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ABSTRACT

The dust that formed our planet, and the elements necessary for life to evolve
here were created by stars. It is common for supernova to receive credit for our
life on Earth, and there is no doubt they played a crucial role, however, theirs
is not the only meaningful contribution. Recent observations have shown that
Asymptotic Giant Branch (AGB) stars are responsible for returning substantial
amounts of enriched material to their surrounding environments. AGB stars are
highly-evolved low-to-intermediate mass stars that undergo significant mass loss
as they near the end of their lives. The majority of stars that have died in our
Universe have done so following the AGB phase (Hofner & Olofsson 2018), indi-
cating these stars have great influence over galactic enrichment and the creation
of new solar systems and potential life. Mira variables are AGB stars that un-
dergo regular pulsation every 200-500 days. These pulsations, combined with
their cool atmospheres (2000-3000 K), make Mira variables prolific molecule and
dust factories. Studying the circumstellar environments surrounding Mira vari-
ables provides astrophysicists with the opportunity to observe the processes that
created the building blocks of our solar system.

The characteristic pulsations of Mira variables make their circumstellar en-
vironments quite dynamic; to study how different atmospheric layers respond to
the pulsation we need multiple observations across the entire pulsational period
of the star. Observing Mira atmospheres at mid-infrared wavelengths provides
access to the molecule and dust forming regions; these observations are best done
with space-based instruments to avoid affects of telluric absorption. The Mira
variables in this work were all observed at least twice with the Spitzer Space Tele-
scope. High-resolution spectra (R 600) were taken approximately once a month
with the Infrared Spectrograph (IRS) (Houck et al. 2004); the stars in this study
are all bright in the infrared, and thus the exposures were kept brief to prevent
saturation of the detector. The resulting spectra have high signal-to-noise ratios
that display both gaseous and solid-state (dust) features.

The full Spitzer data set contains nearly 100 spectra for 25 stars spanning
all three chemical subclasses. This dissertation focuses on analyzing five ro-
vibrational Q-branch bandheads of CO, identified in the spectra of the oxygen-
rich Miras (M-types,) and a previously un-observed feature at 17.62 mm that
was observed across all three chemical subclasses. We have tentatively identi-
tied this new feature as Fe 1. The CO; lines were analyzed using the publicly
available code, RADEX (van der Tak et al. 2007), which uses a molecular data
file that includes collisions to solve the radiative transfer; RADEX also has the
capability of solving the radiative transfer under non-local thermodynamic equi-
librium (NLTE) conditions, which is important for Mira atmosphere, because we



do not know how the pulsating atmosphere affects the CO, gas. Files for many
molecules ready for calculations are included as part of the Leiden Atomic and
Molecular Database (LAMDA), however, the majority of these files were built for
modeling pure rotational spectra in the radio. We built a custom molecular file
of ro-vibrational transitions of CO, that includes over 800 radiative transitions,
approximately 20,000 collisions with Hj, and spans temperatures from 100-1000
K. We used RADEX to calculate synthetic spectra that match the observed CO,
Q-branch bandheads. The synthetic spectra allow us to determine atmospheric
conditions of the CO; gas like column density and kinetic temperature. For the
new feature at 17.62 mm we fit every observation with Gaussian line profile to
track its behavior with phase; this line has a completely different character than
other features, and is extremely narrow, and bright. This behavior may be caused
by fluorescence, and we explored several possible pumping mechanisms.

The results of the RADEX calculations show that CO, is highly extended
throughout the M-type atmospheres. The kinetic temperatures also indicate that
the CO; gas is much cooler in regions close to the star than radiative equilibrium
conditions would predict. This suggests that CO, is in a previously theorized
“refrigeration zone” that requires a break from radiative equilibrium, and allows
dust condensation within a few R, (Willson 2000). The behavior of the CO, lines
shows that the M-types with longer periods are behaving differently than those
with shorter periods. This behavior is also seen with the 17.62 mm feature; the line
strength are consistently greater across all three chemical subclasses in the Miras
with periods over 300 days. These results indicate that Miras with longer peri-
ods perturb their surrounding atmospheres differently than Miras with shorter
periods.

Keywords: Mira Variables; AGB Star; Stellar Atmospheres; Spitzer; line forma-
tion
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“The nitrogen in our DNA, the calcium in
our teeth, the iron in our blood, the carbon in
our apple pies were made in the interiors of
collapsing stars. We are made of starstuff.”

— Carl Sagan

Chapter 1

INTRODUCTION

In ve simple words, Carl Sagan summarized perhaps the most profound real-
ization about humans: “We are made of starstuffThe human connection to the
stars dates back to antiquity. Those who kept track of the positions of the stars
and how they related to different seasons were able to adapt and evolve a more
sophisticated way of life. Agriculture was only possible after we were able to
use this knowledge of the stars to plan a growing season and know when to har-
vest. The intimate relationship humans have with the stars is unique because
even though astronomy is the oldest science, it is the least tangible. All of our
knowledge comes from one source: light.

Modern astrophysics was born in 1814 when Joseph von Fraunhofer put a
simple prism in front of his telescope and noticed a series of dark bands in the
rainbow of light from the Sun. It would not be until the invention of Quantum
Mechanics over 100 years later that the true signi cance of those dark bands was
fully grasped. Spectroscopy is the study of patterns in light and the physics be-
hind what creates these patterns tells us what atom or molecule made the pattern,
and the conditions they were under. This dissertation focuses on mid-infrared
(mid-IR) spectroscopy to study highly evolved stars called Mira variables. These
are Sun-like stars that have reached the nal stages of their lives and exhibit re-
markable variability. Section 1.1 provides context on why it is worthwhile to
study Miras. Section 1.2 describes (brie y) stellar evolution concepts. Sections
1.3 & 1.4 provide details of highly evolved stars including Mira variables. This
work is focused on mid-IR spectroscopy which allows us to study a very speci c
region in the Mira atmosphere, and fuller details are provided in Section 1.5.



1.1 A Little Motivation

What exactly is "starstuff”, and more importantly how do stars enrich the inter-
stellar medium (ISM) with this material? These two fairly simple questions have
driven stellar physics for over 100 years. When the universe was created 14 bil-
lion years ago, there was hydrogen, helium, and very trace amounts of lithium.
ALL subsequent elements on the periodic table were forged inside the hearts of
stars and returned to the ISM when the stars died. This is the heart of “starstuff”,
but it is not the whole answer. For decades high-mass stars received all the credit
for enriching the ISM when they died in a massive explosion called supernovae.
However, high mass stars are fairly rare and there is on order only one-to-several
supernova every century in a typical spiral galaxy such as the Milky Way (van
den Bergh 1991; Li et al. 2011; Rozwadowska et al. 2021). We also must consider
material made in Circumstellar Environments (CSE) around highly evolved low-
to-intermediate mass stars called Asymptotic Giant Branch (AGB) stars. These
stars have cool ( 3000 K ) atmospheres that allow for highly ef cient molecule
and dust formation. It is possible that up to 90% of the dust contributed to our
galaxy comes from these stars (Sloan et al. 2008; Gehrz 1989). Oxygen-rich AGB
stars produce silicate dust species including pyroxene, and olivene (e.g.Waters
et al. (1996); Gail & Sedlmayr (1999) while carbon-rich AGB stars create "sooty”
species like silicate carbide and polycyclic aromatic hydrocarbons (PAHs) and
fullerenes (Buss et al. 1993; Cami et al. 2010; Zhang & Kwok 2013). These are
the very building blocks of our Earth and they were created quietly in the atmo-
spheres of garden variety stars. If we truly wish to understand “starstuff” then
we must devote attention to the atmospheres of these AGB stars.

1.2 Stellar Evolution

Here we provide a brief introduction to stellar evolution. It is far beyond the
scope of this work to include every detail about stellar evolution; in fact this is
a highly active area of research and there are many questions waiting to be an-
swered. When a basic search of“stellar evolution” is performed in the SAO/NASA
Astrophysics Data System, it returns an astonishing 124,649 publications. This
is because stellar evolution describes how stars are born, how they survive for
billions of years, and how they die and each stage requires detailed physics to
understand.

Stars live their entire lives engaged in a war against gravity. A star is born
in clouds of gas and dust created by its predecessors. Gravity gives a star its rst
breath by collapsing the cloud until it is so hot and dense that nuclear fusion can
begin. Radiation from nucleosynthesis keeps the star from collapsing for millions
to billions of years. A star reaches the end of its life when it no longer has enough
fuel left to "burn” in nucleosynthesis. Gravity gains the upper hand for the nal
time; as the star dies, it returns material to its surrounding environment that will



form the next generation of stars and planets. Stellar evolution is a beautiful,
continuous cycle of life, death, and rebirth on a cosmic scale.

1.2.1 Size Matters

The single driving factor behind a star's evolution is its mass. Once a star is
“born” and is fusing hydrogen to helium in its core it is locked in a lifelong duel
with gravity. The star remains stable as long as there is enough fuel to support
nucleosynthesis and keep the star in a state ofhydrostatic equilibrium Consider an
idealized “star in a box” which is spherically symmetric, non-rotating, and non-
magnetic, with no net forces acting upon it. We assume internal motions average
out over time and that internal layers experience isotropic stress. These condi-
tions are not entirely physical, but they let us describe interior layers of the star
with simple pressures and balance of forces. When the star is hydrostatic equi-
librium the internal pressure from gravity is balanced by radiation pressure from
nucleosynthesis. The amount of time a star can maintain hydrostatic equilibrium

primarily depends on its initial mass, M(M ). Stellar evolution is driven by
conditions that take the star out of hydrostatic equilibrium.

For main sequence stars (see Figure 1.2) the mass-luminosity relationship
indicates that the rate of fuel consumption is proportional to M ?3-37 (Kippenhahn
et al. 2012) which means high-mass stars use their fuel exponentially faster than
their smaller counterparts. A high-mass star will only live a few million years,
while a solar-mass star typically lives 10 billion years. The star will undergo mass

loss its entire life. For example, the Sun has a mass-loss rate of 10 1*M / yr;
every time we enjoy aurora from a solar are the sun has undergone a mass-
loss event and released patrticles into the solar system. Mass loss rates are much
higher for high-mass and highly evolved stars. When discussing the mass of a
star it is vital to record its estimated evolutionary stage as well, because how the
star will evolve depends so sensitively on mass. Itis entirely possible fora “large”
(> 10 M ) star main sequence to undergo signi cant mass loss as it reaches
later stages of evolution. If we considered the star at the beginning of its life we
would assume that it had enough mass to end its life with a a Type Il supernova,
but it is entirely possible for this star to lose enough mass late in life that it will
end up evolving like a low-to-intermediate mass star. Rather than exploding
in ery supernova, these stars shed their outer envelope in beautiful laments
called planetary nebula that surround the inert core, called a white dwarf.

