chemistry and clumpiness in the CSE.

While there have been a large number of studies of carbon-star CSEs focused
on IRC +10 216 as discussed above, only a handful of studies have looked at other
sources in detail. Around 20 carbon-stars were detected in HCN (J = 1 − 0) line
emission by Olofsson et al. (1990). Bujarrabal et al. (1994) and Olofsson et al.
(1998) observed samples of 16 and 22 carbon-stars, respectively, in various molec-
ular lines. Targeted, line-specific observations of larger source samples have also
been performed by Schöier et al. (2013); Massalkhi et al. (2019) among others. Ny-
man et al. (1993) observed IRAS 15194−5115 in the 1.3 mm and 3 mm bands using
the Swedish-ESO Submillimetre Telescope (SEST). Line emission from a sample
of seven C-rich AGB stars was surveyed in the mm/sub-mm wavelength range by
Woods et al. (2003), using the Onsala 20 m telescope and the SEST, while similar
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studies were conducted using the Mopra 22 m telescope by Smith et al. (2015). Kim
et al. (2015b) interferometrically resolved the CO J = 2−1 emission from the CSE of
the carbon-star CIT 6, revealing a spiral shell pattern and a nascent bipolar outflow.

(a) (b)

Figure 4.6: (a) Model of the number density (n), temperature (Tk), and velocity (vexp) profiles
of IRC +10 216. R0, RC, and RW correspond to the radius of the static atmosphere,
dust condensation radius, and the end of the dust acceleration region, respectively.
(Agúndez et al. 2012). (b) Modelled (top) and observed (bottom) radial surface
brightness profiles of CN, C3N, HC3N, and HC5N towards IRC +10 216 (Agúndez
et al. 2017).

4.4.2 This work

The advent of high angular-resolution telescopes has enabled the mapping of AGB
CSEs in previously unattainable detail and sensitivity. However, most of our current
knowledge of the circumstellar chemistry of AGB stars, of the C-rich type in partic-
ular, is based on observations and models of IRC +10 216 alone, as discussed above.
While the few studies of different carbon-stars mentioned above indeed advanced
our knowledge of the carbon chemistry in AGB CSEs, they were limited by the fact
that most of them were single-dish observations, not intended to spatially resolve the
circumstellar emission. Given that the accurate determination of molecular abun-
dances requires knowledge of the sizes of the emitting regions, which are obtainable
only by spatially resolving the emission, the lack of spatially resolved observations
of multiple C-rich CSEs limit our ability to compare and contrast the chemistry in
these objects with one another, and put to test the chemical models optimised for the
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Table 4.2: Basic properties of the stars in the sample

Source
Common

Name
Distance(a)

(pc)
MLR(b)

(M⊙ yr−1)
12C/13C(c) 3sys

(d)

(km/s)
3exp

(e)

(km/s)
Period
(days)

IRAS 15194−5115 II Lup 690 (+129/−93) 2.2×10−5 6 −15.0 21.5 576(g,h)

IRAS 15082−4808 V358 Lup 1050 (±60) 2.2×10−5 35 −3.3 19.5 632(h)

IRAS 07454−7112 AI Vol 580 (+70/−56) 8.3×10−6 17 −38.7 13.0 511(h)

AFGL 3068 LL Peg 1220 (+70/−60) 4.2×10−5 17 −30.0 14.0 696(h)

IRC +10 216 CW Leo 190 (±20) 1.5×10−5 45( f ) −26.5( f ) 14.5( f ) 630(i)

Notes: (a)distance estimates from Andriantsaralaza et al. (2022); (b)mass-loss rates from Paper II;
(c)circumstellar 12CO/13CO ratios derived by Woods et al. (2003) from CO radiative transfer modelling;
(d)systemic velocities of the sources, from Woods et al. (2003); (e)expansion velocities of the source
CSEs, from Woods et al. (2003); ( f )The listed 12C/13C ratio, 3sys, and 3exp for IRC +10 216 are from
Cernicharo et al. (2000); (g) Feast et al. (2003); (h) Whitelock et al. (2006) and references therein; (i)

Menten et al. (2012).

archetype IRC +10 216.
There have been no multi-source studies aimed at resolving the circumstellar emis-

sion from carbon-rich AGB CSEs other than IRC +10 216 so far, and this is where
the need for the work described in this thesis, based mainly on the ALMA observa-
tions presented in Paper I, arises. The high-resolution ALMA observations of three
C-rich AGB CSEs, IRAS 15194−5115, IRAS 15082−4808, and IRAS 07454−7112,
together with the large range of available single-dish spectral line observations of
these sources and AFGL 3068, presented in this work, make it possible to obtain
well-constrained estimates of the physical conditions and molecular abundances in
their CSEs, enabling comparisons with one another and IRC +10 216. This can bring
out similarities and differences in the chemical evolution of AGB CSEs, and also ver-
ify whether IRC +10 216 indeed is the archetype carbon-star it is thought to be. The
basic properties of the three carbon-stars in our spatially resolved ALMA survey,
along with those of AFGL 3068 (included in radiative transfer modelling in Paper II
and Paper III) and IRC+10 216 itself, are given in Table 4.2.
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5.1 Overview

The stellar continuum from AGB stars peaks in the near-infrared (∼0.8 - 3 µm) wave-
length range (e.g. Paladini et al. 2018). A major part of the continuum emission from
circumstellar dust falls in the mid-infrared (∼3 - 15 µm) to sub-mm wavelength range
(see e.g. Neugebauer & Leighton 1969; Paladini et al. 2017). The chemistry in AGB
CSEs, described in Chapter 4, is best studied by observations of molecular emission
lines. The spectral signatures of the rotational transitions (see Sect. 3.1) of the most
commonly studied molecular species fall in the long-wavelength regime, specifically
in the far-infrared (∼15 - 200 µm), sub-millimeter, millimeter, and centimeter wave-
lengths.

The available bandwidth for ground-based observations is severely limited by the
Earth’s atmosphere, as shown in Fig. 5.1. The amount of precipitable water vapour
(PWV) present in the atmosphere affects its transparency. It is measured in mil-
limeters, and is calculated based on combined radiometer measurements and atmo-
spheric models of the telescope sites. PWV is strongly dependent on altitude and
local weather. Fig. 5.2 shows the atmospheric transmission at the ALMA array op-
erations site (AOS) at various PWV values.
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Figure 5.1: Opacity of the Earth’s atmosphere across the electromagnetic spectrum (credit:
NASA).

All of the radiation in the far-infrared is blocked from reaching the ground due
to absorption by the water present in the Earth’s atmosphere. To solve this prob-
lem, orbiting space telescopes like the Infrared Space Observatory (ISO) and later
the Herschel Space Observatory were used to observe the FIR spectra of AGB stars,
among other sources, from above the Earth’s atmosphere. The recently launched
James Webb Space Telescope (JWST) is also opening up possibilities of highly sen-
sitive near- and mid-infrared astronomical observations from space.

In the sub-mm/mm regime, the presence of atmospheric water vapour poses a se-
vere limitation to ground-based observations from low altitudes, and telescopes like
the Atacama Pathfinder Experiment (APEX) and the Atacama Large Millimeter/sub-
millimeter Array (ALMA) have been placed at extremely high-altitude sites (∼5000
m) in dry, arid, mountainous deserts, to minimize the water column they have to ob-
serve through. These observations must still be corrected for the distortion of the
signals by the atmosphere, by the use of accurate atmospheric models and calibra-
tion.

Early observations of circumstellar emission lines used single-dish telescopes,
including the Onsala 20-m telescope, the Swedish-ESO Submillimetre Telescope
(SEST), and the IRAM 30-m telescope. More recently, telescopes like APEX have
enabled single-dish observations of higher sensitivity at sub-mm/mm wavelengths.
However, these telescopes, while providing extremely valuable information about
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Figure 3: The ten ALMA receiver bands along with atmospheric transmission. The receiver coverage
is shown shaded, superimposed on a zenith atmospheric transparency plot at the ALMA Array
Operation Site (AOS) for 0.3, 0.5, 1.0, 2.0 and 5.0 mm of precipitable water vapor (PWV). The
ALMA band numbers are indicated at the top of the figure in bold.

3.1 Band 1

The Band 1 receiver covers the lowest frequency band of ALMA from 35 to 50 GHz, and it is
a development project led by ASIAA in collaboration with NAOJ, NRAO, University of Chile and
NRC-HAA. As described in Di Francesco et al. (2013), the range of Band 1 science is very broad,
from solar studies, nearby stars, protoplanetary disks, and molecules in nearby molecular clouds to
distant galaxy clusters and the re-ionization edge of the Universe.

One of the primary science drivers for Band 1 is to measure the grain properties in protoplanetary
disks. The formation of planets require the agglomeration of dust grains into larger particles.
The long wavelength observations provided by Band 1 can probe larger particles than the higher-
frequency ALMA bands, and the optical depth of the continuum emission in the disk will also be
reduced. By observing a diverse sample of disks in Band 1, it will be possible to explore where and
when in the disk that dust agglomeration takes place. A second primary science driver for Band
1 is to identify galaxies in the epoch of reionization. By targeting known candidate high-redshift
galaxies, Band 1 will measure the spectroscopic redshift, especially using the J=3-2 transition of
carbon monoxide, which is redshifted into the Band 1 frequency range for redshifts of 6 . z . 9.

The technology used for Band 1 is dual-polarization, SSB heterodyne receiver covering the
specified frequency range with an IF band of 4-12 GHz. Band 1 integration at the ALMA Operations
Support Facility (OSF) will start in the early part of 2020, with a target completion to outfit all 66
antennas with Band 1 receivers by the end of 2022. Figure 5 shows the measured noise performance
of a prototype Band 1 receiver.

7

ALMA Band

Figure 5.2: Atmospheric transmission at the ALMA site for different PWV values (Carpenter
et al. 2020). The frequency ranges of the various ALMA bands are also indicated.
Band 1 was made available from 2024 onwards. The Band 2 receivers saw first
light in 2023, and are expected to be available for science observations in the
coming years.

the sources, could only obtain the spectra of the emission lines, and could not re-
solve the spatial distribution of the emitting regions. Interferometry using telescopes
like ALMA and the Northern Extended Millimeter Array (NOEMA) has made it
possible to spatially resolve and map the distribution of the emission, revolutionising
the field of sub-mm/mm astronomy. This project makes use of both single-dish and
interferometric data observed using APEX, and ALMA, respectively. This chapter
is a concise overview of the basic technical and scientific aspects of these observing
techniques and telescopes.

5.2 Single-dish observations

A radio or sum-mm/mm telescope consists of an antenna and a receiver, used to
capture electromagnetic waves coming from astronomical sources. The emission
from astronomical sources is not easily detected, owing to their low intensities, and
needs to be amplified. Contemporary single-dish telescopes like APEX employ het-
erodyne receivers, which are instruments comprised of a mixer, a set of amplifiers,
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filters, and finally a spectrometer. The mixer is used to convert the incoming high-
frequency signal to a more easily-amplifiable lower frequency signal, by mixing the
sky signal of frequency fsky) with a signal of frequency fLO generated by the local
oscillator (LO). This is done because amplification is much more easily possible for a
lower-frequency signal. The mixers used in the receivers of APEX (and ALMA) are
superconductor-insulator-superconductor (SIS) mixers, which offer high tunability
and low noise in the sub-mm/mm range.

The intermediate frequency ( fIF) is the frequency at which the incoming signal
will be recorded by the spectrometers and is defined as:

fIF = | fLO − fsky| (5.1)

The IF frequency can only be varied within specific limits for each instrument,
which determine the bandwidth of the instrument. The IF signal includes two side-
bands, as seen from Eq. 5.1, one on each side of the LO frequency. These sidebands
are named the lower sideband (LSB), on the lower end of the LO frequency, and the
upper sideband (USB), on its higher end. There are three modes of receiver opera-
tion, based on which signal from the respective sidebands is retained or suppressed.
Sideband suppression is achieved by the use of selective filters next to the mixer.
When only one of the sidebands is retained and the other is suppressed, the receiver
is said to work in single sideband (SSB) mode. When both sidebands are retained,
but superposed in the output spectrum, the receiver is said to operate in double side-
band (DSB) mode. When both sidebands are retained and also separated in the final
spectrum, the receiver mode is called sideband separated, or dual sideband (2SB).

The signal in the sideband(s) is then amplified using a cascade of low-noise ampli-
fiers, so that the receiver output has a high signal-to-noise ratio. The spectrometers
record the intensity as a function of frequency, in bins of specified width, specified by
the frequency resolution. Different spectrometers on the telescope can also process
copies of the amplified signal simultaneously, without leading to reduced sensitiv-
ity. The intensity of the signal is expressed as an antenna temperature (TA). After
calibrating for the atmospheric distortion and correcting for instrumental losses, the
corrected antenna temperature is denoted by T ∗A. The calibration process can be done
in various ways. To remove the sky background, the switching methods usually em-
ployed during observations are:
• Position switching: repeatedly changing the pointing of the primary mirror

between the source (ON) position and a noise-only (OFF) position, at regular
intervals.
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Figure 5.3: Polar plot of an antenna beam pattern, showing the main beam and sidelobes
(credit: Argelander-Institut für Astronomie).

