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UV Chemistry in the Circumstellar Envelopes of
Evolved Stars

MARYAM SABERI
Department of Space, Earth and Environment
Chalmers University of Technology

Abstract

Low- and intermediate-mass stars eject a substantial amount of their material into
space during a late phase of stellar evolution, the asymptotic giant branch (AGB) phase.
Therefore, they impact the chemistry of the interstellar medium. Due to the intense mass
loss, a circumstellar envelope (CSE), rich in gas and dust, forms around the AGB star.
Observations of molecular species and dust content in CSEs help us to broaden our
knowledge on late phases of stellar evolution, mass-loss processes, the CSE chemistry,
and the stellar properties.

For instance, observations of carbon monoxide (CO) have been extensively used to
determine the mass-loss rate and the overall CSE properties. Ultraviolet (UV) photodis-
sociation of CO from the interstellar radiation field (ISRF) is the dominant process that
determines the CO distribution and extent in CSEs. Therefore, a precise calculation of
the CO photodissociation rate is crucial to determine the mass-loss rates. Subsequently,
the value adopted for the mass-loss rate in further modelling of the CSEs will affect the
abundances derived for all other molecules. Thus, an estimation of the CO photodis-
sociation rate affects the estimates of the amount of all the recycled material. In this
thesis, we present the most updated calculations of the depth dependency of the CO
photodissociation rate in CSEs using the latest laboratory measurements.

Generally, it is well known that UV radiation impacts the CSE chemistry and the
influence of UV radiation from the ISRF has been considered in the models of CSEs.
However, there has been little discussion on the impact of internal sources of UV ra-
diation. Recent Galaxy Evolution Explorer observations reveal the presence of strong
internal UV radiation for a large sample of AGB stars. The internal UV radiation can
originate from stellar chromospheric activity, a hot binary companion, and/or accretion
of matter between two stars in a binary system. This thesis seeks to address the impact
of both the internal and external sources of UV radiation on the CSE chemistry.

To trace the impact of UV radiation, we present two approaches. First, observations
of the main UV photodissociation and photoionization products, such as CI and CII. We
present, for the first time, detections of CI around a UV-bright oxygen-rich AGB star,
omi Ceti. In the second approach, we investigate the isotopologue ratio of molecules with
different photodissociation mechanisms. We expect variations in the isotopologue ratio
of molecules that dissociate through lines. However, there should not be any variation
by UV radiation in the isotopologue ratio of molecules with continuum dissociation.

Keywords: Astrochemistry — molecular processes — stars: abundances — AGB — binaries
— circumstellar matter — chromospheres — ultraviolet
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Chapter

Introduction

General references:
Habing (1996); Habing & Olofsson (2003); Herwig (2005); LeBlanc (2010)

Stars are the sole creators of a large portion of elements including the
essential ones for existence of rocky planets, life in the universe, and the
human body. The heavy elements produced in the stellar interior are blown
out into space during the last phases of stellar evolution. Figure 1.1 presents
the origin of the Solar System elements in the Periodic Table.

A large majority of stars are low- and intermediate-mass (0.8 — 8My1)
stars. These stars eventually evolve into the Asymptotic Giant Branch (AGB)
phase. In the AGB phase, stars eject a large portion of their material into
space and consequently impact the chemical composition of galaxies. This
intense mass-loss (107% — 10~ Myyr~!) makes them of interest as agents of
chemical enrichment in the universe. The main aim of this thesis is to further
improve our understanding of the chemical composition of the outflow of AGB
stars by considering the impact of UV chemistry.

1.1 Outline

This thesis is organized as follows. I review the fundamental physics of stellar
evolution with a focus on AGB stars in the rest of this Chapter. Chapter 2
gives a brief overview of sources of UV radiation that impact the chemistry of
the outflows of evolved stars and briefly explains molecular photodissociation

Mg = 2 x 10%° kg corresponds to the mass of the Sun.

1
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Figure 1.1: Periodic table showing the origin of the Solar System elements.

mechanisms. Observational data that are used in the appended papers are
outlined in Chapter 3. The theory behind radiative transfer and chemical
simulations are explained in Chapters 4 and 5, respectively. A short intro-
duction to the appended papers and follow-up ideas are drawn in Chapter 6
and finally Chapter 7 summarizes the results and gives an outline of ongoing
work and future plans.

1.2 Stellar Life Cycle

Stars are gravitationally bound spheres of plasma. They are born in giant
molecular hydrogen clouds in the interstellar medium. Gravity triggers for-
mation of a protostar by contraction of interstellar clouds. Contraction leads
to increasing central density and temperature of the protostar. Once the tem-
perature of the protostar becomes high enough for H nuclear burning in the
centre, the protostar begins its life as a main-sequence (MS) star. The nuclear
fusion in stars starts with fusion of H to He through the proton-proton chain
(pp-chain) and the carbon-nitrogen-oxygen cycle (CNO-cycle). The pp-chain
is more prominent in stars with mass M < 1.3 M and requires temperature
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T > 4 x 10° K. The pp-chain occurs through the following pathways:

"H+1H — 2H+ et + v,
ppl ¢ 2H + 'H — 3He + v (1.1)
SHe + 3He — “He + 2'H

SHe + ‘He — "Be + v
ppll { Be + e~ — "Li + 1, (1.2)
Li +'H — 2'He

Be +'H — 2B + v
pplll ¢ *B — ®Be + et + 1, (1.3)
8Be — 2%He

For stars with M > 1.3 M the CNO cycle dominates the H fusion. The
CNO cycle occurs efficiently at 7' > 15 x 10° K and '2C is used as a catalyst

as follow:
2C 4+ 'H — BN+ 4
BN — BC+et + 1,
BC +H — UN +
150 — BN + et + 1,
PN 4+ 'H — 2C + 'He
BN + 'H — %0 + 4
70 + 'H — MN + “He
O +'H — BF + 4

CNO —1IIT { F — B0 + " + 1 (1.6)

80 + 'H — 15N + “*He

The MS phase is the longest and most stable phase of the stellar evolution.
The stellar life time and post-MS evolutionary phases depend on the initial
mass of the star. Generally, massive stars evolve quicker than less massive
stars. The MS phase lasts for approximately 10*° yr for a 1 M, star and

3 x 107 yr for a 8 My, star. Here, we focus on the evolutionary tracks of low-
to intermediate-mass (0.8 — 8M,) stars.

To illustrate the stellar evolutionary phases, it is useful to plot a Herzsprung-
Russel (H-R) diagram which shows the relation between surface temperatures
and luminosities of stars. These two measurable quantities vary significantly
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during the evolution of a given star. Competition between two forces, grav-
ity and pressure due to nuclear fusion reactions, plays a critical role in the
stellar evolution, and determines the positions of stars in the H-R diagram.
Figure 1.2 presents the evolutionary track of a 1 M, mass star in the H-R
diagram and its inner structure at three different phases of evolution. It
also highlights positions of zero age MS stars with different initial masses in
a diagonal path. High mass stars lie at the top left (high luminosities and
high temperatures) and low mass stars are located at the bottom right (low
luminosities and low temperatures) of the HR diagram.

Stars in the MS phase are in thermal and hydrostatic equilibrium, meaning
that the inward force of gravity is balanced by the outward force of thermal
pressure. Eventually most of the hydrogen supply is consumed in the core and
the temperature is not high enough for the He burning. Thus, at some point
self-gravity overcomes thermal pressure and the core collapse takes place.
However, while the nuclear burning stops in the core, hydrogen is still burning
in a shell around the inert central region. The He core is continuously fed by
the He from the upper shell. The energy produced in the shell-burning causes
the expansion of the outer layers. The outer envelope becomes convective.
During the expansion, the effective temperature of the star decreases slightly
so that the star becomes cooler and redder. The star evolves rapidly towards
the red giant branch (RGB) phases. The RGB phase lasts for approximately
10° yr for a 1 My, star. At the RGB, the convective envelope reaches down
to the inner layers and brings material enriched in *He, N and *C to the
surface. This process is called the first dredge-up (FDU). The FDU happens
for all stars in the RGB phase regardless of their initial masses. Eventually
the core collapse provides the critical temperature of (108K) needed for the
He fusion through the triple-alpha (3-a/) process as follow:

{ ‘He + “He — ®Be
33—

®Be + ‘He — 12C + v (L.7)

For stars with M < 2 M), the electrons in the core become degenerate due
to the core contraction. Therefore, the pressure in the core does not obey the
ideal gas law, meaning that the temperature can increase without increasing
the pressure. This leads to more nuclear energy production in the core.
The released energy due to the fusion increases the reaction rate, causing an
explosive reaction in the core, called He-core flash. The He-core flash is very
short lived and during that the luminosity of the star is greatly increased.
The sudden increase in temperature lifts the degeneracy and the star moves
downward to the horizontal branch (HB). The hydrostatic equilibrium will
be restored again. During the HB phase, the star burns He in its core and
H in a shell outside the core. A 1 M, star stays in the HB phase for about
108 yr.
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Figure 1.2: Hertzsprung-Russell diagram for a 1M, star.

Eventually most of the He in the core is fused. The released energy due
to the He burning expands the outer layers and the star ascends the giant
branch for a second time, the asymptotic giant branch (AGB) phase. The
star now has a degenerate carbon-oxygen rich core surrounded by two distinct
He- and H-burning shells with an intershell zone separating the two and a
convective stellar envelope on top which is shown in Fig. 1.3. The luminosity
of the AGB star is provided by the two burning shells.