1.2.2 Stellar Interiors

Once a star begins shining it enters into a tenuous truce with gravity. The star
will live as long as it generates enough energy to remain in hydrostatic equilib-

1it is common to write parameters such as mass, size, and luminosity compared to the Sun,
which is represented with



rium with gravity. This energy is generated from nuclear fusion and is how stars
forge heavier elements in their cores. Deducing that stars generate their lumi-
nosity using fusion was one of the most remarkable scienti ¢ breakthroughs of
this century. This discovery, published only 63 years ago in Burbidge et al. (1957)
fundamentally changed how we describe stellar interiors and launched an en-
tire branch of astrophysics. Each stage of evolution is governed by different nu-
cleosynthesis; here we will brie y describe nucleosynthesis and stellar interiors
speci c to low-to-intermediate mass stars. For full discussions on nucleosynthe-
sis see Burbidge et al. (1957); Wallerstein et al. (1997); Karakas (2019); Clayton
(1968) while stellar interiors are described in Hansen et al. (2004); Kippenhahn
et al. (2012); Hubeny & Mihalas (2014). The nuclear products that we discuss
here will play a critical role in the discussion of AGB nucleosynthesis and surface
chemistry in Sections 1.3.1 and 1.3.3.

A star spends the majority of its life burning hydrogen to helium in its core.
There are two ways the hydrogen can burn. The rstis called the proton-proton
chain (p-p chain) and is predominant source of energy instars  1.2M (Hubeny
& Mihalas 2014). The p-p chain takes 4 protons and after 3 branches the reaction

creates He.

p+p! H2+b*+n,
H2+ p! He¥+ g,
He3+ He3 | He*+ 2p

The second is the carbon-nitrogen-oxygen (CNO) cycle which is the predom-
inant source of energy in stars > 1.3 M (Salaris & Cassisi 2005). This cycle in-

volves 6 reactions to create Het. It begins with carbon and creates nitrogen, then
oxygen, and nally arrives at helium.

C?+ p!  NB+g, N1 CB+p* +n,
C13+ p| Nl4+ g, Nl4+ p| 015+ g,
o1 N®+b+n, NP+ p1  c¥+ He*+ 2p

The CNO cycle is particularly important for evolved stars because it affects
surface composition, as will be seen in Section 1.3.3. Both of these reactions pro-
duce helium ash in the core of the star, and when when the hydrogen (protons)
becomes depleted, the star's primary source of energy becomes helium burning
to carbon. This takes place via the triple-a process where 3 helium nuclei, or
“alpha” particles, fuse to create a carbon atom.

He'+ He''! BE
BE+ He*! Cc¥+ 29



Figure 1.1: Interior of low-to-intermediate mass stars. For stars < 1.2 M the hy-
drogen burning is done via the p-p chain and for stars above 1.2 M the hydrogen
burns via the CNO cycle.

Under certain conditions additional “a elements” such as O, Ne, Mg, Si, and
Ca can also be produced from this chain by successively adding a a particles (He
nuclei); i.e. C12+ a ! 001+ a1 NeXetc. (Hubeny & Mihalas 2014).
Higher mass stars (above 10 M on main sequence) will continue to burn heavier
and heavier elements i.e. carbon to oxygen, oxygen to silicon etc., but we will not
discuss these processes here.

Detailed modeling of stellar interiors indicate that different stages of nucle-
osynthesis each have speci ¢ thresholds in terms of densities and temperatures.
The mass above the core of the star determines which thresholds are met, and
therefore what type of nucleosynthesis takes place and what the interior struc-
ture is like. Much work has been done recently on calculating speci ¢ conditions
in low-to-intermediate mass stars stars(e.g. Lattanzio & Boothroyd (1997)). Stars
with mass 1.2 M are burning hydrogen via the p-p chain, and the temper-
atures in their cores is low enough for the core to be in radiative equilibrium
and the emission and absorption of photons carries energy outwards. As these
photons emerge from the core into the surrounding envelope they experience an
increase in opacity, and the radiative energy transport becomes inef cient. Con-
vection becomes the primary energy mechanism. Figure 1.1 provides a schematic
of the stellar interior for low-to-intermediate mass stars. For giants and super-
giants that are hundreds of times larger than the Sun it is possible for the entire
envelope to be convective (imagine convective cells larger than the Sun!). In the
next section, we will see how the star's evolution is tied to its nucleosynthesis.

1.2.3 Evolution of Low-to-Intermediate Mass Stars

Evolutionary stages can be found in the Hertzsprung-Russell (HR) diagram pre-
sented in Figure 1.2 which plots a star's luminosity vs. its temperature. This



Figure 1.2: The Hertzprung-Russell (HR) diagram provides a “snapshot” of local
stars. It plots the relationship between a star's luminosity and temperature. We
can track a star's evolution through changes in its luminosity and temperature.
A low-to-intermediate mass star remains on the main sequence core hydrogen is
depleted. Then it will expand and cool, moving up and to the right as it ascends
the red giant branch (RGB), followed by the asymptotic giant branch (AGB).

provides astronomers with a snapshot of local stars and allows us to track dif-

ferent stages of evolution. The main sequence is where stars spend the majority

of their lives, and as they evolve they move off the main sequence in evolution

tracks governed by their mass. Figure 1.2 provides examples of tracks for a va-

riety of initial masses. The stars we focus on here are low-to-intermediate mass,
0.8 9 M onthe main sequence.

A star is born in a giant molecular cloud. Gravity condenses the gas and dust
until the density reaches 100 gcm 2 and the temperature  10° K (Hansen et all.
2004), conditions under which hydrogen begins fusing to helium. The star enters
the main sequence where it will spend the majority of its life burning hydrogen
to helium in its core. When the hydrogen supply becomes exhausted, only a thin
shell continues burning around the helium-enriched core. The star loses lumi-
nosity and hydrostatic equilibrium can longer be maintained; gravity begins to
gain the upper hand and contracts the star. If the staris 2.5 M the gravita-
tional contraction increases the temperature to rise to 108 K, which ignites helium
burning in the core (Kippenhahn et al. 2012).

If the staris < 2.5 M there is not enough mass to reach the necessary tem-
perature to ignite helium burning from gravitational contraction alone. In the
cores of these stars the electrons have become degenerate. Electron degener-
acy arises because electrons are Fermions, and consequently cannot occupy the
same quantum mechanical state. This creates a degeneracy pressure that is strong
enough to withstand gravitational contraction as long as the core is smaller than
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the Chandrasekhar limit of 1.4 M . Degenerate matter has a unique behavior
where an increase in temperature does not initiate a change in volume, until
the thermal pressure exceeds the degeneracy pressure. This feature allows the
core to increase in temperature, but not volume until the thermal pressure ex-
ceeds the degeneracy pressure. Helium fusion ignites, increasing the tempera-
ture, which further increases the fusion rate, which continually drives the tem-
perature higher, eventually causing a runaway reaction. This thermal nuclear

runaway is called a helium ash and the peak luminosity it can produce is 10 11
L which can outshine our entire galaxy; this peak only lasts a few-to-hundreds
of seconds (Kippenhahn et al. 2012). This explosion of energy lifts most of the
degeneracy of the core and it can now thermally expand once again. This ex-
pansion then absorbs the majority of the photons released so most of the energy
never reaches the surface of the star.

After helium-burning is ignited in the core, the outer envelope of the star ex-
pands and cools in response to the core contraction and increase in temperature;
this reaction is referred to as the “mirror principle” of radial motion (Kippen-
hahn et al. 2012; Hubeny & Mihalas 2014). The star has now moved off the main
sequence into the Red Giant Branch (RGB). It will remain a red giant for approxi-
mately a factor of 10 less time than it was on the main sequence. When the helium
in the core also becomes depleted, then the star evolves onto the Asymptotic Gi-
ant Branch.

1.3 Asymptotic Giant Branch Stars

Asymptotic Giant Branch (AGB) stars are highly evolved low-to-intermediate
mass stars ( 8 M ). They are characterized by nuclear shell burning, large con-
vective envelopes, and remarkable mass loss rates. Highly extended envelopes
with cool temperatures make them molecule and dust factories; strong stellar
winds return this enriched material to the surround interstellar medium (ISM).
Their evolution is highly complicated, and numerical models that fully account
for all these details are currently in production. Descriptions of AGB evolution
and nucleosynthesis can be found in Herwig (2005); Busso et al. (1999); Iben
& Renzini (1983), and pulsation and mass loss models are described in Bowen
(1988); Willson (2000); Hofner & Olofsson (2018).

1.3.1 Phases of Evolution

As a star reaches the end of the red giant phase it transitions to an AGB star. While
on the RGB He burning increased C/O as in the core. When the He becomes de-
pleted the star is not massive enough to ignite carbon burning. Instead, helium-
burning continues in a shell below the hydrogen-burning shell. We characterize
the early-AGB (E-AGB) phase as when the hydrogen-burning shell continues to
burn outward, until the temperature in the shell drops enough the hydrogen shell
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becomes extinguished. The star's luminosity now depends on the helium-shell
burning.

The helium shell burns outward until it reaches the bottom of the extin-
guished H shell. Because helium burns at 10° K and H burns at 10 K the close
proximity to the bottom of the hydrogen-shell re-ignites hydrogen-burning. The
luminosity is now driven by hydrogen-burning and the He shell is extinguished.
The star now enters the Thermal-Pulsing AGB (TP-AGB) phase characterized by
instabilities driven by the interaction between the hydrogen-burning and helium-
burning shells as follows. The hydrogen-burning shell creates additional He until
the bottom of the helium-shell reaches conditions to re-ignite in a partial He ash.
At the onset of the helium-shell burning, the star's luminosity sharply increases
causing the star to expand and cool, until the hydrogen-burning shell once again
is mostly extinguished. The helium-shell burns its way outward until it becomes
extended enough that the conditions are no longer favorable for fusion. Gravity
causes the star to contract, and the hydrogen-shell once again ignites. The entire

cycle repeats roughly every 10* years (Karakas et al. 2002). How many thermal
pulses it will undergo is strictly dependent on its mass and mass-loss rate. The
thermal pulses are connected to convective overshoot events called “dredge ups”
and are necessary for the creation of carbon stars (see Section 1.3.3). The star will
remain in this TP-AGB phase until it suffers a nal instability in hydrostatic equi-
librium. The star ejects its outer envelope, ultimately ending its life as a white
dwarf surrounded by a planetary nebula.

1.3.2 Nucleosynthesis

All metals heavier than hydrogen and helium are forged in the hearts of stars
during nucleosynthesis. Here we provide a very brief description of just a few
different nuclear processes speci ¢ to AGB stars to provide an idea of how they
produce heavier elements to enrich the ISM. For full discussions of these process
see Iben (1967); Herwig (2005); Karakas & Lattanzio (2014) and references therein.
As seen in the previous section, AGB stars are characterized by nucleosynthesis
of hydrogen and helium burning shells. The helium-shell undergoes partial run-
away events, or partial He- ashes, that lead to thermal pulses. This causes a
convective overshoot called a dredge up that brings material from the core of the
star to the outer envelopes. This particular behavior of AGB stars makes their
nucleosynthesis quite intriguing and complicated. Nuclei can be exposed to rst
hydrogen-burning, then helium-burning, and then have cyclic repeat exposures
with every thermal pulse.