• Beam switching: repeatedly changing the pointing of the sub-reflector be-
tween the source (ON) position and a noise-only (OFF) position, at regular
intervals.
• Frequency switching: repeatedly changing the LO frequency by a very small

amount, at regular intervals. This method is very rarely used for observations
of evolved stars.

The chopper wheel method, i.e. alternately observing a hot load (of ambient tem-
perature), and then the cold sky, is employed for the flux calibration of sub-mm/mm
single-dish telescopes.

As shown in Fig. 5.3, the beam pattern of a telescope antenna is characterised by
a main beam and multiple sidelobes, indicating that not all of the power received is
in the main beam. To estimate the power received in the main beam only, the main
beam efficiency is defined as:

ηMB =
ΩMB

Ωtotal
(5.2)

where ΩMB is the solid angle of the main beam, and Ωtotal is the total solid angle
of the antenna. Using this, we can convert the corrected antenna temperature (T ∗A) to
a main beam temperature (TMB) scale, as:
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Figure 5.4: APEX gazing into the cosmos (credit: Babak Tafreshi, ESO)

TMB =
T ∗A
ηMB

(5.3)

This is the intensity scale mainly used in astrophysical calculations using single-
dish data.

5.2.1 The APEX telescope

The Atacama Pathfinder Experiment (APEX1, Güsten et al. 2006, Fig. 5.4), is a
12-m telescope operating at millimetre and sub-millimetre wavelengths, located at
∼5000 m altitude in the Chajnantor plateau in the Chilean Andes, one of the driest
places on the planet. It is currently the largest sub-mm/mm telescope in the southern
hemisphere, and can observe a range of astronomical sources and phenomena, from
nearby stars and nebulae, to galaxies and cold clouds in the distant universe.

APEX hosts several instruments, ranging from large-aperture bolometers (e.g.
ArTéMiS, Revéret et al. 2014) to heterodyne receivers (e.g. SEPIA, Belitsky et al.
2018). APEX was inaugurated in 2005, and is currently operated by the Max Planck
Institute for Radio Astronomy (MPIfR) in Bonn, Germany. This project uses data

1APEX is a collaboration between the Max Planck Institute for Radio Astronomy (MPIfR Bonn, Ger-
many), the European Southern Observatory (ESO), and the Onsala Space Observatory (OSO), Sweden.
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Figure 5.5: Artist’s impression of the Herschel space telescope (left) and a schematic diagram
of the HIFI instrument (right) (credit: ESA/Caltech/Herschel)

obtained with APEX, observed using the following receivers: SEPIA band 5 (159
- 211 GHz, Belitsky et al. 2018), PI2302 (200 - 270 GHz), and SHeFI (200 - 270
and 272 - 376 GHz, Vassilev et al. 2008). See Sect. 3.1 of Paper I for a detailed
description of the observations.

5.2.2 The HIFI instrument

The Heterodyne Instrument for the Far-Infrared (HIFI, de Graauw et al. 2010, Fig.
5.5) was a spectrometer aboard the European Space Agency’s (ESA) Herschel Space
Observatory (Pilbratt et al. 2010) launched in 2009, operating in the far-infrared and
sub-millimeter wavelength ranges. It contained a set of 7 tuneable heterodyne re-
ceivers which covered the frequency ranges 480-1250 GHz and 1410-1910 GHz,
and was designed to provide very high spectral resolution over the entire frequency
range. The nominal spectral resolution of HIFI is around 1.1 MHz. The instrument
was developed by a consortium led by the Space Research Organisation Netherlands
(SRON). The Herschel mission was decommissioned in 2013.

This project uses data obtained using the HIFI spectrometer, carried out in spectral
scan mode, covering the frequency range 479.5–1121.9 GHz, spanning bands 1a, 1b,
2a, 2b, 3a, 3b, 4a, and 4b, with a velocity resolution of ∼ 0.3 − 0.7 km s−1. For a

2PI230 is a collaboration between the European Southern Observatory (ESO) and the Max-Planck-
Institut für Radioastronomie (MPIfR).
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detailed description of the observing modes and data processing methods of HIFI,
we refer to Roelfsema et al. (2012), Mueller et al. (2014), and Shipman et al. (2017).

5.3 Radio interferometry

The contents of this section are broadly based on Wilson et al. (2013) and Thompson
et al. (2017), which serve as the general references wherever other literature is not
explicitly cited.

The basic introduction to the theory and practice of interferometry presented in
this section is far from complete, and is intended only as a simplistic overview of
the bare minimum of its demanding concepts. A more detailed analysis of radio
interferometry is outside the scope and intention of this thesis. Extensive literature is
available on the topic, that the curious reader may refer to, including but not limited
to Born & Wolf (1999); Taylor et al. (1999); Wilson et al. (2013) and Thompson et al.
(2017).

Single-dish telescopes, while being very useful observing tools, have several limi-
tations. As mentioned before, the mapping of the spatial distribution of the observed
emission is not easily possible using single-dishes. Although they can be used to
produce mosaic maps, this is still limited in terms of resolution and sensitivity. The
angular resolution of a telescope is related to the wavelength of observation (λ), and
the diameter (D) of the telescope, as:

θres ∝ λD (5.4)

This means that, for a given wavelength, the angular resolution is better for a
larger telescope. Also, for long-wavelength observations, very large-diameter tele-
scopes are required to achieve the same angular resolution as a smaller telescope has
at shorter wavelengths. Even though very large-aperture single-dish telescopes like
the Five-hundred-meter Aperture Spherical Telescope (FAST), and the Arecibo ob-
servatory have been built, practical constraints make the construction of larger and
larger single-dish telescopes impossible, and they also become increasingly less flex-
ible in the ways they can observe, as their aperture size increases. It is to overcome
this limitation that the technique of radio interferometry was developed.

Radio interferometers work based on the principle that a resolution of θres ob-
tained by a single-dish of diameter D can also be obtained by combining the signal
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received by two antennas of smaller diameter, (d ≪ D, see Fig. 5.7) but separated by
a distance D (see Born & Wolf 1999). This means that the angular resolution of an
interferometer is limited not by the diameters of the individual antennas, but by the
largest separation between two dishes. The separations between the antennas of an
interferometer are known as baselines.

This technique can be extended to a multi-antenna system which can produce high-
resolution images of the sky by combining independent observations of pairs of an-
tennas spread over the equivalent aperture. This is known as aperture synthesis. The
angular resolution of an aperture synthesis interferometer is given by:

θres =
λ

|b| (5.5)

where |b| is the length of the longest baseline. Increasingly finer structures can be
resolved by increasing |b|. It is to be noted that the “equivalent aperture” generated
by an interferometer, albeit offering high spatial resolution, is not filled, and hence
does not offer exactly the same sensitivity as that of the hypothetical single-dish
telescope the size of the equivalent aperture. Lack of specific baselines in the array
configuration can also lead to structures at various scales being resolved out.

Nevertheless, modern interferometers offer excellent spatial resolution and sensi-
tivity, sufficient to even resolve the photospheres of nearby AGB stars (see Fig. 2.6).
Fig. 5.6 presents the resolution and sensitivity of current and planned sub-mm/radio
interferometers, including VLA, ALMA, SKA, and the ngVLA, at different frequen-
cies (Bojnordi Arbab et al. 2024), showing that the high imaging sensitivity of the
SKA, and the planned high sensitivity and angular resolution of the ngVLA can lead
to high-resolution observations of AGB atmospheres across the galaxy at a wide
range of frequencies.

5.3.1 Observing with a radio interferometer

A block diagram of a simple two-element interferometer is shown in Fig. 5.7. The
two antennas are separated by a baseline separation b, and are connected to a corre-
lator which multiplies and time-averages the signals from the two antennas.

When we observe an astrophysical phenomenon happening at location R in space,
what we are effectively doing is to record the time-varying electric field (E(R,t))
which propagates to us from that point. We can write the magnitude of this electric
field as a sum of Fourier components. The fourier coefficients (Eν(R)) thus obtained
are complex quantities. However, the propagated components of the electric field at
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Figure 5.6: Angular resolution (left) and sensitivity (right) of current and future sub-mm/radio
interferometers as a function of frequency, for an 8-hour integration (Bojnordi
Arbab et al. 2024). The blue-filled areas show the resolved stellar angular diameter
ranges (left), and the stellar flux density ranges for unresolved observations (right),
at the indicated distances, based on a DARWIN model (Höfner et al. 2022) of
AGB atmospheres.

the observer’s location, say Eν(r), are what are observable to us. Of particular interest
to interferometry is the correlation of the electric fields at two observing points, say
r1 and r2. This is calculated by the correlator (Fig. 5.7) of the interferometer. Under
the reasonable simplifying assumptions that the radiating source is very far away,
and that the emission from two different points in space is spatially incoherent, we
can write this correlation as an integral of the observed intensity (Iν) over solid angle
(see Clark, in Taylor et al. 1999), as:

Vν(r1, r2) =
∫

Iν(s)e−2πiνs·(r1−r2)/cdΩ (5.6)

where s is the unit vector in the direction of the source, and c is the speed of light.
It can be seen that Eq. 5.6 depends only on the separation between the two observing
points (r1 - r2), and not on their absolute positions. The function Vν(r1, r2) is known
as the spatial correlation function of the field components. Also, Eq. 5.6 can be
inverted to find the intensity distribution of the emitting source. The interferometer
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Figure 5.7: Block diagram of a two-element interferometer. tg is the geometric delay between
the times at which the two antennas separated by a baseline B receive signal from
the far-away astronomical source in the direction s. The inputs are first amplified
individually, and are then combined in the voltage multiplier after accommodating
for the time delay to ensure proper alignment, generating the visibility. The volt-
age multiplier output is also summed over a short time in the integrator (credit:
ALMA observatory).

is an instrument to measure the values of this function.
If we define the coordinate system describing the baseline separations (r1 - r2)

as (u, v), measured in units of wavelength (λ), and set the components of the sky
coordinates (s) to be described by the unit vectors (l, m), we can rewrite Eq. 5.6 as:

Vν(u, v) =
"

Aν(l,m)Iν(l,m)e−2πi(ul+vm)dldm (5.7)

where a normalising factor, Aν(l, m), has also been included to account for the di-
rectional sensitivity of the antenna reception. This quantity, Vν(u, v), is known as the
complex visibility function, and has an amplitude and a phase. The fundamental prin-
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ciple of radio interferometry, the van Cittert-Zernike theorem, states that the complex
visibility function is the Fourier transform of the brightness distribution of the source
in the sky (see Thompson, Moran, and Swenson, in Thompson et al. 2017).

Figure 5.8: A typical uv coverage (left) and the corresponding PSF (right) of a modern radio
interferometer (credit: NRAO).

The sampling of the uv plane can be increased for a given baseline configuration
by making use of the fact that the Earth’s rotation constantly changes the effective
direction of the baseline vectors. This process is known as Earth rotation synthesis.
Even then, a practical interferometer can never sample the uv plane entirely, as it
can have only a limited number of discrete baselines. Hence, the inversion of this
equation will not provide the exact emission distribution in the sky, but only one
which is convolved with the Fourier transform of the sampling function (S (u, v)) of
the array (see Clark, in Taylor et al. 1999), i.e.,

ID
ν (l,m) =

"
Vν(u, v)S (u, v)e2πi(ul+vm)dudv (5.8)

where ID
ν (l,m) is called the dirty image, which is a convolution of the point spread

function (PSF) or synthesised beam (B(l,m), the Fourier transform of S (u, v)) with
the actual source intensity distribution (Iν(l,m)).

ID
ν (l,m) = I sky

ν (l,m) ∗ B(l,m) (5.9)

Fig. 5.8 shows a typical uv coverage and PSF of a modern radio interferometer.
The dirty image is contaminated by the sidelobes of the PSF. The purpose of most
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Figure 5.9: The observed (dirty) image, the PSF, and the actual sky distribution of a typical
interferometric observation, visually depicting the convolution given in Eq. 5.9
(credit: NRAO).

interferometric imaging algorithms is the Fourier inversion of the observed visibili-
ties to produce the dirty image (Eq. 5.8), followed by the iterative deconvolution of
the dirty beam from the dirty image to obtain a clean image representing the true
source distribution, without sidelobe contamination. This process is known as clean-
ing, and algorithms like clean (Högbom 1974) and multiscale tclean (Cornwell 2008)
have been developed for this purpose.

In each iteration, the algorithm identifies the position of the peak intensity in the
dirty image and subtracts a fraction of the dirty beam (determined by the user-defined
‘loop gain’) centered at that location. This position and amplitude are recorded as
a ‘clean component’, and the process is repeated on the resulting residual image
until the peak intensity drops below a user-defined threshold, usually a multiple of
the rms noise. Finally, the accumulated point-source model is convolved with a
‘clean beam’, i.e., a Gaussian approximating the dirty beam’s main lobe, and is added
back to the final residual image to produce the restored, clean image. The observed
(dirty) image, the PSF, and the actual sky distribution of a typical interferometric
observation are shown in Fig. 5.9. Fig. 5.10 shows a flowchart outlining the typical
data reduction and clean imaging workflow.

Cleaning is the most widely used method for imaging interferometric observations
from telescopes like ALMA (see Sect. 5.3.4), and is the technique adopted to produce
the ALMA images presented in Paper I. Sparse interferometric arrays like the Event
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Horizon telescope (EHT3) often use alternative imaging procedures like regularised
maximum likelihood (RML, see e.g. Akiyama & Matthews 2019; Zawadzki et al.
2023) methods, which rely on more Bayesian techniques, and become particularly
useful when the visibilities are poorly sampled.