In the early AGB, stars with M > 4 M, experience a second dredge-up
(SDU) event in which the large convective envelope from the stellar surface
penetrates down into the dormant H burning shell. Due to the SDU event the
outer layer of the AGB star will be enriched with products of the CNO cycle
such as He, '2C, and "N. For low-mass stars (M < 4 M), since convention
can not reach below the H shell the SDU does not occur.

The He- and H-shell burning in the AGB phase does not smoothly go
forward and are subject to thermal instabilities. The thermal instability
of the He shell is due to the high sensitivity of the 3-a reaction on the
temperature coupled with the thinness of the shell. Due to the thermal
instabilities, the dominant source of stellar luminosity oscillates between the

H- and He- burning shells. This leads to the variation of the total luminosity.
This is the beginning of the thermally-pulsing AGB (TP-AGB) phase. The
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Figure 1.3: A schematic view of the structure of an AGB star (not to scale), from
Karakas et al. (2002).

number of thermal pulses, the time scale between pulses, and the luminosity
variations due to thermal pulses depend on the AGB mass. The time-scale
between pulses is estimated to be 10° yr for a 1 M, star and 10* yr for a 4 M,
star. Each thermal pules causes large changes in luminosity and mass-loss
rate. The thermal pulse events continue until the hydrogen rich convective
envelope disappeared by mass loss. The TP-AGB phase typically lasts about
108 yr, although the exact time scale again depends on the stellar mass.

During the late AGB phase, a third dredge-up (TDU) event comes along
with each thermal pulse for stars with M > 1.5 M,. We note that this term,
TDU, is also used for low-mass stars (1.5 < M < 4 M) that did not go
through the second dredge-up; in fact all dredge-up events after the thermal
pulses are called TDU. This process brings the H- and He-burning products
to the surface of the star and changes the surface composition. The C/O ratio
increases with each TDU event, leading to evolve the star from an oxygen-rich
(C/0<1) to a carbon-rich (C/O>1) AGB star. In addition to the '2C, TDU
brings the slow neutron capture process (s-process) elements, the elements
heavier than iron which synthesize during the AGB, to the stellar surface.
The number of thermal pulses and hence TDU events depends on the mass
of the star and mass-loss rate which eventually terminates the AGB phase.

In stars with M > 4 M., the temperature at the bottom of the convec-
tive envelope becomes very high (T > 3 x 107 K) during thermal pulses.
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Consequently, the H-burning will occur through the CNO cycle in the the
convective envelope, a process known as hot bottom burning (HBB). Dur-
ing HBB, '2C burns to ¥C and *N. HBB prevents massive stars to become
C-type AGB stars; instead they become efficient producers of N.

The AGB is the last phase of nuclear burning for low- and intermediate-
mass stars since the temperature of the core does not rise enough for carbon
burning to occur. This is because of the degeneracy of the C-O core which
will be cooled by neutrino emission. This puts an upper limit of M ~ 8 M
for AGB stars. A 1M star will stay in the AGB phase for approximately
2 x 107 yr.

When the star reaches the tip of the AGB, the mass loss rate drasti-
cally increases (up to 107*Mg yr~1) which is called a 'superwind’. Once the
mass of the H-rich envelope becomes less than about 0.01M, the envelope
shrinks. Consequently, the AGB star horizontally moves in the HR diagram
towards higher effective temperatures and that is the beginning of the post-
AGB phase or pre-planetary nebulae. Eventually the effective temperature
exceeds 30,000 K and the star radiates a strong UV flux which can destroy
the dust grains, dissociate the molecules, and finally ionize the gas in the
CSE. Part of the CSE consequently becomes ionized (an HII region) and
starts radiating in recombination lines. The H-burning shell will be halted
once the envelope mass has decreased to 107> M and therefore the lumi-
nosity will be decreased. The remnant is called a white dwarf which gets
cooler and less luminous, and turns, theoretically, to a black dwarf. A more
detailed description of AGB stars and their chemical evolution is presented
in the following Section.

1.3 AGB Characteristics

AGB stars are giant (R, ~ 300R?) stars with luminosities ranging from L ~
3000-20000 L? and surface temperatures of T' ~1800-3000 K. Pulsations of
the star yield variability with a period of hundreds of days. AGB stars can
be divided into three variability types regarding the amplitude and regularity
of the pulsation: high-amplitude regular Mira variable (variability > 2.5 mag
in the visual), low-amplitude semi-regular variable (variability ~ 1 mag in
visual) and low-amplitude irregular variable. Moreover, helium shell flashes
also direct to longer-term variability which may interact with shorter-term
variability due to pulsations.

Re = 6.9 x 10*° ¢m corresponds to the solar radius.
3Le = 3.8 x 10%° W corresponds to the solar luminosity.
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1.3.1 Mass Loss

In the AGB stage, the star loses up to 80% of its initial mass typically at rates
of 1078 — 107 M yr~!. This makes AGB stars important suppliers of heavy
elements and dust to the interstellar medium. The mass-loss characterizes
and terminates the evolution on the AGB. The mechanisms driving mass-
loss are not completely understood. The most widely accepted theory says
that a combined action of pulsations and radiation pressure on dust plays an
essential role in steering such strong mass-loss. The idea is that the pulsations
induce shock waves in the stellar atmosphere. Induced shock waves elevate
the gas particles to larger radii (1 < R < 5R,, where R, is the stellar radius)
where the temperature is low enough (7" ~ 1500 K) for the dust formations
from gas particles. In this region, the new formed dust grains can be easily
accelerated by radiation pressure from stellar luminosity. Even though dust
grains only comprise about 1% of the mass of the atmosphere and the rest is in
form of molecular gas (mostly Hy), the molecular gas is dragged along with
the accelerated dust particles and forms the circumstellar envelope (CSE)
around the star. In C-type AGB stars, carbon dust particles form close to
the star at R ~ 2R, and efficiently lift the molecular gas from photosphere.
In M-type AGB stars, alumina dust form at the inner region close to the
star (R < 2R,) and start to drive the mass loss and then at larger radii
(R > 5R,), the silicate dust can be formed and drag the molecular gas along
(Millar 2016, and references therein).

During thermal pulses, AGB stars experience short phases (a few hun-
dred years) of intense mass loss (~ 107°Mgyyr~1). These brief episodes of
intense mass loss lead to the formation of a geometrically thin detached-shell
of gas and/or dust around AGB stars. Figure 1.4 clearly shows the CSE and
detached shell of a C-type AGB star, R Scl, in the CO(J=3-2) ALMA obser-
vations (Maercker et al. 2012). The spiral pattern observed in the CSE is due
to a previously unknown binary companion at a distance of approximately
60 AU from the central star.

1.3.2 CSE Chemistry

The physical conditions and processes dominating the CSE chemistry change
as a function of distance from the star in a measurable manner. Figure 1.5
presents a schematic view of the main processes dominating the chemistry
in different parts of a CSE. Photospheric or parent species form under ther-
mal equilibrium (TE) conditions in the photosphere. The TE conditions do
not hold for the layers above the photosphere due to the passage of stellar
pulsations and shocks. This may change the initial molecular setup of the
wind by changing the molecular formation paths (e.g. Cherchneff 2006). At
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Figure 1.4: ALMA observations of 2CO (J=3-2) towards the AGB star R Scl show the
detached-shell and the CSE, Maercker et al. (2012). The spiral pattern in the outflow
is due to a binary companion. Image credit: ESO.

larger radii (R > 1R,) the temperature is low enough for dust formation and
growth. The photospheric species then can be lifted to larger radii by accel-
erated dust particles. In the outer CSE where the interstellar UV photons
penetrate into the CSE, the photo-chemistry mainly controls the molecular
composition and extension. In this region, new molecules can locally form

through different chemical and radiative processes induced by cosmic rays
and the ISRF.

Generally the molecular content and dust grain types of CSEs are de-
termined by the elemental C/O ratio in the atmosphere. AGB stars can be
classified into two main categories of carbon rich C-type (C/O>1) and oxygen
rich M-type (C/O<1). The atmosphere of C-type stars are rich in CO and
other C-bearing molecules such as Cy, CoHs and HCN, while the M-type stars
are rich in CO and other O-bearing molecules such as H,O and TiO, (e.g. Le
Bertre 1997). Table 1.1 shows the most updated list of molecules detected
in the CSEs of AGB stars. Observations of dust continuum and molecular
emission and absorption lines of CSEs are used to constrain both the stellar
properties and the molecular content of the outflows. CO is the most widely
used molecule to constrain the CSEs properties such as mass-loss rate, density
structure, expansion velocity profile, and kinetic temperature in both C-type
and M-type AGB stars. This is because CO is easily detectable and chem-
ically stable therefore its abundance does not significantly vary throughout
the CSE. The information extracted from CO radiative transfer modelling
and dust continuum modelling will be used to derive the abundance of all
other species.
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Figure 1.5: A schematic view of an AGB star and its CSE from Hofner & Olofsson
(2018). Image credits: S. Liljergen.