AGB stars create heavier elements in a variety of ways. Carbon is gener-
ated via the triple- a process during the helium-shell ash. Deep within the shell
oxygen is also produced. After a partial helium- ash is over the hydrogen-shell
resumes burning creating helium and nitrogen, which is a leftover product of the
CNO cycle. Eventually this nitrogen is transformed rst into oxygen and then

neon via alpha capture. During a thermal pulse temperatures may reach3 10
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K, which can marginally activate neon to burn to magnesium via alpha capture
(Gallino et al. 1998). This reaction creates extra neutrons as one of the nucleosyn-
thesis products. Additional neutrons are also developed with the production of

13C within the helium-shell as helium is converted to carbon and oxygen. These
neutrons play a vital role in creating elements past the iron peak via the slow-
process or s-process, which creates heavy elements via neutron capture. The pro-
cess is designated“slow” compared to beta decay. This process is responsible for
half of all elements heavier than iron (Arlandini et al. 1999), and AGB stars are
the main producers of s-process elements in the universe (Bisterzo et al. 2014).

1.3.3 Dredge Ups and Surface Composition

The elements produced inside an AGB star will eventually affect the star's surface
composition. Three large convective events (creatively) named the rst, second,
and third dredge up bring material from the heart of the star to the outer enve-
lope. The rst dredge up actually occurs as the star moves off the main sequence.
When the hydrogen-burning in the core transitions to hydrogen-shell burning,
large thermal instabilities drive the convective cells in the outer envelope toward
the core. When the star is in hydrostatic equilibrium an opacity barrier exists be-
tween the radiatively-driven core and the convectively-driven envelope. Large
temperature instabilities are generated when the star brie y moves out of hydro-
static equilibrium as core hydrogen-burning evolves to hydrogen-shell burning;
these instabilities energetically drive the convective cells past this barrier into the
shells surrounding the core. As the star regulates, material is then “dredged” up,
and allowed to mix with the outer envelope. Inthis rst dredge up event the most
signi cant change to the surface composition is the nitrogen abundance which is
approximately doubled (Iben & Renzini 1983).

The second dredge-up is similar to to the rst dredge up and occurs when
core He burning transitions to helium-shell burning. This dredge up event only
happens for stars above 3-5 M (Kippenhahn et al. 2012). The surface composi-
tion will be altered by the addition of carbon, oxygen, and nitrogen. The third
dredge up is created from thermal instabilities arising from the alternate shell
burning during a thermal pulse. This is the primary way the surface composition

is altered in AGB stars. A low-mass AGB star can dredgeup5 10 M per
thermal pulse (Herwig 2005). For a star at the beginning of the AGB phase the
C/O ratio is well below unity and it is classi ed as an oxygen-rich or M-type star.
Enough dredge ups can alter the star because the region between the hydrogen-
shell and helium-shell has 5 times more carbon than oxygen (Herwig 2005). If
the star is massive enough to undergo suf cient thermal pulses and subsequent
dredge ups, enough carbon is brought to the surface to change the C/O ratio to
more than unity and it evolves to a C-type star.



Figure 1.3: Interior of AGB star during the third dredge up (not drawn to scale).
After a thermal pulse the convective envelope may reach down to the region be-
tween the hydrogen-burning shell and the helium-burning shell, called the inter-
shell region. Multiple dredge ups lead to the formation of a C-type star because
in the inter-shell region carbon is 5 times more abundant than oxygen and is
brought to the surface during the dredge up. Figure adapted from Karakas et al.
(2002).

1.3.4 Stellar Atmospheres

The circumstellar environment surround an AGB star is rich is dust and gas. As
the star evolves off the main sequence to become rst a red giant and then an an
AGB star, it undergoes an extreme transformation. In response to the luminosity
dips when hydrogen and subsequent helium become depleted in the core, gravity
contracts the star. This contraction turns on helium-core burning at the onset
of the red giant phase and then shell burning when the star becomes an AGB.
This contraction also has another consequence; it causes the outer envelope of the
star to massively expand (due to the mirror principle discussed in Section 1.2.3)
until the star is several hundred R in diameter (Herwig 2005). For context, this
means if an average AGB star replaced the Sun, it would Il in the space out to
Mars' orbit. The highly expanded envelope has low surface gravity near the edge
allowing material to escape with the stellar wind. A typical AGB star experiences

an astonishingly high mass loss rates of 10 ©® 10 * M yr ! (Olofsson 1997).
The escaped material is helped along with a “gentle” wind 10 km s 1 creating
an even larger atmosphere.

Here we will pause for a moment to de ne a stellar atmosphere. Up to this
point we have described internal processes of the star, but the focus of this dis-
sertation is actually the stellar atmosphere. In their book, Hubeny & Mihalas
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(2014) de ne a stellar atmosphere as “the layers of star from which the photons
escape freely into space and can be measured by an outside observer.” A com-
mon reference point in the atmosphere is the photospherewhere photons have
roughly a 50% chance of escape. The majority of emitted photons in the enve-
lope and interior are re-absorbed before they can escape, making these regions
extremely dif cult to observe; thus the vast majority of our information is pro-
vided by the star's atmosphere, where light can escape and travel to our tele-
scopes. For main sequence stars, the depth range over which material transitions
from optically thick (opaque) to optically thin (transparent) is much smaller than
the radius of the photosphere. For example, the Sun's photosphere is 10'° cm,
and the depth range where the material becomes transparent is 10’ cm (Hubeny
& Mihalas 2014) which means the radius of the Sun is well de ned. This does
not hold true for evolved stars. For giant and supergiants like AGB stars with
highly extended envelopes the depth range over which material transitions from
optically thick to optically becomes signi cantly larger that the size of the photo-
sphere. The boundary between optically thick and optically thin now depends on
the wavelength of the photon trying to escape, making the concept of a de nite
radius impossible.

The effective temperature (temperature of perfect blackbody with the ob-
served ux) of an AGB star ranges is  2000-3500 K, which allows the atmo-
sphere to be quiet cool (for a star). As material escapes from the envelope into
the atmosphere, it subsequently cools to form molecules and dust grains. The
condensation process of dust is extraordinarily complex and requires a detailed
description of a gas-to-solid phase change in a low-density environment. This
can only happen in regions of the atmosphere where the local temperature drops
below the dust condensation temperature. As the molecules and dust escape in
the stellar wind they form the the expanding circumstellar environment (CSE)
that surrounds the star. The CSE primarily consists of molecular hydrogen, H »,
but 90 additional molecular species have been identi ed in AGB atmospheres
(Hofner & Olofsson 2018), indicating that these stars are proli c molecule facto-
ries. The chemical composition of the CSE depends strongly on the C/O ratio.
An AGB star rst evolves as an M-type (oxygen-rich) with C/O < 1. The majority
of the carbon quickly becomes bound in CO molecules that form deep in the at-
mosphere. The surrounding CSE is then characterized by oxygen-rich chemistry
although the presence of molecules like CO» indicate that the dis-equilibrium
chemistry from shocks in the atmosphere also play a role in creating molecules
(e.g. Cherchneff (2006)). The dust species are dominated by silicates and include
familiar species such as olivine and pyroxene (Waters et al. 1996; Gail & Sedlmayr
1999).

If an AGB star survives enough thermal pulses and subsequent dredge ups,
then enough carbon is dredged up then the star evolves to a C-type (carbon-rich)
with C/O > 1. The CSE is now characterized by “sooty” species including poly-
cyclic aromatic hydrocarbons (PAHSs) (Buss et al. 1993) and fullerenes (Csg & C70)
(Sloan et al. 2014). The dust lacks the variety seen with the silicate species in the
M-types, but includes amorphous carbon and SiC (H 6fner & Olofsson 2018). On
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the way to becoming a C-type the atmospheric chemistry will reach an intermedi-
ate phase where C/O 1 and the star is classi ed as an S-type. The surrounding
CSE then shows characteristics of intermediate chemistry (Danilovich et al. 2014;
Hofner & Olofsson 2018).

We will now turn our attention to a speci c type of AGB star called a Mira
variable, characterized by everything described in this section with the addition
of recurrent, regular pulsations that greatly affect their atmospheres.

1.4 Mira Variables

Mira variables are named for their prototype Mira, which means “wonderful” in
Latin . Mira received its name in 1622 from Johannes Hevelius for acting like no
other star in the sky because it would greatly brighten and then disappear from
view much like a nova, but unlike novas the star seemed to repeat this pattern.

1.4.1 Pulsation

Mira variables are a sub-set of AGB stars that pulsate roughly every 200-500 days.
These pulsations are accompanied by an astonishing change in magnitude?. They
can change up to 8 magnitudes in the visual and 2-3 magnitudes in the infrared
(Reid & Goldston 2002; Olofsson 1997). These pulsations are thought to be driven
by changes in opacity, k, which we refer to as the k-mechanism. Mira variables
have variable ionization of hydrogen and helium in their envelope (Reid & Gold-
ston 2002) making them vulnerable to pulsation. The variability can cause a layer
inside the star to increase in opacity, making it harder for photons to escape. This
drives the temperature up in deeper layers which then undergo thermal expan-
sion and swell outward. As the star expands, it cools and falls back inward and
the process is repeated (Kippenhahn et al. 2012; Hansen et al. 2004). As the pulsa-
tion emerges from the envelope to the atmosphere, the density and temperature
drop allowing the speed to become greater than the local speed of sound. A shock
wave of 10kms !then propagates through the atmosphere (Slutz 1976; Reid &
Goldston 2002). This pulsation cycle is what creates the magni cent changes in a
Mira's magnitude. We track the pulsation with phasewhich nds the difference
between the observation date (t) to a date where the star was determined to be
at maximum brightness ( tp) and then this difference is then divided by the star's
period (P).

f= (1.1)

2A stars apparent magnitude is tracked on a reverse logarithmic scale so stars with smaller
magnitudes are brighter. One order of magnitude difference is 2.5 times brighter, two orders of
magnitude is 6.3 times brighter etc.
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Figure 1.4: Pulsation model calculated by George H. Bowen tracing out the radius
as a function of time. The purple dots trace a layer in the atmosphere near 2R »; the
layer is smallest close tof = 0 and largest nearf = 0.5. The teal dots trace a layer
near 3.5k which is largest near f = 0.75, and smallest nearf = 0.2. The pink
dots trace a layer near 5R,, which is largest near f = 0.1 and smallest atf = 0.5.
The outer layers show a marked delay in response to the pulsation indicating
a complicated interaction between smaller layers moving outward while more
extended layers are falling inward. The hatched region circled in red is named the
“dust factory” in (Willson 2000), where dust nucleation is expected to be rapid.
Figure adapted from Willson (2000).

This lets us compare the pulsation cycle of different Mira variables in a systematic
way and allows us to track how behavior in the atmosphere changes with the
pulsation of the star.

