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Abstract

Low- and intermediate-mass stars (0.8-8 M) lose mass in a late stage of their evolution,
called the asymptotic giant branch (AGB) phase. The mass and dust ejected into space
enriches the interstellar medium and creates a circumstellar envelope (CSE) around the
AGB star. We want to study CSEs in order to gain a better understanding of their
chemical composition, but they are challenging to model precisely. The 2CO/3CO
isotopologue ratio in CSEs has been used as a tracer for the photospheric 12C/!3C ratio
in CSEs, which is a good tracer of the stellar nucleosynthesis, but it might not be a
reliable tracer for the '2C/!3C ratio in UV irradiated regions as it is affected by UV
radiation. We want to test if the HY2CN/H'¥CN abundance ratio, a ratio which is not
affected by UV radiation, is a better tracer for the 12C/13C ratio than the 2CO/3CO
ratio. In this thesis, we model CSEs for two UV active AGB stars, W Hydrae and R
Leporis. We perform radiative transfer analysis of observed rotational transitions for
H'2CN and H'CN lines by use of accelerated lambda iterations, fit the observed data
to the calculated models, and measure the H*2CN/H!3CN isotopologue ratios using
initial abundance values provided from a good fit between model and data. For carbon-
rich R Leporis, we find that the H'?CN/H'3CN abundance ratio is consistent with the
previously reported '2C/13C ratio and show a small discrepancy with the previously
reported 2CO/'¥CO ratio. This result suggests that the H*2CN /H!3CN ratio can be a
more reliable tracer for the C ratio in UV dominated CSEs for carbon-rich AGB stars
than the previous commonly used CO ratio. For oxygen-rich W Hydrae, our analysis
predicts an H2CN/H'3CN ratio consistent with the previously reported 2C/13C and
12C0/13CO ratios. In future work, we suggest observing several oxygen-rich UV active
AGB stars and creating a larger sample of HCN ratios. By looking at the overall trend
in the comparison between HCN ratios and CO and C ratios, we hope to increase our
understanding of the impact of UV radiation on the isotopic chemistry in CSEs for
oxygen-rich AGB stars.






Acknowledgments

First, I want to give a huge thank you to my supervisors Maryam Saberi and Sven
Wedemeyer. Thank you both for encouraging me, for your guidance and patience, for
helping me understand when I felt lost, and for including me in the excellent research
environment at ITA and in the solar/stellar group. I am grateful to have been a small
part of this. I want to especially thank Maryam, who has offered fantastic support
during this project, answering my questions and always being available on either chat,
zoom or in person for discussion.

I also want to thank my family and friends, especially my parents, for the support
and encouragement they have given me during this time. Thanks to my fellow stellar
cellar students for long lunch breaks filled with interesting conversations. A special
thanks to Olav, my clever brother-in-law, for proofreading this thesis. And last but not
least, I want to thank my friends Maria and Kaspara for being by my side since day
one at Blindern, for helping me, for making me laugh and for reminding me that school
is not everything.

Thank you all, I honestly don’t think I could have done this without you.






Contents

Abstract
Acknowledgments
Acronyms
1 Introduction
2 Theory
2.1 Stellar evolution . . . . . . ...
2.1.1 The main sequence . . . . . . . . ...
2.1.2 Red giant branch stars . . . . . .. .. . 0oL
2.1.3 Asymptotic giant branch stars. . . . . .. ... ...
2.1.4 Thermal-pulse AGB and helium shell flashes . . . . . .. ... ..
2.1.5 Massloss . . . . ..
2.1.6  Post-AGB and planetary nebulae . . . . . . ... ... ... ...
2.2 Circumstellar envelopes . . . . . . . . .. ... L
2.2.1 Mass-loss rate dependence on stellar properties . . . . . ... ..
2.2.2 Effects on CSEs from companion stars . . . . . . .. .. ... ..
2.3 UVoradiation . . . . . .. . ... . ..
2.3.1 Influence of UV radiation on CSE chemistry . . . . . . . ... ..
2.3.2  Sources of radiation . . . . ... ... L L
2.4 Rotational spectroscopy . . . . . . ... oL
2.5 Radiative transfer . . . . . . . ...
3 Sources and data
3.1 Radio astronomy . . . . . .. ...
3.1.1 Theradio window . . .. ... ... ... ... ... .......
3.1.2 Radio telescopes - APEX and ALMA . . . .. ... ... .....
3.2 Spectral classes . . . . . . ...
3.3 S0Urces ...
331 WHydrae . . . . . ...
332 RLeporis . . . . . ..
3.4 Observational data . . . . . . . . .. ... ... ...

iii

ix

© 00 1O k= w W

10
10
11
13
13
14
15
15
17



viii

CONTENTS

4 Method

4.1 Modelling

4.1.1 Accelerated lambda iteration
4.1.2 Radiative transfer analysis
4.1.3 Calculation of y?
4.1.4 Deriving the molecular ratios

Results

5.1 Grid values
52 WHya. .. ... .. ... ...,
5.2.1 H!3CN
5.2.2 H!?2CN
5.2.3 Plots
53 RLep ... ... .. ... .....
5.3.1 H!3CN
5.3.2 H2CN
5.3.3 Plots
5.4 Molecular ratios

Discussion and conclusion
6.1 12CO/1CO and 2C/B3C ratios

6.2 Discussion and conclusion

Bibliography



Acronyms

AGB: Asymptotic Giant Branch

ALI: Accelerated Lambda Iteration program
ALMA: Atacama Large Milimeter /submillimeter Array
APEX: Atacama Pathfinder EXperiment
C: Carbon

CLASS: Continuum and Line Analysis Single-dish Software
CNO: Carbon-nitrogen-oxygen

CO: Carbon monoxide

CoG: Curve-of-growth

CSE: Circumstellar envelope

E-AGB: Early Asymptotic Giant Branch
GALEX: Galaxy Evolution Explorer
GHz: Gigahertz (10° Hz)

H: Hydrogen

HB: Horizontal Branch

HCN: Hydrogen isocyanid

He: Helium

H-R: Hertzsprung-Russell

HSC: Harvard Spectral Classification
ISM: Interstellar medium

ISRF: Interstellar radiation field

LTE: Local thermodynamic equilibrium
MHz: Megahertz (10 Hz)

MS: Main sequence

N: Nitrogen

O: Oxygen

PHz: Petahertz (101° Hz)

PN: Planetary nebula

PP: Proton-proton

RFI: Radio frequency interference

RGB: Red Giant Branch

RT: Radiative transfer

SE: Statistical equilibrium

SGB: Subgiant Branch



CONTENTS

SRV: Semiregular variable

THz: Terahertz (1012 Hz)

TP-AGB: Thermal-Pulse Asymptotic Giant Branch
UV: Ultraviolet

ZAMS: Zero Age Main Sequence






Chapter 1

Introduction

Low- and intermediate-mass stars (0.8-8 M) enrich the interstellar medium (ISM) by
losing mass and ejecting it into space in the late stages of their life cycle, the asymp-
totic giant branch (AGB) phase. A cloud of gas and dust surrounding the star, called
a circumstellar envelope (CSE), is created. A schematic overview of a CSE is presented
in figure 1.1. Through studying these CSEs by looking at observations of molecular
species, we can learn a lot about late stellar evolution, CSE chemistry, mass-loss pro-
cesses and their dependence on stellar properties. However, the CSEs are hard to model
precisely.

The photospheric 2C/13C ratio in CSEs is a good tracer of the stellar nucleosyn-
thesis, but it is difficult to make a direct estimate of this ratio from observations. This
is because we are unable to distinguish the spectral lines of two isotopes observationally
with the currently available observation facilities. The 2CO/!3CO isotopologue ratio
has therefore been used as a tracer for the 2C/13C ratio (Saberi et al., 2017). However,
selective photodissociation by UV radiation is happening to the different CO isotopes
in CSEs, where the chemical compounds are broken down by photons, thus impacting
the 12CO/!3CO isotopologue ratio. The dissociation is selective because it happens
through line dissociation (see section 2.3). Furthermore, the '2CO molecule is more
abundant than the '3CO isotopologue, and is therefore subject to more shielding (see
section 2.3.1) than the ¥CO isotopologue (Habing & Olofsson, 2003). This is why the
12C0/'CO abundance ratio is varying when affected by UV radiation. It has also been
shown by observations that the '2CO/!3CO ratio varies over the CSE (Vlemmings et al.,
2013). These facts indicate that the 2CO/!3CO ratio can not necessarily be used as a
tracer of the '2C/!3C ratio, being affected in UV irradiated regions. Instead, it might
be preferable to use hydrogen isocyanide (HCN) abundance ratio, H*2CN/H3CN, as
this ratio is not affected by UV radiation, making it much more reliable.

In this thesis, we will model CSEs for two different sources, AGB stars W Hydrae and
R Leporis, as these stars are close by, UV active, and show a discrepancy with the previ-
ously measured 2C/13C and 2CO /¥ CO abundance ratios. We will look at and perform
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radiative transfer analysis of observed H'?CN and H'3CN lines taken with the Atacama
Pathfinder EXperiment (APEX) and the Atacama Large Millimeter /submillimeter Ar-
ray (ALMA) and compare these with lines created by the model. When good fits
between models and data are found, we determine the H*2CN /H!3CN abundance ratios
and compare these to previously measured 12CO/3CO and '2C/!3C abundance ratios,
in order to see if they are similar to the C ratios or not. By comparing these ratios, the
aim is to quantify the impact of UV radiation on the CO and HCN isotopologue ratios
in the outflow of these objects.
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Figure 1.1: Schematic overview of a CSE surrounding an oxygen-rich AGB star. Image
is not to scale. Credit: Decin et al. (2010).



Chapter 2

Theory

As time goes by, fusion processes happen within the stellar core and the surrounding
layers, the stars evolve and move into different stages in their life cycle. The end result of
the stellar life depends on different factors, most notably the stellar mass. We will focus
mainly on the low- and intermediate-mass stars (0.8-8 Mg ), which enter the asymptotic
giant branch (AGB) phase in the late stage of their evolution, and the circumstellar
envelope (CSE) surrounding them due to the mass loss of the star. These CSEs are
complicated as their chemistry and shape can be affected by various aspects such as
UV radiation, companion stars and stellar properties, which makes them hard to model
but also interesting to investigate further. The CSEs enrich the interstellar medium
(ISM), and we want to learn more about their chemistry, mass-loss processes and late
stellar evolution. In this section, topics relevant for understanding AGB stars, mass-
loss processes and CSEs are presented, in addition to UV radiation and its effect on
the CSE chemistry. Additionally, we will look at rotational spectroscopy, a method for
investigating the chemical composition in CSEs, and go through basic radiative transfer
(RT), a useful technique for interpreting observational data of AGB stars and CSE
chemistry.