1.3.3 Isotopic Ratio

Studying isotopic ratios of evolved stars provides important information on
the initial stellar mass, the stellar evolutionary phases, and the chemical
enrichment of the interstellar medium (e.g. Karakas & Lattanzio 2014; Just-
tanont et al. 2015; Hofner & Olofsson 2018). Figure 1.6 outlines different
events that alter the isotopic abundances at the stellar surface for different
mass stars. As indicated the photospheric *C/!3C ratio can be a good tracer
of the stellar mass, nucleosynthesis, and evolutionary stage.

The advantage of using the isotopic ratios lies in the reliability of the
ratios compared to the absolute abundance values, since the ratios are less
dependent on the limitations of modelling and observational errors that affect
the absolute values.

From observational aspects, direct measurements of elemental photospheric
ratios are very challenging and sometimes impossible with current observa-
tional techniques. Hence, observations of circumstellar molecules, which pos-
sess permanent dipole moments and are thus observable at radio/mm /sub-
mm frequencies, are extensively used as tracers of the elemental photospheric
ratios. Observations of the circumstellar 2CO/3CO are widely used to trace
the elemental photospheric *C/13C ratio in the CSEs (e.g. Groenewegen et al.
1996; Greaves & Holland 1997; Schéier & Olofsson 2000; Milam et al. 2009;
Ramstedt & Olofsson 2014). However, discrepancies between the photo-
spheric ?C/13C and the circumstellar '2CO/*CO ratios have been observed
for a number of AGB stars. This can be explained by considering higher
optical depth of 2CO and the sensitivity of the CO fractionation reaction to
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Table 1.1: Molecules and ions detected in AGB CSEs.
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SiO
SiS

MgNC
CoS
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CH2CN
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temperature. These can lead to variations of the '2CO/*CO ratio through-
out the CSEs. This indicates that although CO is the best candidate to
determine the physical properties of the CSEs, its circumstellar isotopologue
ratio may not be the greatest option of tracing the photospheric 2C/3C

ratio.
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Figure 1.6: A schematic view of the mass dependence of different events that change
the stellar surface composition and isotopic ratio. The lower mass limit depends on
the metallicity, the values presented here correspond to solar metallicity Z=0.02. Image
from Karakas & Lattanzio (2014).



Chapter 2

UV Chemistry

In this Chapter, I summarize all known sources of UV radiation that can
potentially influence the CSE chemistry. I also give a brief overview of the
molecular dissociation mechanisms.

2.1 Potential Sources of UV Radiation

Ultraviolet (UV) radiation (100-4000 A) controls the photodissociation and
photoionization of molecular and atomic species in the CSEs around AGB
stars. UV photodissociation of the molecular gas is thought to be dominated
by the interstellar radiation field (ISRF) while the star is on the AGB phase.
AGB stars have low surface temperatures of ~1800-3000 K, therefore their
intrinsic UV radiation is not expected to heavily affect the CSE chemistry.
Van de Sande & Millar (2019) show that including a source of UV radiation
in the form of a black body (BB) with effective temperature of 2100-2600
K only influences the chemistry of CSEs of low mass-loss AGB stars with
clumpy envelopes.

Recent Galaxy Evolution Explorer (GALEX) observations reveal the pres-
ence of strong internal UV radiation from 179 AGB star which covers ~ 57%
of the observed sample of AGB stars (Montez et al. 2017). This indicates the
existence of a strong internal source of UV-radiation which has not been con-
sidered before in models of AGB stars and their outflows. Figure 2.1 shows
the UV spectra from two AGB stars observed by GALEX from Montez et al.
(2017). For a single AGB star, the intense internal UV radiation can be due
to stellar chromospheric activity. In binary systems, in addition to the stellar
chromospheric activity, a hot binary companion, and/or accretion of material
between the AGB star and its companion can generate UV radiation.

13
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Figure 2.1: GALEX grism UV spectroscopy towards two AGB stars IRC+10216 and
omi Cet clearly shows the presence of strong internal UV radiation. The data are taken
from Montez et al. (2017).

2.1.1 External UV Radiation - ISRF

The most widely used ISRF in models of AGB stars is the one presented
by Draine (1978). He fits an analytical formula to the UV observations in
the wavelength range ~ 900 — 2000A in the solar neighborhood. One has
to be careful in applying the Draine ISRF in models since the position of a
given source in space influences the intensity of the ISRF. The main ISRF
UV sources, hot O and B type stars, are not isotropically distributed in the
Galaxy, therefore the ISRF source function depends on the spatial position
of the source in the Galaxy (Murthy & Henry 1995). McDonald et al. (2015)
have shown that the ISRF is significantly higher in globular clusters than
the standard commonly used ISRF. On the other hand, sources that are
located above the Galactic plane e.g. IRC+10216 are possibly exposed to a
weaker [ISRF. The strength of the ISRF may significantly affect the chemistry
of the outer CSE. In paper III, we have shown how this affects the CO
photodissociation radius.

In addition to the strength of the local ISRF, penetration of the ISRF
into the CSE material depends also on a number of CSE properties such as
geometry, clumpiness, and dust composition.
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The radially expanding CSEs around AGB stars can be approximated by a
spherically-symmetric geometry. We have to remind that photon dominated
region (PDR) models that are developed for studying interstellar clouds usu-
ally assume a plane-parallel geometry. This kind of codes are not appropriate
for CSE modelling unless one only is interested in modelling the outer CSE
where the velocity has already reached the terminal velocity.

Several observations have shown that CSEs have clumpy structures both
on small and large scales (e.g. Chapman et al. 1994; Guélin et al. 1997; Weigelt
et al. 1998; Fong et al. 2003; Ledo et al. 2006). The degree of clumpiness (or
volume filling factor) in the winds of AGB stars is not well characterised. A
clumpy circumstellar medium allows the interstellar UV-radiation to pene-
trate deeper into the CSE compared to a uniform CSE with the same average
column density (Meixner et al. 1992). This may also impact the chemical
composition (e.g. Lee 1984; Agtindez et al. 2010; Van de Sande et al. 2018).

Goicoechea & Le Bourlot (2007) show that the FUV penetration into
molecular clouds can heavily depend on the dust albedo and anisotropy of the
scattered radiation. Consequently, the grain properties and growth must be
taken into account. These are different from source to source and even within
the same source. They show that the assumption of uniform dust properties
and average extinction curves can be a crude approximation to determine
the scattering properties for the ISM. This might affect the modelling results
of molecules which are mostly radiatively excited. In case of AGB stars, the
exact dust properties in CSEs have not been constrained. Future studies
require a more precise treatment of the dust properties in both chemical and
radiative transfer modelling of AGB stars but this is beyond the scope of this
work.

2.1.2 Internal UV Radiation - Chromospheric Activity

The chromosphere is a layer of plasma overlying the photosphere where the
temperature goes from ~ 4000 to 25000 K and the density drops quickly. In
the stellar photosphere in radiative equilibrium (RE) condition, energy trans-
port through the plasma is purely by radiation. Unlike the photosphere, the
chromosphere is not in RE. Thus, a non-thermal mechanism of energy trans-
port must be present. Magnetic and acoustic heating are potential sources
for heating the stellar chromospheres.

Previous studies of UV-spectra indicate the presence of a chromosphere
in the outer atmosphere of giant stars (e.g. Hartmann et al. 1982; Querci &
Querci 1985; Johnson et al. 1986; Eaton & Johnson 1988; Judge & Stencel
1991; Schrijver 1995; Carpenter et al. 1997). Several emission features of high
temperature ionized species such as Fell, Call, and CII from cool stars are



16

UV Chemistry

the observational tracers of the stellar chromospheres. Moreover, emission
lines such as the Call, H and K lines are a sure sign of departure from RE
condition, and thus of chromospheric origin emission.

2.1.3 Internal UV Radiation - Binary Companions

Binarity has been offered as a possibility to explain the shape of planetary
nebulae (PNe) or asymmetries in the CSEs of AGB stars. However, the
rate of binarity in evolved stars is not precisely known. The discovery of
companions is more straightforward when the companion is hot such as a
white dwarf, but the detection of low- to intermediate MS companions is
not straightforward. Sahai et al. (2008) and Ortiz & Guerrero (2016) report
the detection of UV-radiation for a sample of AGB stars, interpreted as aris-
ing from a hot embedded companion. Although it should be noted that they
have not considered the possibility of the UV radiation by the AGB star itself.

Figure 2.2 indicates the UV intensity of the Draine ISRF, the Sun, and
three BB sources with different effective temperatures. A first, simple ap-

proach to adopt an internal UV field from a binary companion into chemical
models of AGB CSEs would be to consider a hot BB source.

2.2 Molecular Photodissociation by UV Radiation

Photodissociation is a chemical process in which a molecule breaks apart by
absorbing light. Molecular photodissociation can be dominated by either di-
rect or indirect photodissociation mechanisms depending on the structure of
the molecule. Figure 2.3 schematically illustrates all types of photodissocia-
tion processes.