We believe the photosphere is smallest and hottest at maximum phase, or
f = 0 = 1. This corresponds to the maximum optical brightness; the maxi-
mum infrared brightness typically lags behind approximately 0.2 phase, which
we see from light curves plotted in databases like the American Association of
Variable Star Observers (AAVSO). The pulsation begins as the star expands. The
photosphere reaches maximum expansion at minimum phase, f = 0.5; this cor-
responds to when the star is largest, and coolest. The star then begins to contract
and heat up as it moves towards maximum phase and the cycle repeats.
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Looking at Figure 1.4, we notice that as we move further out in the atmo-
sphere, the minimum and maximum sizes substantially lag the photosphere's
behavior. Around 2R - it reaches maximum expansion at f 0.6 and minimum
expansion in arange from f = O0to  0.2. Further out around 3.5R» the atmo-
sphere is largest nearf = 0.8 and smallest nearf = 0.2, and at 5R it is largest
just after f = 0 and smallest atf = 0.5. This suggests the atmosphere has a
complicated response to the phase of the star.

1.4.2 Mira Circumstellar Environments

The pulsations greatly affect the circumstellar environment surrounding the star.
Mira variables have 3 chemistries as described in Section 1.3.4. M-types are oxy-
genrich, C-types are carbon-rich, and S-types have intermediate chemistry. Their
cool atmospheres allow for molecule and dust growth and the pulsations help
loft this material into the surrounding circumstellar environment (CSE) and con-
tribute to high mass loss rates. Figure 1.5 provides a diagram of a Mira variable
and its CSE. A major difference between the M-types and C-types is that M-types

have a variety of maser® activity including emission from SiO, OH, and H ,0
masers, but C-types typically only have HCN masers (Menten et al. 2018). In
the M-types, the three masers appear to originate from different layers in the at-
mosphere with SiO masers originating nearest the photosphere, the H ,O masers
residing further out, and the OH masers originating furthest out in the CSE (Reid
& Moran 1981). The HCN masers in C-types originate roughly 2-4 R > (Smith et al.
2014). Masers provide great tools for studying Mira CSEs because the emission
is extremely bright and consistent; modeling the conditions that create the lines
yields valuable information about the star such as distance and mass loss rates.

Mira atmospheres are characterized by their high mass loss rates which cre-
ate high extended CSE's enriched with molecules and dust. Unfortunately, mass
loss rates are extremely hard to calculate because they depends so sensitively on
fundamental stellar parameters like mass and luminosity, which are quite dif -
cult to accurately determine. Our simplistic description of mass loss is a major
shortcoming in stellar evolution models, because mass loss has such a profound
in uence on a star's evolution (Lattanzio & Karakas 2016; Karakas & Lattanzio
2014). Full reviews on mass loss and how it affects stellar evolution can be found
in Willson (2000) and H 6fner & Olofsson (2018). The working insight to Mira

atmospheres we do have is due to extensive work with modeling pulsations and
its effect on mass loss as seen in Bowen (1988). We know that pulsation acts
like a piston in the atmosphere, that contracts and expands regions in the atmo-
sphere. The shock drives up the density as it propagates until values in dust
forming regions are high enough to drive a dust driven wind with ef cient mass
loss (Bowen 1988). Regions in the atmosphere may experience a departure from
radiative equilibrium that can lead to  “refrigerated zones” where dust condensa-
tion can occur within a few stellar radii (Willson 2000); this region is circled in red

3Maser stands for microwave ampli cation by stimulated emission of radiation.
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Figure 1.5: Schematic of Mira with circumstellar environment. The Mira has al-
ternate shell burning around its core that create thermal pulses causing dredge
up events. The star pulsates every 200-500 days which helps loft material into the
atmosphere that eventually becomes molecules and then dust. The stellar wind
pushes on the dust grains driving ef cient mass loss. The top half of the diagram
is speci c to M-type Miras, and the bottom half is speci c to C-types. Figure
adapted from Uttenthaler (2007).

in Figure 1.4. The work provided in this dissertation is part of the ongoing effort
in the community to characterize how molecules behave in this environment.

1.5 Mid-IR and Molecular Spectroscopy

This work focuses on analyzing mid-infrared (mid-IR) spectral features of Mira
variables. Mira atmospheres are dominated by dust and molecules, and are thus
best observed in the mid-IR ( 2-100nm); this region of the electromagnetic spec-
trum is prevalent to fundamental bending and stretching modes of vibrations.
Unfortunately, this band of the electromagnetic spectrum is quite dif cult to ob-
serve from the ground due to telluric interference. Our atmosphere is lled with
molecules like H,0, CO,, Ny, O, O3 etc. (Smette et al. 2015) all of which have
dozens on transitions in the infrared which lead to signi cant drops in transmis-
sion through Earth's atmosphere as can be seen in Figure 1.6 (transmission data
calculated with ATRAN “(Lord 1992)). These drops in transmission are most ef-
fectively dealt with by using spaced-based instruments to make observations.

“https://atran.arc.nasa.gov/cgi-bin/atran/atran.cgi
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Figure 1.6: Atmospheric Transmission from 3-20 nm. Common telluric molecules
that interfere signi cantly are H 5,0, CO,, and O3, with lesser contributions from
N-O, CHy4, CO and OCS (Smette et al. 2015). The signi cant drops in transmis-
sion are best addressed by using space-based instruments to make observations.
Transmission data calculated with ATRAN (Lord 1992).

Temperatures in Mira atmospheres are a few hundred to few thousand Kelvin
making them perfect environments to excite molecules vibrationally. The modes
that can be excited are determined by a molecule's symmetry. To make a spec-
tral line the molecule must emit a photon, which means something must perturb
the molecule. The strength of the spectral line is proportional to the molecule's
electric dipole moment. Symmetric molecules like H » have no permanent dipole
moments making them much more dif cult to observe because only perturba-
tions that break their symmetry create strong transitions.

Figure 1.7: Vibrational modes for linear triatomic molecules include a symmetric
stretch, an asymmetric stretch, and bending. Note the molecule could bend up
and down or in and out of the page. Each bend will release the same amount of
energy creating degeneracy.

The number of vibrational modes a molecule has depends on its number of
atoms, N, and its degrees of freedom. Polyatomic molecules have 3 degrees of
freedom associated with translational motion in the X, y, or z direction, and 3
associated with the molecule's rotation. If the molecule is linear the rotational
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degrees of freedom drop to 2 because a rotation about the molecular axis does
not displace any of the atoms. A non-linear polyatomic molecule will then have
3N 6 vibrational modes while a linear molecule willhave 3 N 5 modes. These
modes arise from the molecules symmetrically stretching, asymmetrically stretch-
ing, bending, and combinations of all three as shown in Figure 1.7.

Molecular energy levels can be though of as Russian nesting dolls. Each elec-
tronic state contains a ladder of vibrational levels, and each vibrational level then
has a ladder of rotational levels. Which “doll” you observe depends on which

part of the electromagnetic spectrum you are using for the observation. Electronic
transitions require the most energy and are observed at shorter wavelengths like
the UV. Vibrational transitions require less energy and are seen in the infrared to
millimeter. Pure rotational transitions require the least amount of energy, and are

observed in the sub-millimeter to radio.

Figure 1.8: "Nesting Doll” energy levels. Each electronic state contains vibra-
tional levels, and each vibrational state contains rotational levels. Ro-vibrational
transitions occur from level J in state n to a rotational level J%in a different vibra-
tional state n®

A transition in mid-IR spectroscopy is then technically a ro-vibrational tran-
sition, although itis common to shorten this to just vibration, where the transition
occurs from one rotational level Jin state n to a rotational level Fin a different
vibrational state nas seen in Figure 1.8. It is common to see ro-vibrational tran-
sitions labeled as (n,J)  (n% 9. If the spectrometer has moderate resolution it is
not possible to separate out each rotational transition and we just see one broad
spectral feature called a "bandhead” (imagine how the outside nesting doll does
not reveal how many dolls lie inside). Ro-vibrational transitions are governed
by selection rules which arise when calculating the probability a transition will
occur. The selection rules for angular momentum, [, include:

1. DI = O, called a parallel transition and only allows rotational transitions of
DJ= 1.
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2. DI = 1, called a perpendicular transition and allows rotational transitions
ofDJ= landdJ= 0

3.DI= 1,with | 6 0.

In this work we are primarily concerned with perpendicular transitions of
CO,. The spectral lines created by perpendicular transitions have 3 components:
transitions that satisfy DJ= + 1 create an R-branch, transitions satisfyingDJ= 1
create a P-branch, and transitions that satisfy DJ = 0 create a Q-branch. The Q-
branch is signi cantly stronger than the P and R branches (Herzberg 1945), as can
be seen in Figure 1.9.

Figure 1.9: Perpendicular band of CO5, centered at 15mm. The Q-branch transi-
tions are closely grouped together in the center, with the P-branch to the left and
the R-branch to the right.

1.6 Current Questions

Mira atmospheres are perfect laboratories for studying how AGB stars enrich
their surrounding environment. The cool temperatures and regular pulsations

create an ideal environment for molecule and dust production. However, what

makes Miras so interesting to study also makes them quite dif cult and there

are still large gaps in our understanding of these dynamic stars. Open questions
within the astronomical community include:

Atmospheric Structure: We know that Miras have large extended atmo-
spheres that are cool enough for molecules to form which eventually create
dust grains. What is still missing is a detailed structural understanding. We
know there is a molecular layer and “further” out a dust production zone,
but speci c locations are still under debate.
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Dust nucleation: Observations show that Miras create proli c amounts of
dust, but which species condenses out rst and under what conditions is
still not fully understood. Where the dust can begin to nucleate depends
on the local temperature; are there “refrigeration zones” that allow dust to
form within a few stellar radii? The results of the doctoral work presented

in Guth (2017) indicate that the dust species in M-type Miras change with
phase, does this behavior also occur for S-types and C-types? Is it possible
for the refrigeration zone to develop at certain phases of the pulsation?

Pulsation: How do the different layers of gas and dust respond to the shocks
propagating through the atmosphere? Is there a phase dependent variabil-
ity that shows the layers are responding to the undulating atmosphere?

Mass Loss: We can estimate mass loss rates for Miras with strong maser ac-
tivity, but we still lack a generalized approach to mass loss that applies to
both M-types and C-types. Not every Mira exhibits maser activity. Are
atmospheric conditions that are favorable for maser emission related to
higher mass loss rates? Do Miras undergo a constant mass-loss rate, or
is the mass-loss rate periodic?

Pulsation Period: Miras with longer periods have stronger shocks. Can
we observe any signi cant difference between Miras with long and short
periods? Does period affect the mass loss rate?

Gaining insight to these topics requires detailed, multi-wavelength, and time-
resolved observations. Multiple observations at different phases are required to
understand the time-dependent nature of Mira atmospheres.

1.7 Inthis Thesis

The work presented in this thesis involves analyzing gas features in the mid-IR
spectra of 22 Mira variables spanning all 3 chemistries. Chapter 2 describes the
experiment and data used for this work. In Chapter 3 we provide a discussion on
line identi cation and behavior for all 3 chemical subclasses in our sample. Chap-
ter 4 provides details on modeling ve CO » lines identi ed in the M-types, and
also includes a discussion of the new 17.62mm feature seen in all 3 chemistries.
Chapter 5 is the initial publication associated with this work which focuses on
modeling the CO , features in the M-type R Tri. The results from the CO , mod-
els can be found in Chapter 6, and accompanying plots are found in Appendix
l. Insights to Mira atmospheres gained from these models and future work are
discussed in Chapter 7.
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“Measure what can be measured, and make
measureable what cannot be measured.”