2.1 Stellar evolution

The Hertzsprung-Russell (H-R) diagram is commonly used to categorize stars, present-
ing stars in different stages in their life cycle. The H-R diagram displays the lumin-
osity and the effective temperature on the y- and x-axis respectively, presented in
figure 2.1. The different spectral classes are presented in section 3.2. A star is on
the main sequence in the H-R diagram when it fuses hydrogen (H) to helium (He) in
the stellar core, so that the core density increases and gravitational potential energy
is released. Consequently, half of the energy goes to increasing the gas temperature
(thermal energy) and the rest radiates away. A thermal gas pressure sufficiently strong
enough to stand against the inward contracting gravitational forces is created, prevent-
ing the star from shrinking under the influence of gravity, and maintaining the balance
between the forces. A star is in hydrostatic equilibrium when the forces causing the
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envelope to contract and expand are in balance (Carroll & Ostlie, 2014). The fol-
lowing theory on stellar evolution is based on An introduction to modern astrophysics,
second edition, by Bradley W. Carroll and Dale A. Ostlie (Carroll & Ostlie, 2014) and
Mass loss of stars on the asymptotic giant branch by Hofner and Olofsson (Hofner &
Olofsson, 2018).
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Figure 2.1: Hertzsprung-Russel diagram presenting the stellar life cycle. Image collected
from eso.org (ESO, 2007).

2.1.1 The main sequence

When a star is on the main sequence, H is fused to He through the proton-proton
chain (PP-chain) and the carbon-nitrogen-oxygen cycle (CNO-cycle). The PP-chain
dominates in stars with masses equal to or less than the Sun and requires a minimum
temperature of 4 x 10% K. This chain can evolve through three different branches, and
the first two reactions in all of the chains are:

H+ {H— 2H+e" + 1, (2.1)
H+ 1H — 3H++. (2.2)

The first reaction is very slow as the decay of a proton to a neutrino on average
takes a billion years for an individual proton. Then follows the three branches:

ppl = 3He+ 3He — 3He+21H (2.3)
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SHe+ 3He — IBe+r~
ppll ¢ Be+e™  — TLi+ue (2.4)
ILi+ 1H — 23He

SHe+ 3He — IBe+r~
Be+ {H — B
pplll ;*Be 1 g 7 . (2.5)
= — Be+tem +1e
8Be — 2 3He

where 1, is the electron neutrino produced, and the s are energy outputs from each
reaction (Salaris & Cassisi, 2005).

The CNO-cycle is dominant in stars with masses larger than 1.3Mg (Salaris &
Cassisi, 2005), as it is much more temperature dependent than the PP-chain, and is
effective at temperatures above 107 K. The two first branches in the CNO cycle are
presented below,

$C+ H = PN+4q
%3N — é?’C +et 41,
ISC lH N 14N
ONOSPIC R (2.6)
TN+ H = g0+
0 — BN +et + v,
PN+ [H — §2C
BN+ 1H — 50+y
IGN 1H - 17F
eNo-md £ 8 -+ (2.7)
§'F — 'O+ efue
§0+ 1H — "N+ jHe

When all the H in the core has burnt up, a core consisting of He remains. The
thermal gas pressure is now no longer strong enough to stand against the inward con-
tracting gravitational forces, which becomes dominant and the core starts to contract.
The balance between the forces is no longer maintained, consequently the star is no
longer in hydrostatic equilibrium and starts to move off the main sequence.

As the core contracts, gravitational potential energy is released. Consequently a
thick shell of H starts to burn as the temperature outside the core increases sufficiently.
The core radius then decreases and the luminosity increases slightly. The shell continues
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to burn H, thus the core increases in mass until it reaches the Schonberg-Chandrasekhar
limit, which is defined as "the maximum fraction of a star’s mass that can exist in an
isothermal core and still support the overlying layers" (Carroll & Ostlie (2014), p. 497).
The core then starts to contract rapidly, leading to expansion of the overlying envelope
and a decrease in temperature. This is called the subgiant branch (SGB) Carroll & Ost-
lie (2014). In figure 2.2, a schematic H-R diagram of the different stages of evolution for
a 5 Mg star is presented, from Zero Age Main Sequence (ZAMS) to white dwarf phase,
where ZAMS is the time when a star first enters the main sequence. The different stages

of stellar evolution labeled in the figure will explained in the following sections.

PN formation Post-AGB
Superwind

Second
. é’ [~ dredge-up
_ 3 He core exhausted P He Cf)re
5 % burning
) 3 @
=) (>3
Fl\%
= o Overall ~_.
Yntraction First dredge-up
H core
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To white dwarf phase 5M.

-<—Log o (T,)

Figure 2.2: A schematic H-R diagram presenting the evolution of a 5 My, star from Zero
Age Main Sequence (ZAMS) to white dwarf phase. Credit: Carroll & Ostlie (2014).

2.1.2 Red giant branch stars

As the stellar envelope expands and the effective temperature decreases, the star be-
comes larger, cooler and redder. It has entered the red giant branch (RGB) and is now
a red giant (see figure 2.2). Fusion of He in the core of the red giant produces a stellar
core consisting of carbon (C) and oxygen (O), a C-O core. A convection zone near the
surface is created as the stellar envelope expands and the temperature decreases. As the
evolution of the star continues, the base of this convection zone will extend deep into
the star’s interior, transporting material chemically modified by nuclear processes from
deep regions of the star to the surface, mixing the processed material with the material
above. This transport of materials is known as the first dredge-up phase (Carroll &
Ostlie, 2014). These dredge-ups are essential for collecting information about stellar
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nucleosynthesis from observations.

At the tip of the RGB, the central temperature and density are now high enough to
start fusion of He to C through the triple-alpha process,

3He + 3He — §Be

2.8
§Be+ dHe — {’Be+y 28)

Triple-« {

The H burning shell remains the dominant source of the star’s luminosity, thus as
the core expands, the shell is pushed outwards, resulting in a decrease in luminosity at
the same time as the effective temperature starts to increase again. This phase is called
the red giant tip (Carroll & Ostlie, 2014). Directly after the red giant tip follows the
horizontal branch (HB), where the triple-alpha process fuses He in the core and the CNO
cycle fuses H in the surrounding shell (see figure 2.2). When the star reaches its most
blueward point, the core starts to contract due to the increased mean molecular weight
of the core, which thus increases the core temperature. Consequently, the He-burning
shell gets stronger and the material above expands and cools, which temporarily turns
off the H-burning shell. After a while, as the core continues to contract, it will cool
due to the increase in neutrino production (Carroll & Ostlie, 2014). After the low- and
intermediate-mass stars come out of the subsequent central He-burning stage, leaving
a C-O core, the nuclear burning in the stellar core is over for these stars and they enter
the AGB phase.

2.1.3 Asymptotic giant branch stars

The AGB phase is a late stage in the evolution of a low- and intermediate-mass star
(0.8-8My). AGB stars are cool, luminous stars placed above the RGB stars on the
H-R diagram (see figure 2.2). They have lower effective temperatures, in the range of
1500-3000 K (Carroll & Ostlie, 2014), high luminosities, a few 10° to a few 10* L®, and
typically a radius of several hundred solar radii. They are powered by the burning of
H and He in thin layers surrounding the C-O core. This stage is the final evolutionary
stage before the star becomes a white dwarf (Hofner & Olofsson, 2018).

In the early-AGB phase (E-AGB) the star consists of a core of C-O followed by a
He-burning shell, a He shell, and then a H-burning shell surrounded by a H,He envelope
(see figure 2.3). At this stage, the H-burning shell is nearly inactive and the He-burning
shell is the dominant source of output energy. Then a second dredge-up happens, this
time leaving a convection zone reaching even deeper into the star’s interior.
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Figure 2.3: Schematic illustration of the structure of a 5 Mg AGB star. Image is not to
scale. Credit: Carroll & Ostlie (2014).

2.1.4 Thermal-pulse AGB and helium shell flashes

Near the upper portion of the AGB phase (see figure 2.2), called the thermal pulse AGB
(TP-AGB), the H-burning shell will eventually awaken and again become the star’s dom-
inant source of energy output, as the decreasing He-burning shell will start to turn on
and off quasi-periodically and create what is called helium shell flashes. These occur
because He ash is dumped from the H-burning shell onto the underlying He layer. Con-
sequently, the base of the He shell becomes slightly degenerate as the mass of the shell
increases. The He shell base temperature increases sufficiently so that a helium flash
occurs, pushing the H-burning shell outwards, thus cooling it down and turning it off for
some time. Eventually, the process will be repeated as the H-burning shell recovers and
the burning in the He shell decreases. For stars near 5 Mg, the period between these
pulses can be thousands of years, and hundreds of thousands of years for lower mass
stars around 0.6 Mg, - the period time is a function of star mass (Carroll & Ostlie, 2014).

As a consequence of the increase in energy flux during a helium shell flash, a third
dredge-up happens. Now the convection zone reaches even deeper into the star’s interior,
bringing up C-rich material to the surface, affecting the star’s ratio of O to C. Multiple
third dredge-ups can happen, consequently transforming an O-rich spectrum to a C-
rich spectrum over time. The three chemical types of AGB stars are C-rich (C/O >
1), S-type (C/O = 1) and O-rich (M-type C/O < 1). As previously mentioned, the
dredge-ups are important for collecting information about stellar nucleosynthesis from
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observations. In our thesis, we look at observations of an O-rich and a C-rich AGB star
(see section 3.3) and compare our results with previously measured CO and C ratios (see
section 6.1). The dredge-ups make it possible to collect necessary information about
elements relevant to our research question (see section 1).

2.1.5 Mass loss

After the TP-AGB phase, in stars with original masses of 8 My or less, more and more
of the He in the He-burning shell will first be converted into C and then into O, thus
increasing the mass of the C-O core as it at the same time contracts slowly. This will
increase the central density in the core sufficiently enough so that electron degeneracy
pressure begins to dominate.

Nuclear burning in the C-O core of stars with ZAMS masses less than 4 Mg will
never happen because the core will never become large or hot enough. But, according
to theory, if the effects of mass-loss are ignored, when the C-O core mass increases suf-
ficiently for AGB stars with initial masses between 4-8 Mg, the hydrostatic equilibrium
in the core can no longer be maintained, even with the help from the degenerate electron
gas pressure. A catastrophic core collapse should then happen, but it does not. The
reason for this is the enormous mass-loss rates, causing the core mass to never exceed
the Chandrasekhar limit - "the maximum value of 1.4 Mg for a completely degenerate
core" (Carroll & Ostlie (2014), p.514). Compositions of O, neon, and magnesium are
created in the core due to additional nucleosynthesis in stead of collapse.

In order for mass loss to happen, the atmospheric gas needs to be accelerated bey-
ond the escape velocity, and for such an event to happen, a process sufficiently effective
enough is required, e.g. shock waves triggered by stellar pulsation. It is also believed
that the mass-loss mechanisms has something to do with the helium shell flashes (Car-
roll & Ostlie, 2014). The AGB star’s high luminosity and low surface gravity, ~ 4-5
orders of magnitude lower than for a Sun-like star, which in combination with radiation
pressure on the dust grains makes it easier for the material to escape from the surface
layers, may also be a possible cause of mass loss. Our understanding of the mass-loss
mechanisms is currently poor.

Nevertheless, as the star loses mass, escaping materials of gas and dust are ejected
into space creating a surrounding cloud called a circumstellar envelope (CSE). As the
evolution of the AGB star continues, the mass decreases as the luminosity and radius
increase, leading to an acceleration in mass-loss rate with time, which also indicates an
even lower surface gravity and thus surface material that is less tightly bound. In addi-
tion, a so called superwind is developed in the very end of the AGB evolution, resulting
in a huge mass-loss rate of 107*M® /yr. After a long period of increasing mass loss
during the AGB evolution, this is the final mass-loss stage.