In direct photodissociation, a molecule is excited from the ground electronic
state to a higher energy electronic state, that is repulsive with respect to
the nuclear coordinate, by absorbing a single photon. In this process, since
spontaneous emission back to the ground state is comparatively slow (typical
Einstein-A coefficients of 10° s™! compared with dissociation times of 103
s71), all of the absorptions lead to molecular dissociation. Therefore the
photodissociation cross section is continuous as a function of photon energy.
The photodissociation rate in s~! by continuous absorption can be expressed

by

ket = [ eI, (2.1)
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Figure 2.2: Comparison between UV radiation from the ISRF from Draine, the Sun,
and black bodies with three different effective temperatures. All radiation fields have
been scaled to agree with the integrated energy-intensity of the Draine (1978) radiation
field between 91.2 and 200 nm. The data are from https://home.strw.leidenuniv.
nl/~ewine/photo/index.php?file=radiation_fields.php

where o is the photodissociation cross section in cm? and I is the mean

intensity of the radiation in photons cm~2 s~' A~ as a function of wavelength

\in A.

Indirect photodissociation can be classified into two categories, predissocia-
tion and spontaneous radiative dissociation. In predissociation, the molecule
is initially excited to a bound electronic state and subsequently interacts
non-radiatively with a nearby repulsive electronic state. In this case, the
photodissociation cross section contains a series of discrete peaks. The peaks
are proportional to the product of the oscillator strength of the initial absorp-
tion and the dissociation efficiency of the level involved. In the case that the
excited bound state is not predissociated, spontaneous radiative dissociation
can still be effective by emission of photons into the continuum of a lower
repulsive state or the vibrational continuum of the ground electronic state.
This photodissociation cross section likewise involves a series of discrete peaks
(Fig. 2.3).

The photodissociation rate for indirect processes of predissociation and
spontaneous radiative dissociation for the rate of dissociation by absorption
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Figure 2.3: Photodissociation processes of diatomic molecules and corresponding cross
sections. From top to bottom: direct photodissociation, predissociation, and sponta-
neous radiative dissociation from van Dishoeck & Visser (2011).

into a specific level of a bound upper state u from lower level [ is

7T€2

bipa” = s N furun] (), (2.2)

where f,; is the oscillator strength which expresses the transition probabil-
ity, n, is the dissociation efficiency of the upper level, and x; indicates the
fractional populations of the level [.

Since a molecule has many excited electronic states which can be popu-
lated by the ambient radiation field, all of the above processes will occur.
A more detailed discussion can be found in van Dishoeck & Visser (2011).
The main factor determining domination of line or continuous dissociation
process is the structure of the molecule. For instance, photodissociation pro-
cesses of Hy, CO, and Ny, which are among the most abundant molecules in
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astrophysical regions, are dominated by line dissociation, while HCN is pho-
todissociated via continuum. Photodissociation of CO and Hy are controlled
by predissociation and spontaneous radiative dissociation, respectively.

The photodissociation rate of molecules with sharp absorption bands in
the UV depends on the molecular column densities. That is because all the
relevant photons that can dissociate the molecules in deeper regions of the
cloud can be absorbed by species near the exposed region. Thus, molecules
in the deep regions are shielded from dissociation. This is called molecular
shielding. As a consequence of shielding, two isotopologues of a molecule with
different column densities are not equally affected by the same UV radiation
field. This can lead to changes in the isotopologue ratios in UV-irradiated
regions. On the contrary, isotopologues of molecules with continuum disso-
ciation are equally affected by the radiation field. This contrast might be
useful to trace the effect of UV radiation in the UV dominated regions.
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Chapter 3

Observational Data

Observations of molecular emission and absorption lines in CSEs are vital
in improving the current theoretical models of stellar evolution and CSE
chemistry. The molecular setup in CSEs reflects the mass loss history, wind
acceleration, nucleosynthesis, and dredge-up events.

In the appended papers I and 11, we used new single-dish and interferomet-
ric observational data from the Atacama Pathfinder Experiment (APEX) and
the Atacama Large Millimeter/submillimeter Array (ALMA) and archival
data from the Swedish-ESO Submillimeter Telescope (SEST) and the Hein-
rich Hertz Submillimeter Telescope (HHT). In the following sections I briefly
introduce facilities that are used to take new observations.

3.1 APEX

The Atacama Pathfinder Experiment (APEX) is a 12 meter antenna located
at 5100 m altitude on Llano Chajnantor in Chile (Giisten et al. 2006), pic-
tured in Fig. 3.1. In paper I, we have used two Heterodyne SIS receivers,
the Swedish-ESO PI receiver for APEX (SEPIA)/band 5 (Belitsky et al.
2018a,b) and the Swedish Heterodyne Facility Instrument (SHeFI) (Belit-
sky et al. 2006; Vassilev et al. 2008), to observe rotational transitions of
H™CN(J=2-1) and H®CN(J=2-1, 3-2) lines. The antenna main-beam effi-
ciency, Nmp, the full-width half-power beam width, 6,,,, and the excitation
energy of the upper transition level, £, and the observational frequencies
are listed in Table 3.1.

In addition to our new observations, we used complementary archival data
of H2CN(J=1-0, 3-2, and 4-3) and high spatial resolution ALMA observa-
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Figure 3.1: APEX telescope located at 5100 meters above sea level in the Atacama
desert in northern Chile. Image credit: Maryam Saberi.

tions of H¥CN(J = 4 — 3) to probe both the inner and outer CSE of R
Scl.

The XS! and the GILDAS/CLASS? packages are used to reduce the single-
dish observations. We subtract a first-order polynomial from the spectrum
to remove the baseline. The measured antenna temperature was converted
to the main-beam temperature using Ty = TX /Mmb-

To extend our analysis of paper I, we applied for APEX observations of
H'2CN and H'¥CN lines towards a sample of AGB stars with UV detections
from GALEX. The aim was to analyse the rotational transitions J =1-0, 2-1,
3-2, and 4-3 for both HCN isotopologues for all selected sources. Therefore
after an archival search, we only include the rotational transitions that have
not been observed before with any other instrument. Table 3.2 lists the
observed sources, their distances D, mass loss rates M, and the observed
transitions.

Paper II includes new CI observations with the SHeFI receiver at 492
GHz frequency. The aim of these observations was searching for CI detection
towards a sample of UV bright AGB stars. The observational specifics are
presented in Table 3.1.

1XS is a package developed by P. Bergman to reduce and analyse single-dish spectra. It is publicly

available from ftp://yggdrasil.oso.chalmers.se

http://www.iram.fr/IRAMFR,/GILDAS/
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Table 3.1: New observations which are included in papers I and II.

Molecule Trans. Freq. nmp 6w FEup  Source Instrument
| GHz) " K]
H'3CN J=2-1 1726 0.8 35 124 R Scl APEX-SEPIA
H2CN J=2-1 1772 0.8 35 128 R Sc  APEX-SEPIA
H3CN J=3-2 259.0 0.75 30 249 R Scl APEX-SHeFI
H!3CN J=4-3 354.3 41.4 R Scl ALMA-band 7
CI (P, —3P,) 4922 0.6 13 23.6 omi Ceti APEX-SHeFI
CI (3P —-3P) 4922 06 13 236 V Hya APEX-SHeFI

Table 3.2: New APEX observations of HCN isotopologues towards a sample of UV bright
AGB stars.

Source D [pc] Mass-loss [Ms yr=1] lines

V Hya 380 1.5 x 107° H2CN (J=2-1,3-2, 4-3)
H3CN (J=3-2, 4-3)

R Lep 130 2.0 x 1077 H2CN (J=2-1)
H3CN (J=3-2,4-3)

W Hya 104 8.0 x 1078 H2CN (J=2-1)
HBCN (J=3-2,4-3)

TX Psc 275 5.6 x 1077 H2CN (J=2-1,3-2,4-3)
H3CN (J=3-2,4-3)

R Hya 124 3.0 x 1077 H'2CN (J=2-1,3-2,4-3)
H3CN (J=3-2,4-3)

3.2 ALMA

The Atacama Large Millimeter /submillimeter Array (ALMA), pictured in
Fig. 3.2, is an international facility which contains 66 high-precision antennas
(in Cycle 6). This includes fifty 12-m antennas in the main array which
are used for sensitive and high-resolution imaging and the remaining sixteen
antennas are used in the Atacama Compact Array (ACA) to enhance wide-
field imaging. The ACA includes twelve 7-m antennas and four 12-m antennas
for single-dish observations (Total Power Array). ALMA provides capabilities
for continuum and spectral-line observations in wavelength range 0.32 mm to
3.6 mm (frequency coverage of 84 GHz to 950 GHz), and angular resolutions
from 0.018” to 3.4” on the 12-m Array. ALMA is located on the Chajnantor
plateau in Chile which provides exceptionally dry and clear sky conditions
for mm/sub-mm observations.

We use the ALMA band 7 observations of H¥*CN in paper I. The high
spatial resolution of the data enabled us to precisely constrain the emission
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Figure 3.2: ALMA in the Atacama desert of northern Chile. Image Credit: Clem &
Adri Bacri-Normier (wingsforscience.com)/ESO.

region in radial offset points from the central star which is not possible with
single-dish data. The data reduction was done with the CASA.

In continuation of the work in paper II, we used ALMA band 8 to ob-
serve CI towards omi Ceti in high spatial resolution (0.1”-0.3"). Moreover,
to increase the sample of CI detected AGB stars, we have performed CI ob-
servations using the ACA for a sample of eight AGB stars in Cycle 6, listed
in Table 3.3.
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Table 3.3: New ALMA-ACA observations of CI at 492 GHz towards a sample of UV
bright AGB stars.