— Galileo Galilei

Chapter 2

DATA OVERVIEW

This Chapter describes and organizes the data used in this work. An introduc-
tion to the experiment is provided Section 2.1. Details on data acquisition and
reduction are provided in Sections 2.1.1 and 2.1.3. Information about the target
sample and individual Miras is provided in Sections 2.1.2 and 2.2.

2.1 Experiment

The analysis of mid-infrared (mid-IR) spectra presented in this dissertation is
part of a larger experiment described in Creech-Eakman et al. (2012). The exper-
iment endeavors to characterize the circumstellar environments (CSE) surround-
ing Mira variables. These environments are incredibly complex and dynamic.
Observing them at multiple wavelengths is necessary to fully understand the
interaction between the star's photosphere, atmosphere and surrounding CSE.
In an effort to accomplish this Creech-Eakman used the ground-based Palomar
Testbed Interferometer (PTI) (Colavita et al. 1999) to repeatedly observe a set of
Miras at K-band (centered at 2.2 nm). These observations are to be used in con-
junction with observations taken with the space-based Spitzer Space Telescope's
Infrared Spectrograph (IRS) (Houck et al. 2004) in the mid-IR (10-35 nm). The
optical and near-IR interferometric data constrain the angular size of the atmo-
sphere at 2.2nm (recall that the size of the atmosphere is wavelength dependent),
see Section 1.3. If the distance to the star is known we can derive fundamental
information about the star including its physical size, effective temperature, and
bolometric ux. Using this approach to calculate the temperature is typically
more accurate than using one approximated from spectral typing.

In contrast, the mid-IR spectra taken with Spitzer's IRS examines cooler
molecule and dust production zones in the atmosphere that lie in layers on top of
the photosphere. Spectra for this project were taken approximately once a month
in an effort to span multiple phases across the pulsational cycle of the target stars.
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These spectra span a wavelength range containing atomic and molecular tran-
sitions that is dif cult to observe from the ground, and in the case of specic
molecules, like CO, impossible because of telluric interference.

2.1.1 Data Acquisition

The data were acquired during Spitzer GO program 50717 from mid-2008 until
early 2009. This was the nal year of the cold mission for Spitzer. A subset of Mi-
ras from the sample stars in the PTI set were chosen based on three main criteria.
1) The M-type stars had been categorized by dust spectral sub-type according
to Little-Marenin & Little (1990) or Sloan & Price (1998) by using Low Resolu-

tion Spectra (LRS) from IRAS!. 2) The stars had optimal observation windows
for Spitzer to observe them several times during Cycle 5. 3) The stars would be
bright enough for excellent SNR, but not so bright that would saturate the IRS
detectors.

The IRS instrument has four modules: 1) low-resolution, short wavelength
(SL, 5.3-14mm); 2) low-resolution, long-wavelength (LL, 14-40 nm); 3) high-res-
olution, short-wavelength (SH, 10-19.5 nm); 4) high-resolution, long-wavelength
(LH, 19-37 mm) (Houck et al. 2004). Data was taken in all 4 modes for our sample;
the work presented in this thesis focuses on both the SHand LH (R  600) spectra.
Both the SH and LH each have ten orders (bands that span a certain wavelength
range) that are stitched together to give a nal, continuous spectrum from 9.98-
36.83nm for each observation in the sample. During Cycle 5 Spitzer was nearing
the end of its supply of cryogen to cool all its instruments, which can create insta-
bility in the mid-infrared detectors; in response to this the IRS instrument team
recommended observing dedicated backgrounds for all the stars. Normally, the
stars in this sample are bright enough not to require backgrounds, but this was
done in an effort to minimize issues arising from low supply of coolant.

2.1.2 Target Sample

The Miras analyzed in this work were chosen to coincide with an ongoing study
with the Palomar Testbed Interferometer (PTI), as explained above. Target stars
originally picked for the PTI study were thought to have angular diameters near

2 mas; this was the ideal size for PTI to have maximum sensitivity. Assuming
the target Miras all have a typical radius of 1 AU this places them within 1
kpc of Earth. Approximately 40 stars were chosen for the Spitzer study, however,
the requirement of dedicated backgrounds and other observational constraints
limited nal sample of stars observed to 25. The focus of this dissertation is on

1The Infrared Astronomical Satellite (IRAS) was a space-based telescope that operated from
February-November 1983. This was the rst instrument to perform an all sky survey at infrared
wavelengths. The Low Resolution Spectrometer (LRS) took spectra from 8-22 mm for 5000 ob-
jects.
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analyzing several spectral features in the 13 M-type Miras from this data set; we
also include analysis of a new feature at 17.62nm that is seen in all three chemical
sub-classes throughout the entire sample .

Table 2.1 presents the 13 M-type Miras and associated parallaxes measured
with Gaia (Gaia Collaboration 2018) and Hipparcos (van Leeuwen 2007) and Ta-
ble 2.2 provides angular diameters and physical radii computed with these dis-
tances. There is clearly a discrepancy between the parallaxes determined from the
Gaia survey vs the Hipparcos survey. It should be noted that dif culty determin-
ing parallaxes in Miras is a known issue (e.g. van Belle et al. (2002); Thompson
et al. (2002b)). If we compare the parallaxes with the angular diameters reported
in Table 2.2 we note that most of the angular diameters of the stars are larger than
stars' parallax. This can lead to a disparity in the calculation of the light photo-
center. These stars also have large convective cells and potential spots on their
surface which can also make it dif cult for accurate position of the photocenter;
the effects on parallax from surface granulation in red supergiant stars like Betel-
geuse is discussed in Chiavassa et al. (2011). The ambiguity in the calculation of
the photocenter means that there are larger error bars on the distances than you
would expect to see for a star of this magnitude.

In an effort to minimize the discrepancy between the Gaia and Hipparcos
parallaxes we estimated a distance calculated from the point where error bars
overlap (for applicable targets). For R Tri the error bars do not overlap and we
will continue to use a distance of 294 pc as used in Baylis-Aguirre et al. (2020). For
S Peg they overlap starting at 1.4231 mas which gives a distance of 703 pc. For SS
Cas they overlap at 2.1272 mas which gives a distance of 470 pc. For R Cet they
overlap at 1.8642 mas which gives a distance of 536 pc. For S Lac they overlap
at 1.4817 mas which gives a distance of 675 pc. These distances will be used

Parallax Data and Calculated Distances
Target | Gaia PIx! (mas) | Gaia Distance (pc) | Hipparcos PIxZ (mas) | Hipparcos Distance (pc)
RTi | 1.0714 0.2941 934" 338 340 151 2047 2%
SPeg | 1.2886 0.13545 776" 5% 252 2.26 3977549
S Ser NA NA 3.17 1.49 315" 250
SSCas| 2.2862 0.1590 437°33 1.33 2.59 7527 %6
W Her | 0.6404 0.0812 1562* 278 NA NA
RT Cyg | 1.1261 0.0569 888" 13 NA NA
RCet | 1.7554 0.1088 570*3] 2.92 1.86 342%5%
ZZyg | 1.5293 0.0807 654% 3% NA NA
Y Del | 0.9940 0.4510 1006* 53¢ NA NA
Slac | 1.5906 0.1089 6297 3¢ 1.19 1.44 8407 7,
SPsc | 0.5336 0.2001 1874% 118 NA NA
UCvn | 0.9210 0.1670 1086% 220 NA NA
UXCyg | 0.1764 0.1674| 566910254 NA NA

Table 2.1: Parallax data and subsequent calculated distances for our 13 M-type
Miras. 1Gaia Collaboration (2018), 2van Leeuwen (2007)
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in subsequent analysis for these particular stars. The remaining stars with the
exception of S Ser only have Gaia parallaxes reported. In the case of UX Cyg the
estimated distance is unrealistically large because we believe all targets are within

1 kpc, and therefore suspicious as it will yield non-physical answers in later
calculations; we will use a distance estimated from maser emission. Nakashima
& Deguchi (2007) using SiO maser emission place UX Cyg at 590 pc, far more
reasonable than 5700 pc.

Angular Sizes and Calculated Radii
Target | Angular Diameter (mas) | R(R )
R Tri 4.631 150
S Peg 4.2676 323
S Ser 4.2041 142
SS Cas 1.804 91.2
W Her 2.4136 405
RT Cyg 2.380 227
R Cet 3.0909 178
Z Cyg 3.5164 247
Y Del 3.1796 342
S Lac 2.9547 214
S Psc 3.935 793
U Cvn 3.397 397
UX Cyg 3.878 246

Table 2.2: Interferometric measurements of angular diameters were observed
with PTI, and were shared via private communication with Michelle Creech-
Eakman. The physical sizes are then determined by the distance. 1Calculated
with Gaia data, 2Calculated with Hipparcos data,  Calculated using overlap
from Gaia and Hipparcos as described in previous paragraph.  Calculated with
maser distance.

2.1.3 Data Reduction

The Spitzer Data Analysis Cookbook 2, published by the Spitzer team, was used
to guide the data reduction. | would like to note that each spectrum presented
in this work was reduced individually, by hand, by Dr. Tina G (th as part of her
doctoral work. This section provides an overview of the data reduction steps. For
full details see Creech-Eakman et al. (2012) and Gith (2017).

The data were downloaded from the Spitzer Heritage Archive (SHA); this
included IRS data for all targets and their dedicated backgrounds. Individual ob-

2https:/firsa.ipac.caltech.edu/data/SPITZER/docs/dataanalysistools/cookbook/
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Figure 2.1: Mid-IR spectra of the M-type Mira variable S Peg. The top spectrum
is arti cially offset by an additional 5 Jy for clarity. The spectral features are
discussed in Chapter 3.

servations with their respective backgrounds were unzipped in their own fold-
ers. The rst step was to subtract the dedicated sky background using IDL codes
written by G Uth. Next, IRSCLEAN was used to remove bad pixels in the data.
This is an IDL program provided by the Spizer team that automatically ags
bad/rougue pixels, and also allows the user to ag additional bad/rough pixels
the program may have overlooked. The Spitzer IRS Custom Extractor (SPICE)
program is then used to extract the spectrum after the data is clean; this program
extracts the ux and corresponding uncertainties. The stars in the sample were
all bright enough to potentially introduce interference fringes inside Spitzer. To
account for these fringes the IRSFRINGE package was used to “defringe” the
spectra after it was extracted. The order-overlaps, provided by the IRS Instru-
ment Handbook 2 were removed, and subsequently the individual orders were
stitched together to create a complete spectrum. The resulting data product was
an ascii le containing wavelength ( nm), ux (Jy), and ux uncertainty (Jy). An
example of a fully reduced spectrum is provided in Figure 2.1.