Different weighting schemes can be used to assign weights to visibilities while
imaging, to suppress or enhance artefacts/features as necessary. These include natu-
ral weighting, where all visibilities have the same weight, resulting in the best possi-
ble signal-to-noise ratio but poorer angular resolution, and uniform weighting, where
each measured spatial frequency is given the same weight, irrespective of its sam-
pling density, resulting in higher angular resolution. Additionally, the Briggs weight-
ing scheme (Briggs 1995) can be used to balance the trade-off between signal-to-
noise ratio and angular resolution, using an adjustable robustness parameter, which
can take values between -2 (close to uniform weighting) and 2 (close to natural
weighting). The weighting scheme used for the images presented in Paper I is Briggs
weighting, with a robustness parameter of 0.5.

5.3.2 Calibration

The visibilities observed by an interferometer need not exactly equal the true sky
visibilities, as multiple factors, including atmospheric and instrumental distortions
will introduce errors in the observed quantities. The ratio of the observed visibilities
to the true visibilities is known as the complex gain of the interferometer. Based on
their origin, gains can be frequency- and/or time-dependent. The process of estimat-
ing the true visibilities from the observed ones, by correcting for the various gains,
is known as calibration.

There are a variety of calibration steps that need to be applied to the visibility data,
before it is ready for imaging. First, corrections for instrumental errors like those in
pointing and antenna positions are applied to the observed data. This is followed
by three major calibration processes, namely bandpass calibration, phase calibration,
and flux calibration. To enable these calibrations to be performed, calibrator sources,
whose flux and position are well known, mostly quasars or solar system objects, are
observed at specific intervals in between the science target observations.

Bandpass calibration compensates for the variation of the antenna gains with fre-
quency, by applying the gain solutions calculated to flatten the observed spectrum
of the bandpass calibrator to the science target. The bandpass calibrator has to be a

3https://eventhorizontelescope.org
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Figure 4.2. Sketch showing the main processes to generate radio images with a
two-element radio interferometer.
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(a) (b)

Figure 1: (a) Model image of an AGB star: a uniform disc with two Gaussian hotspots. (b) The baseline
configuration used to generate visibilities for the model star.

3.2 ALMA data of R Dor

We also attempted imaging actual high-resolution ALMA observations of the sub-mm photosphere of the
AGB star R Dor, for comparisons with the image generated by the conventional tclean algorithm from the
same dataset. R Doradus was observed in ALMA band 7 as part of the ALMA project 2022.1.01071.S2

(PI: T.Khouri). The 338 GHz image reproduced in this work (see Fig. 2) was observed on 27 July
2023. The observations were taken in the largest ALMA configurations (C-9 and C-10). Superuniform
visibility weighting, which increases the relative weight of the visibilities at the longer baselines, thereby
minimizing the beam size at the expense of signal-to-noise ratio, was used in the final imaging. For a
detailed description of the calibration, self-calibration and imaging steps, see Vlemmings et al. [9]. The
comparison between the RML and tclean images of this data is presented in Sect. 5.

Figure 2: tclean image of the radio photosphere of the AGB star R Doradus, observed using ALMA.
Reproduced with permission from Vlemmings et al. [9].

2The ALMA data are publicly available on the ALMA archive (https://almascience.eso.org/aq/)

7

uv-coverage

clean image

Figure 5.10: A flowchart showing the various steps involved in the reduction and imaging of
interferometric data (credit: M. Andriantsaralaza, Ph.D. thesis; W. H. T. Vlem-
mings; T. Khouri; Paper I).

source with a flat spectrum, or a known spectral index.
Phase calibration corrects the frequency-independent gains, i.e., it compensates

for the relative time variations in the phase of the correlated signal, caused by the

65



5 Observing techniques

Figure 5.11: Combination of visibilities from different baseline configurations, shown in the
uv plane. The red points indicate compact baselines, while the green and blue
points show successively extended array configurations (credit: NRAO).

atmosphere. Phase calibration is hence crucial to recover the source structure in the
sky. The phase calibrator has to be a point source (i.e. zero phase), or an object with
a precisely known source structure, located close to the science target in the sky, so
that the atmosphere is roughly the same towards both.

Flux calibration is used to set the amplitude scales of the observed intensity. It
also compensates for the atmospheric opacity and instrumental signal loss. The flux
calibrator needs to be a source for which an accurate, independently calibrated flux
model exists, typically a well-monitored quasar. Previously, solar system objects
like planets and asteroids were also used as flux calibrators. Errors in calibration, for
example those caused by badly modelled flux calibrators, can lead to artefacts in the
final images, as discussed in Sect. 3.2 of Paper I.

Self-calibration is another method of correcting the phase errors, but at smaller
timescales than that of phase calibration, by using a sky model created from bright,
compact emission (like a compact continuum) from the science target itself, rather
than a separate calibrator source. This gives the added advantage that the assumption
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during normal phase calibration that the atmospheric variations are the same towards
the calibrator and the target, is no longer required. Self-calibration is a very powerful
technique, but may or may not provide significant improvements in sensitivity, de-
pending on the compactness and strength of the emission chosen to create the model,
and the timescales of the leftover phase variations present in the calibrated uv data.
In Paper I, self-calibration was attempted on several tunings of the ALMA data, but
did not result in any noticeable improvement in the final images.

5.3.3 Data combination

It is possible to combine multiple interferometric observations performed towards a
source by concatenating the visibilities from the different observations. This leads to
a better sampling of the uv plane, and therefore to images of better fidelity and sensi-
tivity. It is also possible to concatenate data from different arrays of an interferometer,
e.g. the 12-m and 7-m arrays of ALMA (see Sect. 5.3.4). The combination of visi-
bilities from different baseline configurations in the uv plane is shown in Fig. 5.11.
Fig. 5.12 shows the ALMA images of the barred spiral galaxy M100 in CO J = 1−0
line emission, before and after data combination.

(a) 12-m array image (b) 7-m array image (c) Combined image

Figure 5.12: Images of the CO J = 1 − 0 emission from the galaxy M100, (a) using the
ALMA main array, (b) using the ACA, and (c) using combined data from the
ALMA main array and the ACA. Note the increased fidelity in the combined
image (credit: NRAO).

For Paper I, two different ALMA datasets, both from the main (12-m) array, but
with different array configurations, were combined (see Sect. 3.3 of Paper I). This
significantly improved the quality of the resulting images, both in terms of angular
resolution and sensitivity, and led to the detection of several weak emission lines. It
is also possible to combine single-dish and interferometric observations to account
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for the zero-spacing information in the uv-plane, while achieving the high resolution
of the interferometer. This can be done using various methods including feathering
(e.g. Cotton 2017) and joint deconvolution (e.g. Rau et al. 2019).

5.3.4 The ALMA observatory

The Atacama Large Millimeter/sub-millimeter Array (ALMA4, Fig. 5.13), is a 66
antenna sub-mm/mm aperture synthesis interferometer, located at ∼5000 m altitude
in the Chajnantor plateau in Chile, close to the APEX telescope. The extremely dry
atmosphere and the high altitude of Chajnantor offer excellent conditions for high-
sensitivity sub-mm/mm observations.

Figure 5.13: An excited observer at the ALMA site (photo by Mamiko Sato)

ALMA has been operating since 2011, and it is currently the largest sub-mm/mm
interferometer in the world, and one of the most complicated scientific instruments

4ALMA is a partnership of ESO (representing its member states), NSF (USA) and NINS (Japan), to-
gether with NRC (Canada), MOST and ASIAA (Taiwan), and KASI (Republic of Korea), in coopera-
tion with the Republic of Chile.
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ever built. It consists of two arrays, with fifty 12-m antennas forming the ALMA
main array, complemented by the twelve closely-spaced 7-m antennas of the Ata-
cama Compact Array (ACA), also known as the Morita array. In addition, it also
has four single-dish or total-power (TP) antennas. ALMA currently has 9 observing
bands, together covering the frequency range of 35−950 GHz, with some interrup-
tions in between. Band 1 is a single-sideband (SSB, Sect. 5.2) system, while bands
3 to 8 are dual-sideband (2SB, Sect. 5.2), and bands 9 and 10 are double-sideband
(DSB, Sect. 5.2). One more band (Band 2) is under development, which will cover
the frequency range 67−116 GHz. The production of ALMA Band 2 receivers is
being carried out by an international consortium which includes the Group for Ad-
vanced Receiver Development (GARD5) at Onsala Space Observatory, Chalmers
University of Technology, Sweden. ALMA can observe in only one band at any
given time. Each receiver band can detect two orthogonal linear polarisations. See
the ALMA technical handbook6 for more specifications and details of the ALMA
antennas, receivers, and bands.

The antennas of the ALMA array can be arranged in different baseline configu-
rations across the 192 antenna foundation pads, to perform observations aimed at
recovering emission at various spatial scales. The minimum and maximum base-
lines obtainable are 15 m and ∼16 km, respectively, enabling ALMA to observe at a
broad range of spatial scales and resolutions. Planned instrumentation upgrades, in-
cluding the ALMA Wideband Sensitivity Upgrade (WSU7, see Carpenter et al. 2023;
González 2024), which is part of the ALMA 2030 Development Roadmap (Carpenter
et al. 2020), are set to deliver large improvements in both bandwidth and sensitivity,
dramatically increasing the observational capabilities of ALMA.

This work has used ALMA observations in Band 3 (84-116 GHz). The minimum
and maximum baselines, beam sizes, spectral resolutions, and other observational
details of the data used in this project are listed in Table 2 of Paper I.

5https://www.chalmers.se/en/departments/see/research/oso/
advanced-receiver-development-gard/

6https://almascience.nrao.edu/documents-and-tools/cycle10/
alma-technical-handbook

7https://www.almaobservatory.org/en/scientists/alma-2030-wsu/wsu-program/
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Radiative transfer

The contents of this chapter are broadly based on Rybicki & Lightman (1986) and
Peraiah (2001), which serve as the general references wherever other literature is
not explicitly cited.

As outlined in Chapter 3, spectral lines serve as essential diagnostic tools for prob-
ing the physical and chemical properties of circumstellar envelopes (CSEs). The
various techniques employed to observe such emission lines have been described
in Chapter 5. A key objective of observing molecular emission lines from sources
like AGB CSEs, as in this work, is the determination of molecular abundances. To
achieve this, models that solve the radiative transfer (RT) equations based on the
properties of the emitting gas are utilised. RT equations provide the theoretical basis
for understanding how the intensity of electromagnetic radiation changes as it tra-
verses and interacts with matter, accounting for its absorption, emission, and scatter-
ing, enabling the characterisation of the medium’s physical properties and radiation
field as well.

Accurate determination of molecular abundances in CSEs necessitates well-defined
constraints on the existing radiation field and the physical properties of the emitting
material, including the stellar luminosity and effective temperature and the radial
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variations in the temperature and density of the circumstellar gas and dust. Estimat-
ing these parameters requires comprehensive RT modelling of the dust (to determine
stellar and dust properties), along with the determination of the gas mass-loss rate
and temperature, usually accomplished through RT modelling of CO line emission.
Determination of molecular abundances requires further RT modelling of the molec-
ular line emission of the specific species. Consequently, multiple iterations of RT
modelling are essential for constraining the properties of the circumstellar dust and
molecular gas. This chapter provides a general description of these efforts, outlin-
ing the steps involved in estimating the stellar and dust properties, the gas mass-loss
rate and hence the density and temperature profiles of the gas, followed by the abun-
dances of various molecular species in the CSE. We begin by describing the basic
equations of radiative transfer below.

6.1 Radiative transfer equations

Figure 6.1: Schematic diagram showing the incident (Iν(0)) and emergent (Iν(L)) intensity of
radiation at frequency ν from a cloud of geometric length L and optical depth τν.

The RT equation describes the variation in the intensity (Iν) of light as it travels
through a medium (e.g. Fig. 6.1) where both absorption and emission processes
occur:

dIν(s) = −kν(s)Iνds + jν(s)ds, (6.1)

Here, kν and jν are the absorption and emission coefficients respectively, and ds is
the geometrical depth. The spectral intensity (Iν) emerging from the medium can be
obtained by integrating the RT equation (Eq. 6.1) along the path length (L) through
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the medium, as

Iν(L) = Iν(0) +
∫ L

0
[−kνIν + jν]ds (6.2)

where Iν(0) is the initial intensity of the radiation at the beginning of the path. The
integral of the absorption coefficient (kν) along the path traversed by the radiation is
called the optical depth (τν), given by

τν =

∫ L

0
kνds, (6.3)

The ratio of the emission and absorption coefficients is known as the source func-
tion (S ν), written as

S ν =
jν
kν
, (6.4)

With these definitions, Eq. 6.2 can be rewritten in terms of τν and S ν, assuming
that the optical depth at the beginning of the path, τν(0), is zero. This gives

Iν(τν) = Iν(0)e−τν +
∫ τν

0
S νe−τνdτν (6.5)

Here, the term e−τν represents the attenuation of the initial intensity, Iν(0), as it
traverses a medium of length L and accumulated optical depth τν. The integral term
takes into account the emission accumulated along the path, considering both the
emission and absorption in the medium implicit in the source function.