Source  Chemistry D  Mass-loss
[pc]  [Moyr™!]

W Hya C 104 7.8 x 1078
R Hya M 124 1.6 x 1077
U Hya C 160 1.2 x 1077
EP Aqr M 114 3.1x10°7
R Leo M 130 2.0 x 1077
TW Hor C 322 2.4x1078
R Dor M 45 6.1x1077
TX Psc C 275 2.4 %1078
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Chapter

Radiative Transfer Modelling

All we know about stars is deduced from observations of electromagnetic
radiation. Radiative transfer is the mathematical description of the trans-
portation of radiation through a medium, in our case the CSE around an
AGB star. In this chapter, I discuss the origin of molecular line emission,
the theory of radiative transfer, and finally methods of solving the radiative
transfer equation which are used in the appended papers.

4.1 Molecular Transitions

Molecular transitions can be divided into three categories of electronic, vi-
brational, and rotational transitions. Figure 4.1 shows the potential energy
versus the internuclear separation for different molecular states. The most
energetic molecular transitions are electronic transitions which are observable
at visible or UV wavelengths. Vibrational transitions occur between differ-
ent vibrational levels of the same electronic state and are mostly observable
at infrared (IR) wavelengths. Stretching and bending the bonds between
atoms of a molecule are the available vibrational modes and their associated
energy levels strongly depend on the structure of a molecule. The least en-
ergetic transitions are rotational transitions which occur between rotational
levels of the same vibrational state. Rotational transitions lie at 0.1-10 mm.
Only polar molecules which possess permanent dipole moments, such as CO,
can undergo the allowed rotational transitions. In order to model the ob-
servational spectra resulting from different transitions we need to calculate
the probability of these transitions, which will be discussed in the following
section.
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Figure 4.1: Transitions between energy levels of a molecule. Solid and dashed curves
indicate potential energy associated with an anharmonic and harmonic oscillator, re-
spectively. Image is taken from Catherine Findlay; PhD thesis, DOI: 10.5203.

4.2 Radiative Rates

There are three basic radiative processes responsible for the formation of an
atomic or molecular spectral line. The three processes are referred to as
spontaneous emission, stimulated emission, and absorption. The probability
of each process can be expressed through Einstein coefficients.

The spontaneous emission rate per unit time for a transition from an
upper state u to a lower state [ with the frequency v, = (E, — E;)/h can be
expressed by the corresponding Einstein A,; coefficient

823

Ay =
: 3eghic3

|/Lul|2 S_la (41>

where i, is the transition dipole moment, ¢ is the vacuum permittivity, c
is the speed of light in vacuum, and # = h/2m where h is Planck’s constant.
The spontaneous transition releases a photon with the energy hv = E, — Ej.

The rate of stimulated emission is expressed by the Einstein B,,; coefficient
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as

|Mul|2
B, = . 4.2
"7 6eoh (4.2)

The two rates of spontaneous and stimulated emission are related via:

Srhi3
3

Ay = Bu. (4.3)

And finally the rate of absorption Bj, can be written in terms of the
stimulated emission rate

Blugl - Bulgu7 (44)

where ¢ is the statistical weight of the level.

We should note that spontaneous emission does not depend on the radia-
tion field. However, the stimulated emission and absorption processes depend
on the radiation field and their probability are linearly proportional to the
spectral energy density of the radiation field.

4.3 Collisional Rates

In addition to the interaction between molecules and electromagnetic radi-
ation, a molecular transition between energy levels can also occur through
collision of a molecule with other abundant species such as Hy and He. In the
CSEs of AGB stars, H, is the most abundant molecule and because of that
we consider its collisional rate with the molecule of interest in the modelling.

The collisional de-excitation rates are given by
Cul = NcolCul, (45)

where n. is the number density of collisional partner and ¢,; is the collisional

de-excitation coefficients in cm3s~!.

The collisional excitation rates can be related to de-excitation rates by

Cpy = Oul?e(EuEz)/kam7 (4.6)
l

where k is the Boltzman constant and Ti;, is the gas kinetic temperature.

The Einstein A coeflicients of a molecule of interest and its collisional rates
with Hy are input to the radiative transfer code.
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4.4 Radiative Transfer Equations

The specific intensity I, is defined as the energy per unit time, frequency, solid
angle, and area and has units erg cm=2 s7! Hz ! ster~!. The specific intensity
is constant while the ray passes through vacuum. However, propagation
of radiation through matter causes changes in the specific intensity due to
emission, absorption, and scattering (Fig. 4.2). In the absence of scattering,
the changes in a beam after passing a distance ds through matter is given by

dl, = j,ds — k,1,ds, (4.7)

where 7, is the emission coefficient and k, is the absorption coefficient at
frequency v. In this equation, the first term describes the intensity added
to the beam, and the second term describes the intensity subtracted after
passing a distance ds. The ratio of the j, and k, is defined as the source
function:

s, =7, (4.8)

Ky

which has the same units as the specific intensity. The source function for a
transition between states u and [ can be expressed using the Einstein coeffi-
cients as

nuAul

S = (4.9)

nlBlu - nuBul

The absorption coefficient integrated over path-length through the atmo-
sphere gives a quantity called the optical depth as follow

dr, = //—iyds, (4.10)

which is dimensionless and indeed counts the number of photon mean free
paths along the direction ds. If we replace the geometrical depth ds with
an optical depth dr defined above, the radiative transfer equation 4.7 can be
written as

dr,

dr, -

Sy — 1, (4.11)

The solution for the simplified transfer equation 4.11 can be written

I, = 1,(0)e ™ + / " S, (rh)e~ = dr! (4.12)
0
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Figure 4.2: Tllustration of the propagation of radiation through a cloud with a geomet-
rical depth ds and an optical depth 7.

the first term represents the amount of radiation absorbed from the back-
ground intensity I,(0) and the second term accounts for the radiation emit-
ted and re-absorbed within the medium.

In order to solve the radiative transfer equation, the molecular level pop-
ulations are required. In calculating the molecular level populations, we
consider that there is a balance between all the upward and downward pro-
cesses which populate and de-populate each state of a molecule. This is called
statistical equilibrium (SE). In SE, all the rate equations can be written as

dni
dt

= 0. (4.13)

Thus, the statistical equilibrium system of equations can be written:

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

I<u I>u
4.14
+ Z(nucul - nlClu) - Oa ( )
u,l

where J is the mean intensity obtained by integrating the specific intensity
over solid angle (2 and averaged over all directions ; and can be written as:

7= [ae [ dvp,(w ) (4.15)

™
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where I, is the specific intensity along direction p with frequency v and ¢, ()
is a weight function.

Both radiative transfer codes, ALI and MCP, that we use in the appended
papers solve equations 4.12 and 4.14 using iterative methods. Further dis-
cussions are presented in Sect. 4.7 and 4.8.

4.5 CSE Properties

In our radiative transfer calculations we assume a spherically symmetric CSE
created by a constant mass-loss rate. The CSE is smoothly accelerating.
Three radiation fields are considered to affect molecular excitation in the
CSE: the stellar radiation field, the dust radiation field, and the cosmic mi-
crowave background (CMB) radiation field. In calculating the stellar radi-
ation field we assume that the star is a blackbody of temperature T.g, the
effective stellar temperature, which is derived through modelling of the spec-
tral energy distribution (SED). The dust radiation field is defined by the dust
temperature profile and the dust density distribution. The CMB radiation
field is calculated by assuming a blackbody with a constant temperature of
2.7 K. Other CSE parameters such as the gas temperature profile, the ex-
pansion velocity and molecular distributions profiles are discussed in detail
in the appended papers.

4.6 Dust Properties

To model the radiative contribution from the dust in the CSE, we set the
dust optical depth 7 at a reference wavelength A = 10um. The optical depth
7 should come out of a spectral energy distribution (SED) model. We use
two dust opacity profiles for silicate and carbon dust which are shown in
Fig. 4.3. The dust grain radius is assumed to be 0.1 ym with densities p; =
3.5 g cm™® for both carbon and silicate dust. The gas-to-dust mass ratio is
assumed to be 200 for all models.

4.7 The Accelerated Lambda Iteration Method

One of the most commonly used methods of solving the radiative trans-
fer equation is the Accelerated Lambda Iteration (ALI) method. The ALI
method is described in detail by e.g. Scharmer (1981) and Rybicki & Hum-
mer (1991). The code used in paper I is based on the ALI method and has
been implemented by Per Bergman. The code has been described and tested
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Figure 4.3: The dust opacity dependence on wavelength for silicate and carbon dust.

in e.g. Maercker et al. (2008, 2009). In the ALI method, I, is derived by
using an operator A which acts on the source function S and gives the specific
intensity at any radial point as

L (1) = Ny Suton (1) + Tog, (4.16)

where the source function S, 4¢(t) includes all contributions from dust and
overlapping lines and Iy, is contribution from the background. The A opera-
tor is an N X N dimensional matrix where N is the number of radial points.
The diagonal elements describe the local contribution and the off-diagonal
elements the contribution from other parts of the emitting region.

The code starts with an initial guess for the level populations to solve the
SE equation (Eq. 4.14). Then, the specific intensity is calculated at any
radial point. The derived populations from the last iteration will be used to
solve a new SE equation. This process is continued until convergence of the
level populations is obtained. In the ALI method, the high optical depths are
computed separately which makes the code converge quickly at high optical
depths and that is where the "accelerated" part of the ALI comes from.