3https://irsa.ipac.caltech.edu/data/SPITZER/docs/irs/
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2.2 Mira Data

The chemical subclass of a Mira is determined by its carbon-to-oxygen ratio in
molecules and dust in its surround circumstellar environment. If C/ O < 1litis
classi ed as oxygen-rich (M-type), if C/ O 1 itis classi ed as intermediate (S-
type), andif C/ O > 1itisclassi ed as carbon-rich (C-type). For additional details
see Section 1.4. Each Mira in this dataset was observed at least twice and Table 2.3
provides the chemistries and observations of the stars used in this work. There
are two stars worth additional discussion in regards to their assigned chemical
sub-class. First, the M-type Y Del had very weak CO , spectral features, and pos-
sible emission of CoH, at 13.7mm and HCN at 14 nm, both of which are indicative
species of C-types. It is possible that Y Del is actually much closer to an S-type
than the rest of the M-types in our sample. Second, the S-type LX Cyg had strong,
clear absorption of CoH, at 13.7mm and HCN at 14 nm and 14.3 nm; the strength
of the features indicate that LX Cyg is actually a C-type, and we have put the
results of its analysis with the other C-types.

Star Chemistry Obs. Phase

R Tri M-type 2 0.153, 0.222

S Peg M-type 0.631, 0.098
S Ser M-type 0.620,0.671

SS Cas M-type
W Her M-type
RT Cyg M-type
R Cet M-type
Z Cyg M-type

0.029, 0.169, 0.368
0.473, 0.604, 0.725, 0.794, 0.919
0.654, 0.780, 0.983, 0.114, 0.276, 0.459, 0.584
0.850, 0.019
0.725, 0.859, 0.961, 0.054, 0.170, 0.309, 0.391

Y Del M-type 0.280, 0.539, 0.579
S Lac M-type 0.279, 0.383, 0.819
S Psc M-type 0.990, 0.042
U Cvn M-type 0.948, 0.036

UX Cyg M-type
R Cyg S-type
S Lyr S-type
S Uma S-type
X And S-type

LX Cyg C-type

RZ Peg C-type
U Lyr C-type
V Crb C-type

ZZ Gem C-type

0.225,0.276, 0.454, 0.487
0.544, 0.612, 0.696, 0.782, 0.884, 0.919
0.758, 0.815, 0.022, 0.086, 0.168
0.039, 0.152, 0.874
0.598, 0.701
0.326, 0.369, 0.532, 0.957
0.451, 0.258, 0.750
0.572, 0.653, 0.710, 0.784, 0.819,0.909
0.960, 0.073, 0.127
0.720, 0.786

Nwmwbmwmmbmwww\l,\,\lmw,\,,\,

Table 2.3: Observations and Phases of Miras. The mathematical de nition of the

phase,f, is given in Section 1.4.1. Possible S-type, Previously classi ed as
S-type.
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Masers

Star SE Class  Period (days) Distance (pc) OH SiO  H,0
R Tri SE3 275.3 294 N Y’ Y/
S Peg SE1 312.2 703 6y NS N3
S Ser SE3 389 315 5 v’ \'4
SS Cas 143.1 470 N NA N 4
W Her  “"no feature”l 273.7 1562 N N° N°
RT Cyg 191.4 888 N N4 N4
R Cet SES 165.8 536 RI \4 \'4
Z Cyg SE8 267 654 ¥ Y’ \4
Y Del SE4 475.1 1006 R N° N®
Slac “nofeature”?! 240.6 675 N N4 N4
S Psc SE4 422.7 1874 N N® N°
U Cvn SE7 307.9 1086 & \4 \'4
UX Cyg SE8 546.3 590 ¢ Y’ \4

Table 2.4: Information used in analysis for M-type Miras. Maser activity is des-
ignated with a Y for reported detection and N for no detection. no IRAS LRS
data 1Creech-Eakman et al. (2012fSivagnanam et al. (1988)3Cho & Kim (2012),
4Benson & Little-Marenin (1996), °Benson et al. (1990)Engels & Bunzel (2015),
‘Kim et al. (2014)

The majority of this work focuses on analysis of molecular features in the M-
type Miras and we now provide more speci ¢ details of the M-type Miras in this
dataset. Using low-resolution spectroscopy these stars can be further classi ed
according to their broad solid-state or dust features. Little-Marenin & Little (1990)
originally classi ed oxygen-rich AGB stars using Low Resolution Spectrometer
(LRS) data from IRAS. Their method involved subtracting the underlying stellar
continuum in order to focus on the dust components;sd they created ve iden-
ti cation classes. 1) Sil: clear emission feature at 9.8nm; 2) Sil+: emission at 9.8
nm plus a developing feature at 11 nm; 3) Sil++ identical to Sil+, but with pro-
nounced emission at 11mm; 4) S: 10.5-10.8m emission peak instead of 9.8 mm; 5)
Broad: wide feature from 9-15 nm centered at 12nm. Several years later Sloan &
Price (1998) modi ed these ve main classes to include three sub-classes and this
“SE” class system was adopted to categorize different M-types. The system is di-
vided from SE1-SES8 and relates to the original classi cation in the following way.
SE1-SE2 correspond to the Broad class (5), SE3-SE4 combined the Sil++ and Sil
classes (3,1); SE3-SEG6 are referred to as a subcategory callédtructured silicate
emission”. Finally, SE1-SE2 spectra show broad dust emission, while SE7-SE8
spectra show narrow “classic” silicate emission (Sloan & Price 1998). The M-types
in this sample that were previously observed with IRAS have SE classi cations,
and those lacking LRS data were categorized in Creech-Eakman et al. (2012). In
Table 2.4 we provide basic information for each M-type Mira including SE clas-
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si cation, periods, distances that will be used in all subsequent calculations, and
maser activity.

The observational study of Mira variables using the interferometric and spec-
troscopic data discussed in this chapter demonstrates a concerted effort to char-
acterize the highly complicated environments surrounding these stars. The large
error bars associated with parallax measurements for every star in our sample
suggest that a new approach to parallax measurements for stars with extended
atmospheres is greatly needed.
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“What's in a name? that which we call a rose
By any other name would smell as sweet.”

— William Shakespeare

Chapter 3

LINE IDENTIFICATION
AND BEHAVIOR

This chapter discusses the identi cation of prominent spectral features seen in
our IRS spectra. Because all the molecular features were initially identi ed us-
ing the literature Section 3.1 outlines the historical context of these molecules in
AGB stars. Sections 3.2, 3.3, and 3.4 discuss molecular features speci c to each

chemistry, and Section 3.5 describes a feature not previously observed before this
Spitzer experiment.

3.1 Historical Context

The molecule and dust enriched regions in a Mira's circumstellar environment

(CSE) are best studied in the near and mid-infrared. This region of the electro-
magnetic spectrum is home to many atomic and molecular transmissions that
are inaccessible to ground-based instruments due to telluric absorption. For ex-
ample, Figure 3.1 shows a transmission spectrum from 3-20 nm calculated with

ATRAN 2 (Lord 1992) showing wide bands centered at 4.5mm, 6.5nm, and
15 nm where the transmission drops to 0. These large gaps are mainly due to
telluric H ,O and CO», but other molecules such as ozone (Gs) also signi cantly
contribute.

Space-borne instruments remove the complications affecting ground-based
observations at these wavelengths. One key astronomical instrument used through-
out the late 90's and early 2000's was the Infrared Space Observatory (ISO) (Kessler
et al. 1996). Notable gas-phase molecules observed include HO, CO, CO,, CH»,
HCN, OH, and PAHs, while solid-state observations include both amorphous
and crystalline silicates, several oxides, sul des and carbonates (van Dishoeck

Shttps://atran.arc.nasa.gov/cgi-bin/atran/atran.cgi
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Figure 3.1: Atmospheric Transmission from 3-20 nmm. The drops in transmission
are primarily caused by absorption of H ,0, O3, and CO», with lesser contribu-
tions from N ,0, CH4, CO and OCS (Smette et al. 2015). Transmission data calcu-
lated with ATRAN 3 (Lord 1992).

2004). I1SO observations of C-type AGB stars frequently showed a complicated
spectrum near 14 mm which could include a broad absorption of C ,H, at 13.7mm

and both emission and absorption of HCN at 14 nm (Aoki et al. 1999). Some stars
also showed a sharp emission feature of HCN at 14.3 nm (Yamamura & de Jong

2000; Cernicharo et al. 1999; Aoki et al. 1999).

A striking discovery was several CO , emission lines in M-type AGB atmo-
spheres (Justtanont et al. 1998; Ryde et al. 1998); before ISO observations it was be-
lieved that the carbon in Mira atmospheres was primarily locked in CO molecules
(Cherchneff 2006). Five spectral features were initially reported at 13.87 nm, 16.18
nm, 14.97mm, 13.48mm, and 15.40nm in several Miras and semi-regular variable
stars. The features at 13.87mtm and 16.18 nm were always seen in emission, but
the feature at 14.98 nm was observed in both emission and absorption. Stars
with these prominent CO , features also had the mysterious unidentied 13 mm
“dust” feature (Little-Marenin & Price 1986; Little-Marenin & Little 1988; Sloan
et al. 1996), and there was a correlation between the strength of the CG, lines
and the 13 nm feature (Justtanont et al. 1998; Sloan et al. 2003a). Further studies
demonstrated that CO» is extended throughout the atmosphere and that a min-
imum of 2 “slabs” of gas (see Section 4.4.1) is required to recreate the observed
features (Markwick & Millar 2000; Cami et al. 2000; Yamamura & de Jong 2000).
Multiple observations of T Cep in Yamamura (2003) and Yamamura & de Jong
(2000) hinted at variations in the features with phase, but unfortunately ISO only
observed 1.4 periods which was not suf cient to determine if these variations
were transient or tied to the pulsation. The ISO discoveries demonstrated that
molecular layers in Mira CSE's are dynamic, but lacked enough observations to
tie gas behavior to the phase of the Mira.
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3.2 M-types

The M-type Miras show several strong features at 13.49 nm, 13.87nm, 14.98nm,
16.18nmm, and 16.76mm. We identify these features as un-resolved, ro-vibrational
Q-branch bandheads of CO,, according to labeled transitions in Herzberg (1945)
and HITRAN (Gordon et al. 2017). Table 3.1 provides the speci c ro-vibrational
transitions associated with each feature. Each vibrational level is designated as
nln'2n3 with ny referring to a symmetric stretch, n, refers to a doubly degenerate
bending mode, and n3 refers to an asymmetric stretch. For further details and a
diagram of these modes see Section 4.3.2.

Band Center (mm) Transition
13.49 1110(1) - 020(1)
13.87 10°0(1) - 01:0(1)
14.98 01'0(1) - 0F0(1)
16.18 10°0(2) - 0120(1)
16.76 1110(2) - 020(1)

Table 3.1: Observed CQ ro-vibrational transitions. A vibrational state is des-
ignated as nln'zng, with three "modes” that contribute to the vibration of the
molecule: n; refers to a symmetric stretch, n, refers to bending, and nz refers
to an asymmetric stretch. More details can be found in Section 4.3.