As mentioned, our current understanding of the mass-loss mechanisms is poor. In
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order to be able to develop a good theory of mass loss of AGB stars, a realistic model of
wind acceleration, which is hard to understand, is needed. At the present time, it is not
possible to precisely predict the mass-loss rate of AGB stars based only on stellar para-
meters. A better understanding of the mass-loss process can be achieved by studying
various properties of the CSE, such as magnitude, geometry and composition, and its
dependence on stellar parameters, e.g. mass, metallicity and luminosity. Information
about the chemical composition and sizes of dust grains can be obtained by high-angular
resolution observations (Hofner & Olofsson, 2018).

2.1.6 Post-AGB and planetary nebulae

As the star enters the post-AGB phase (see figure 2.2), where it continues to lose mass,
the expanding cloud eventually becomes optically thin and exposes the hot central star.
The star will then cool down and become a white dwarf, which is basically the old
degenerate C-O core of the red giant surrounded by a thin layer of H and He remains
ejected from the star. As time goes by, the CSE will evolve into a planetary nebula
(PN), surrounding the white dwarf progenitor.

2.2 Circumstellar envelopes

As an AGB star loses mass, it ejects massive outflows of gas and dust into space,
consequently enriching the ISM with materials originating from deep within the star
brought to the surface by the convection zones during the dregde-up phases. This
escaping material creates a CSE, a cloud of gas and dust, surrounding the AGB star.
An illustration of an AGB star and its CSE is presented in figure 2.4, and an image
taken with the Atacama Large Millimeter /submillimeter Array radio telescope (ALMA)
showing a CSE surrounding the star R Sculptoris is presented in figure 2.5.

Degenerate Convective ‘ Dynamical ‘ Circumstellar @
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molecule | [dust molecule destruction IR
formation| |formation| |and formation [onrEidn
. €O, H,, H,0, silicates, H,0—OH+H OH—O0+H
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Figure 2.4: An illustration showing the physical processes in an AGB star and its CSE.
Image collected from Hofner & Olofsson (2018). Credit: S. Liljegren.
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Figure 2.5: Observations of 2CO transition 3-2 taken with the Atacama Large Milli-
meter/submillimeter Array (ALMA) in the submillimetric wavelengths of AGB star R
Sculptoris showing the CSE surrounding it. This particular CSE has the shape of a

spiral, which most likely is due to the presence of a companion star. Image collected
from ESO (2012).

2.2.1 Mass-loss rate dependence on stellar properties

The mass-loss rate depends on stellar properties like mass, luminosity, effective tem-
perature, and metallicity. In order to better understand CSEs, we need to look at the
mass-loss rates. In 1975, Reimers, D. (1975) introduced a relation describing the de-
pendence of mass-loss rate on stellar characteristics, based on observations of cool, giant
stars, to be:

M x L,R,/M,, (2.9)

where M is the mass-loss rate and L.,R. and M, are the star’s luminosity, radius and
mass respectively. This attempt on determining the empirical mass-loss law with a
simple relation was later shown to not be a satisfactory description of AGB mass loss
(Hofner & Olofsson, 2018). The relation is more complicated as different factors may
affect the mass-loss rate.

Effective temperature

It is expected that the temperature in the stellar atmosphere affects dust condensation
and thus mass loss. Hofner & Olofsson (2018) summarize that no obvious mass-loss rate
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dependency on the effective temperature is found for low- and intermediate mass-loss
rate stars, but that when higher mass-loss rate stars are included, a small increase in
mass-loss rate as the effective temperature decreases is seen for C stars.

Metallicity

Metallicity is defined as the abundance of elements that are heavier than H and He with
respect to H. Cummings et al. (2016) came to the conclusion that the total amount of
the mass loss did not strongly depend on the metallicity, but that the terminal wind
velocity and dust-mass-loss rate decreases with metallicity. This is the case mostly for
O-rich stars, and, if the metallicity is sufficiently low, also for C-rich stars (Hofner &
Olofsson, 2018).

Luminosity

The mass-loss rate shows a positive luminosity dependence, but an exact scaling law is
difficult to identify, due to the large scatter in data. Also, the luminosity often changes
together with other parameters, e.g. mass and effective temperature, during the AGB
evolution. So when separating the luminosity dependence, the main problem is caused
by the influence of these parameters (Hofner & Olofsson, 2018). A study of nearby AGB
stars by Danilovich et al. (2015) presents a scaling law

M o L5, (2.10)

which is not unreasonable, as this means that the range of mass-loss rates can be connec-
ted to a range in luminosity corresponding to a factor of around 4 (Hoéfner & Olofsson,
2018). Other scaling laws found through different studies have also been presented,
mainly for extragalactic objects (e.g. Goldman et al. (2017), Jiménez-Esteban & En-
gels (2015), Srinivasan et al. (2009) and Groenewegen et al. (2009)). Nevertheless, no
profitable scaling law has been formulated.

Pulsation properties

Another property that may have an impact on the mass-loss rates is the pulsation
properties, the regularity and amplitude of the pulsation. Hofner & Olofsson (2018)
summarize that based on observations of the three chemical types of AGB stars, C-rich,
S-type, and O-rich, an obvious positive trend of mass-loss rate with period is found in
the range of 300 to 800 days, and that stars with periods longer than 800 days has
reached their maximum mass-loss rate. Additionally, the mass-loss rates for Mira and
semiregular variables (SRV), stars whose brightness fluctuates when seen from Earth, in
the period range 300 to 400 days appear to cover basically the same mass-loss range as
for SRVs with periods of less than 200 days. To summarize, the mass-loss rates increase
with pulsation period, but has a saturation effect when the period is longer than 800
days (Hofner & Olofsson, 2018).
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Mass

It is difficult to determine the effects stellar mass has on mass-loss rate, as the observed
sources have different masses, both initial and current, even though it is probable that
the current mass of the AGB stars affects the mass loss as it defines the gravitational
potential. It is difficult to determine, but it should be possible, if other parameters are
pinned down, to find it by use of the pulsation properties of the star (Hofner & Olofsson,
2018). In 2007, Wood (2007) found no obvious connection between the mass-loss rate
and current star mass.

2.2.2 Effects on CSEs from companion stars

A companion star can affect both the AGB star and the large-scale structure of the
CSE, by shaping the wind of the star with its gravity and radiation, and, depending
on the distance, it may also affect the physics of the mass-loss process. Consequently,
the companion star can enhance the outflow by modifying the gravitational potential
of the AGB star and adding angular momentum to the outer layers. The two main
effects a companion star has on the CSE are that it directs CSE material to the orbital
plane, which consequently flattens the CSE, and that the density structure of the CSE
is modulated, which then can take the form of a spiral (in 3D). The first is caused by
the gravitational attraction of the companion, and the second is a consequence of the
reflex motion of the mass-losing star (Hofner & Olofsson, 2018).

Other characteristics of the companion star, like a strong wind, can also alter the
conditions of the wind acceleration region of the AGB star. In addition, if the companion
star has a hot radiation field, this might affect the dust formation negatively (Hofner
& Olofsson, 2018). Another non-gravitational effect the companion star can have on
the CSE is UV radiation, which will be explained further in section 2.3.1. Determining
the shape of a CSE from observations is a complicated process. In the case of exposure
to UV radiation, the RT modelling of dust and line emission using the standard CSE
model, where sphericity is assumed, is unreliable for deriving the mass-loss rate, because
the distortion of the CSE is so large.

2.3 UV radiation

Ultraviolet (UV) radiation is electromagnetic radiation in the wavelength range from
10nm to 400 nm (30 PHz to 750 THz). Molecular photodissociation/photoionization by
UV radiation affects the chemistry of the CSE surrounding the AGB star. Whether
the dissociation happens through line dissociation (molecular dissociation only from
absorption at specific frequencies) or continuum dissociation (molecular dissociation
from all absorptions) depends on the structure of the molecule (Saberi et al., 2019). As
mentioned in section 1, the dissociation of CO happens through line dissociation, as op-
posed to the dissociation of hydrogen isocyanide (HCN), the molecule we observe, which
happens through continuum dissociation. Molecules with line dissociations are subject
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to selective photodissociation. Consequently, exposure to UV radiation can cause vari-
ations of their isotopologue ratios from the initial abundance (where isotopologues are
molecules that have a different isotopic composition than their parent molecule). This
is due to the different amounts of shielding, which depend on the molecular abundances.

2.3.1 Influence of UV radiation on CSE chemistry

By studying molecules and isotopic ratios in CSEs, we can obtain information about
several different factors, such as the AGB stars’ impact on the ISM and their chemical
enrichment, their initial mass and stage in evolution. CO is the most abundant spe-
cies in the CSEs, next to Hs, and is therefore amongst other things a great mass-loss
rate estimator, by looking at CO rotational line emission at millimeter /submillimeter
wavelenghts. The energy levels are easily collisionally exited, and this factor combined
with the high abundance gives us strong lines. Additionally, the energy level structure
is simple (Hofner & Olofsson, 2018).

The photospheric 12C/13C ratio is a good tracer of the stellar nucleosynthesis. The
deep convection zones created during the stellar evolution (see section 2.1.2) transport
material chemically modified by nuclear processes to the surface from regions deep into
the star’s interior. During the third dredge-up phase (see section 2.1.4), C-rich materials
are brought to the surface, but it is difficult to make a direct estimate of the 2C/3C
ratio from observations (Saberi et al., 2017). This is because the spectral lines of two
isotopes can not be distinguished observationally with the currently available obser-
vation facilities. The '2CO/'CO ratio has been used as a tracer of the photospheric
12¢ /13C ratio, however CO is affected by UV radiation, as mentioned in section 2.3, by
dissociation through line dissociation.

Photodissociation is the dominant process destroying CO and determining the abund-
ance distribution of CO at the outer CSE. It happens at wavelength range 911.75-1117.8
Angstrom (Saberi et al., 2019). The reason the 2CO/3CO abundance ratio is varying
is because the '2CO molecule is more abundant than the CO isotopologue, thus it
is subject to more shielding than the 3CO isotopologue. This shielding includes self-
shielding and mutual shielding. Self-shielding is the process where the CO molecule
closer to the UV source absorbs the UV photons with a specific wavelength that may
result in its dissociation, and mutual shielding is shielding by other abundant species,
e.g. Ho and dust particles which are dissociated at the same wavelengths (Saberi et al.,
2019). When UV photons are absorbed by dust in the CSE, it causes the dust to slightly
increase in temperature. As a consequence, the dust reradiates, as a blackbody, the ab-
sorbed energy in the far-infrared /mm part of the spectrum. Thus the 2CO/3CO ratio
will vary as "2CO and '3CO are affected differently by the UV radiation.

High resolution ALMA observations have also shown that the 2CO/3CO ratio
varies over the CSE, indicating that this ratio not necessarily can be used as a reliable
tracer for the photosperic value, as it is affected in UV irradiated regions (Saberi et al.,
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2017). Instead, it is suggested to use the isotopologue H2CN/H'3CN ratio. This ratio
is not affected by UV radiation as the H'2CN and H'*CN molecules are equally affected
by UV radiation, as dissociation happens through continuum dissociation (see section
2.3). It is important to have a correct estimate of the tracer of C as this can tell us a lot
about the stellar nucleosynthesis. It is therefore of interest in this thesis to investigate
to whether the H2CN/H'CN abundance ratios in CSEs can be a better tracer of the
12C/13C ratio, by comparing our results with previously measured 2CO/3CO and
12¢/13C ratios.