4.8 The Monte-Carlo Program

The Monte-Carlo program (MCP) code that we have used is previously dis-
cussed in Schoier & Olofsson (2001); Schoéier et al. (2002); Ramstedt et al.
(2008). The CSE is divided into a number of concentric shells which are irra-
diated by model photons. Each model photon corresponds to a large number
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of real photons. As model photons pass through each shell their weight will
be changed due to absorptions and emissions. The code calculates the num-
ber of excitations and de-excitations the model photon causes on its way
through the cloud in each region. This will be used as an estimate of the
mean integrated intensity. In the MCP, to lower the random errors we need
to increase the number of stimulated photons which require large computing
time. Therefore, the MCP may not be very efficient at modelling high optical
depths.

One of the main difference between our ALI and MCP codes is that the
MCP includes the energy balance equation while ALI does not. Therefore,
MCP is usually used for excitation analysis of CO because it is able to take
heating and cooling into account and ALI is used for other molecules espe-
cially when optical depth effects cause MCP to take a particularly long time
to reach convergence.
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To simulate the chemistry of a CSE surrounding an evolved star we use
an extended version of the publicly available code ratel3-cse!. A detailed
discussion on the code can be found in McElroy et al. (2013) and references
therein. In this Chapter I briefly introduce the original code and explain new
additions and modifications to it.

5.1 CSE Properties

The code assumes a spherically symmetric CSE which is formed due to a
constant mass loss from an evolved star. It is expanding with a constant
velocity Vexp. The mass loss rate M and the expansion velocity Vexp are
two free parameters which determine the Hy number density distribution
throughout the envelope ny, (r) which falls as 1/r? (r is the distance from the
central star). The envelope is exposed to the isotropic standard interstellar
radiation field (ISRF) derived by Draine (1978). The Draine ISRF intensity
is expressed as

6.36 x 107 1.0237 x 10" 4.0812 x 1013> (5.1)

Iisrp(A) = ( X G + 6

where 7 is in unit ergs cm 25 'A~" and X is in A.

"http://udfa.ajmarkwick.net
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The gas kinetic temperature profile of a CSE can be approximated by a
power-law function as

Ty

Tan(r) = T2, (5.2

where 3 is typically assumed to be § = 0.4 — 1.0 and determines the slope
of the profile, and 7T} is the temperature at the inner radius r; (e.g. De Beck
et al. 2012; Danilovich et al. 2014; Khouri et al. 2014; Maercker et al. 2016;
Ramos-Medina et al. 2018). The minimum temperature at the outer edge of
CSE is assumed to be 10 K.

5.2 Dust

The code assumes that the dust absorption is independent of the wavelength.
We also ignore dust scattering and assume that the dust absorption domi-

nates the dust extinction. Therefore, we consider a constant dust extinction
at 1000 A, as Morris & Jura (1983), to be:

4.65 x 2 x Ny, (r)
1.87 x 102t

where Ny, is the Hy column density to infinity. We assume the gas/dust
= 200, grain radius 0.1 um, and dust grain density p = 3.5 g cm™ for all
models.

Taust (1, 1000A) = (5.3)

5.3 The Chemical Network

We have used the upgraded version of the UMIST Database for Astrochem-
istry (UDfA) which contains ¥*C and 80 isotopes, all corresponding iso-
topologues, their chemical reactions and the properly scaled reaction rate
coefficients (Rollig & Ossenkopf 2013). The chemical network includes 934
species (351 neutral species, 572 cations, and 11 anions) and 15108 gas-phase
reactions to describe the chemistry of the CSEs. The chemical network con-
tains two-body reactions, photo-processes, and cosmic-ray processes. Table
5.1 lists all the reaction types that are included in the chemical network.

Two-Body Reactions

A two-body reaction can be simply expressed as

A+B — C, (5.4)



5.3 The Chemical Network 37

where the reactants A and B can be atoms, molecules, ions, or electrons. The
rate of C' abundance enhancement with time per unit volume is expressed by
n(C) and can be derived as

dn(C
i;)::anUnﬂﬂ em 3571, (5.5)
where k is the reaction rate that can be calculated using the Arrhenius-type
formula:
T _
k=a(zp) exp(—) fem’s™) (5.6)

where T' is the gas temperature, « [cm?’s’l] is a pre-exponential factor, 8
indicates the temperature dependence of the rate coefficient, and « [K] is the
activation energy or energy barrier of the reaction. Two-body reactions can
be divided into several types which are given in Table 5.1.

Photo-Processes

The photo-processes can be divided into photo-dissociation and photo-ionization
processes. The reaction rate of photo-reactions is calculated as

k= aexp(_fYAv) [S_l]v (57)

where « [s7!] is the photodissociation rate in the unshielded region, A, [mag]
is the extinction by the dust in the visible wavelength range and ~ is a pa-
rameter that takes into account the increased extinction at ultra-violet wave-
lengths compared to the visible. For the CO molecule, the photodissociation
rate is calculated in more detail in Sect. 5.5.1.

Cosmic-Ray Processes

There are two types of cosmic-ray reactions. Direct cosmic-ray ionization
reactions for which the reaction rate is simply

k=a [s7Y, (5.8)

and cosmic-ray induced photo-reactions for which the reaction rate is calcu-

lated according to
T

_ g_ " —1
where « [s7!] is the cosmic-ray ionization rate, 7 is the efficiency of the
cosmic-ray ionization, w (0 < w < 1) is the dust-grain albedo in the far-UV,
and T is the gas temperature.
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Table 5.1: All reaction types that are included in the chemical network of the CSE code.

Code Reaction Type Example Num!.
Tow-Body Reactions
IN Ton-Neutral AT+ BC - ACT+ B 8737
NN Neutral-Neutral A+ BC — B+ AC 1986
CE Charge Exchange At +BC - BCT+ A 1536
DR Dissociative Recombination ABT +e” - A+ B 1273
RA Radiative Association A+ B — AB+ hv 294
AD  Associative Detachment A+ B — ABT +e™ 136
CD Collisional Dissociation A+BC —-A+B+C 44
MN  Mutual Neutralisation A"+ BCT - A+BC 39
RR Radiative Recombination AT +e” - A+ hv 28
REA Radiative Electron Attachment A+4+e~ — A~ + hv 8
Photo-Processess
PH  Photo Process (Dissociation) AB+hv - A+ B 5682
PH Photo Process (Ionization) AB+hv — ABT + e~
Cosmic-Ray Processess
CR  Cosmic-Ray Photon (CRPHOT) A+ CRPHOT — B+ C 443
CP Cosmic-Ray Proton (CRP) A+ CRP = AT + e~ 16

NOTE: 1. Number of reactions in the chemical network. 2. This is the total
number of photo-processes.

5.4 Molecular Abundance Distributions

Assuming that the mass-loss rate M and the CSE expansion velocity Vexp are
constant in time, the abundances of different circumstellar species relative to
H, number density, f;(r) = n;(r)/nna(r), are calculated at each radial point
by solving an ordinary differential equation as follows

ijf; = vl Y K fifin(r) + 3 Kkifi = fi | D kim fn(r) + an” . (5.10)
€ Lik l m

n

where the two first terms count all the reactions which lead to creation of
the species i by two-body reactions and photo-processes and/or cosmic-ray
processes. The two last terms count all the reactions which lead to destruc-
tion of the species ¢ through reactions with species m or through CR or
photoprocesses. The rate coefficient for each reaction is given by k.
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5.5 The CO Envelope Size

I discuss here the two processes that predominantly determine the abundance
distributions of 12CO and 3CO in the outer CSE: dissociation of CO by inter-
stellar photons and chemical fractionation, a process which leads to isotope
exchange between species.

5.5.1 Photodissociation of CO

The CO molecule photodissociates by absorbing photons at specific frequen-
cies in the wavelength range 911.75 - 1117.8 A (e.g. Visser et al. 2009). There-
fore, it is subject to self-shielding by CO molecules closer to the UV source
and mutual-shielding by other abundant species such as Hy, H, C and dust
particles which are dissociated at the same wavelengths. The amount of
shielding depends on the UV intensity, the gas temperature, and the column
density of CO and other shielding species. Since 2CO is more abundant
than all other CO isotopologues, it is subject to more shielding than the
less abundant isotopologues. This can lead to variations in the 12CO/¥CO
isotopologue abundance ratio throughout the CSE.

In the original ratel3-cse code, it is simply assumed that CO photodisso-
ciates by absorbing photons only in one band at 1000 A and the CO shield-
ing is calculated using a single-band approximation (Morris & Jura 1983).
However, the latest laboratory measurements have shown that CO has 855
dissociating lines in the UV arising in rotational levels J = 0 to 9 in the
lowest vibrational state v = 0. We have modified the CO photodissociation
treatment of the code considering all dissociating lines to more precisely de-
rive the CO photodissociation radius. Here, I summarize the calculations
of the CO photodissociation rate. Detailed discussions are presented in the
third paper.

The total CO photodissociation rate at radius r is the summation of the
photodissociation rates of all discrete contributing lines ¢ as following:

855

k(r) = ; kY Bi(r) i(r) [s7], (5.11)

where k) is the CO unshielded photodissociation rate at the edge of the
CSE, §; is the CO self-shielding efficiency and ~; accounts for the shielding
by species other than CO. The &) can be calculated using:

we?