The features at 13.87mm and 16.18 mm are a Fermi degenerate pair, as are
the features at 13.49mm and 16.76 nm; full details on Fermi degeneracy can be
found in Section 4.3. As discussed in Section 3.1 most of these CQ transitions
were previously observed with ISO and e.g. Justtanont et al. (1998); Ryde et al.
(1998); Markwick & Millar (2000); Cami et al. (2000); Yamamura & de Jong (2000),
however the majority of the ISO studies include single observations and no phase
dependent discussions. This work builds off the ISO observations by including
observations across multiple phases; the 13 Mira variables analyzed here have 2-
7 repeat observations with changing phase. Figures 3.2-3.4 provide examples of
IRS spectra for 3 of our M-type Miras. The 5 CO, Q-branch bandheads of interest
in this study are labeled with arrows, and the phase of each star is also provided.
It is quickly apparent that though the spectra share similarities they are far from
uniform.

The most noticeable feature is the n, band at 14.98mm which is seen in both
emission and absorption. Yamamura & de Jong (2000) reported identical behav-
ior of the n, band of SO, at 7.2 mm in several Miras. The hot bands at 13.49mm,
13.87nm, 16.18nm, and 16.76nm are always in emission. The 14.98nm feature is
guite dynamic in this dataset, and can be seen in very weak emission transition-
ing to absorption in S Lac. In S Peg the absorption feature is so weak as to be in
the noise limitin one observation and could be considered a non-detection, butin
the next observation it is strong absorption. In SS Cas the line is in emission, and
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Figure 3.2: Mid-IR spectra of the M-type Mira variable S Peg. The top spectrum is
arti cially offset by an additional 5 Jy for clarity. Modeling ofthe CO 5 is discussed
in Chapter 4.

Figure 3.3: IRS spectra of the M-type Mira variable S Lac. The top spectrum is
arti cially offset by an additional 4 Jy and the middle spectrum is offset by an
additional 2 Jy for clarity. Note the dynamic change of the fundamental n, band
at 14.98mm.
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Figure 3.4: IRS spectra of the M-type Mira variable SS Cas. The top spectrum is
arti cially offset by an additional 2 Jy and the middle spectrum is offset by an
additional 1 Jy for clarity. Note here the fundamental n, band at 14.98nm is seen
in emission compared to the spectra in Figure 3.2.

then as with S Lac it grows so weak it is a possible a non-detection. The spectra
of these three stars are characteristic of the whole M-type data set. We can clearly
see that the CO, gas is dynamic across the stellar pulsation cycle. Chapter 4 de-
scribes how we created synthetic spectra to determine the temperature, density,
and location of the CO , gas within the CSE.

3.3 C-types

The C-type Miras show several features at 14 nm. We identify these features as
HCN and C ,H; according to labeled transitions in Herzberg (1945) and HITRAN
(Gordon et al. 2017). Identifying speci ¢ bands is not as straightforward for these
species as it was with CO,. Multiple Q-branches overlap near 14 nm and the IRS
resolution of 600 is not high enough to unambiguously differentiate speci c
transitions. Tables 3.2 and 3.3 provide a list of bands possibly contributing to the
features seen in the spectra.

The labeling scheme for vibrational levels of HCN is quite similar to that of
CO,, with some variations because HCN is not symmetric. The n; stretch refers
to a CN stretch, ny is still a double degenerate bend of the molecule, and nz refers
to HC stretch (Shimanouchi 1977). Figure 3.5 provides a sketch of the modes. The
labeling scheme for C,H, is different from that of CO , and HCN because it has
an additional atom, and its vibrational modes are thus more complicated. There
are 7 modes that can vibrate the molecule: n; refers to a symmetric stretch of CH,
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HCN

Band Center (mm) Transition
14.04 ofo(1)-0d0(1)
14.30 020(1)-010(1)
13.99 020(1)-010(1)
14.24 030(1)-020(1)
14.55 030(1)-020(1)
13.94 030(1)-020(1)

Table 3.2: HCN ro-vibrational transitions. A vibrational state is designated as
nln'zng, with four modes that contribute to the molecule's vibration:  n; refers to
C-N stretch, m, refers to a degenerate bending, and ng refers to H-C stretch.

Figure 3.5: Diagram of vibrational modes for HCN. The four vibrational modes
include the m stretch of CN, n, is a doubly degenerate bend of the molecule, and
ng refers to HC stretch.

CoH»
Band Center (mm) Transition
13.71 ns(I= 1) -0
13.72 ng+ ns(1 = 0) -ny(l = 1)
13.68 ng+ ns(l = 2) -ny(l = 1)
13.89 2]5(| = 0) - n5(I = l)
13.71 2]5(' = 2) - I'l5(| = 1)

Table 3.3: GH ro-vibrational transitions. C >H» is labeled nln'2n3n4n5 and has 7
modes that can vibrate the molecule (see Figure 3.6): m; refers to a symmetric
stretch of CH, n, refers to a symmetric stretch of CC, ng refers is an asymmetric
stretch of CH, n4 is a degenerate symmetric bend, and lastly, ns is a degenerate
asymmetric bend. Lastly (I) describes the vibrational angular momentum and
arises from degenerate bending modes.

np refers to a symmetric stretch of CC, ng refers is an asymmetric stretch of CH, ny
is a degenerate symmetric bend, and lastly, ns is a degenerate asymmetric bend.
These modes are illustrated in Figure 3.6. We are labeling transitions according to

HITRAN conventions described in Jacquemart et al. (2003). The eigenfrequencies
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for CoH, have coincidental degeneracy such thatw; ' wz ' 5wys ' 5ws and
wy ' 3wy ' 3ws. It becomes useful to organize vibrational levels into “polyads”
described with a pseudo-quantum number, P, where P = 50+ 3mp+ g+ ng +
ns. A transition is then described from a nng polyad to (n+ 1)ng polyad.

Figure 3.6: Vibrational modes of CoH,. The 7 modes include n; which is a sym-
metric stretch of CH, n, refers to a symmetric stretch of CC, ng refers is an asym-
metric stretch of CH, ny4 is a doubly degenerate symmetric bend, and lastly, ngis
a doubly degenerate asymmetric bend.

Figure 3.7: IRS spectra of the C-type Mira variable RZ Peg. The spectra are no-
tably missing the broad C ,H feature at 13.7nm, but show HCN emission at 14.04
nm and 14.3 nm.
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Figure 3.8: IRS spectra of the C-type Mira variable U Lyr. The top spectrum is
arti cially offset by an additional 8 Jy and the middle spectrum is offset by an
additional 5 Jy for clarity. U Lyr shows a HCN feature that the other C-types do
not.

Figure 3.9: IRS spectra of the C-type Mira variable V Crb. The top spectrum
is arti cially offset by an additional 30 Jy and the middle spectrum is offset by
an additional 20 Jy for clarity. V Crb is lacking the HCN feature at 14.04 nm

compared to U Lyr.
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Most of the C-types in our sample show these classic features near 14mm.
Figures 3.8, 3.9 and 3.7 show the IRS spectra for U Lyr, V Crb, and RZ Peg. The
broad absorption seen at 13.7mm is most likely a combination of several tran-
sitions of C,H,. The clear emission lines at 14.04mm and 14.3 mm are HCN,
although it is likely that additional HCN transitions also affect the spectrum be-
tween 13.7-14mm. It is also possible that there are additional contributions from
HCN near 14 mm that were not resolved with IRS; for example Aoki et al. (1999)
observed HCN in absorption at 14 mm in V Crb, but the ISO Short Wavelength
Spectrometer (SWS) setting used for that experiment had R 1500 compared to
R 600 for IRS. RZ Peg is lacking a clear GH, feature at 13.7 mm compared to
other C-types in the set. Itis possible that it is just evolving into a C-type and has
not dredged up enough carbon to create an abundance of carbon-rich molecules.

3.4 S-types

The S-types in our data set run the gamut in terms of spectral features. These
stars have an “intermediate” chemistry where it is thought that C/ O 1. This
actually makes it dif cult to systematically categorize their features. If they are
just entering the S-type phase they will not have produced enough carbon to
create carbon-rich species like GH ,, but the oxygen has been depleted via silicate
dust production so oxygen-rich species like CO , are weak or absent.

Figure 3.10: IRS spectra of the S-type Mira variable S Uma. The upper spectrum
is arti cially offset by an additional 4 Jy and the middle spectrum is offset by

an additional 4 Jy for clarity. S Uma provides an example of how ambiguous an
S-type spectrum can be compared to the spectra presented in Sections 3.2 and 3.3.
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Figure 3.11: IRS spectra of the S-type Mira variable S Lyr. The top spectrum is
arti cially offset by an additional 12 Jy and the middle spectrum is offset by an
additional 6 Jy for clarity. The spectra show additional un-identi ed bandheads
near 11 mm and 13 nm that require further study for identi cation.

Figure 3.12: IRS spectra of the S-type Mira variable LX Cyg. The top spectrum
is arti cially offset by an additional 6 Jy, the next spectrum down is offset by an
additional 4 Jy, and the second spectrum down is offset by an additional 2 Jy for

clarity.
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The intermediate chemistry in S-type Miras can lead to fairly ambiguous
looking spectra as in Figure 3.10. There are no prominent emission or absorption
features of CO,, HCN, or C ;H». In contrast, the spectra of S Lyr and LX Cyg in
Figures 3.11 and 3.12 are much more interesting. S Lyr shows HCN emission at 14
nm and 14.3 nm as well as a weak emission feature near 13.7nm, possibly from
C,H». Itis reasonable to question if the emission line at 14 nm could potentially
be the 1P0(1) - 0120(1) transition from CO », but when we examine both features
we notice that the CO , feature gets broad towards longer wavelengths, while the
HCN feature gets broad towards shorter wavelengths (see Figure 3.13). Thisis a
consequence of their individual quantum mechanics driving the Q-branch transi-
tions. In LX Cyg the HCN is actually in absorption near 14 mm and weak emission
at 14.3mm. What is quite surprising is the strength of the C ,H, absorption which
is unlike the rest of the S-type spectra. It is possible LX Cyg received the wrong
chemical sub-class and should be classi ed a C-type.

3.5 Novel Feature at 17.62mm

All the Miras in our sample show a previously un-observed emission line at 17.62
nm. Since this feature was not observed with ISO we rst consulted the IRS

Figure 3.13: IRS spectra of 3 Mira variables with different chemistries. The top
spectrum has been arti cially offset by 20 Jy for clarity. Each spectrum shows the
strong emission feature at 17.62nmm.
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Instrument Handbook ! and the “Features and Caveats™ for instrumental affects.
No spurious features near 17.62 mm were reported, and additionally no reports
of instrumental affects at this wavelength were ever found in the literature. If
there was an obvious instrumental affect then observations of this line taken on
the same day in different stars should produce identical features, but we do not
observe this effect, as can be seen in Tables 6.4, 6.5, and 6.6.