2.3.2 Sources of radiation

The source of the radiation can be external, e.g. the interstellar radiation field (ISRF),
or internal, e.g. the AGB star itself and the stellar activity in the chromosphere or a
close companion star. O- and B-type stars, which are large, luminous and heavy stars
(see section 3.2), are the main sources of UV radiation from the ISRF. How much the
CSE chemistry is affected depends on the strength of the field, and how much the ISRF
manages to penetrate into the CSE depends on parameters like clumpyness, geometry
and the composition of dust in the cloud. The UV radiation will penetrate deeper
into the CSE if the clumpyness is high in comparison to a less clumpy CSE with the
same average column density (Meixner et al., 1992), and as a consequence the chemical
composition in the CSE can be changed (Van de Sande et al., 2018).

2.4 Rotational spectroscopy

It is possible to investigate the chemical composition of CSEs by looking at molecules
in the gas phase and the energies between their quantized rotational states (J). This
method of measuring the rotational transitions is called rotational spectroscopy. The
rotational transitions have energies proportional to 1-10 cm ™!, meaning they lie at 0.1-
10 mm. Rotational spectroscopy is referred to as microwave spectroscopy (McQuarrie,
D. A.,2007). The following expression describes the energy difference between rotational
level J and J+1:

Ejpi—E;=B(J+1)(J+2)—BJ(J =1)=2B(J +1), (2.11)

where J=0,1,2,.., the photon energy is £ = hv (h is the Plack constant and v is the
photon frequency) and B = h?/21 is the rotational constant (A is 1.05457 x 10~3% m?kg /s
and I = pl? is the moment of inertia) (McQuarrie, D. A., 2007). The rotational energy
levels J are illustrated in figure 2.6. It is common to use the unit cm™! (wave numbers)
in spectroscopy, so in order to convert from units of energy to the unit of wave number,
B is written as

(2.12)

where ¢ = 2.998 x 10'° cm/s is the speed of light.
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Molecular excitation can occur by collision or radiation. A molecule can get excited
to a higher energy level J by colliding with a particle which transfers enough kinetic
energy to excite the molecule. Another possibility is when a molecule is hit by a photon
and absorbs the radiation. The energy needed for the transition to happen has to be
equal to the energy of the photon. In the inner region of the CSE, the Hs gas density is
higher, thus the collision rate is greater. In addition, the radiation from the central star
is stronger. Consequently, molecules get excited more easily in the inner regions than
in the outer, as a higher gas density increases the probability of many molecules getting
excited to higher energy levels by collision. The higher J transition, the more energy
is needed for a transition to happen (see figure 2.6). We therefore expect the higher J
transitions, e.g. 10 to 9, to probe the inner region of the CSE, as this is where it is
most likely to find molecules in higher energy states. In the outer parts of the CSE, the
gas density and temperature are lower. Therefore, we expect low J transitions which
require less energy, e.g. 2 to 1, to get excited at the outer regions.

In this thesis, we will look at the rotational line observations of HCN in CSEs, both
H'2CN and H'3CN, in order to calculate the abundance ratio between them. HCN is
a linear molecule, with a triple bond between C and nitrogen (N) and can be observed
by looking at the transitions between rotational energy levels. As explained in section
2.3.1, we are interested in learning more about the H'2CN/H'3CN abundance ratio in
CSEs as this might be a more reliable tracer for the 12C/!3C ratio than the 2CO/3CO
ratio, which is affected by UV radiation. We will later compare this H'2CN/H*3CN ratio
with previously measured 2CO/3CO and 12C/13C ratios to gain knowledge about the
impact of UV chemistry in the CSEs.

Js .
AE=6B
JZ A
AE=4 B
JI I’y
AE=2B
Jy

Figure 2.6: Rotational energy levels (McQuarrie, D. A., 2007).
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2.5 Radiative transfer

Radiative transfer (RT) describes how radiation propagates through a medium, and
how the radiation is affected by absorption, emission, and scattering processes. It is
described mathematically through the RT equation,

d,

=l t e, (2.13)

where I, is the intensity along the line of sight in unit erg/(cm?ssr Hz) , is the linear
absorption coefficient in unit cm™! and ¢, is the emissivity in unit erg/(cm3ssr Hz), all
at frequency v (Hz). The first term is the "loss term" describing how much intensity is
lost from the beam, and the second term describes how much intensity is added to the
beam, after passing a distance s. If there is only emission or only absorption, x, = 0 or
€, = 0 respectively (Wilson et al., 2013). Equation (2.13) can be rewritten in order to
express the change in intensity by use of the optical depth. The ratio between €, and
Ky, called the source function S, and the optical depth, 7,,, can be defined as

€y
=5, 2.14
©os 219
and
dr, = —K,ds. (2.15)

By inserting equation (2.14) and (2.15) into (2.13), the RT equation can be written as
dl,

dr,

Il/ - Sl/7 (216)
which is a first order differential equation with the following solution,
Ty
I(ry) = 1,(0) 7™ + / Sy(ty) e” T at,, (2.17)
0

where I,,(0) is the background intensity and ¢, is the optical depth we integrate
over. The first term describes how much radiation is absorbed from the background
intensity and the second term describes how much radiation is emitted and re-absorbed.

The source function (equation 2.14) can also be expressed by use of Einstein coeffi-
cients when describing a transition between two states, u and [,

nuAul

Sul = (2.18)

L
By, — ny By

where A,; is the Einstein coeflicient for spontaneous de-excitation and By, is the Einstein
coefficient for radiative excitation, from state u to state [ and [ to u respectively, and
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ny, and n; are the populations of level u and [. In statistical equilibrium (SE), which is
what we consider when calculating the molecular level populations, the radiation fields
in all directions and frequencies, as well as the molecular level populations, do not vary
in time, indicating that the rate equation is

dni
dt

= 0. (2.19)
Following, the SE system of equations can be given as

Z[nuAul - (nlBlu - nuBul)jul]_

I<u

> A = (nuBu — mBu) Jul+

[>u
> (nuCu — mCly) = 0, (2.20)
u,l

where Cj; is the Einstein coefficient for collisional excitation and de-excitation (Cj,
is the number of collisional excitations from state [ to u and Cy; is the number of
collisional de-excitations from state u to [, both per second per particle in the first
index state), and J can be expressed as

- ;r/dQ/dye,,(u)L,(u), (2.21)

which is the mean intensity we get when we integrate the specific intensity I, over
Q (solid angle) and averaged over all directions p. 6, is a weight function and I, is the
specific intensity with frequency v along direction p. The radiative transfer equations
are presented in more detail in Rutten, R. J. (2003) and Rybicki, G. B. and Hummer,
D.G (1991). The code that will be used to interpret observational data in this thesis
solves equation 2.17 and 2.20. This code will be presented in Chapter 4.



Chapter 3

Sources and data

When trying to find how much the UV chemistry affects the CSEs chemistry, we select
two UV bright AGB stars observed with GALEX (Galaxy Evolution Explorer) (NASA
JPL, Accessed: 2022-04-26). We then compare 2CO/!3CO and '2C/!3C ratios from
previous research with the H'2CN/H!'3CN abundance ratios we find. In this section,
we will go through some basic radio astronomy and look at the two radio telescopes
used to obtain the data, ALMA (Atacama Large Millimeter/submillimeter Array) and
APEX (Atacama Pathfinder EXperiment). A general description of the different spec-
tral classes will be given, as well as a presentation of the two sources from which we have
received observational data. Frequencies, energies and J transitions for each molecule
observed are also presented.

3.1 Radio astronomy

Some information from stars, e.g. information about the photosphere, can be obtained
by looking in the optical wavelength range, since they are radiating as a consequence of
their high temperatures. Nevertheless, a lot of information is not visible to the naked eye
and other techniques are therefore required, e.g. radio astronomy techniques. These
techniques are beneficial and necessary when observing emission lines from evolved
stars as looking at the millimeter and submillimeter part of the spectrum can reveal
characteristics that are otherwise hidden in visible light. In addition, looking at this
part of the spectrum allow us to observe molecular line transitions for H?CN and
H'3CN (see section 2.4). Another favorable trait of using radio telescopes is that they
can be used both day and night, the radiation is still detectable as the light from the
Sun does not affect the observations and the atmosphere is transparent to radio waves.
In addition to the following description of radio astronomy, see Wilson et al. (2013) and
Wilson (2018) for more information.
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3.1.1 The radio window

Some, but not all types, of electromagnetic radiation penetrates easily through the
Earth’s atmosphere, depending on their wavelength (see figure 3.1). This results in an
optical and radio window where most radiation reaches the ground at sea level. On
the Earth’s surface, the radio window is approximately in the frequency range 15 MHz
to a high frequency cut-off at 1.5 THz, which corresponds to approximately 20m to
0.2mm in the wavelength range. These numbers are not fixed as they vary with time,
geographical position and altitude (Wilson et al., 2013). Mm and sub-mm astronomy
is an important tool when studying the birth of stars and star formation. The mm and
sub-mm range is marked in figure 3.1. Measurements in the mm and sub-mm range
requires great weather and accurate antennas.

Optical Telescope
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Figure 3.1: Figure illustrating the transmission of the Earth’s atmosphere for electro-
magnetic radiation, giving the atmosphere height at which the radiation is attenuated
by a factor of 1/2. Image collected from Wilson et al. (2013), p. 3.

This high frequency cut-off at 1.5 THz (~ 20m to 0.2mm) is caused by molecules
in the troposphere, mostly water vapor, HoO and Oy. This is because the resonant
absorption of the lowest rotation bands of these molecules fall into this frequency range.
Water vapor has bands at frequencies around 22.2 GHz and 183 GHz, which corresponds
to wavelength 1.35cm and 1.63mm respectively, and Os has a very strong band at
frequency 60 GHz, corresponding to wavelength 5mm. There are also other abundant
molecules in the atmosphere that cause absorption of astronomical signals, like No and
COq, but this happens at frequencies above 300 GHz (Wilson et al., 2013).
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In mm and sub-mm astronomy, effects of the troposphere are especially important.
For mm and sub-mm sites, an estimation of the total amount of HoO in the atmosphere
can be determined from measurements of the 183 GHz spectral line of water vapor. For
sites at sea level, the 22.2 GHz spectral line of water vapor is used. The scale height,
the altitude needed to go up for the quantity of e.g. water to go down by a factor of e,
Hy,o ~ 2km and H,j, ~ 8km for dry air. Additionally, the water vapor in the telescope
beam leads to absorption and variations in the noise input, and consequently to longer
integration times for observations. This is called "sky noise" (Wilson, 2018). Therefore,
it is favorable to carry out the measurements in elevated areas with a low amount of
water vapor. Such places would be high, dry sites.

It is not just molecules in the atmosphere that disturbs astronomical signals, radio
frequency interference (RFI) also has an impact. Man-made sources of radio signals,
such as cell phones, wireless networks, satellites and garage door openers, has an in-
creasing impact on astronomical observations. Computers and automobiles can also
emit very weak signals. It is therefore beneficial to place radio telescopes in places
that are sufficiently far enough away from any civilisation and man-made equipment,
in addition to a dry site due to the water vapor disturbances as previously mentioned.

