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Abstract

Stars of low to intermediate initial masses (0.8 - 8 M) enter the asymptotic
giant branch (AGB) phase during their late evolution. This phase is char-
acterised by intense mass loss from the stellar surface into the interstellar
medium (ISM), eventually leading to the formation of an extended circum-
stellar envelope (CSE) composed of the ejected gas and dust around the star.
These stars are also the birthplace of many heavy elements. AGB stars thus
contribute heavily to the chemical replenishment of the ISM in galaxies, by
enriching it with the nuclear-processed material dredged up from the stellar
interiors. This makes AGB CSEs very interesting cosmic chemical laborato-
ries, sites of diverse, and often complex chemistry.

Based on the relative abundances of carbon and oxygen in their atmo-
spheres, AGB stars are categorised into C-rich and O-rich, the carbon stars be-
ing more chemically complex than their oxygen-rich counterparts. The study
of molecular line emission from AGB CSEs is of particular interest, as it can
help constrain both the physical and chemical characteristics of the envelopes.
However, much of our current knowledge of AGB circumstellar chemistry, par-
ticularly of the C-rich type, is based on observations and models of a single
object, IRC+10216, which is often regarded as an archetypical carbon star.
Advances in instrumentation, including the development of high angular res-
olution interferometers, have opened up possibilities for observational studies
of additional sources in unprecedented detail.

This thesis summarises our current understanding of the chemistry in C-
rich CSEs, and presents the first spatially-resolved, unbiased spectral surveys
of the circumstellar molecular emission from multiple carbon stars other than
IRC +10216. ALMA band 3 spectral surveys of three C-rich AGB stars reveal
the morphological and chemical complexity of their CSEs. We compare the
results obtained from these surveys with those of IRC +10216, and discuss
their implications for the generalised understanding of the chemistry in carbon
star CSEs. By obtaining well-constrained estimates of the emission region
sizes and circumstellar abundances of a variety of molecular species, this work
aims to provide updates to existing chemical models, and put to test the
archetype status attributed to IRC +10216 in the literature.

Keywords: Stars: AGB and post-AGB — stars: mass-loss — stars: winds,
outflows — circumstellar matter — submillimeter: stars — astrochemistry.






“There is no royal road to science, and only [...] the fatiguing
climb of its steep paths can gain its luminous summits.”
— Marx, Capital Vol. I'

Many thanks to everyone who helped me navigate the fatiguing climb of re-
ducing our ALMA data.

"Marx, K. (1872), Capital: A critique of political economy, Volume I, preface to the
first French edition (Le Capital: Critique de I’économie politique, préface a la premiére
édition frangaise), Maurice Lachatre, Paris.
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Outline of the thesis

This thesis, titled Charting Circumstellar Chemistry of Carbon-rich AGB
Stars, provides the necessary astrophysical and chemical background, both
theoretical and observational, for the research work presented in the appended
paper ?7?7. Paper 77 is the first in a series of planned publications, which are
together structured to approach the question of carbon-chemistry in AGB
CSEs using multiple tools, including observations, radiative transfer analysis,
and chemical modelling.

Chapter 1 offers a general introduction to stars and stellar evolution, while
Chapter 2 delves into asymptotic giant branch (AGB) stars specifically. Their
physical structure and evolution are discussed, and the mass loss process lead-
ing to the formation 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 outlined, and their capacity as excellent diagnostic tools to explore the
physical conditions and chemical evolution of astronomical sources including
AGB CSEs is looked into. The benefits offered by unbiased spectral surveys
of molecular line emission, in use cases like those of this work, are laid out.

Chapter 4 explores in some detail the chemistry in the circumstellar en-
velopes of AGB stars. The molecules detected to date in circumstellar envi-
ronments are listed. The chemical classification of AGB stars, and the vari-



ous processes influencing circumstellar 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 con-
text of, and need for this particular project are then delineated by situating
the goals of paper 7?7 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 calibration and data reduction
methods employed are also briefly mentioned. Chapter 6 summarises paper
77?7, highlighting the aims, methodology, main results and conclusions of the
work. Finally, Chapter 7 outlines the plans for the upcoming work, and the
outlook for future projects.



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 per-
spective of both fundamental physics and human culture. The sparkling dots
in the night sky have inspired emotions of awe, wonder, and curiosity in hu-
mans across the globe, from time immemorial. They have stimulated po-
etry and romance, fostered fateful superstitions, and have been the subject of
countless myths and legends across civilizations. Societies from all parts of
the world gave birth to great folklore and beautiful stories by ascribing famil-
iar 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 scientific
relevance and intensive study for centuries, and have played a crucial role in
time reckoning, and in the development of agriculture, navigation, and much
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more. The history of the study of stars is thus the history of the progress of
mankind, from the hunter-gatherer to the modern human.

It is the energy from our star, the Sun, that is exclusively responsible for the
sustenance of all life on Earth. Stars are responsible for the production of all
elements heavier than helium, 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 production 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 liter-
ature is not explicitly cited.

The evolutionary trajectory of a star is primarily determined by its ini-
tial mass, although other factors, including the presence of companion stars,
and initial metallicity (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 temperatures and pressures high enough to
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initiate hydrogen fusion, which is the point we denote as the birth of a star. A
detailed review of the star formation process and related phenomena is outside
the scope of this thesis. The interested reader is referred to Stahler & Palla
(2004); McKee & Ostriker (2007); Ward-Thompson & Whitworth (2011); or
Bodenheimer (2011).