It is to be noted that for radiation emitted due to a transition between two rotational
energy levels (u ↔ l1) of a molecule, the coefficients jν and kν are dependent on the
level populations (nu and nl) of the respective energy levels (see Sect. 6.4.1) of the
molecule, as

jν =
hν
4π

nuAulϕ(ν), (6.6)

and
kν =

hν
4π

(nlBlu − nuBul)ϕ(ν), (6.7)

where ϕ(ν) is the spectral line profile and Aul, Bul, and Blu are the Einstein coefficients
for spontaneous emission, stimulated emission, and absorption, respectively. This
means that the source function (S ν, Eq. 6.4) is, in general, dependent on the level

1u and l denote the upper and lower energy levels involved in the transition, respectively.
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populations, a fact that will become important later on, in Sections 6.4.3 and 6.4.4,
where we will see how these equations are used to model emission from sources
under different scenarios.

6.2 Envelope Model

For our AGB CSEs, we adopt a smooth, spherically symmetric wind model, based
on an isotropic, constant mass-loss rate (MLR, Ṁ) and a fixed dust-to-gas mass ratio
(Ψ), as usually done in the literature (e.g. Massalkhi et al. 2024; Danilovich et al.
2019; Agúndez et al. 2017; Velilla Prieto et al. 2019). This assumption has proved
fruitful in reproducing the overall observed line shapes and averaged radial intensity
profiles for several AGB CSEs, even in cases where the underlying morphology is
known to be more complex and discrete.

The central AGB star is defined by its luminosity (L⋆) and surface temperature
(T⋆). We assume that dust is present in the CSE only beyond a distance of three
times the stellar radius (3R⋆) from the central star, which is termed as the dust con-
densation radius (Rc, Bladh & Höfner 2012; Höfner & Olofsson 2018). Inside the
dust condensation radius, the wind velocity is assumed to be constant (30 = 3 km
s−1, approximately equal to the sound speed at Rc, see e.g. Danilovich et al. 2015).
Any change in the velocity profile here will most likely not affect our RT results
significantly, as the volume of gas in this region (1-3 R⋆) is very low compared to
the overall CSE. From Rc onwards, the wind is assumed to be smoothly accelerating,
eventually reaching a terminal expansion velocity (3∞). This velocity profile can be
expressed as

3exp(r) = 30 + (3∞ − 30)
(
1 − Rc

r

)β
, (6.8)

where β is a parameter that controls wind acceleration (Höfner & Olofsson 2018).
We assume no drift velocity between the gas and the dust, and also adopt a constant
turbulent velocity of 1.5 km s−1. The circumstellar gas density was assumed to follow
an inverse square law, given by

nH2 =
Ṁg

4πr23(r)
1

mH2

, (6.9)

where Ṁg denotes the gas MLR, 3(r) is the wind expansion velocity at radius r, and
mH2 is the molecular mass of hydrogen. The gas temperature in the CSE was assumed
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to be a power law, given by

T (r) = T0

(
r

Rin

)α
, (6.10)

where T0 is the temperature of the gas at the inner radius (Rin). The fractional abun-
dance of a given molecule is expressed relative to molecular hydrogen (H2) and is
defined as

fX(r) =
nX(r)
nH2 (r)

, (6.11)

where nX(r) and nH2 (r) are the number density distributions of the molecule and H2,
respectively. H2 is used as the reference since it has the most spatially extended abun-
dance distribution among all circumstellar molecular species (Huggins & Glassgold
1982). With the envelope model and various related parameters thus defined, we
shall now proceed step-by-step to describe the various RT modelling procedures we
need to employ in order to estimate physical quantities and molecular abundances
using the observed data.

6.3 Dust modelling

AGB stars are a major source of dust production in the universe (e.g. Millar (Ch. 5),
in Habing & Olofsson 2003; Gail & Sedlmayr 2013; Höfner & Olofsson 2018). The
main characteristics of AGB dust formation are summarised in Sect. 2.3.3.3. Not
only does dust play a crucial role in the dynamics of the CSE (see Sect. 2.4), but it
also affects the circumstellar radiation field.

To a first approximation, the dust emission behaves roughly like a blackbody. The
spectral energy distribution (SED) of an AGB star and its CSE comprises of the stel-
lar continuum radiation, spectral features from the stellar atmosphere, and the emis-
sion from the surrounding dust. Following the RT equations described in Sect. 6.1,
the dust gets heated by absorbing radiation from the central star and re-emits it in the
infrared, shifting the peak of the SED to longer wavelengths (∼1 µm). Therefore, fit-
ting the overall SED of the star and the CSE, obtained from multi-wavelength photo-
metric observations (typically from the optical to the far-IR), can be used to constrain
dust RT models, yielding the properties of both the AGB star and its circumstellar
dust. Fig. 6.2 show examples of SEDs and modelled fits to the photometric data
towards several AGB stars (see Gullieuszik et al. 2012, and Paper II).
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The most important factor in dust RT modelling is the dust optical depth, given by

τν =

∫ rout

rin

kν(r) dr, (6.12)

where kν is the absorption coefficient, also known as the dust opacity, and rin and rout

are the inner and outer radius of the CSE, respectively.
We used the RT code MCMax (Min et al. 2009) to model the SEDs of our stars

(see Paper II). MCMax employs the Monte Carlo method to solve the RT equa-
tions for dust, using stochastic simulations of the interactions between photons and
dust grains, taking into account absorption, re-emission, and scattering. We use 1-
dimensional (1D) models assuming a standard dusty CSE. In the MCmax modelling
process, stellar photon packets undergo random walks where their paths are affected
by the dust. The temperature of the grains increases as photons are absorbed. This
process is iteratively adjusted to achieve a balance between the energy absorbed and
emitted by the dust grains, allowing us to constrain the dust temperature profile.
The combined SED of the star and the dust is constructed from the escaping pho-
tons which now carry information about both the stellar spectrum and the thermal
emission from the dust. This method offers reliable fits to the SEDs despite being
computationally expensive and relatively slow.

For the stellar spectra, we mainly used the COMARCS model atmospheres de-
veloped by Aringer et al. (2019). In a few cases where we could not get any good
fits using spectra from the temperature range provided by the COMARCS models
(2500 - 3300 K), we had to resort to cooler stars which were then described by black
bodies. The dust grains were assumed to be composed of amorphous carbon, as is
typical for C-type AGB stars, with optical properties as described in Suh (2000), and
a uniform radius of 1 µm. We tested different grain sizes in the usually expected
range for AGB stars (see e.g. Mattsson et al. 2010; Höfner & Olofsson 2018, and
references therein), but found that sizes smaller than 1 µm either led to unsatisfying
SED fits or forced the dust condensation radius (Rc) to be much larger than 3R⋆ in
order to yield reasonable dust condensation temperatures (Tc), which is in contra-
diction to the dust-driven wind scenario, leading us to adopt 1 µm as our dust grain
radius. The reasons and limitations of this choice have been discussed in more detail
in Paper II. A constant dust grain density of 2 g cm−3 was adopted for the amorphous
carbon grains.

The three free input parameters were the stellar luminosity, stellar temperature,
and the dust-mass-loss rate. Source-specific parameters like the distance (d) and
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the expansion velocity (3exp) were fixed inputs to the code, necessitating the use of
individual grids for each star. Each model then calculated the dust optical depth at 10
µm (τ10) and the dust condensation temperature (Tdust), together with the temperature
and density profiles of the dust in the CSE, and returned a corresponding modelled
SED (see Fig. 6.2).

Figure 6.2: Left: Photometric data points and the fitted SEDs for three AGB stars (Gullieuszik
et al. 2012); Right: Fit to the SED of the C-type AGB star LL Pegasi (Paper II).

To find the best-fit model, we used the reduced chi-square (χ2
red) statistic to com-

pare the observed and modelled SEDs, given by

χ2 =

N∑

i=1

(Fmod,λ − Fobs,λ)2

σ2
λ

,

χ2
red =

χ2

N − p

(6.13)

where N denotes the number of individual flux points, Fλ is the flux density, σλ is
the corresponding uncertainty and p is the number of free parameters in the grid.
Fig. 6.2 shows SED fits thus obtained towards two of the sources. The resulting
dust and stellar properties are in turn used as inputs to the CO gas RT modelling
(see Sect. 6.4.4.1). To summarise, by finding the best-fit model SED, we obtain
estimates of the following parameters: T⋆, L⋆, Ṁdust, τ10, Tdust(r). See Paper II
and Andriantsaralaza (2024) for a detailed discussion on the observed SEDs, input
parameters, modelling strategy, results, and the related uncertainties.
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6.4 Gas radiative transfer

In the previous section, we discussed the radiative transfer for the circumstellar dust.
With the stellar and dust parameters now constrained, the next step is to solve the RT
equation for the circumstellar molecular gas. We do this in two steps. First, to deter-
mine the gas-mass-loss rate and the temperature and density profiles of the gas, we
model CO line emission. We can then model line emission from other molecules, to
constrain their circumstellar abundance profiles. See Sect. 6.4.4.1 for the motivation
behind the use of CO for mass-loss-rate determination. The basic theory involved in
the RT modelling of spectral line emission is discussed below.

6.4.1 Population of molecular energy levels

Determining the level populations, i.e., the distribution of particles among the distinct
energy levels of a molecule is crucial to RT modelling, as this directly influences the
intensities of the spectral lines formed by various transitions of the molecule. We
focus here on rotational energy levels. Level populations are usually determined by
the density and kinetic temperature of the gas. It is either radiative or collisional
processes that lead to transitions between the various energy levels of a molecule.
These are briefly discussed below.

6.4.1.1 Radiative processes

In radiative excitation, a molecule is excited from a lower level (l) to an upper level
(u) by absorbing radiation. Similarly, the molecule can de-excite (u→ l) by the emis-
sion of radiation. The rates of absorption and emission depend on various factors:
the spectral intensity of the incidient radiation at the frequency ν = ∆E/h, where ∆E
is the difference in energy between the two transition levels (Eu - El); the number of
particles in the lower level (nl) for absorption, or the upper level (nu) for emission,
and the corresponding Einstein coefficient (see Sect. 6.4.1.3 and Fig. 6.3).

6.4.1.2 Collisional processes

On the other hand, collisional processes are those in which the excitation and de-
excitation of a molecule is caused by collisions between the molecule and its col-
lision partners (typically H2) in the medium. The collisional excitation (Clu) and
de-excitation (Cul) rates between two levels l and u depend on the molecule and are
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Blu Clu

Aul Bul Cul

u (Eu)

∆E
 =

 E
u -

 E
l =

 h
v

l (El)

nu gu

nl gl

Figure 6.3: Possible excitation (green) and de-excitation (red) mechanisms in a two-level sys-
tem, with lower level (l) energy El and upper level (u) energy Eu. Aul, Bul, and Blu

are the Einstein coefficients for spontaneous emission, stimulated emission, and
absorption, respectively, whereas Clu and Cul represent the collisional excitation
and de-excitation rates. ∆E is the energy difference between the two levels, and
nu and nl denote the numbers of molecules in the upper and lower levels, respec-
tively. gu and gl are the statistical weights of the two levels.

related to each other by the formula

glClu

guCul
= exp

(
− hν

kBTk

)
, (6.14)

where Tk is the gas kinetic temperature. Tabulated values of collisional rate coeffi-
cients (γul, in units of cm3s−1) are usually available for most major molecular species
in various databases, like LAMDA2, for various collision partners (H2, He, etc.),
from which the values of Cul can be calculated as

Cul = n(X)γul, (6.15)

where n(X) is the number density of the chosen collision partner (van der Tak et al.
2007). Once Cul is known, Clu can be obtained using Eq. 6.14. When collisional
rate coefficients for a given molecule are not available in such databases, values from
a molecule of comparable size are often adopted instead. In typical circumstellar
conditions, molecular hydrogen (H2) is generally assumed to be the main collision
partner, since it is the most abundant species in the gas phase.

2https://home.strw.leidenuniv.nl/~moldata/
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6.4.1.3 The two-level system

For a two-level system (see Fig. 6.3), considering both radiative and collisional pro-
cesses, the overall rate of change of the number of molecules in the lower level (l)
can be written as

dnl

dt
= Aulnu + BulnuIν +Culnu − BlunlIν −Clunl. (6.16)

Conservation of the total number of particles also gives

nl + nu = ntot. (6.17)

Eqs. 6.16 and 6.17 together form a set of equations that can be solved to obtain the
individual level populations. These equations can be expanded to multi-level systems
as well (see Sect. 6.4.4).

6.4.2 Statistical equilibrium

Given a set of physical conditions, a multi-level system, i.e., a system of molecules
of a particular species having a large number of energy levels, achieves statistical
equilibrium. This means that there is no net change in the overall level populations,
as the number of molecules in each energy level stays constant (dni/dt = 0). In this
case, the relative population of each unique set of energy levels can be described by
a Boltzmann distribution characterised by a particular excitation temperature (Tex),
as

nu

nl
=

gu

gl
e−∆E/kBTex (6.18)

where ∆E = Eu − El is the difference in energy between the two levels, and kB is the
Boltzmann constant. Depending on the excitation temperature, we can classify this
further into local thermodynamic equilibrium (LTE) and non-LTE scenarios. Dif-
ferentiating between LTE and non-LTE conditions is crucial for RT analysis. These
cases are described in more detail in the sections below.