3.1.2 Radio telescopes - APEX and ALMA

The Atacama Pathfinder EXperiment (APEX), presented in figure 3.2, is an antenna
with a 12-meter diameter, located on Llano de Chajnantor in the Chilean High Andes,
at an altitude of 5107 meters (ESO, 2009a). The APEX antenna was a collaboration
between Max Planck Institut fiir Radioastronomie (MPIfR), Onsala Space Observat-
ory (0SO), and the European Southern Observatory (ESO) (Giisten et al., 2006). It
operates at mm and sub-mm wavelengths between 0.2 to 1.4 mm (ESO, Accessed: 2022-
04-26). The half-power beam width for APEX is

0]"] = 7.8&, (3.1)

where v is the transition frequency.

The Atacama Large Millimeter /submillimeter Array (ALMA), presented in figure
3.3, is an astronomical interferometer consisting of 66 high-precision antennas also loc-
ated in the Atacama desert in Chile, 5000 meters above sea level. The main 12-meter
array has fifty antennas, where each antenna has a diameter of 12 meters, acting to-
gether as one telescope making it an interferometer. The last sixteen antennas complet-
ing ALMA is a compact array of four 12-meter and twelve 7-meter antennas. All the
antennas making up ALMA can be arranged in different configurations, varying from
the most compact configuration, with maximum baselines of 150 m, to the most exten-
ded configuration, with maximum baselines of 16 km. ALMA operates at wavelengths
of 0.32 to 3.6 mm, studying mm and sub-mm radiation (ESO, 2013).
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Figure 3.2: The APEX antenna located on the site of Llano de Chajnantor in the Chilean
High Andes, at an altitude of 5107 meters. Picture taken in March 2009. Image credit:
ESO (2009b).

Figure 3.3: The ALMA telescope 5000 meters above sea level on the Chajnantor Plateau
in the Atacama Desert of northern Chile. Image credit: A. Marinkovic/X-Cam/ALMA
(ESO/NAOJ/NRAO) (ESO, 2014).

3.2 Spectral classes

Stars are divided into different groups based on their spectra and temperature. In the
beginning of the 20th century, 7 spectral classes were developed based on absorption
lines from observations, O, B, A, F, G, K, and M, where O is the hottest and M the
coolest. Each of these letters were again divided into smaller groups from 0-9, where 0
is the hottest and 9 is the coolest. This system is called Harvard Spectral Classification
(HSC) (Physics & Universe, 2013).
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O-type stars are blue and violet giants and super giants that are extremely luminous
with a high mass, and most of their radiated output is in the ultraviolet range. O-type
stars are typically the first to leave the main sequence due to their high mass and very
hot cores burning up the H quickly. B-type stars are also very luminous blue and white
giants and super giants. Class A and F describes stars on the main sequence that has a
more white color, while G-type is more yellow. Our Sun is a G-type star. K-type stars
are cooler than the Sun and have a color closer to orange. M-type stars are red dwarfs,
red giants or super giants. Some red dwarfs are also a class K-type star. An overview of
the effective temperature, main sequence-mass, -radius and -luminosity (Mygs, Rys and
Lys respectively), color and share of stars in the HSC system on the main sequence are
presented in table 3.1 (Habets & Heintze, 1981) (Weidner & Vink, 2010) (Las Cumbres
Observatory, Accessed 2022-01-27).

The HSC system does not include stars in the beginning or end of their lifetime, so
when other types of stars were discovered by new telescopes many years later, additional
spectral classes were created. The extended spectral types are W, L, T, Y, C, S and
D. Class W describes hot, blue emission stars. These were once included as O-type
stars, but their spectra is lacking H lines in comparison. The classes L, T and Y, in
order from least to most cold, describes even cooler stars than M-type stars - cool red
giants and brown dwarfs. Class C and S describes cool giant carbon-stars, while the last
class D is a modern classification used for white dwarfs. All these additional classes are
also divided into sub classes (Britannica, Accessed 2022-01-27a) (Britannica, Accessed
2022-01-27b).

Class  Teg [K] Mwms [Me| Rus [Re] Lus [Lol Color Stars on MS |%)]

O > 30 000 > 16 > 6.6 > 30000 Blue and violet 0.00003

B 10 000-30 000  2.1-16 1.8-6.6 25-30 000 Blue and white 0.13

A 7500-10 000 1.4-2.1 1.4-1.8 9-25 White 0.6

F 6000-7500 1.04-1.4 1.15-14 1.5-5  White and yellow 3

G 5200-6000 0.8-1.04 0.96-1.15 0.6-1.5 Yellow 7.6

K 3700-5200 0.45-0.8 0.7-0.96 0.08-0.6 Orange 12.1

M 2400-3700  0.08-0.45 < 0.7 < 0.08 Red and orange 76.5

Table 3.1: Overview of the effective temperature, main sequence-mass, -radius and -
luminosity (Muys, Rvs and Lyg), color and percentage of stars in the HSC system on
the main sequence (Habets & Heintze, 1981) (Weidner & Vink, 2010) (Las Cumbres
Observatory, Accessed 2022-01-27).
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3.3 Sources

In this thesis, we will look at two UV active sources, W Hydrae located in the stellar
constellation Hydrae, and R Leporis located in the stellar constellation Lepus. These
stars are well known AGB stars located nearby, detected with GALEX, and therefore
suitable objects to observe. In addition, 12CO/13CO abundance ratios for these stars
can be found in previous research and show a discrepancy with measured C ratios.
These ratios will be discussed in more detail in section 6.1.

3.3.1 W Hydrae

W Hydrae (W Hya) is an O-rich Mira-type variable star, with a mass-loss rate of ap-
proximately 1.5 x 1077 Mg, /year located 78 pc from the Sun (Khouri et al., 2014), cor-
responding to approximately 254 light years. Mira variables are stars that are pulsating
so their brightness fluctuates when seen from Earth, they have pulsation periods longer
than 100 days and are characterized by a deep red color. W Hya has a pulsation period
of 390 days and is of spectral type M (AAVSO, 2022a). W Hya is the 7th brightest
star in the near-infrared J band (transmission window in the near-infrared from 1.1 ym
to 1.4 pm) with a magnitude of -1.7, making it even brighter than Sirius. In figure 3.4,
an image of W Hya and ejected molecules surrounding the star taken with ALMA is
presented.

Figure 3.4: An image of W Hya showing the ejected molecules AlO (presented in red)
and SiO (presented in yellow) surrounding the star. The image is taken with ALMA
band 7 at wavelength 836 um (ESO, 2017). Credit: ALMA [ESO/NAOJ/NRAO],
Takigawa et al. (2017).
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3.3.2 R Leporis

R Leporis (R Lep) is a C-rich, class M, Mira-type variable with a huge abundance of
C caused by dredge-ups. R Lep is highly evolved, very cool and radiates most of its
energy through red and infrared light. In addition, the C molecules absorb what is
left of blue light, causing the deep red color (NASA, 2018). It has a pulsation time
of 445 days (AAVSO, 2022b) and is located at a distance of 432 pc, corresponding to
approximately 1409 light years, in the stellar constellation Lepus. It has a temperature
of 2200 K, luminosity of 5500 L and mass-loss rate of 8.7 x 10~7 M, /year (Danilovich
et al., 2015). For lack of an image of R Lep taken with ALMA, an image of the AGB
star taken by Martin Pugh (2018) is presented in figure 3.5 for illustrative purposes.

Figure 3.5: An image of R Lep taken by Martin Pugh (2018).

3.4 Observational data

The single-dish and interferometric observational data from the two sources, W Hya
and R Lep, are collected with radio telescopes APEX and ALMA. The data reduction
is conducted in CLASS (IRAM, 2022) and Python, and the data analysis is performed
by use of the radiative transfer codes ALI and PRF (which will be described in more
detail in section 4.1.2).

For W Hya, we look at observations of rotational transitions of molecule H'2CN(.J=2-
1, 3-2) at frequency 177.26 GHz for J=2-1 taken with APEX and 265.89 GHz for J=3-2
taken with ALMA, and of H'¥CN(J=3-2, 4-3) at frequency 259.01 GHz for J=3-2 and
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345.34 GHz for J—4-3, both taken with APEX. For R Lep we look at H2CN (J=2-1,
10-9) at frequency 177.26 GHz for J=2-1 taken with APEX and 885.97 GHz for J=10-9
taken with ALMA, and at H'3CN(J=3-2, 4-3) at 259.01 GHz for J=3-2 and 345.34 GHz
for J=4-3, both taken with APEX. All the frequencies are collected from Splatalogue
(2022). An overview of the different sources, the observed transitions and corresponding
frequencies and energies of the upper level are presented in table 3.2. As mentioned
in section 2.4, different transitions are observed from different parts of the CSE, both
inner and outer. It is therefore beneficial to use observations of several transitions in
order to probe the whole CSE.

Source  Molecule Transition J Freq [Ghz| Telescope E, [K| Beam [arcsec]|

W Hya  H!?CN 2-1 177.26 APEX  12.76 35
(Oxygen) 3-2 265.89 ALMA  25.52 5
H3CN 3-2 259.01 APEX  24.86 24

4-3 345.34 APEX 4143 18

R Lep H'?CN 2-1 177.26 APEX  12.76 35
(Carbon) 10-9 885.97 ALMA  233.89 2
H3CN 3-2 259.01 APEX  24.86 24

4-3 345.34 APEX 4143 18

Table 3.2: Sources and molecules observed with APEX and ALMA, together with
transitions, corresponding frequencies and energies of the upper level. Frequencies and
energies are collected from Splatalogue (2022).

The reason why we are not looking at UV data as well is because we do not have
UV spectra for all sources. Furthermore, these sources are very dusty, and we do not
know how much dust there is, which makes it hard to find the initial UV radiation as
it gets absorbed by the dust (see section 2.3.1).
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By use of observational data, it is possible to explore AGB stars and CSEs with the
aim of increasing our knowledge about the CSE chemistry, the mass-loss rate, the AGB
stellar evolution and the effects of UV radiation. As explained in section 2.3.1, it is
of great interest to look at the H'2CN/H'3CN abundance ratio since this might be a
more suitable tracer than the 12CO/13CO ratio for the 2C/!3C ratio in UV irradiated
regions in CSEs. With this goal in mind, analysis of observational data by use of
rotational spectroscopy and RT is beneficial in order to find H'2CN/H'3CN abundance
ratios. In this section, we explain how the observations of H'2CN and H'CN lines are
used to look at rotational transitions, and how the data is reduced and analysed. In
addition, a brief description of how to create functional files for the RT code used when
analysing the data is given, and how to calculate the uncertainty between the model
and data is presented. By doing this, values providing a good fit between models and
data are found, including the initial abundance values which is used to calculate the
H'2CN/H'3CN abundance ratios. Lastly, how to calculate the HCN ratios is explained.

4.1 Modelling

We have received observations of several rotational transitions of H2CN and H¥CN
lines for two different sources, W Hya and R Lep. In order to be able to interpret these
observations, an RT code will be used, solving the RT equations, presented in section
2.5, by use of accelerated lambda iterations.

4.1.1 Accelerated lambda iteration

The accelerated lambda iteration is a numerical scheme which is helpful when modelling,
amongst other things, stellar atmospheres. The idea behind this method is to use an
operator like the exact lambda operator A,, producing an angle averaged intensity .J,
and a source function S, (2.14), but more approximate than exact, called A*. By doing
so0, it allows implementations that are very fast and also sufficiently precise. The exact
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lambda operator is split up and defined by use of A*,
Ay =N+ (A, — AY), (4.1)
giving a mean intensity
J, = A*[S]+ (A, — A")[S], (4.2)

that is still exact because it is defined by use of lambda operators, which operate upon
the source function.