]fzo = c? Jimi T /\12 [ISRFO‘Z') [5_1]7 (5.12)
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where f is the absorption oscillator strength that expresses the probability of
absorption of electromagnetic radiation in transitions between energy levels
of a molecule, n is the probability for dissociation of the upper level, x; is the
fractional populations of the lower level and [isgr is the mean intensity of the
interstellar radiation field in unit photons cm=2 s~ A=!. The constant factor
me? /mec? takes the value 8.85 x 102" if X is in A. From this calculation, kY
is estimated to be 2.6 x 10710 ™1,

We use the approximations by Morris & Jura (1983) for the CO shielding
by itself (8) and by Hy and dust () given as

1 —exp(—1.571c0(Vi,7))
N 1.5 Tco(Vi,T>

Bi(r) : (5.13)
where 700 (4, ) indicates the CO optical depth of each dissociating line i at
radius r and

vi(r) = exp ( -« (Tdust<7“) + T, (V4 T))b>, (5.14)

where o = 1.644 and b = 0.86. 7y, is the Hy opacity at each CO dissociating
line 3.

Figure 5.1 presents the impact of each shielding species on the CO abun-
dance distribution in a CSE of an AGB star with a mass-loss rate M =
107° Mgyr™!, an expansion velocity Ve, = 15 km s7!, and the initial CO
fractional abundance fco/m, = 8 ¥ 1074

We have implemented the shielding functions only for the 2C'%O and
130160 isotopologues. We have found that considering the shielding func-
tions for the 13C'80 and 2C'80 isotopologue does not change their distribu-
tions. Thus, we deactivate their shielding function calculations to decrease
the computation time.

The CO abundance distribution can be represented with an analytical
formula derived by Mamon et al. (1988):

feo = foexp (= n(2) (——)°), (5.15)
T1/2

where fj is the initial CO/Hy abundance close to the star, a determines the
steepness of the profile, and 7/, marks the radius where the CO abundance
drops to half of its initial value. We have derived 71/, and « for a large grid
of models consisting of 10 values for fy (1,2,---,10 x 107%), 13 values for
M ([1,2,5] x 1078,[1,2,5] x 1077, --- ;1 x 10~* Mg, yr~'), and 3 values for
Vexp (7.5, 15, 30 kms™). Our results show that the CO envelope size should
be smaller than the commonly used radii in the literature. The discrepancy
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Figure 5.1: The CO fractional abundance distributions for simulations with different
shielding functions that regulate CO photodissociation: shielding by Hs, shielding by
dust, CO self-shielding, and the total shielding for a model with mass-loss rate M =
1072 M, yr~!, an expansion velocity Vexp = 15 km s~1, and the initial CO/Hjy fractional
abundance foo =8 x 1074,

depends on both the CSE parameters and the intensity of the ISRF. We
have also examined the effect of varying five fundamental parameters: the
CO excitation temperature T.y, the mass-loss rate M, the expansion velocity
of the CSE Vi, the initial CO abundance fy, and the strength of the ISRF
on the CO envelope size. The results are discussed in detail in paper III.

5.5.2 The CO Fractionation Reaction

The CO fractionation reaction is given by Watson et al. (1976)
Bot4+12CO0 = 2CT4+¥CO+ AE, (5.16)

where AE = 35 K. At high temperatures the forward and backward reaction
rates are equal, however at low temperatures (7" < 100 K) the backward
reaction rate gets lower resulting in a one-way channel which favors creation
of BCO from 2CO. Therefore, at low temperatures, this leads to a change in
the 12CO/!3CO ratio. In the outer CSE where the temperature is low (T <
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Figure 5.2: The CO and C* abundance distributions with (solid line) and without
(dashed line) considering the CO fractionation reaction in the chemical network.

100K), the fractionation reaction can substantially change the 2CO/¥CO
abundance ratio as shown in Fig. 5.2.
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Introduction to appended papers

In this chapter I describe the motivation and goals of the studies presented
in the four appended papers. I also summarize the results of our detailed
analysis and give an outline of the ongoing and future plans to follow up the
work presented in each paper.

6.1 Paper I

The photospheric 12C/'3C ratio is a good tracer of the stellar nucleosynthe-
sis. From an observational point of view, a direct estimate of the 2C/!3C
ratio is very challenging. Hence, observing isotopologues of circumstellar
carbon-bearing molecules are widely used to trace the elemental isotopic car-
bon ratio. It is generally assumed that the circumstellar isotopologue ratios
are representative of the stellar isotopic ratios (e.g. Schoier & Olofsson 2000;
Milam et al. 2009; Ramstedt & Olofsson 2014). However, spatially resolved
ALMA observations of the CSE of a carbon-type AGB star R Scl show that
there is a variation in the '2CO/™CO ration in different parts of the CSE
associated with different mass-loss epochs. Vlemmings et al. (2013) find an
average value of 12CO/1CO ~ 19 in the detached shell, consistent with the
atomic carbon photospheric ratio of 2C/3C ~ 19 4 6 reported by Lam-
bert et al. (1986), whereas they derive a lower limit of *CO/BCO > 60
for the present-day mass loss. Vlemmings et al. (2013) suggested that the
lack of BCO in the recent mass loss might be due to extra photodissocia-
tion of ¥CO by internal UV radiation from a previously unknown binary
companion and/or stellar chromospheric activity, while the more abundant
1200 would be self-shielded. This hypothesis can be examined by measuring
the isotopologue ratio of a circumstellar molecule which dissociates through

43
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continuum (e.g. HCN) and is therefore not subject to self-shielding. For
molecules with continuum photodissociation we do not expect any variation
in the isotopologue ratio caused by photodissociation.

In paper I we performed a detailed radiative transfer analysis of H2CN
and H¥CN. Our analysis shows that the H*?CN/H*CN = 26.3 & 11.9 ratio
in the inner CSE is consistent with the photospheric ?C/3C = 19 + 6
ratio. These results support the idea that the CO isotopologue selective
photodissociation by the extra UV-radiation could be the main reason of the
observed discrepancy between CO isotopologue and C isotope ratios in R
Scl, as suggested by Vlemmings et al. (2013). Our results suggest that the
circumstellar HCN isotopologue ratio might be a more reliable tracer of the
photospheric C isotopic ratio in UV dominated envelopes.

6.1.1 Follow-up work

Further investigations are needed to prove whether the H*?CN/HCN ratio
is a better tracer of the 2C/!3C compared to the widely used >CO/¥CO
ratio in the UV dominated regions. Therefore, I have applied for H'2CN and
H'3CN observations with the APEX telescope for another nine UV bright
AGB stars. These were granted and partly carried out in August 2017. The
list of observed sources and lines is presented in Table 3.2. For all the selected
sources there is archival CO data. Our aim with these observations is to
compare the circumstellar CO and HCN isotopologue ratios with the atomic
C isotopic ratio for a larger sample of UV active AGB stars.

Moreover, the work presented in paper IV is a continuation of this project
to investigate variations of both CO and HCN isotopologue ratio in the out-
flow of AGB stars under different conditions.

6.2 Paper I1

UV radiation plays a critical role in the chemistry of CSEs around evolved
stars through UV photodissociation and photoionization. Destruction of C-
bearing molecules by either UV photo-dissociation or shock-dissociation is
expected to generate a considerable amount of atomic carbon in the CSE
(e.g. Glassgold & Huggins 1986; Cherchneff & Glassgold 1993; Knapp et al.
2000). An enhancement of the CI line emission from these environments can,
therefore, probe UV- and shock-induced chemistry.

Accordingly, I applied for CI observations towards nine UV bright AGB
stars using APEX. These were granted and partly performed in August 2017.
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Two sources out of nine, omi Ceti and V Hya, have been observed and we
find CI line emissions in both cases.

Paper II presents the CI observational results for omi Ceti and V Hya. In
case of omi Ceti, it is the first time that CI line emission is detected towards
an oxygen-rich AGB star. Our detection of CI towards V Hya confirms its
previously tentative CI detection reported by Knapp et al. (2000).

The results of the omi Ceti observations were surprising since we found
a shift ( ~ 4 km s™') between the omi Ceti stellar velocity and the peak of
the CI line emission. omi Ceti belongs to a symbiotic binary system, the
Mira AB system, with a separation ~ 0.5” between two stars. To explain
the velocity shift, we suggested that CI arises from a compact region near
the binary companion due to the strong UV emission originating from the
accretion process. The velocity shift could then be the result of the orbital
velocity of the companion.

6.2.1 Follow-up work

To confirm our suggested hypothesis for explaining the observed velocity shift
of CI towards omi Ceti we required high-spatial resolution observations which
could more precisely locate the emission region. Therefore I have applied for
high-spatial resolution (0.1”-0.3") ALMA band-8 observations of CI in Cycle
6. These were granted and carried out in Dec 2018. Figure 6.1 presents our
recent ALMA main-array CI observations and the CI data from APEX. The
ALMA observations show a tentative double-peaked spectrum. Since we do
no detect compact emission and only recover < 10% of the emission seen with
the APEX, we can conclude that the emission is spread over 2.5"” (~ 3 x 10
cm) and we thus rule out the hypothesis from paper II. The velocity shift is
therefore likely due to the known complicated structure of the Mira A wind
shaped by the Mira B interaction (Ramstedt et al. 2014).