6.4.3 Local thermodynamic equilibrium

A source is said to be in local thermodynamic equilibrium (LTE), if the level pop-
ulations for all level pairs can be described by a Boltzmann distribution (Eq. 6.18),
characterised by a single excitation temperature (Tex), which is equal to the kinetic
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temperature (Tk) of the gas, i.e., Tex = Tk, for all energy level pairs (Eq. 6.19).

nu

nl
=

gu

gl
e−∆E/kBTk (6.19)

This also means that the population of any individual level (ni) is related to the
total population (ntot) as

ni

ntot
=

gi

Zrot
e−Ei/kBTk , (6.20)

where Zrot is the rotational partition function, given by

Zrot =
∑

i

gi exp
(
− Ei

kBTex

)
. (6.21)

Effectively, LTE conditions occur in collision-dominated environments, where the
level populations are fixed to a Boltzmann distribution independent of the radiation
field present. In such a case, the source function (S ν, Eq. 6.4) reduces to S ν = Bν(Tex)
= Bν(Tkin), where Bν is simply the spectral intensity according to the Planck function

Bν(T ) =
2hν3

c2

1
ehν/kBT − 1

(6.22)

Since the LTE source function is independent of the level populations, it is possible
to directly solve the LTE RT equations analytically. Hence, if LTE conditions are
met, level populations can be estimated without the need to explicitly solve coupled
differential equations, and the population diagram method (Sect. 6.4.3.1) can be used
to obtain the total column densities of molecules. In Paper I, we used this technique
to obtain abundance estimates of a large number of molecular species towards the
stars in our sample. This method is briefly described below.

6.4.3.1 Population diagrams

The population diagram, also called rotational diagram, is a commonly employed
column density estimation method for molecules with multiple detected rotational
transitions. It allows for the determination of both the rotational temperature, Trot,
and the total column density, Ntot. The term Trot is used to denote the excitation tem-
perature only to emphasise that the transitions being considered here are rotational
transitions. This method relies on the assumption that the rotational level populations
follow a single Boltzmann distribution (Eq. 6.18), as, for example, in the LTE sce-
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nario (Sect. 6.4.3). The source-averaged column density of a given upper rotational
energy level (u), Nu, can be estimated from the observed velocity-integrated intensity,∫

Iuld3, of the rotational emission line (u→ l) as (Goldsmith & Langer 1999)

Nu =
4π

∫
Iuld3

hcAulΩs

(
τν

1 − e−τν

)
(6.23)

where νul is the transition rest frequency, Aul is the Einstein A-coefficient, Ωs is the
solid angle of the emitting region, h is the Planck constant, c is the speed of light in
vacuum, and τν is the optical depth of the line. Nu is also related to the rotational
temperature (the excitation temperature of the rotational transitions, which is equal
to the kinetic temperature under LTE) and the total column density by

ln
Nu

gu
= ln

Ntot

Z(Trot)
− Eu

kBTrot
, (6.24)

A plot of ln(Nu/gu) versus Eu/kB will yield a straight line if the assumptions of a
single Boltzmann distribution of the level populations and optically thin emission
hold. The slope of the line is related to Trot, while the intercept provides Ntot. The
population diagrams and their straight line fits for selected molecules from Paper I
are shown in Fig. 6.4.
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Figure 6.4: Population diagrams for SiO (left) and C4H (right), for IRAS 15194−5115. The
solid line (red) is the best-fit linear model to the data (black points). Circle and
square points denote lines observed with ALMA and APEX, respectively (Paper
I).
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Under perfect LTE conditions, the points in the population diagram should all lie
in a perfect straight line. Hence, significant deviations from such linear behaviour,
beyond the expected uncertainties, can be taken as indications of the prevalence of
non-LTE conditions, if all the lines included are known to be optically thin. This
also means that the intensities of multiple spectral lines of a molecule must be ob-
served to determine if the system is possibly in LTE or not. However, it is to be noted
that a population diagram can, in principle, yield straight line fits to the points in it
even when the system is in non-LTE, for example if the rotational excitation temper-
ature is set by the radiation field such that a Boltzmann distribution is reached in the
level populations. In such a case, the rotational temperature will be the same as the
radiation temperature (Trad) but not necessarily the kinetic temperature of the gas.

Further, using the column densities derived from population diagrams, we can
calculate the molecular fractional abundances (see Eq. 6.11) relative to H2 using

fX =
2πmH3expNtot,X

Ṁ

(
R2

e

Re − Ri

)
, (6.25)

where Ṁ is the gas mass-loss rate, 3exp is the gas expansion velocity, mH is the mass
of the hydrogen atom, and Ri and Re are the inner and outer radii of the emitting
region, respectively. In Paper I, we used emitting regions estimated from our ALMA
maps and mass-loss rates obtained from the literature, to derive the fractional abun-
dances of multiple molecular species using Eq. 6.25. This equation assumes a CSE
model with an isotropic, constant mass-loss rate, in line with the CSE model used
for our non-LTE RT models (Sect. 6.2), except for the uniform, terminal velocity,
gas expansion assumed here, in contrast to the accelerating velocity profiles used in
the RT models. However, this does not constitute a significant difference, given that
the contribution of the accelerating regions, which lie very close to the star, to large
aperture spectra used to calculate the line intensities used in the population diagrams
is very small.

6.4.3.2 Approximate abundance estimates from single lines

If only one or two transitions of a molecule are detected, or the detected transitions
cover only a narrow range of upper-level energies, the population diagram method
is not useful. In such cases, we obtain approximate estimates of the fractional abun-
dances using the velocity-integrated flux of the highest signal-to-noise line available,
under LTE assumptions. Assuming a constant excitation temperature Tex through-
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out the emitting region and an r−2 density distribution, the approximate fractional
abundance is calculated using the following analytical equation

fX = 1.3 × 10−19 3expDZ(Tex)

guAulṀ(Re − Ri)
eEu/kBTex

∫
S uld3, (6.26)

where 3exp is the expansion velocity of the CSE in km/s, Ṁ is the gas-mass-loss rate
in M⊙ yr−1, D is the distance to the star in kpc, Ri and Re are the inner and outer
radius of the emitting region in cm, and

∫
S uld3 is the line integrated intensity in

units of Jy km/s. We present such abundance estimates for several species in Paper I.
This equation assumes the same CSE model as Eq. 6.25.

6.4.4 Non-LTE conditions

Whereas the level populations cannot be described with a single Tex that corresponds
to Tkin in the non-LTE case, the system is still in statistical equilibrium (i.e., dni/dt =
0), and Eq. 6.18 still holds, but with Tex now variable across different level pairs
(i.e., Tex , Tk). In this case, to obtain the overall level populations, we have to solve
the statistical equilibrium equations in non-LTE for all levels simultaneously, with
all possible radiative and collisional processes that can affect the level populations
taken into account. Expanding Eq. 6.16 to a multi-level case, the level population
equations to be solved can be summarised as (van der Tak et al. 2007)

dni

dt
=

N∑

j,i

n jP ji − ni

N∑

j,i

Pi j = 0, (6.27)

where

Pi j =


Ai j + Bi jIν +Ci j, if i > j

Bi jIν +Ci j, if i < j
(6.28)

are the transition rates, and
N∑

i

ni = ntot, (6.29)

as in Eq. 6.17. Most importantly, in the non-LTE case, the source function is not
independent of the level populations as in LTE, but depends on them as given by
Eq. 6.6 and Eq. 6.7. This means that the level populations depend on the radiation
field (Eqs. 6.27, 6.28) simultaneously as the source function in the RT equations
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depends on the level populations.
Solving such coupled differential equations demands detailed modelling using nu-

merical approaches, as there is no analytical way to solve these simultaneously across
many energy levels. In Paper II, we employ well-tested, detailed non-LTE radiative
transfer codes, namely the Monte Carlo Program (MCP, Schöier & Olofsson 2001),
and the Accelerated Lambda Iteration (ALI, Rybicki & Hummer 1991; Maercker
et al. 2008) code, to solve the non-LTE radiative transfer for CO and CS rotational
emission lines, respectively. Our methodology is elaborated below.

6.4.4.1 CO as a tracer of gas properties

In order to determine the molecular abundances of various species, we first need to
derive the gas mass-loss rate and the density and temperature profiles of the circum-
stellar gas. Carbon Monoxide (CO) is the most commonly used molecular species for
tracing gas properties and estimating such physical parameters of the source medium.
CO is the second most abundant species in CSEs, after molecular hydrogen (H2). H2,
though more stable and abundant than CO, cannot be used for such purposes as it has
no rotational emission lines owing to its lack of a permanent electric dipole moment
as a homonuclear diatomic molecule, and hence cannot be observed in multiple tran-
sitions.

Further, CO is easily formed in CSEs due to the abundant availability of carbon
and oxygen, and is ubiquitously present, tracing all morphological structures within
the CSE, from small to large scales. Because of its high binding energy, CO is
also a very stable molecule, whose emission extends far beyond that of all other
circumstellar molecules, and hence can be used to trace the CSE from relatively
very close to the central AGB star, to far out regions where all other species are
photodissociated. Owing to its high self-shielding, CO has a large photodissociation
radius, second only to that of H2. Its low chemical reactivity makes it stable against
chemical destruction as well. The excitation energies of CO are quite low compared
to other species, and it is hence easily collisionally excited, making it a very good
tracer of density and temperature.

6.4.4.2 The MCP RT code

We employ detailed radiative transfer models constrained using the CO line intensi-
ties and line profile shapes, to estimate the physical properties of the gas, including
mass-loss rate, density and temperature. We used the 1D, non-LTE RT code Monte
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Carlo Programme (MCP, Schöier & Olofsson 2001) to model the CO line emission.
MCP has been widely used in the literature to model CO and other line emission (e.g.
Schöier et al. 2013; Danilovich et al. 2015) from AGB CSEs.

Figure 6.5: An example of the profiles of the various physical parameters involved in the dust
and gas RT models, taken from a random point in the grid. Left panel: dust
temperature (black), gas temperature (red); right panel: gas density (black), gas
expansion velocity (red). Note that the gas expansion velocity accelerates in the
inner part of the CSE but eventually reaches a constant value given by the terminal
expansion velocity. The temperature profiles can be approximated by power laws,
and the density profile decreases as r−2.

MCP uses a Monte Carlo approach (Bernes 1979; Schöier 2000) to solve for the
level populations (see Eqs. 6.27 - 6.29). This involves successively propagating a
number of model photons as random walks through the medium and keeping track of
all the absorption and emission events that take place corresponding to each of them,
within every box or shell the modelled region is divided into. These are then used
to recalculate the level populations iteratively using statistical equilibrium equations,
also taking into account the supplied rates of collisional excitation and de-excitation.
The convergence speed of the level populations for such a method will depend on
several factors, most importantly the optical depth of the transitions. Higher optical
depths lead to slower convergence. The number of model photons used also affects
the overall computation time, as the number of computations required to trace the
photons through the medium greatly increases with the number of photons used in
the models. Once the level populations have satisfactorily converged, the emerging
intensity of the radiation can be calculated using the RT equations (Eq. 6.5). We use
the ray-tracing program known as PRF (P. Bergman, priv. comm.) for this purpose.

MCP takes as input the results from the dust modelling (T⋆, L⋆, Ṁdust, τ10, Tdust(r);
see Sect. 6.3), the distance to the star, and the terminal expansion velocity of the enve-
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Figure 6.6: Best-fit modelled CO line profiles (red) compared to observed lines (black), for
AFGL 3068. The transition names, telescope used for observation, and the corre-
sponding beam size, are listed on the top right of each panel (Paper II).

lope, and uses the envelope model described in Sect. 6.2. The profiles of the physical
parameters used/calculated in the models are shown in Fig. 6.5 for a random grid
point. In our CO modelling (see Paper II), we included rotational energy levels from
J = 0 − 40 in both the v = 0 and v = 1 vibrationally-excited states. These levels
together cover upper level energies ranging from ∼5.5 K to ∼7578 K. H2 was con-
sidered as the main collision partner, and inelastic CO-H2 collisional rates provided
by Yang et al. (2010) were used, assuming a typical ortho-to-para H2 ratio of 3. The
CO fractional abundance was represented using the formula

f (r) = f0 exp
(
−ln 2

(
r

R1/2

)s)
, (6.30)
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where f0 denotes the initial photospheric abundance of CO with respect to H2, R1/2

is the photodissociation radius, i.e., the radius where the CO abundance has dropped
to f0/2, and s is the slope. We adopted a typical canonical value of f0 = 1 × 10−3

for all stars (e.g. Danilovich et al. 2015). Values of R1/2 and s corresponding to the
input mass-loss rates and terminal expansion velocity were calculated from the tables
presented by Saberi et al. (2019).

The free parameters in the grid of models were the gas mass-loss rate (Ṁg), and
the kinetic temperature profile of the gas (see Eq. 6.10), represented by the peak tem-
perature T0 and slope α. The best fit model was estimated using a chi-squared (χ2)
minimisation process between the modelled and observed CO line intensities, com-
bined with a manual check of the match between the overall shapes of the modelled
and observed line profiles. The best-fit spectra thus obtained for one of the sources
are shown in Fig. 6.6. Multi-aperture spectra extracted from ALMA cubes were used
wherever available, so as to also include spatial constraints in the fit. The grid search
and best-fit estimation process, including the use of multi-aperture ALMA spectra,
has been described in detail in Paper II. Once the gas mass-loss rate is estimated, the
gas density profile can be determined using Eq. 6.9. The various parameters derived
from the best-fit dust and CO RT models serve as inputs to the molecular line RT
models With the gas temperature and density profiles thus estimated, we can now
proceed to estimating the molecular abundances.