The classical lambda iteration is
S+ — (1 — )A[S™] + €B, (4.3)
where n is the iteration step, € is the destruction probability per extinction for coherently

scattering two-level atoms defined as

a
€, = Yy (4.4)

a s’
oy, + o,

where of is the partial extinction coefficient when absorption is used for extinction and
o) is when scattering is used, and B is the Planck’s law

2hv? 1
2 h ,
¢ gt — 1L

B(w,T) = (4.5)

where v is the frequency, T is the temperature, kp is the Boltzmann constant, A is the
Planck constant and c is the speed of light in the medium.

The classical lambda iteration can then for the case of two-level atoms with coherent
scattering be written as

SO = (1 - A STV + (1 e)(A, — A*)[S™] + B (4.6)

Moving the first term on the right hand side to the left hand side and reshuffling equation
(4.6) gives

ST+ (1 — A ST = (1 — e)A, [S™] + eB — (1 — ) A*[S™)]
= SFS — (1 — e)A*[S™M)], (4.7)

where S™ = (1 — €)A,[S™)] + €B is defined as the formal solution. Further, the new
estimate is found from inverting and gives

S(nJrl) — (1 o (1 o E)A*)fl[SFS _ (1 - E)A* [S(R)H (48)
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The convergence speed is given by the change per step,
St 6 — (1 — )A,[S™] +eB — 5™, (4.9)
which by inserting for S¥5 then gives the convergence,

S(n+1) _ S(TL) — SFS _ S(”) (410)

Then, by subtracting S from both sides of equation (4.7) and some re-ordering,
an expression for the accelerated lambda iteration is obtained

St _gln) — (1 — (1 — e)A*)"1[SFS — 50V, (4.11)

Further information about the accelerated lambda iteration can be found in Rutten, R.
J. (2003).

4.1.2 Radiative transfer analysis

In this thesis, we will be using a code package named ALI (Accelerated Lambda Itera-
tion program) and PRF written in code language C', modelling molecular emission lines
in a CSE. ALI performs RT calculations by use of accelerated lambda iterations and
PRF produces a modelled spectral line, based on the CSE models ALI generates, of a
rotational transition between two energy levels for either H?CN or H'3CN. A benefit to
using accelerated lambda iterations in our case where we look at HCN lines, as opposed
to using e.g. the Monte Carlo method, is that convergence is reached quicker with the
ALI method. A total description of necessary input values, how the different input files
are written and how to run ALI and PRF can be found in Danilovich (2016). The goal
is to find a good fit between the observed data and the modelled molecular emission
lines. We assume that the CSE is spherical symmetric, that the mass loss M is constant
and that the envelope expands with an expansion velocity veo.

In order to run ALI, the first step is to write an input file containing stellar para-
meters and other necessary values, including the CSEs geometry, its minimum radius
Rpuin in cm, its maximum radius Rpax in cm, the temperature of the star T* in K,
initial abundance fp at the inner radius, and e-folding radius R, in cm, the radius at
which the initial abundance has dropped by a factor of e. To efficiently find a good
fit between the model and data, it is useful to create a grid with several input files
containing different values of the initial abundance fy and e-folding radius R, and the
value for Rpya.x = 3 X R, for each iteration. We do not expect the initial abundance,
originating from the stellar photosphere, to change from star to star. This is why we
can test different e-folding radii when trying to find the best fit. Our results can still
be compared with previous research.

R Lep is a C-rich star, which means that it contains a relatively high amount of
HCN. We therefore have to look at H'3CN, the less abundant isotopologue which is
optically thin, when determining R, for this star. The way we do this is to first assume
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that the e-folding radius is the same for H'?CN as for H'3CN, as the main thing that
determines the e-folding radius is the photodissociation by UV radiation, and if two
molecules are affected equally by the UV radiation then we would expect them to have
the same e-folding radius. Then, after a good fit between the model and data is found
for H'3CN using a 2D grid, we run a 1D grid for H*2CN with the best R, from H'3CN,
only varying fy. For W Hya, which is an O-rich star and contains less HCN in general,
we can derive the R, from H'2CN if the line is optically thin. In this case, we run two
separate 2D grids for each molecule and look at the results when determining the best
R, value for this star.

When choosing a suitable molecular abundance distribution, set via a function, a
basic Gaussian model is used for both molecules and sources,

fr) = fo e 77, (4.12)
where f(r) is the fractional abundance ratio of the molecule we want to look at relative
to He at each radius r, fy is the initial abundance, and since we have a Gaussian model,
o =2

When calculating the temperature, we parameterize the radial structure of the kin-
etic temperature Ty, and the dust temperature Ty by use of power laws of type:

Tian = T (Ri>_ (4.13)
To=Talre) (=) (4.14)

[

where T, and R, are the stellar temperature and radius respectively and r. is the con-
densation radius (Massalkhi et al., 2018). We use values for € and eq from Massalkhi
et al. (2018) for R Lep. For W Hya, the commonly used value for €, 0.65, is used, and
the eq value used is from Khouri et al. (2014). These values are presented together with
other necessary input parameters in table 4.1.

After the ALI code has run, several files are written to disk. For every input file, a
.pop, .log, .cool and .prf file is created. These outputs are then interpreted by use of
PRF. In order to run PRF, another simpler input file needs to be written, which must
have the same name as the ALI input file, but is placed in a separate folder, including
the number of transition lines, the telescope beamwidths in arcseconds for each obser-
vation (3.1) and the list of transition lines. The beams are presented in table 3.2. Once
PRF has run, .log files are generated, including values for velocity and line intensity,
which is later extracted and used to create plots of the modelled emission lines by use
of codes written in Python.

It is also necessary to create input files in a third separate folder where all the plot-
ting scripts are located, also with the same name as the input files in the ALI and PRF
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folders. This file needs to include the .dat files created by use of CLASS, containing
information about the spectral line data, in order to plot the comparison between the
data and the calculated model.

The required input values for the different input files are presented in table 4.1.
The values for R Lep are collected from Danilovich et al. (2015) and Massalkhi et al.
(2018). In addition, by exploring different ranges for Tyin, Tq and Ry, for this source,
the best-fitting values are found. The values used for W Hya are collected from Khouri
et al. (2014). By exploring different ranges for Ty, €, Tqust and Ry for this source, the
best-fitting values are found.

W Hya R Lep
Voo [km /s] 6.5 K] 18 )
VLSR [km /5] 40.4 11 (p
Distance [pc] 78 (k] 432 b
L. |Lo] 5400 (k] 5500 [p
T, K] 2500 [ 2200 ()
M Mg /yr]1.5 x 1077 () 8.7 x 1077 [p)
T4 K] 2500 1400
Thin K] 2500 (x] 1000
Ruin [cm] 1 x 101 1.7 x 10
€q 0.65 k] 0.4 an
€ 0.65 0.7
Tdust 0.1 0.06 (p

Table 4.1: Values used when creating the different input files and running ALI, PRF
and visualising the results by plotting the spectral lines together with the calculated
model. [K|: Khouri et al. (2014), [D]: Danilovich et al. (2015) and [M]: Massalkhi et al.
(2018). For R Lep, by exploring different ranges, the best-fitting Tyin, Tq and Ry are
determined. For W Hya, by exploring different ranges, the best-fitting Ty, €, Tqust and
Rumin are determined.

In addition to the mass-loss rate, M, for W Hya presented in the table above, it is
interesting to try M=8x10"8 (Ramstedt et al., 2020). We want to investigate how the
change in mass-loss rate affects the results, compare, and observe which one is better.
This is done in the same way as for W Hya with M=15x10"7, by running two 2D
grids for each molecule and determining the best R, values when looking at the results.

4.1.3 Calculation of \?

In order to determine the value of fy and R, that gives the best fit between the model
and observations, it is helpful to look at a measurement of uncertainty between model
and data, y2. The x? is calculated by use of the total intensity from the model results
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and the observations, and an uncertainty o of the observations, where 20% of the total
observed flux is considered as uncertainty for all the transitions (typically used error
bars for APEX observations). The x? is defined as follows,

XQ _ (Imodel g Iobs)2’ (4.15)
o

where 0 = 0.2 X I,s. Another favorable trait by creating several input files with dif-
ferent fp and R, values is that a contour plot can be created. After the calculations
are done, a contour plot of 2 in the fy — R, plane is produced, visualising the 1o,
20, 30 and 40 areas, where the confidence interval is 68.3%, 95.4%, 99.7% and 99.9%
respectively. The fy and R, values in the middle of the inner 1o area, giving low x?
values, are potentially the best-fitting values for both transitions.

4.1.4 Deriving the molecular ratios

After the x? values are found for the two sources, the fq values which give a small y?,
thus a good fit between the model and data, are used to calculate the abundance ratios,
H'2CN/H'3CN. We also need to calculate the propagation of uncertainty. This is done
by first using the best fy values found for each molecule to define f,

= 4.1
f=7 (4.16)
where A is the best fy for H'2CN and B is the best fy for H¥CN. Then we find the
standard deviation, o, defined as

o=y (%) + (%) 2% 17

where 04 and op are the standard deviations for H'?CN and H'3CN respectively
and o4p is the covariance. The standard deviations can be determined by looking at
resulting subplots, where data and models are compared, and investigate how much we
can vary fp and still get a reasonable model. The last term, 2(c4p5/AB), is in our case
0, as A and B not are lists of numbers, but two separate values. After the uncertainties
are calculated, we define the H'2CN/H!3CN ratio as

H2CN

and compare them with previously measured 2CO/3CO and '2C/!3C abundance
ratios.
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In this section, the grid values used when performing the RT analysis and the corres-
ponding results for the two sources are presented. First, the fy and R, values yielding
small x? values for W Hya, thus good fits between the calculated model and observed
data, are presented along with the best x? value, plots visualising the transition lines
and the comparison between the model and data, as well as contour plots of x2. Two
additional plots using ALMA data for line H2CN(J=3-2) for W hya are also shown, as
well as a zero-moment map. Second, the results for R Lep are presented, also visualised
with subplots showing the observed transition lines together with calculated models,
and a contour plot of x? for H'3CN. An integrated intensity plot using ALMA data
and a zero-moment map for line H'2CN(J=10-9) are presented as well. In the end, the
R., fo and x? values giving good fits for the two sources are gathered in a table, before
the H2CN /H'3CN abundance ratios for both sources are presented in a table together
with ¥3CO/2CO and 3C/12C ratios from previous research.

5.1 Grid values

The different values of fy and R, ranges for R Lep and W Hya used when performing
the RT analysis are presented in table 5.1. For R Lep H'?CN, the R, used is the best
R, value from H3CN.