To extend our sample of CI detections towards AGB stars, I have applied
for ACA observations in Cycles 6 and 7 towards another eight nearby UV
bright AGB stars listed in Table 3.3. All Cycle 6 targets were observed.
We include Mira in the ACA observations in Cycle 7 to recover as much as
possible of the flux lost with the 12-m observations and map the structure of
CI in its envelope. Our Cycle 7 proposal is also accepted.

Moreover, to estimate the C budget and make a more complete picture of
the CO photodissociation mechanism in CSEs of our sample of AGB stars,
I also applied for CII observations with the SOFIA telescope. These were
unfortunately not approved in Cycle 7. We plan to reapply for Cycle 8. The
combined ACA and SOFIA data will enable us to have a full picture of the



46 Introduction to appended papers

0.08

— 2oy Bo o4 T T T T

— 120
0.06 [ oal C

T [K]
Flux Density [Jy]

—0.04

0 10 20 30 40 50 60 70 80 90 —o2 1 . 1
Velocity [km/S] 0 20 40 60 80 100
Velocity [km/s]|

Figure 6.1: Left panel: C(*Py —* P1) spectrum (black) of omi Ceti from single dish APEX telescope
with a beam of 11.8” taken at the stellar position (Saberi et al. 2018). The stellar Vigr = 47.2 km/s
and the observations peak Visr = 43.4 km/s are indicated as vertical markers on the x-axis in blue and
black, respectively. The results of the radiative transfer modelling of ‘?C and **C are shown in red and
green, respectively. The blue profile indicates the total amount of C. Right panel: ALMA main-array
observations of CI emission towards omi Ceti. This is extracted with a beam of 2.5”. The red line
corresponds to the carbon frequency at the Vigsg of omi Ceti.

carbon budget, and hence put more constraints on the CO dissociation and
ionization mechanisms.

6.3 Paper III

CO is the second most abundant molecule after Hy in CSEs around evolved
stars. Since CO is easily observable and chemically stable, it has been exten-
sively used to constrain CSE properties such as mass-loss rate, gas expansion
velocity, and gas temperature profile. Therefore an accurate determination
of the CO abundance is crucial in understanding CSE properties. A key pro-
cess in controlling the abundance and distribution of CO throughout a CSE
is photodissociation by UV photons. CO photodissociation occurs through
specific lines in the UV region. This process makes CO strongly subject to
shielding by species which are dissociated at the same wavelengths. The
amount of shielding depends on the column density of shielding species, as
well as on the physical properties of the astrophysical region such as the
geometry and temperature and the intensity of the UV radiation field. All
these parameters should be carefully taken into account in the calculation of
the CO envelope size around AGB stars.

In paper III, we have updated calculations of the depth dependency of the
CO photodissociation rate for an expanding CSE using the latest laboratory
measurements. We examine the effects of varying five primary parameters on
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the CO abundance distribution: mass-loss rate, expansion velocity, initial CO
abundance, CO excitation temperature, and intensity of the ISRF. In general
our results predict smaller CO envelope sizes compared to the most commonly
used radii in the literature. We have shown a strong sensitivity of the CO
distribution with the AGB chemical type (due to the varying CO abundance)
that has not been considered in modelling before. We also demonstrate that
modest variations of the ISRF can significantly impact the CO distributions,
whereas it is generally assumed that CSEs are irradiated by a standard ISRF
such as those presented by Draine (1978) and Jura (1974) which are measured
in the solar neighborhood. There is clear evidence that the ISRF is different
for stars located in clusters or which lie above the galactic plane. This can
significantly affect the CO distribution estimates and therefore mass-loss rate
estimates.

6.3.1 Follow-up work

High-resolution ALMA observations, e.g. those from the DEATHSTAR project
(Ramstedt et al. in prep), can together with our new formalism of determina-
tion of the CO envelope size, be used to decrease the uncertainty in mass-loss
rate determinations.

In paper III we assumed that the CSE is irradiated by only the ISRF.
However, as mentioned before, we are aware of the presence of internal sources
of UV radiation for a large sample of AGB stars. We do not expect the
internal sources of UV radiation to significantly alter the CO envelope size.
However we do expect that it impacts the chemistry of the inner region. To
simulate the effect of an internal source of UV radiation we implement an
internal source of UV radiation in our CSE-chemistry code. Figure 6.2 shows
preliminary results of adding a blackbody with T = 18000 K in the chemical
code. As can be seen, there is an enhancement of CI and CII in the inner
CSE. A further detailed analysis of the consequences of the presence of an
internal UV radiation, both blackbody and real UV spectra from GALEX,
on the CSE chemistry is in progress.

6.4 Paper IV

We have updated the chemical network of the CSE-chemistry model to in-
clude the ¥C and ®O isotopes, all corresponding isotopologues, and their
chemical reactions. Our new version includes 933 species and 15108 gas-phase
reactions, whereas the old version involves 467 species and 6173 reactions.
This enables us to probe the effects of UV chemistry on the isotopologue
ratios of C- and O-bearing species.
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Figure 6.2: Fractional abundance distributions of CO, C, and C* without (dashed lines)
and with (solid lines) an internal source of UV radiation.

In paper IV, we analyse the 2CO/"¥CO and H">CN/H!"3CN isotopologue
ratios in the CSEs of oxygen-rich and carbon-rich AGB stars with mass-loss
rates 1078 < M < 107* M, yr~'. We examine effects of varying the inten-
sity of the interstellar radiation field and the gas kinetic temperature on the
CO isotopologue distributions throughout the CSEs. We also perform a de-
tailed radiative transfer (RT) modelling to derive the line intensity ratios of
L200/lisco and Igizen/Igisen for the same reference models in our chemical
models for several rotational transitions to reasonably cover the inner and
outer CSEs. We tested the influence of varying several input parameters in
the RT modelling such as the dust condensation radius, the stellar tempera-
ture, the stellar luminosity, the CO abundance profile, and the gas expansion
velocity on the CO line intensity ratio. Our preliminary results indicate that
the CO abundance ratio can considerably deviate from its initial value de-
pending on the initial condition. However, the HCN isotopologue ratio is
stable throughout the CSEs of all tested models. This makes the circum-
stellar HCN isotopologue ratio a more reliable tracer of the photospheric C
isotopic ratio.
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Summary and Outlook

In this thesis, we have studied the impact of UV radiation on the chemistry
of the circumstellar envelopes (CSEs) surrounding evolved stars. This will
provide a more complete picture of the chemical composition of CSEs and
eventually of the interstellar medium.

We present the most updated calculations of the depth dependency of
the CO photodissociation rate in the CSEs using the latest laboratory mea-
surements. Our results show that the CO envelope size around AGB stars
should be in fact smaller than the most commonly used radii in the litera-
ture. The improvement on the estimations of the CO photodissociation radii
gained by our results improves the mass-loss rate estimates and subsequently
the approximations of the amount of all other recycled material from AGB
stars. We also present a comprehensive parameter study, where we examine
variations of the CO envelope size by varying several CSE properties.

We implement an upgraded chemical network, in which we include the
13C and 80 isotopes, all the corresponding isotopologues, and their chemical
reactions in the CSE-chemistry model. This enables us to trace variations of
the isotopologue ratio of carbon- and oxygen-bearing circumstellar molecules
throughout CSEs under varying initial conditions. We performed a parameter
study for CO and HCN isotopologue ratios. Our findings show that the HCN
isotopologue abundance ratio is stable throughout the CSEs, while the CO
isotopologue ratio can considerably deviate from its initial value depending
on the initial condition. Therefore, the HCN isotopologue ratio can be a
more reliable tracer of the photospheric C isotopic ratio. For a carbon-rich
AGB star, R Scl, we show that indeed the circumstellar H**CN/H!2CN ratio
is a reliable tracer of the photospheric 2C/13C ratio by performing a detailed
excitation analysis.
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Summary and Outlook

We present detection of the CI emission lines towards two UV bright AGB
stars, omi Ceti and V Hya. CI is one of the main photodissociation product
of parent species in the CSE around evolved stars.

To extend our sample of CI detected AGB stars, we applied for ALMA-
ACA observations of CI towards another eight UV bright AGB stars. The
observations have been partially carried out in Cycle 6 and will be continued
in Cycle 7. For the same sample of AGB stars, we plan to apply for CII
observations with SOFTA to more precisely constrain the C budget and CO
photodissociation in these sources. Moreover, spatially resolved observations
of the CI and CII may observationally distinguish the impact of various
sources of UV radiation.

Furthermore, our future work will concentrate on implementation of an
internal source of UV radiation in the CSE-chemistry model to analyze the
impact of all potential sources of UV radiation more comprehensively. By
doing so, we aim to quantify effects of internal sources of UV radiation. More-
over, it would be interesting to see whether the effects of different sources of
UV radiation such as the interstellar radiation field, a hot binary companion,
and stellar chromospheric activity on the CSE chemistry can be chemically
distinguished.

To further our research, we also plan to perform a detailed radiative trans-
fer analysis of our recent HCN observations to compare the line intensity
ratio Igizon/Imscen and the li2co/lisco in the CSEs of a bigger sample of
UV bright AGB stars.
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