6.4.4.3 Deriving molecular abundances: The ALI RT code

The importance of molecules as diagnostic tools for astrophysics and astrochemistry
has been discussed in Chapter 3. The determination of rigorous molecular abun-
dances in AGB CSEs is of paramount importance to circumstellar astrochemistry.
Detailed non-LTE RT codes that model the molecular line emission are often em-
ployed to constrain the same. Fig. 6.7 shows the radial fractional abundance profiles
of various molecular species in the CSE of IRC +10 216, estimated from non-LTE ra-
diative transfer models constrained using IRAM 30m observations of molecular line
emission by Agúndez et al. (2012). In Papers II and III, we used the 1D non-LTE
Accelerated Lambda Iteration (ALI) RT code (P. Bergman, priv. comm.; Maercker
et al. 2008) to model emission from CS, SiO, SiS, and HCN.

This code is based on the ALI method (Rybicki & Hummer 1991) that is used to
increase the computing speed of the matrix operations underlying the iterative level
population calculations described below. The version of ALI that we use addition-
ally includes another similar speeding-up method called Ng acceleration (Ng 1974)
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Figure 6.7: Fractional abundance profiles of various molecular species in the CSE of IRC
+10 216, derived using radiative transfer modelling (Agúndez et al. 2012).

as well. One major advantage of this RT code over other similar non-LTE packages
like RADEX, is that it takes into account the interdependency of the level popula-
tions and intensities at the different parts of the cloud as discussed above, whereas
RADEX and other codes which rely on approximations like the large velocity gra-
dient (LVG) model use globally averaged intensities often based on photon escape
probability calculations (see e.g. van der Tak et al. 2007). However, more complex
codes which can take into account 3D source morphologies and asymmetrical ge-
ometries are also available, like LIME (Brinch & Hogerheijde 2010). The ALI RT
code has been widely used to model molecular lines from AGB CSEs and molecular
clouds (Maercker et al. 2008; Schöier et al. 2011; Danilovich et al. 2016). A brief
description of the working of the RT code is provided below.

ALI is a 1D code which assumes a spherically symmetric CSE source, which in
our case follows the envelope model described in Sect. 6.2. This envelope, extending
from the inner radius (Rin) up to the outer radius (Rout), is internally divided into
multiple spherical shells, with physical parameters like temperature, density, and
molecular abundance varying as user-defined gradients from Rin to Rout. It is assumed
that the cloud only consists of a single collision partner (typically H2), the molecule
whose abundance is being modelled, and dust. The aim of the code is to iteratively
calculate stable non-LTE level populations (see Eqs. 6.27 - 6.29) for the molecule of
interest, consistent with the input physical conditions including dust opacity, at every
point in the source.

The level populations thus estimated can then be used to determine the source
function (S ν, Eq. 6.4) at every point, by calculating the emission and absorption co-
efficients based on Eqs. 6.6 and 6.7, and to determine the optical depth (τν, Eq. 6.3).
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These values (S ν, τν) are then used as inputs to solve the RT equation (Eq. 6.5) and
estimate the emergent spectral intensity by integrating through the envelope. Using
the modelled spectral intensity thus obtained, an antenna temperature (TA) can be
derived, given the distance to the source and the beam size of the telescope used
for observations. This can be compared with the observed line spectra to determine
the goodness of the model, and can be used to refine the input parameters (abun-
dance profile in this case as explained below, see Eq. 6.32), hence constraining the
molecular abundance across the CSE.

Under non-LTE conditions, the level population at each point is affected by the
absorption and emission of photons in the corresponding shell, which is in turn in-
fluenced by the level populations in the surrounding positions (see Sect. 6.4.4). To
properly take this into account, the initial incident intensity at the inner edge of the
envelope is first estimated from the stellar radiation field, and an initial estimate of
the level populations is calculated assuming LTE conditions in all shells. ALI then
considers various paths at different angles along which each point in the envelope
can receive incident radiation. The level populations at each point along every such
considered path are then updated based on the change in the accumulated incident
intensity after traversing each point in the path. At each point where the level pop-
ulations are to be determined, a local average of the intensities received along each
considered path to that point is calculated by integrating over the solid angle (Ω) as

J̄ν =
1

4π

∫
Iν dΩ, (6.31)

The level population at that point is then determined by inputting this averaged
intensity into Eq. 6.27. This process is repeated iteratively until convergence, simul-
taneously for all points and considered angles to obtain self-consistent solutions to
the level populations across the envelope.

In our modelling, the abundance profiles of the parent species (see Sect. 4.3) were
represented by Gaussians, as

f (r) = f0 exp

−
(

r
Re

)2 , (6.32)

where f0 is the peak abundance close to the star, and Re is the e-folding radius, i.e.,
the radius where the abundance falls to f0/e. f0 and Re were the two free parameters.
This is valid since the parent species are all centrally-peaked, i.e., their abundances
peak close to the central star and decrease gradually as we move further out into
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Figure 6.8: Contour map of χ2 values for our grid of CS models for IRC +10 216, from Paper
II. The contours depict 1σ, 2σ, and 3σ ranges, when constrained using only the
spatial information from the ALMA CS J = 2−1 line (green), vs just the excitation
information from the different J lines (blue). The red contours are from when both
the spatial and excitation information are simultaneously used to constrain the RT
models. The three stars show the best-fit models as estimated from the contour
maps of their respective colours.

the CSE. This is because they are formed close to the stellar photosphere, and are
destroyed by photodissociation farther out in the CSE. The photodissociation radius
of different species varies depending on their shielding capacities and abundances.

The ALI code took as input the results from the dust and CO RT models, i.e.
the physical properties of the central star and the circumstellar gas and dust, and
assumed the CSE model described in Sect. 6.2. The details of the collisional rates
and energy levels used are described in Paper II (CS) and Paper III (SiO, SiS). The
PRF (P. Bergman, priv. comm.) ray tracer was used to generate synthetic line pro-
files, as in the case of the CO modelling, once the level populations were calculated
by ALI. We ran a grid of models with different abundance profiles, and compared
the resulting modelled line profiles and intensities from each model in the grid to
the observed molecular emission line profiles in order to estimate the best-fit model
for each source. We also modelled the emission from the isotopologues of these
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Figure 6.9: Left: Best fit modelled CS line profiles (red) compared to the observed spectra
(black) for IRAS 15082−4808. Right: Cumulative intensity plot showing the
modelled (red) vs observed (black) integrated line intensities from spectra ex-
tracted for progressively increasing apertures from the ALMA cube of the CS
J = 2 − 1 line for the same star. The blue shaded region denotes a ±10% un-
certainty range in the observed integrated intensities. See Paper II for a detailed
description.

molecules to derive isotopic ratios.
To constrain our models, we utilised integrated line intensities obtained from mul-

tiple apertures from the ALMA data, combined with a range of single-dish (SD) mea-
surements. By incorporating both excitation conditions (derived from various rota-
tional transitions) and the azimuthally averaged spatial distribution of emission (from
multi-aperture intensities from the ALMA maps), we effectively probe emission at
multiple scales and across different excitation conditions in the outflow. The com-
pact ALMA apertures and higher-J SD lines primarily trace the inner wind structure,
whereas the extended ALMA apertures and lower-J SD lines provide constraints on
the larger-scale outer wind geometry. The significant improvement in the grid search
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and uncertainty estimates brought about by such combined fitting of both spatial and
excitation information, and the method adopted to implement the same into the chi-
squared (χ2) formalism, has been presented in detail in Paper II. A contour map of the
χ2 values for the two-free-parameter grid from our CS modelling is shown in Fig. 6.8,
clearly depicting the difference in how well the parameters can be constrained when
using the excitation information alone, the spatial information alone, and both com-
bined. Note that the combined fit yields more closed contours compared to the other
two, hence yielding more robust uncertainty estimates on the fit parameters.

The modelled line profiles from our best-fit CS model are shown in Fig. 6.9 in com-
parison to the observed spectra for one of our sources. Also shown are the modelled
and observed integrated intensities from the multi-aperture ALMA spectra. Note
that the ALMA integrated intensities (in units of Jy km s−1) first increase as the aper-
ture size increases, and eventually become flat at large apertures, indicating that all
detected emission has now been recovered.

We derived molecular abundances of the parent species and estimated their iso-
topic ratios. By comparing the line intensities, and also the Tex/Tkin ratios across the
envelope, from models that did and did not take radiative/IR pumping (see Sect. 3.1)
into consideration, we found that radiative excitation cannot be neglected in the case
of CS RT modelling. The same conclusion is reached for SiO and SiS from Paper
III. We also compared our findings with the results from detailed chemical models,
as discussed in Chapter 7. Refer to Paper II for a detailed discussion about our CS
modelling results. RT modelling based on the above-described methodology occa-
sionally does not succeed in yielding very good overall fits to multiple observed line
profiles of molecules like SiO, unlike in the case of CS, especially when both the spa-
tial and excitation constraints, as discussed above, are simultaneously present. The
modelling of the silicon-bearing species SiO and SiS, and the limitations encountered
therein, are discussed in detail in Paper III.
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Chemical modelling

Tracing the formation, distribution, and destruction of molecules in space lies at the
heart of astrochemistry. AGB circumstellar envelopes, in particular, present exquisite
cosmic chemical laboratories abundant in various kinds of molecular species. The
complex molecular chemistry prevalent in AGB CSEs was discussed in Chapter 4.

Chemical modelling is a crucial tool for deciphering molecular observations and
unravelling the evolution of chemical complexity in space. Broadly defined, chem-
ical modelling in astrophysics refers to the construction and time-evolution of net-
works of chemical reactions under astrophysically relevant physical conditions, al-
lowing us to predict changes in the abundances of molecules over time and across
different environments. By adjusting parameters like temperature, density, and ra-
diation exposure, we can test various hypotheses about overall reaction types and
pathways, as well as the formation and destruction processes of specific species.

While spectroscopic observations reveal the chemical composition of a source by
detecting various spectral lines, chemical models make predictions about abundances
and their spatial distributions, and can be used to examine the reaction pathways that
could have led to the observed chemical composition. Without the use of such mod-
els, our interpretation of the chemistry happening in complex astrochemical sources
like AGB CSEs would remain largely incomplete. Chemical models thus lead to
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deeper insights from observational data than are directly discernible.
In practice, a chemical model starts from a given set of initial abundances for the

parent species, assuming basic details about the physical properties of the source
medium, and a network of chemical reactions, and lets the chemistry evolve in time,
which is achieved by continuously recalculating the abundance of each included
species at every radial point by solving ordinary differential equations involving the
rate coefficients of the formation and destruction processes of each species. This
models the gradual destruction of the parent species by chemical reactions or pho-
todissociation, and the formation of new daughter molecular species, by the various
included reaction pathways. The newly formed species may also react among each
other. In such models, a larger and more complete input reaction network leads to a
more realistic depiction of the overall chemistry.

7.1 Modelling the chemistry in AGB CSEs

Chemical models of AGB CSEs have to take into account the fact that it is a com-
plex interplay of stellar winds, shocks, photochemistry, and dust-gas interactions
that drives molecular formation and destruction in these sources, with the chem-
istry closely coupled with the dynamics across the CSE. Works like Agúndez et al.
(2020) have modelled the atmospheric chemical composition of M-, S-, and C-type
AGB stars, while detailed chemical modelling studies of the distribution of complex
molecular species like long carbon chains (see Fig. 7.1) across the extended CSEs of
carbon-stars have also been carried out (e.g. Agúndez et al. 2017). With the advent of
high-resolution interferometers like ALMA, it has also become possible to use direct
observational results about the spatial distribution of various molecules in the CSE
to compare and constrain radiative transfer and chemical models (see e.g. Agúndez
et al. (2017); Paper II; Paper III).

Most conventional chemical models of AGB CSEs choose to focus either on the
inner envelope non-equilibrium chemistry and dust formation (e.g. Gobrecht et al.
2016b; Boulangier et al. 2019) or on the photochemistry in the outer layers of the
CSE (e.g. Millar & Herbst 1994; Li et al. 2016). While the inner-wind models typ-
ically do not take photochemistry into account, they include the effect of shocks
caused by stellar pulsations (Cherchneff 2006; Boulangier et al. 2019). Such models
have had reasonable success in predicting abundances that match estimates derived
from observations, and in matching the observed trends in specific molecular abun-
dances with mass-loss rate. A limitation of most of these models is that they ignore

96



7 Chemical modelling

Figure 7.1: Schematic diagram of chemical reaction networks showing the growth of polyyne
and cyanopolyyne carbon chains (top panels) and the fractional abundances of the
same species derived from the chemical model as a function of radius (bottom
panels) (Agúndez et al. 2020).

the effect of dust-gas interactions, though dust makes up a significant portion of AGB
CSEs. This may affect the predicted molecular abundance profiles, particularly in the
intermediate wind, where depletion onto dust grains is expected to occur (González
Delgado et al. 2003; Massalkhi et al. 2019).