Source Molecule Mass-loss rate [Mg /y1] fo R, [cm] Grid size
W Hya HCN 1.5 x 1077 1x107%,7x1077] [3 x 10, 6 x 10%] 14 x 14
8 x 1078 1x1078, 7x 1077 [3x 10", 6 x 10 14 x 14

H'2CN 1.5 x 1077 4x1077,5x 1075 [1x10%, 6 x 10*°] 10 x 10

8 x 1078 4x1077,5x 1078 |1 x 10,6 x 10*®] 10 x 10

RLep H!¥CN 8.7x 1077 [3x 1077, 4 x 1076 [1 x 10%, 1 x 10*¢] 10 x 10
H'2CN 8.7x 1077 [3x 1077, 4 x 1079 7 x 10% 30 x1

Table 5.1: Intervals for fy and R, values used to create 2D grids and 1D grid of input
files to run in ALI for H'*CN and for H2CN.



34

Results

5.2 W Hya

5.2.1 HBCN

The H¥CN(J=3-2, 4-3) lines for W Hya are observed with APEX. A 14 x 14 grid is cre-
ated for mass-loss rate 1.5 x 10~7 (Khouri et al., 2014) using ranges given in table 5.1. A
good fit between the model and the data using M = 1.5x 10~7 is when fy = 1.16 x 1077,
R, = 1.56 x 10" and Rpmax = 4.67 x 1015, giving a X2 = 8.81. The observations of
rotational transitions J=3-2 and 4-3 compared with the best-fitting model using the
latter values are presented in figure 5.3. The tangential optical depth 7 is < 0.04 for
the first line and 7 < 0.1 for the second. A contour plot of x? for H'3CN zoomed in on
the range fop = [1 x 1078,3 x 1077] and R, = [3 x 10'*,5 x 10'5], in order to better see
the 1o area, is shown in figure 5.1.

Using the ranges given in table 5.1, a 14 x 14 grid is also created using mass-loss rate
M =8x10"8 (Ramstedt et al., 2020). A good fit between the model and the data using
M = 8x 1078 is when fy = 1.69x 1077, R, = 1.56 x 10'® and Ryax = 4.67 x 105, giving
a x2 = 6.39. The tangential optical depth 7 is < 0.03 for the first line and 7 < 0.08 for
the second. A summary of these values for both mass-loss rates are presented in table
5.2 and 5.3.

5.2.2 HY2CN

For the H'™CN lines we look at observations taken with both ALMA and APEX,
H!2CN(J=2-1) with APEX and H!2CN(J=3-2) with ALMA. A 10 x 10 grid is cre-
ated for the case when using mass-loss rate M = 1.5 x 107 with the ranges given in
table 5.1. A good fit between the model and the data using M = 1.5 x 1077 yields
2 = 0.05 when fy =2.96 x 1076, R, = 1.56 x 10" and Ry = 4.67 x 10, The ob-
servations of rotational transitions J=2-1 and 3-2 compared with the best-fitting model
using the latter values are presented in figure 5.3. The tangential optical depth 7 is
< 0.21 for the first line and 7 < 0.65 for the second. A contour plot of y? for H'?CN is
shown in figure 5.2.

Also for mass-loss rate M = 8 x 1078, using the ranges given in table 5.1, a 10 x 10
grid is created. A good fit between the model and the data yields x? = 0.23 when
fo=5x10"% R, = 1.56 x 10'® and Ry = 4.67 x 10'®. The tangential optical depth
7 is < 0.19 for the first line and 7 < 0.61 for the second. A summary of these values
for both mass-loss rates are presented in table 5.2 and 5.3.

5.2.3 Plots

A contour plot of x2 for W Hya H!3CN when using M = 1.5 x 1077 is presented in
figure 5.1 and for H2CN in figure 5.2.
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Figure 5.1: Contour plot of x? for W Hya H'3CN zoomed in on the area fy = [1 x
1078,3 x 1077] and R, = [3 x 10'*,5 x 10'®]. The red cross marks the best model for
H!3CN presented in figure 5.3: M = 1.5 x 1077, fo = 1.16 x 1077, R. = 1.56 x 10'°
and x? = 8.81. The yellow cross marks the model for H'*CN shown in figure 5.4:
M=15x10"", fo = 6.31 x 1078, R, = 2.1 x 10'® and x2? = 5.51.

f(1078)
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Figure 5.2: Contour plot of x2 for W Hya H'2CN with grid values fo = [4x1077, 5x1079]
and R, = [1 x 101°,6 x 10%]. The red cross marks the best model for H*2?CN presented
in figure 5.3: M = 1.5 x 1077, fo = 2.96 x 1076, R, = 1.56 x 10% and x2 = 0.05.
The yellow cross marks the model for H'2CN shown in figure 5.4: M =15 x 1077,
fo=141x107% R, =2.1 x 10" and x? = 0.88.
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The red crosses in the contour plots marks the best models using the values presen-
ted in section 5.2.1 and 5.2.2 when M = 1.5 x 10~7. Plots of observed emission lines
compared with these models for both molecules are presented in figure 5.3. In addition,
since we observe that the contour plots share a common 1o area using R, = 2.1 x 1015,
we also look at plots of emission lines compared with the best models using this R, for
both molecules in order to compare. The best model for H'3CN using R, = 2.1 x 10'°
is when fo = 6.31 x 1078 giving a x? = 5.51, and for H'2CN when fy = 1.41 x 1076
and x2 = 0.88. These plots are presented in figure 5.4 and marked with a yellow cross
in the contour plots.
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Figure 5.3: Plots for W Hya.

To the left: Emission lines of H'*CN (dark blue) compared with the calculated model
(light blue). M = 1.5 x 1077, fo = 1.16 x 10~7, R, = 1.56 x 10' and x2 = 8.81. The
observations for both transitions are measured with APEX.

To the right: Emission lines of H'2CN (dark blue) compared with the calculated
model (light blue). M = 1.5 x 1077, fo = 2.96 x 1075, R, = 1.56 x 10'® and x? = 0.05.
The observations for H'2CN(J=2-1) are measured with APEX and the observations for
H!2CN(J=3-2) are measured with ALMA.
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Figure 5.4: Plots for W Hya.

To the left: Emission lines of H'3CN (dark blue) compared with the calculated model
(light blue). M = 1.5 x 1077, fo = 6.31 x 1078, R, = 2.1 x 10'® and x? = 5.51. The
observations for both transitions are measured with APEX.

To the right: Emission lines of H!2CN (dark blue) compared with the calculated
model (light blue). M = 1.5 x 1077, fo = 1.41 x 1075, R, = 2.1 x 10% and x? = 0.88.
The observations for H2CN(J=2- 1) are measured Wlth APEX and the observations for
H'2CN(J=3-2) are measured with ALMA.

Since we have spatially resolved ALMA observations of the H'2CN(.J=3-2) line for
W Hya, we can directly compare the integrated intensities at radial offset points from
observations with the RT model. This is presented in figure 5.5. Model 1 (red dots)
and model 2 (yellow dots) corresponds to the models marked with the red cross and
yellow cross in figure 5.2 respectively. Model 1, which represents the best-fitting model,
has values M = 1.5 x 1077, fo = 2.96 x 1076, R, = 1.56 x 10'® and x2 = 0.05, and is
presented in the bottom rlght corner in ﬁgure 5.3. Model 2 has values M = 1.5 x 1077,
fo =141 x107% R, = 2.1 x 10" and x? = 0.88, and is presented in the bottom
right corner in figure 5.4. Figure 5.6 shows the spectra extracted from the central star
corresponding to the first blue point in figure 5.5, with a circular beam of 0.18”. Figure
5.7 shows spatially resolved ALMA observations of H*2CN(J=3-2) towards W Hya.
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Figure 5.5: Comparison of integrated intensities of the H2CN(J=3-2) line from ALMA
observations of W Hya, at radial offset points averaged over four directions from the
central star, and the results of two models from the RT analysis. Model 1 (red dots),
which represents the best-fitting model, has values M = 1.5 x 1077, fo = 2.96 x 1076,
R. = 1.56 x 10" and x? = 0.05, and is shown in the bottom right corner in figure 5.3.
Model 2 (yellow dots) has values M = 1.5 x 1077, fo = 1.41 x 1076, R, = 2.1 x 10'®
and x? = 0.88, and is shown in the bottom right corner in figure 5.4. The error bars of
the observation points (blue bars) show 10% uncertainty on flux calibration.
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Figure 5.6: Integrated intensity of H2CN(J=3-2) from ALMA observations towards
W Hya, extracted from a beam size of 0.18”. The red line represents the H'?CN line
(265.89 GHz).
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Figure 5.7: Zero-moment H2CN(J=3-2) map of W Hya observed with ALMA. The
ALMA beam size is shown in the bottom left corner (0.18").

5.3 R Lep

5.3.1 HBCN

The H3CN(J=3-2, 4-3) lines for R Lep are observed with APEX. A 10 x 10 grid is
created with the ranges given in table 5.1. A good fit between the model and the data
yields x? = 7.98 when fy = 7.11 x 1077, R, = 7 x 10" and Rpyax = 2.1 x 10'6. A
subplot showing the two transitions for H'*CN compared with the calculated model is
presented in figure 5.8. The tangential optical depth 7 is < 0.43 for the first line and
7 < 0.84 for the second. In addition, a contour plot of x? for H**CN is shown in figure
5.9. A summary of these values are presented in table 5.2 and 5.3.

5.3.2 H!CN

The H'2CN observations are taken with both ALMA and APEX, H2CN(J=2-1) with
APEX and H'2CN(J=10-9) with ALMA. When searching for a good fit for H2CN, we
run a 1D grid with the R, value giving the best fit for H¥CN, R, = 7 x 10'°, and
fo=1[3x10"7,4x 1075). A good fit between the model and the data yields x> = 11.07
when fo = 2.5 x 1075, R, = 7 x 10" and Rya = 2.1 x 10'6. A plot presenting the
two transitions for H'2CN compared with the calculated model is shown in figure 5.8.
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The tangential optical depth 7 is < 0.91 for the first line and 7 < 8.4 for the second. A
summary of these values are presented in table 5.2 and 5.3.

5.3.3 Plots

Plots of observed emission lines compared with the best models for both molecules are
presented in figure 5.8. The x? contour plot for H'*CN is presented in figure 5.9.

We also have spatially resolved ALMA observations of the HI2CN(.J=10-9) line for
R Lep. Thus we can directly compare the integrated intensities at radial offset points
from observations with the RT model. This is presented in figure 5.10. As shown, our
best model (red dots) for the H!2CN(J=10-9) line is in great agreement with the ALMA
observations. The best model (red dots) has values fy = 2.5 x 1075, R, = 7 x 10'® and
x% = 11.07, and is presented in the bottom right corner in figure 5.8. Figure 5.11 shows
spatially resolved ALMA observations of H'2CN(J=10-9) towards R Lep.
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Figure 5.8: Plots for R Lep.

To the left: Emission lines of H'*CN (dark blue) compared with the calculated model
(light blue). fo =7.11x 1077, R, = 7 x 10'® and x? = 7.98. The observations for both
transitions are measured with APEX.