100R < 1000R ;- _

log(L/L.)

S M~
4.6 4.4 4.2 4.0 3.8 3.6 3.4
10g(T, ,/K)

(a) HR diagram (b) Evolutionary tracks

Figure 1.1: (a) Schematic view of the HR diagram, showing the different phases in
stellar evolution (credit: ESO). (b) Evolutionary tracks of 1 - 10 Mg
stars in the HR diagram (credit: Toonen et al. 2016).

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 tempera-
ture. Such a plot is known as the Hertzsprung-Russell diagram (HR diagram,
see Fig. 1.1a). 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 My are shown in Fig. 1.1b, and Fig. 1.2
zooms into the evolutionary track of a 1 Mg star, and the various phases in
its evolution.

The sections below briefly outline the characteristics of the various evo-
lutionary stages of a low/intermediate mass (0.8 Mg < M, < 8 Mg) star,
starting from its birth. See Kippenhahn & Weigert (1990), and Lamers &
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Cogyright © Addison Wesley

Figure 1.2: The evolutionary track of a 1 Mg star in the HR diagram, showing the
stellar structure at various phases (credit: Pearson Education).

Levesque (2017) for detailed descriptions of the physics and phases of stellar
evolution.

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. 1.1a),
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. The lower the mass of the star, the
more time it spends on the MS. While a star of ~0.1 Mg, takes roughly 102
years (more than the current age of the universe) to complete its MS evolution,
a massive star of ~60 Mg, will only spend 108 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 Mg (see Salaris
& Cassisi 2005), the hydrogen fusion is dominated by the proton-proton (pp)
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chain. The reaction sequence for the pp chain is as follows:

'H+ 'H — 2H4e +0.
H+ '"H — 3He+vy (1.1)
SHe + *He — ‘He+2'H

where e denotes a positron, v, is an electron neutrino, and ~ is a gamma
particle. The formation of He as per the third reaction in Eq. 1.1, is referred
to as the ppl chain. Fig. 1.3 shows the schematic view of H-fusion through
the ppl-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 *He. See LeBlanc (2010) for the details of these
less-frequent pathways.

HQ D HQ D
\/ \/
/l\v /l\v

°H DH HQ LH
\/ \/

V/l l\v
\J{ }\J

1H J/ \JlH

. X
) Proton ‘He
@ Neutron V) Gamma ray Y
Positron Neutrino D
Figure 1.3: Schematic view of the ppl-chain, showing the formation of *He by H-

fusion (credit: Wikipediat).

For stars having M, > 1.3 Mg, the carbon-nitrogen-oxygen (CNO) cycle
dominates the H-burning. The reactions involved in the major branch of the

lhttps://en.wikipedia.org/wiki/Proton-proton_chain
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CNO cycle are:

PC+ 'H— “N+vy

BN — BCtet 4
130+ 11_1_> 14N+,y
UN4+ 1H— Y0+~

150 — BN+ef 4+,
BN+ 'H— 2C+*He

(1.2)

and

BN+ 'H— %044
04+ 'H— "F 4+~
17g — "0+ et 41,
70+ 'H— YN+ +4+%He

(1.3)

The reactions in Eq. 1.2 constitute the CN cycle, shown schematically in
Fig. 1.4. Eq. 1.2 and 1.3 together form the CNO cycle. The CNO cycle
produces N 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 (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
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Figure 1.4: Schematic view of the CNO cycle, showing the formation of “He by
H-fusion (credit: Wikipedia®).

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 Mg < M, < 2 Mg) 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 (~10% K) and lifts
its degeneracy. The star now enters the horizontal 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 involved in the triple-alpha process are given below, and are shown
schematically in Fig. 1.5.

%https://en.wikipedia.org/wiki/CNO_cycle
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@ 4He
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Figure 1.5: Schematic view of the triple-alpha process, showing the formation of
12C by helium fusion (credit: Wikipedia®).

‘He+ “He = ®Be+~
‘He + ®Be — 2C+~

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 Mg, 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 successive shells outside the core. The
evolution along the AGB can be divided into two distinct stages, the 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

Shttps://en.wikipedia.org/wiki/Triple-alpha_process
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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 10°
years, the luminosity of the star will come to be dominated by the H-shell.
For stars in the mass range 4 - 8 Mg, the second dredge-up (see Sect. 2.3.2.3)
occurs during this period, and results in the enriching of the stellar surface
with products from the CNO cycle. The E-AGB stage is understood to last
for approximately 10° to 107 years (Vassiliadis & Wood 1993).

1.2.2.2 Thermally-pulsing AGB

During the shell burning of He and H, the energy production from the He
shell will increase to very high ( 10° to 107 L) values over a relatively short
timescale 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 (~103-10° years) dependent on the stellar 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 thermal pulses is termed the interpulse phase (~10% years, Karakas
& Lattanzio 2014). Fig. 1.6 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 en-
velopes (CSEs, Sect. 2.5). The structure, evolution, and properties of AGB
stars are explored in more detail in Chapter 2. The remaining chapters of this
thesis will focus exclusively on AGB stars.
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Figure 1.6: 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).

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 stellar and circumstellar envelopes are slowly ejected into
the ISM, exposing the inert, luminous C-O core. In a timescale of around 10*
years, the strong UV radiation from the central object will ionise the eject