Newer models (e.g. Van de Sande et al. 2019) have attempted to resolve this issue
by taking into account also the dust-gas interactions like accretion, thermal desorp-
tion, and non-thermal desorption in the chemical reaction networks, in addition to
the regular gas-phase chemistry. There are also several other CSE chemical models
that have been extensively used to study AGB circumstellar chemistry (e.g. Cordiner
& Millar 2009; Van de Sande & Millar 2022; Van de Sande et al. 2019, 2020, 2021)
which deal with various aspects of the chemistry including the effects of grain size
distributions, density enhancements, clumpiness and porosity in the medium, the role
of the radiation from the central AGB star, and the influence of stellar companions
on photochemistry, among other factors.
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7.2 Reaction networks

A reaction network is, simply put, a database of chemical reactions and their rates.
There are several such chemical reaction networks that can be employed in chem-
ical models, like the Kinetic Database for Astrochemistry (KIDA, Wakelam et al.
2015, 2024), the GRETOBAPE gas-phase reaction network (Tinacci et al. 2023),
and the UMIST Database for Astrochemistry (UDfA, McElroy et al. 2013; Millar
et al. 2024). They occasionally differ in the nature and extent of reactions taken into
consideration, though most major networks include all the standard, well-known gas-
phase reactions and their rates.

Figure 7.2: Left: Time evolution of cyanopolyyne abundances in an O-rich dark cloud model
for the current RATE22 (solid lines, Millar et al. 2024) and the previous RATE12
(dashed lines, McElroy et al. 2013) reaction networks. Right: Radial variation in
the cyanopolyyne abundances for a C-rich AGB CSE of gas MLR 3.0×10−5 M⊙
yr−1 using the RATE22 network (Millar et al. 2024).

Sample results from the publicly available UDfA RATE12 (McElroy et al. 2013)
and RATE22 (Millar et al. 2024) reaction networks, showing the time and radial evo-
lution of the modelled fractional abundances of various molecular species for dif-
ferent astronomical sources are shown in Fig. 7.2. In papers II and III, we used a
1D chemical model based on the latest version (UDfA RATE22, Millar et al. 2024)
of this reaction network, which includes updated rate coefficients for 8767 reactions
among 737 species, to calculate circumstellar molecular abundance profiles for our
sources. The chemical model adopts the same physical CSE structure as described
in Sect. 6.2. The modelling formalism is presented in Paper II. Our chemical model
abundance profiles for SiO and SiS are shown along with those derived from our RT
models in Fig. 7.3, reproduced from Paper III. We refer to Millar et al. (2000) and
Van de Sande et al. (2018) for a detailed description of the specific chemical model
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Figure 7.3: Comparison of abundance profiles obtained from RT modelling (solid lines with
shaded uncertainties) and chemical modelling (dashed lines). The blue lines are
for SiO, and the orange lines denote SiS. The shaded regions mark the 1σ un-
certainty in the abundance profiles derived from RT modelling. The circles and
squares denote the e-folding radii (Re) of the RT modelled and chemical modelled
abundance profiles, respectively. The open error bars on the peak abundance ( f0)
and Re for AFGL 3068, indicate that the abundance profile has not been well con-
strained by the RT models. The error bars on the chemical model Re are based on
reaction rate uncertainties (see Van de Sande et al. 2025). The blue dotted lines for
AFGL 3068 show chemical model abundance profiles with different initial abun-
dance values. See Paper III for a detailed discussion.

itself. Overall, comparing chemical modelling results to abundances derived from RT
modelling offers a way to discern between the various theoretically predicted pho-
todissociation rates of a given molecule (see Paper II). Further, chemical models can
also predict the expected shapes of the radial abundance profiles of various molecu-
lar species, taking into account the different chemical processes that can enhance or
suppress the abundances at different radial distances across the CSE (see Paper III).
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Summary of appended papers

8.1 Paper - I

Paper I (Unnikrishnan et al. 2024) presents the analysis and results of the spatially
resolved ALMA band 3 (84−116 GHz) spectral survey observations of three C-rich
AGB stars, IRAS 15194− 5115, IRAS 15082−4808, and IRAS 07454−7112. We
attempt to compare and contrast the chemistry in their CSEs with that of the well-
studied C-star IRC +10 216, aiming to put to the test the archetype C-star status often
attributed to it in the literature (e.g. Agúndez et al. 2012, 2017; Cernicharo et al.
2000, 2010, 2015; Cordiner & Millar 2009). The paper provides a more generalised
characterisation of the physical and chemical properties of carbon-rich AGB CSEs
beyond what is observed in IRC +10 216. These are the first high spatial-resolution
observations of the circumstellar molecular emission from a sample of carbon-stars
other than IRC +10 216, across large bandwidths.

The paper first introduces the existing literature on the subject, outlining the ne-
cessity of the present study. The properties of the chosen sources and the reasons
for their selection are then described. The stars are all Mira variables and present
similar physical outflow properties, possessing roughly spherical CSEs with similar
expansion velocities. They trace around an order of magnitude in mass-loss rates,
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from 3×10−6 M⊙ yr−1 to around 1.6×10−5 M⊙ yr−1 (Woods et al. 2003). However,
they have very different 12C/13C ratios (Woods et al. 2003), indicative of differences
in their nucleosynthetic histories. Thus, they are ideal candidates for a comparative
study of carbon-rich circumstellar envelopes.

We observed the three sources in the full bandwidth of ALMA band 3 (84-116
GHz), using the main array (12 m) antennas. The details of the observations and data
reduction methods used are described in detail in the paper, including the recalibra-
tion and re-imaging that had to be performed on the archival data due to its poor qual-
ity, and the data combination process employed to combine parts of our dataset with
an overlapping frequency range dataset from an additional archival ALMA project.

From the high resolution ALMA data, we detected a large range of molecules,
including both parent molecules like HCN, SiO, SiS and CS, and multiple daughter
species ranging from simple nitrogen-bearing species like CN and HNC, to carbon
chains (C2H, C4H, etc.) and also cyanopolynnes like HC3N and HC5N. In total,
the survey yielded 311 identified lines, including hyperfine splitting components,
from 141 transitions of 49 molecular species and their various isotopologues. We re-
port multiple new detections towards the stars in the sample, including 29SiO, 30SiO,
29SiS, 30SiS, Si34S, C33S, Si13CC, C6H, C8H, l−C4H2, and doubly 13C−substituted
isotopologues of HC3N. Our analysis also revealed variability in the C2H and HC3N
lines of our sources in the 3 mm band, as also seen towards IRC+102 16 (Cernicharo
et al. 2014; Pardo et al. 2018).

The spatially resolved ALMA observations revealed a similar degree of morpho-
logical complexity in these sources, as seen previously in IRC+10216 (e.g. Agúndez
et al. 2017; Velilla Prieto et al. 2019). Two main morphological categories are found
in the line emission maps, namely centrally-peaked emission (from parent species,
like HCN, SiO, SiS, and CS), and emission from a shell (from daughter species, in-
cluding C2H, C3H, C4H, c-C3H2, CN, C3N, HC5N, and HNC). Two species, HC3N
and SiC2, present more complex brightness distributions characterised by both cen-
tral and shell components. For IRAS 15194−5115 and IRAS 15082−4808, devia-
tions from a smooth spherical CSE are evident, as the multiple well-resolved arc-like
structures seen are traced by several species. These CSEs display complex structures,
possibly indicative of the presence of binary companions (e.g. Lykou et al. 2018).

We determined the spatial extents of the emission from various molecules from the
resolved emission maps, by producing azimuthally averaged radial profiles (AARPs)
of the systemic-velocity emission and fitting them with Gaussians. Using the high
spatial resolution of the ALMA observations, we compared the radial order of ap-
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pearance of various molecules in our stars, which is directly correlated with CSE
chemistry, to that of IRC +10 216 (e.g. Agúndez et al. 2017), and find them to be
roughly the same. The observed spatial extent of the emission was used to constrain
molecular LTE abundance estimates. For molecules with three or more detected
transitions sufficiently well-separated in upper-level energies, we employed the pop-
ulation diagram method (Goldsmith & Langer 1999) to estimate the abundances. For
other species, we present approximate analytical estimates of fractional abundances,
produced using assumed excitation temperatures. Within the uncertainties of the
data and analysis, we find that the calculated abundances are very similar among our
sources and IRC +10 216, indicating that the general chemistry in these objects is
highly similar.

We also estimated the isotopic ratios of silicon and sulphur in the envelopes, and
they match reasonably well with the typical expected AGB values (Karakas & Lugaro
2016). The 12C/13C ratios were also calculated for each envelope, from multiple
molecules, and were found to conform very well to the values in the literature (Woods
et al. 2003), while also significantly improving their uncertainty estimates.

Overall, we conclude that the chemistry in the three envelopes is likely very similar
to one another and to IRC +10 216 (Agúndez et al. 2017; Velilla Prieto et al. 2019;
Cordiner & Millar 2009; He et al. 2008; Agundez 2009; Agúndez et al. 2012; Daniel
et al. 2012; Gong et al. 2015; De Beck et al. 2012; Massalkhi et al. 2018), both
in terms of the radial extents of the emission from various species, and molecular
abundances. Detailed radiative transfer modelling is required to more rigorously
constrain the molecular abundances. This is presented in Paper II and Paper III.

8.2 Paper - II

Paper II (Unnikrishnan et al. 2025) presents detailed non-LTE RT modelling of the
dust and gas in the CSEs of five C-type AGB stars, followed by the derivation of
their circumstellar carbon monosulfide (CS) fractional abundance profiles. The broad
goals of this paper are to estimate stellar and circumstellar properties for the five
stars, and to compare the CS abundances among the sources, to inform circumstellar
chemical models. Continuing from Paper I, this work also helps assess if IRC+10216
is a good representative of the physics and chemistry of carbon-star CSEs in general.
In addition to the three stars presented in Paper I, Paper II also includes two other
sources, namely AFGL 3068, and IRC+10216 itself, both Mira variables with high
mass-loss rates like the original sample.
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Our RT analysis employed a standard spherically symmetric model of the CSE,
which assumes a uniform, isotropic mass-loss rate (Ṁ). Despite the presence of
asymmetric features in the CSEs as seen in the ALMA observations (Paper I), this
simplified geometry successfully yielded reasonable fits to the CO and CS spectral
line profiles and the radial intensity profiles. Models that fully take into account the
observed CSE sub-structure are beyond the scope of this work. In our CSE model,
the dust condensation radius (Rc) was fixed at three stellar radii (3R⋆) to be con-
sistent with dust-driven wind models (Höfner 2009; Bladh & Höfner 2012; Höfner
& Olofsson 2018) and interferometric measurements (e.g. Wittkowski et al. 2007;
Karovicova et al. 2011). The circumstellar gas density was assumed to decrease as
r−2, and the gas temperature was described by a power law. Distance estimates for
all five stars were taken from Andriantsaralaza et al. (2022).

We first used the Monte Carlo RT code MCMax (Min et al. 2009) to model the
SEDs of our sources. COMARCS model atmospheres (Aringer et al. 2019) were
used as input stellar spectra for three of the five stars, and blackbody spectra were em-
ployed for the other two sources for which no good fits were obtained using models
in the temperature range available for COMARCS (2500–3300 K). We used amor-
phous carbon dust grains, as expected in carbon-stars (Höfner & Olofsson 2018), to
model the SED contribution from circumstellar dust. We tested different grain sizes
in the ∼0.1 - 1 µm range usually expected for AGB circumstellar dust (e.g. Mattsson
et al. 2010; Höfner & Olofsson 2018, and references therein), and found that only the
1 µm grain size models yield good SED fits as long as Rc was fixed at 3R⋆, as noted
above. The trend that smaller grain sizes required very large Rc values (> 10 R⋆) to
reproduce the observed SEDs is also seen in several previous works in the literature
(Ramstedt et al. 2008; Ramstedt & Olofsson 2014). Since an Rc much larger than 2-3
R⋆ would be incompatible with dust-driven wind models, we chose to keep Rc fixed
at 3R⋆ and employed a 1 µm grain size in our models. The models were constrained
using photometric data compiled from various catalogues (e.g. Gaia Collaboration
et al. 2023; Cutri et al. 2003; Price et al. 2010; Smith et al. 2004; Helou & Walker
1988; Ishihara et al. 2010; Yamamura et al. 2010; Planck Collaboration et al. 2011;
Di Francesco et al. 2008). This analysis yielded the stellar luminosity (L⋆), stellar
temperature (T⋆), the dust-MLR (Ṁd), dust temperature profile across the CSE, and
the optical depth at 10 µm.

With the stellar and dust parameters constrained, the next step was to estimate the
gas properties in the CSEs. This was achieved by non-LTE RT modelling of the CO
line emission using the Monte Carlo Program (MCP, Schöier & Olofsson 2001) RT
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code. We adopted a typical value of 1 × 10−3 for the CO peak-abundance for all five
stars (e.g. Danilovich et al. 2015). The grid of models had the gas mass-loss rate
and gas temperature profile as free parameters. Integrated intensities calculated from
multi-aperture spectra from Atacama Compact Array (ACA) data from the DEATH-
STAR project (Ramstedt et al. 2020; Andriantsaralaza et al. 2021), when available,
were used along with multi-transition single-dish line intensities sourced from the lit-
erature (Olofsson et al. 1993; Schöier & Olofsson 2001; Woods et al. 2003; Ramstedt
et al. 2008; De Beck et al. 2010; Danilovich et al. 2015), to constrain the models.