To the right: Emission lines of H'2CN (dark blue) compared with the calculated model
(light blue). fo = 2.5 x 107°, R, = 7 x 10'® and x? = 11.07. The observations for
H'2CN(J=2-1) are measured with APEX and the observations for H*2CN(J=10-9) are
measured with ALMA.
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Figure 5.9: Contour plot of 2 for R Lep H'®CN with grid values fo = [3x1077,4x1079]
and R, = [1 x 10'%,1 x 10'6]. The red cross marks the best model for H'3CN presented
in figure 5.8: fo = 7.11 x 1077, R, = 7 x 10" and x? = 7.98.
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Figure 5.10: Comparison of integrated intensities of the H2CN(J=10-9) line from
ALMA observations of R Lep, at radial offset points averaged over four directions from
the central star, and the result of the best-fitting model from the RT analysis. The best
model (red dots) has values fo = 2.5 x 107°, R, = 7 x 10'® and x? = 11.07, and is
shown in the bottom right corner in figure 5.8. The error bars of the observation points
(blue bars) show 10% uncertainty on flux calibration.
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Figure 5.11: Zero-moment H'2CN(J=10-9) map of R Lep observed with ALMA. The
ALMA beam size is shown in the bottom left corner (0.09”).

5.4 Molecular ratios

The values yielding the best fits between the models and data for H'2CN and H!'3CN for
both sources are presented below in table 5.2. For W Hya when using M = 1.5 x 1077,
we choose values for both molecules from the models presented in figure 5.3. We see
when comparing figure 5.3 to figure 5.4 that the models for both molecules overall fit
the data better in figure 5.3. An overview of the largest tangential optical depths, 7,
for every rotational transition J is shown in table 5.3.

Source Molecule Mass-loss rate [Mg /yr] fo R. [em]  Smallest x?
W Hya HBCN 1.5 x 1077 1.16 x 1077 1.56 x 10'° 8.81
8 x 1078 1.69 x 1077 1.56 x 10'° 6.39
H'?CN 1.5 x 1077 2.96 x 1076 1.56 x 10'® 0.05
8 x 1078 5x 1076 1.56 x 1015 0.23
R Lep HBCN 8.7 x 1077 711 x 1077 7 x 10" 7.98
H'?CN 8.7x 1077 2.5x107°  7x 10" 11.07

Table 5.2: Values for fy, R, and x? giving good fits between the models and data for
H'3CN and H'2CN for both sources.
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Source Molecule Mass-loss rate [Mg /yr|] Transition J Biggest 7

W Hya HBCN 1.5 x 1077 3-2 0.04
4-3 0.1

8 x 1078 3-2 0.03

4-3 0.08

H'2CN 1.5 x 1077 2-1 0.21

3-2 0.65

8 x 1078 2-1 0.19

3-2 0.61

R Lep H!3CN 8.7x 1077 3-2 0.43
4-3 0.84

H!2CN 8.7 x 1077 2-1 0.91

10-9 8.4

Table 5.3: An overview of the biggest tangential optical depths, 7, for every rotational
transition J for both sources.

The abundance values, fo, presented in table 5.2 are used to find the H*2CN/H'3CN
abundance ratios for the two sources. These are 25414 for W Hya using M = 1.5x 1077,
2949 when using M = 8x 1078, and 35+11 for R Lep using M = 8.7x10~7. These ratios
are presented in table 5.4 together with the 12CO /13CO abundance ratios collected from
Khouri et al. (2014), using M = 1.5 x 107 for W Hya, and from Ramstedt & Olofsson
(2014), using M =7x10"7 for R Lep and M = 1.5 x 1077 for W Hya. In addition,
the 12C/13C abundance ratios collected from Hinkle et al. (2016) for both sources are
presented in the table as well. The mass-loss rates used to derive the 12C/!3C abundance
ratios are unknown. Further information about the CO and C ratios are presented in
section 6.1.

Source 1'2CO/B3CO 12C/13C H?2CN/HBCN

W Hya 184+10 1k 16=+4 m 25 + 14 )
10 29 £ 9 iy
R Lep 22 [Rr] 3445 m 35 £ 11 g

Table 5.4: Previously measured 12CO/3CO and '2C/13C abundance ratios together
with H'2CN/H'3CN abundance ratios found by use of fy values presented in table
5.2. |R|: Ramstedt & Olofsson (2014), [K]: Khouri et al. (2014), [H|: Hinkle et al.
(2016), [M;]: using fo found by use of M = 1.5 x 1077, [My]: using fo found by use of
M = 8 x 1078, [M3]: using fo found by use of M = 8.7 x 10~7.
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Chapter 6

Discussion and conclusion

In this thesis, we have modelled CSEs around two UV active AGB stars, W Hydrae and
R Leporis, and performed radiative transfer analysis of observed H'?CN and H'3CN
lines. For both sources and molecules, we present subplots visualising the observed
emission lines compared with a calculated model which fits the data well, in addition
to contour plots of x2. Plots and maps for both sources using ALMA data are presen-
ted as well. We then use the abundance values from the best-fitting models to derive
the H'2CN/H'3CN abundance ratios for both sources and compare them to previously
measured 2CO/'3CO and 12C/!3C ratios.

6.1 2CO/BCO and C/13C ratios

When deriving the 12CO /13CO abundance ratio for W Hya, Ramstedt & Olofsson (2014)
look at rotational transitions J=1-0, 2-1, 3-2, 4-3 and 6-5 for 2CO and J=6-5 for
13CO. For R Lep, they look at rotational transitions J—=1-0, 2-1 and 3-2 for '2CO and
J=1-0 and 2-1 for ¥CO. They report a CO ratio of 10 for W Hya and 22 for R Lep.
These ratios are found by use of radiative transfer analysis of single-dish radio line
emission observations. In order to ensure that a large extent of the CSE is probed, they
observe several different transitions. The RT model used is based on the Monte Carlo
method and solves the SE equations in full non-local thermodynamic equilibrium (non-
LTE), as it assumes that the radiation field is non-local. The effects of thermal dust
radiation are taken into account, and the equation determining the gas temperature
distribution is solved self-consistently. The way the ratios are calculated is to first solve
the RT equations for 12?CO assuming an abundance based on the chemical type of the
star, then solve for 13CO using the results of the '2CO model, giving the 3CO initial
abundance. In the end, the 2CO/!3CO abundance ratio is determined. They also
derive a 12CO/'CO ratio from the line intensities and find that the 12CO/*CO ratio
for W Hya(J=6-5) is 9.6/1.1 ~ 9 and 18.1/0.5 ~ 36 for R Lep(J=2-1), but we compare
the resulting H'2CN/H'3CN ratios with the CO ratios derived by use of the RT model
as this is the same method we use.
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Khouri et al. (2014) derive a 2CO/*CO ratio of 18410 for W Hya. They look at
rotational transitions J=6-5, 9-8 and 10-9 for 13CO and a range from J=1-0 to J=30-29
for 2CO. When modelling the "2CO and 3CO emission lines, they combine a non-LTE
molecular excitation and RT code with a Monte Carlo dust continuum RT code (used to
calculate the dust temperature). By combining these methods, the gaseous and dusty
components of the CSE are given a consistent physical description. They also assume
spherical symmetry and a constant mass-loss rate.

Hinkle et al. (2016) report 2C/13C ratios of 1644 and 34+5 for W Hya and R
Lep respectively. The method used to obtain the C abundance ratios is to measure
vibration-rotation first and second-overtone CO lines in the 2.3-2.5 ym and 1.5-1.8 ym
regions and then derive the ratios. The reduction techniques used are as in Hinkle
et al. (1976), Hinkle et al. (1982) and Hinkle (1978), a simple curve-of-growth (CoG)
technique. This method is used to derive elemental abundances and is a powerful
method if only isotopic ratios are derived. Many simplifying assumptions are made, but
these can be dealt with through spectrum synthesis. By measuring the shift between
different curves when plotting CoGs for near-infrared first- and second-overtone lines
derived from measurements of various CO isotopologues, the 2C/!3C isotopic ratios
are determined.

6.2 Discussion and conclusion

As CO is destroyed by photodissociation when exposed to UV radiation, and since the
12C0O molecule is more abundant than the 3CO isotopologue, thus is subject to more
shielding than the '3CO isotopologue, the '2CO /13 CO ratio is affected in UV irradiated
areas. The H2CN/H'3CN ratio, which is not affected by UV radiation as the H2CN
and HBCN molecules are equally affected, is therefore expected to be a more reliable
tracer of the 2C/13C ratio.

For R Lep, we find good matches between the data and models for both molecules
(figure 5.8). In addition, we observe from figure 5.10 that our best model (represen-
ted with red dots) for the H2CN(J=10-9) line is in great agreement with the ALMA
observations. We find an H2CN/H3CN ratio of 354+11. This HCN abundance ratio
is consistent with the 2C/!3C ratio of 3445 (Hinkle et al., 2016), indicating that the
H'2CN/H'3CN abundance ratio indeed is a good tracer for the photospheric 12C/!3C
ratio in UV irradiated regions. This has also been shown in previous research by Saberi
et al. (2017) for another C-rich AGB star, R Sculptoris. In addition, we also observe
that our HCN ratio is a better tracer than the '2CO/'CO ratio of 22 reported by
Ramstedt & Olofsson (2014).

For W Hya, we use two different mass-loss rates from literature, as mentioned in the
end of section 4.1.2, and find that the resulting two HlZCN/HBCN ratios are 25+14
when using M = 1.5 x 10~7 and 2949 when using M = 8 x 108, Ramstedt & Olofsson
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(2014) and Khouri et al. (2014) report a 12CO /13CO ratio of 10 and 18410 respectively,
while Hinkle et al. (2016) reports a 12C/13C ratio of 16414 for W Hya. Our results
are consistent with these previously reported CO and C isotopologue ratios when the
uncertainties in the final results, and the different methods and models used, are taken
into account. We should note that when using M = 1.5 x 107, the same mass-loss rate
used by Khouri et al. (2014), our derived HCN ratio for W Hya is in better agreement
with the CO ratio reported in this paper, than with the CO ratio reported by Ramstedt
& Olofsson (2014). This analysis indicates that both the CO and HCN isotopologue
ratios are consistent with the C ratio in W Hya.

As shown in figure 5.5, our best model for W Hya is in a good agreement with the
observations at radial points > 0.2”. In the inner part, our model underestimate the
intensities. This could be due to the enhancement of the gas density in the innermost
region and/or the enhancement of the HCN abundance which we have not considered
in our modelling, as our model aims to model the entire CSE. In addition, we speculate
if the H'2CN(J=3-2) line is blended with an unknown species in the innermost region
of the CSE, as we observe that the spectra is double peaked in figure 5.6. Further
investigation is needed to prove these scenarios. Considering an enhancement of the
HCN abundance and/or the gas density in the inner part would be favorable.

Our results indicate that the H'2CN/H*CN abundance ratio is consistent with the
previously reported photospheric '2C/'3C ratio in the C-rich AGB star, R Lep. This
suggests that the HCN isotopologue ratio can be a more reliable tracer of the photo-
spheric C ratio in UV dominated CSEs than the previous commonly used 2CO/13CO
ratio for C-rich AGB stars, as also previously shown by Saberi et al. (2017). Our ana-
lysis for the O-rich AGB star, W Hya, predicts an HCN ratio that is in agreement with
both the previously measured C and CO ratio. In future work, it would be beneficial to
observe several UV active O-rich sources, measure their H*2CN/H3CN ratios and com-
pare with 2CO/13CO and '2C/!3C abundance ratios. By creating a bigger collection
of HCN ratios, we will be able to look at the overall trend in the comparison between
H2CN/H3CN ratios and 2CO/13CO and 2C/13C ratios. This would be profitable
when testing the hypothesis if the H'2CN/H'3CN ratio could be a better tracer for the
photospheric 12C/13C ratio instead of the 12CO/!3CO ratio in O-rich AGB stars.
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