After estimating the gas temperature profiles and mass-loss rates from the CO
modelling, we derived the fractional abundance profiles of CS and its isotopologues
(13CS, C34S) in our CSEs. CS is a parent molecule which is readily formed under
thermodynamic equilibrium conditions in the inner envelopes of carbon-stars due
to the ample availability of carbon (Agúndez et al. 2020; Danilovich et al. 2018).
We used the 1D non-LTE accelerated lambda iteration (ALI) RT code (Rybicki &
Hummer 1991; Maercker et al. 2008) to model the observed CS line emission.

Unlike previous works which made use of either single-dish line intensities (e.g.
Danilovich et al. 2018) or a few selected interferometric maps (e.g. Velilla Prieto
et al. 2019) to constrain such models, we present, for the first time for carbon-stars,
molecular RT models constrained using both spatial information (line profiles and
cumulative radial emission profiles from the ALMA data) and excitation informa-
tion (the different J line intensities and line profile shapes from APEX, HIFI, IRAM
30m, and other single-dish data) simultaneously. We used centrally-peaked Gaus-
sian abundance profiles for CS, with the peak abundance ( f0) at the inner edge of the
envelope and the e-folding radius (Re), being the two free parameters. A χ2 minimi-
sation technique, which took into account the correlated nature of the uncertainties
on the line intensities extracted from the ALMA data, and weighed the spatial and
excitation information equally, was used to determine the best-fit models.

Using the derived abundances of CS and its isotopologues 13CS and C34S, we
estimated the 12C/13C and 32S/34S isotopic ratios for our stars. The 12C/13C ratios
thus obtained were similar to those estimated previously from CO (Woods et al.
2003; Ramstedt & Olofsson 2014; Cernicharo et al. 2000; He et al. 2008). The
possible reasons behind the extremely low 12C/13C ratio of IRAS 15194−5115 are
discussed. The 32S/34S ratios were identical within uncertainties to the solar 32S/34S
ratio of ∼20 (Asplund et al. 2009). This verifies the predictions from stellar yields
models (Karakas & Lugaro 2016) which indicate no nucleosynthesis of sulphur at
any stage of low/intermediate-mass stellar evolution up to the AGB.
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Overall, the analysis revealed no significant differences between the derived CS
abundance profile for the archetype IRC +10 216 and the other stars in the sample,
beyond the expected variations driven by CSE density. This corroborates the use of
IRC +10 216 as a representative object for studying circumstellar CS chemistry, at
least for stars with high mass-loss rates, roughly in the range ∼ 0.5 − 5 × 10−5M⊙/yr.
The derived radial extents (Re) correlate well with circumstellar density, consistent
with theoretical expectations and previous empirical trends. This indicates that the
molecular envelope size is primarily set by photodissociation from the interstellar
UV field, which is shielded more effectively in denser CSEs. We also confirmed that
radiative pumping by infrared photons from the central star and the circumstellar
dust is a dominant excitation mechanism for CS. The CS abundance profiles derived
from the RT modelling show good agreement with predictions from state-of-the-
art chemical kinetic models (Van de Sande et al. 2018) using the UMIST RATE22
database (Millar et al. 2024). Though we could not discern between the two predicted
photodissociation rates for CS (Pattillo et al. 2018; Hrodmarsson & van Dishoeck
2023), beyond our estimated uncertainties, our derived abundance profiles match
very well with those predicted by the chemical model.

This work demonstrates the advantage that using spatially resolved interferometric
data and multi-transition single-dish data together to constrain RT models offers for
breaking model degeneracies and refining abundance estimates. Similar modelling
of the SiO and SiS line emission from these sources is presented in Paper III.

8.3 Paper - III

Paper III (Unnikrishnan et al. in prep.) deals with the non-LTE RT modelling of the
molecular species SiO and SiS in C-type AGB CSEs. It includes the same source
sample as in Paper II, and uses the same underlying CSE model based on the dust
and CO results from Paper II. The aim of the paper is to derive the circumstellar
abundance profiles for these species for the carbon-star sample, and compare the
molecular abundances across the sources and with chemical model predictions. We
used the 1D ALI RT code (Rybicki & Hummer 1991; Maercker et al. 2008) for our
modelling. As done in Paper II for CS, our RT models in this work are also con-
strained by both morphological and excitation information obtained from spatially
resolved ALMA maps and a large number of single-dish line observations, from
telescopes including APEX, Herschel/HIFI, IRAM 30 m, and the Yebes 40 m. We
model all available isotopologues of both SiO and SiS independently, using Gaussian
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abundance profiles with the peak abundance and e-folding radius as free parameters.
Overall, we obtain good fits to the SiO and SiS line profiles for all sources, and derive
well-constrained abundance profiles and isotopic ratios. For AFGL 3068, we are not
able to place strict constraints on the abundance profiles, due to the lack of spatially
resolved observations for this source. It is seen from the results that e-folding radius
increases with circumstellar gas density for both SiO and SiS. We also find that IR
pumping (see Sect. 3.1) contributes significantly to the excitation of both SiO and
SiS, as also seen for CS in Paper II.

In some cases, the analysis highlights the limitations inherent in 1D RT modelling
using simplified stellar/circumstellar models, revealing the necessity for more com-
plex modelling. For example, for SiO in IRC+10 216, we find that our RT models
cannot fit the low- and high-J lines simultaneously. The large number of constraints
available also demonstrates that usual methods, including varying the abundance pro-
file shape in the inner CSE (e.g. Danilovich et al. 2019) do not manage to solve such
mismatches, given the availability of multi-aperture spectra from the spatially re-
solved data.

We find that chemical models with and without dust-gas chemistry included do not
show any significant differences in their SiO and SiS abundance profiles when using
our dust and gas properties as inputs. This is because the dust around our stars is
too warm (dust condensation temperature, Tc ∼1500-1800 K) to produce significant
depletion of gas-phase SiO and SiS onto the dust. Further, while the chemical models
reproduce the derived SiO abundance profiles very well, they over-predict the radial
extents of the SiS abundance profiles, indicating that the SiS photodissociation rate
used in the chemical models is overestimated.

Overall, other than the changes in radial extents with circumstellar density, and a
factor of ∼5 spread in the derived peak abundances, we do not see any major dif-
ferences between the abundance profiles for IRC+10 216 and the rest of the sources,
for both SiO and SiS, affirming that also for the chemistry of these two species,
IRC+10 216 can be regarded as a representative carbon-star, at least in the high-MLR
regime which our source sample represents.

These results highlight the need for spatially resolved observations across multi-
ple transitions probing a wide range of excitation conditions to study circumstellar
chemistry in detail. Comprehensive radiative transfer modelling of various molecu-
lar species, guided by such data, and based on more complex models of the physical
properties of the circumstellar gas and dust, is needed to robustly constrain circum-
stellar molecular abundances. The application of such modelling to a larger sample
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of AGB stars spanning a broad range of mass-loss rates, particularly those lower
than in our current sample, together with updated chemical models, is essential for
developing a comprehensive understanding of molecular chemistry in carbon-star
circumstellar envelopes.
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Outlook

This thesis and the attached papers present a detailed investigation of the molecular
chemistry in the circumstellar envelopes of a sample of carbon-rich (C-type) AGB
stars, with the broad goal of obtaining a generalised understanding of the physical
and chemical properties of such sources, and observationally verifying the archety-
pal status often attributed in the literature to the well-studied nearby carbon-star
IRC+10216. This work is primarily based on an unbiased, spatially resolved ALMA
band 3 spectral survey of the circumstellar molecular line emission from three C-
type AGB stars other than IRC+10216, namely IRAS 15194-5115 (II Lup), IRAS
15082-4808 (V358 Lup), and IRAS 07454-7112 (AI Vol). We also utilise single-dish
observations, including APEX spectral surveys (159 - 270 GHz) for the above three
sources, along with AFGL 3068 and IRC 10 216; and APEX (272 - 376 GHz) and
Herschel/HIFI (479.5–1121.9 GHz) surveys of IRAS 15194-5115. These surveys, in
combination with the ALMA band 3 data, and auxiliary data where available, contain
a wealth of emission line information which allows us to comprehensively explore
the physical conditions prevalent in these CSEs, and determine their chemical com-
positions.

The scope of the current project, as described in this thesis, is limited to the study
of chemistry in carbon-star CSEs. We also note that all stars in our sample are ex-

109



9 Outlook

pected to be in the high mass-loss rate phase towards the end of their AGB evolution
(Vassiliadis & Wood 1993). Similar studies of C-type and other AGB stars in lower
mass-loss rate ranges present an avenue yet to be explored. The extension of such
deep molecular spectral surveys and the subsequent physical and chemical analysis
as presented here, into the regimes of M-type and S-type AGB stars is another logi-
cal next step. Only with such coordinated studies across the different AGB types can
we hope to comprehensively understand the complex evolution taking place in this
phase of stellar evolution, particularly given that the chemical evolution on the AGB
is intricately linked to the physical properties and evolution of the stars itself (see
e.g. Habing & Olofsson 2003; Höfner & Olofsson 2018). Such studies will also help
expand the molecular inventories of circumstellar material across the different AGB
types. As discussed in Paper III, the presence of a large number of strict spatial and
excitation constraints illuminates the limitations inherent to 1D RT modelling of the
observed line emission from these objects, using typical density/temperature/abun-
dance profiles representative of smooth spherical envelopes. Proper treatment of the
observed complex physical structure needs to be incorporated into RT models in or-
der to obtain precisely constrained molecular abundances across the CSEs. 3D RT
modelling of circumstellar line emission is therefore a plausible next step in this
direction.

There is a lot of work to be done on understanding circumstellar morphological
complexity as well. The observed complex structures, including arcs, shells, and spi-
rals in AGB CSEs like those of IRC+10216 and the other sources in this work, are
primarily thought to be due to the influence of binary companions (e.g. Decin et al.
2020; Lykou et al. 2018; Kim et al. 2015a; Kervella et al. 2016) on the mass loss from
the central star. Direct detection of such companions, however, has proven to be ex-
tremely difficult, given the high luminosities of the AGB stars and the strong dust
obscuration in their vicinity. The predicted existence of binary companions to AGB
stars hence remains speculative to date, though binary population statistics indicate
that at least 50% of stars on the AGB should have companions. High resolution
circumstellar observational studies, in combination with hydrodynamical modelling
(e.g. Maes et al. 2021; Malfait et al. 2021), can help to indirectly determine the prop-
erties of possible companions, as the observed density structures can be connected
to binary parameters including companion type, mass, orbital separation, and eccen-
tricity (see e.g. Cernicharo et al. 2015; Guélin et al. 2018; Decin et al. 2015; Kim
et al. 2015b, 2017). Interestingly, molecular line observations can also help trace
the possible chemical imprints of such binarity, for example, companion-induced
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photochemistry (e.g. Siebert et al. 2022), and help verify predictions from chemi-
cal models (see Van de Sande & Millar 2022). Circumstellar observations can thus
aid both hydrodynamical and chemical studies aimed at understanding the nature
of binary companions of AGB stars. Dust formation in the wake of the companion
(e.g. Montargès et al. 2025; Danilovich et al. 2025) is another potentially observable
phenomenon that can help understand the nature of these stellar systems. Such addi-
tional dust formation is also important to constrain since it can affect mass-loss rate
estimates.

Although an overall, broad understanding of the physics and chemistry on the
AGB has been established (e.g. Habing & Olofsson 2003; Höfner & Olofsson 2018)
and is being regularly updated through extensive modelling and observations, there
are still many aspects of the AGB phase that are yet to be completely understood.
Explaining the mass loss mechanism from first principles to develop a predictive
theory of AGB mass loss, and characterising the nature and extent of the various
complex chemical pathways and processes taking place in circumstellar envelopes,
are just two major examples. Recent advances in our observing capabilities, such
as the development of the Atacama Large Millimeter/submillimeter Array (ALMA),
the James Webb Space Telescope (JWST), and the upcoming Square Kilometre Ar-
ray (SKA), are opening up new and exciting avenues for the future of AGB research.
ALMA now allows us to probe the molecular chemistry of AGB CSEs in unprece-
dented spatial resolution and sensitivity, revealing complex morphological structures
and leading to the detection of more and more molecular species. Further, ALMA
can now spatially resolve surface structures of nearby AGB stars (Vlemmings et al.
2024), revealing details that can improve our understanding of the mass loss mech-
anism in AGB stars. The SKA will enable the study of the dynamical atmospheres
of a very large number of AGB stars at radio wavelengths, unveiling the origin of
their stellar winds and exploring their dust-formation zones (Bojnordi Arbab et al.
2024). The planned new-generation Very Large Array (ngVLA) is also set to sig-
nificantly advance both the resolution and sensitivity of such studies, across broader
frequency ranges. The JWST can make the photometry and spectroscopy of AGB
stars in nearby galaxies easier (e.g. Meixner 2011; Eriksson et al. 2014). Together,
these instruments will allow us to explore the AGB in a broad range of wavelengths,
and obtain a more comprehensive picture of these fantastic objects.
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