We believe this observation is a consequence of how the spectra were taken.
We have dedicated backgrounds for every observation of every target in the sample
target and the telescope nodded completely off-slit for the observations. A “nod”
refers an offset applied to the telescope pointing, which is usually along a long
slit such that the pair of pointings in the nod together can be used to increase
the total SNR of the observation without wasting telescope time integrating on
blank sky. Taking the difference between the pair removes background emission
from the sky and the instrument; without the nod even space-based telescopes
produce too much background radiation and it is nearly impossible to acquire
decent sensitivity. When on-slit nodding is used the target remains in the slit the
entire time, whereas in off-slit nodding the telescope moves off target for the sec-
ond observation. If the source is extended then on-slit nodding has the risk of
subtracting the feature from itself when the difference is taken, thus on-slit nod-
ding is generally avoided for targets that are known to be extended. Miras have
extremely extended atmospheres and it is possible on-slit nodding in previous
observing programs would have missed observing this new feature.

Figure 3.14: Sample output from search in the Atomic Line List (van Hoof 2018).
The rectangle enclosing the Einstein A coef cients and the oscillator strengths
shows how many transitions are missing these data.

Ihttps://irsa.ipac.caltech.edu/data/SPITZER/docs/irs/irsinstrumenthandbook/
2https://irsa.ipac.caltech.edu/data/SPITZER/docs/irs/features/
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Figure 3.15: Diagram illustrating uorescence. A very strong emission line at a
higher energy (shorter wavelength) is coincident with a transition that has match-

ing quantum numbers. This allows the prominent emission to serve asa “pump”
to the adjacent transition. The metal then emits photons of lower energy than
the pumping transition, which we see as uorescence features at lower energies
(longer wavelengths).

This feature is characteristically different than the molecular features dis-
cussed in Sections 3.2, 3.3, and 3.4, indicating the species is atomic instead of
molecular. It is markedly narrow, at the limit of the instrumental resolution,
and always seen in emission. ldentifying this feature is not straightforward, but
there are several guidelines we can use as a starting point. 1) Possible originat-
ing species must be available to both oxygen-rich and carbon-rich environments.
Eliminating possibilities is not as straightforward as it would be for a main se-
guence star because Miras undergo massive dredge-up events that contribute to
the production of heavier elements via the s-process and a process (as discussed
in Section 1.3.1). 2) The atmosphere is*cool” (  2000-3000 K) so we expect a heu-
tral metal over an ionized metal. 3) The emission is extremely bright (  10's of
Jy) in many observations. 4) The strength of the feature appears to be tied to the
phase of the star.

We consulted the Atomic Line List 2 (van Hoof 2018) for identi cation. Fig-
ure 3.14 shows a screen shot of part of the search output in our wavelength range.
An obstacle in the identi cation process can be seen in the rectangle enclosing the
Einstein A coef cients and oscillator strengths. Both of these are related to the
probability a transition will occur, the larger the number the stronger the tran-
sition. Few transitions in this wavelength regime have measured or calculated
values for these parameters making it dif cult use a minimum oscillator strength
to narrow the search results.

Based upon the reported oscillator strengths and all our other considerations
above, we identify this new feature as Fe I. It is reasonable to expect Fe as a metal

Shttp://www.pa.uky.edu/  —peter/newpage/
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present in both chemistries. This would not be the rsttime Fe | was presentin all
observations in a set; in a study of phase dependent emission line behavior of six
Mira variables that included 3-7 observations for each star, Richter & Wood (2001)
reported optical transitions of Fe | were present in every spectrum. Finally, due
to its sharpness, consistent brightness and lack of additional multiplet transitions
(a multiplet consists of nearby transitions that arise from ne-structure splitting)
we believe this is a uorescence feature. Fluorescence is common in Mira at-
mospheres and Fe | uorescence has been previously identi ed in both M-types
(Luttermoser 2000) and C-types (Johnson et al. 1995). Possible pumping mecha-
nisms for this feature are discussed in Section 4.7. The line strength is changing
with the phase of the star as can be seen in Figure 3.16, and its periodicity may
indicate the feature probes shock behavior in the CSE.

Figure 3.16: Phase dependent behavior of the 17.62nm feature in the M-type
Mira variable UX Cyg. Note a background subtraction has been performed and
is described in the following chapter.
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“The spectra of more than 200,000 stars have
been studied. The results will help to unravel
some of the mysteries of the great universe,
visible to us, in the depths above. They will
provide material for investigation of those
distant suns of which we nothing except as
revealed by the rays of light, traveling for
years with great velocity through space, to
be made at last to tell their magical story on
our photographic plate. ”

— Annie Jump Cannon

Chapter 4

SPECTRAL ANALYSIS

In this chapter, we present analysis of the ve CO , Q-branch bandheads identi-
ed in the M-types in Chapter 3. This involved subtracting a background and
modeling the lines with a radiative transfer code called RADEX. Results from
these models are presented in Table 6.3 and plots of the spectra with the ts are
provided in Appendix A.1. Additionally, analysis and discussion of the Fe u-
orescence feature includes background subtractions and Gaussian pro le tting
for each observation. These results are presented in Tables 6.4, 6.5, and 6.6 for the
M-types, S-types, and C-types, respectively, and plots of the pro les are included

in Appendix B.1.

4.1 Background Subtractions

Before we modeled the spectral features we needed to subtract the background
emission, called the continuum; if the line pro les we are trying to match with
synthetic spectra have any extra emission from background sources the model
calculations can return poor physical conditions for the features being t. The
backgrounds were all subtracted in a similar fashion using the Python package
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Sherpa (Burke et al. 2020). Once the backgrounds were subtracted, an ASCII le
of the residuals was saved and used for further modeling.

4.1.1 Subtraction 13-17nm

The ve Q-branch lines of CO ,, lie at 13.49, 13.87, 14.98, 16.18, and 16.76n and
we decided to search for global ts that would model all 5 lines simultaneously.
We therefore performed a background subtraction from 13-17 mm. Mira atmo-
spheres have signi cant dust, which often makes a simple blackbody background
insuf cient. We adopted a “graybody” where we added a power-law function in

addition to the blackbody function. An example of this background is shown in
Figure 4.1.

Figure 4.1: Graybody subtraction between 13-17 nm in the M-type Mia variable
SS Cas. The graybody is created by addingSherpa'souilt in power-law function
to the blackbody.

For the Miras that had signi cant dust emission from 15-20 nm, even the
graybody failed and we did the subtraction in two sections. The dust starts con-
taminating the spectrum near 15 nm and after several tting iterations we de-
cided to t a graybody from 13 - 15 nmm, and then a power-law from 15-17 nm.
Ideally we would prefer to t the graybody past 15 nm because of the CO; fea-
ture at 14.98mm, but attempts to t the graybody at longer wavelengths yielded
poor results. The separate residuals were then joined at overlap point to create a

nal, continuous residual from 13-17 nm. An example of this is shown below in
Figure 4.2.

After the backgrounds were subtracted, Sherpasaved the residuals as an
ASCII le. However, Sherpaonly saves the wavelength and ux in the residu-
als, and we want to include the ux uncertainty as part of the radiative transfer
modeling. The uncertainty in the ux does not show great uctuation in our

Ihttps://cxc.cfa.harvard.edu/contrib/sherpa/
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Figure 4.2: Background subtraction for the M-type Mira Z Cyg which had signif-
icant dust emission and required the background be split into two sections.
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data, and the SNR throughout our dataset is quite high, and we do not anticipate
a large difference in and out of the line. For example, a typical ux uncertainty
value for R Tri was 150 mJy, while CO » line strengths in question range from 4-6
Jy. We calculated the average ux uncertainty between 13-17 nm as a represen-
tative value of the uncertainty; we propagated this value through each point to
create a nal residual le that contains wavelength, ux, and ux uncertainty.

4.1.2 Subtraction 16-19nm

The subtractions for the Fe feature at 17.62nmm were performed in an identical
fashion as described above. Here, we only applied a power-law continuum be-
cause at these wavelengths, most of the targets appeared to be well- t using a
Rayleigh-jeans tail assumption, and were thus insensitive to changes in temper-
ature. The cases where this fails are the M-type Miras that have signi cant dust
emission between 15-20mm as discussed in Glith (2017), and for these targets, we
replaced the power-law with a polynomial. One of the outstanding questions we
had at the beginning of this work was if the strength of the 17.62 nm feature was
tied to the strength of the continuum. To keep track of this behavior we picked
a section 0.5mm away from the line that was not near any possible features and
recorded the value of the continuum. Figures 4.3 and 4.4 provide examples of the
power-law and polynomial backgrounds, respectively.

Figure 4.3: Background subtraction for the C-type Mira V Crb. The linear nature
of the continuum indicates it is approaching the Rayleigh-Jeans tail.

4.1.3 Offset and Alignment Issues

Several of the spectra in our sample had “offset” issues where the spectrum had
large, arti cial jumps in the ux. These arise from mis-matching the ux when
joining the orders together to make a continuous spectrum. The offsets made
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Figure 4.4: Background subtraction for the M-type Mira UX Cyg. Note this spec-
trum of UX Cyg is quite different from V Crb in Figure 4.3, due to signi cant
dust emission. The continuum was then better t with a polynomial rather than
a power-laws.

background subtractions dif cult because the shape of the continuum was arti -
cially jumpy. When we encountered a spectrum with an offset issue, we corrected
the jJump in ux by shifting longer wavelengths up to meet the shorter wave-
lengths before the drop. This never shifted the overall spectrum by morethan 1
Jy and had no affect on the actual line strengths.

One target in the sample of stars included in the CO ;, analysis showed a pos-
sible alignment issue; that is the slit may have not been properly aligned on the
star as the spectrum was taken. We noticed this was a possible issue in the spec-
tra of M-type Mira Z Cyg before we began modeling the CO » lines. Furthermore,
Guth (2017) described "odd hitches” in the spectra of Z Cyg while modeling the
dust composition and attributed it to possible saturation of the detector, or a mis-
alignment of the slit. Initial models were consistently nding line centers that
indicated a temperature much cooler than previous models from other stars, and
at these temperatures, the line would become saturated at the column densities
necessary to re-create the line intensities. We decided to adjust the spectrum us-
ing the width of the uncertainty of the IRS instrument, DI ' 0.025m, as an
upper limit. Using the maximum shift of 0.025 nm, the spectrum shifted so far
right that the models were then coming back with temperatures too high. When
compared to the other stars in the sample, the most consistent model results were
produced when we adjusted the spectrum 0.019 nmm to the right. The 16.18 nm
and 16.76nm lines are potentially under shifted, but this shift was able to adjust
all the lines so they could be t without colder temperatures that saturate at the
densities required to match the line intensities.

In the following sections, we discuss the analysis of the 5 CO, Q-branch
bandheads.
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4.2 Building the Model Infrastructure

The CO, bands observed in the M-types show remarkable variability (see Fig-
ures 3.2, 3.3, and 3.4 in Chapter 3). The fundamental bending mode at 14.98rm
is seen in both absorption and emission while the excited bands at 13.49, 13.87,
16.18, and 16.76mm are in emission. These clues indicate the CQO; lines are being
created in a minimum of two regions in the atmosphere. Historically, most mod-
els were calculated assuming local thermodynamic equilibrium (LTE) (e.g. Cami
et al. (2000)). We wanted to test if this assumption was valid because Mira atmo-
spheres are dynamic with shocks driven by pulsations continually perturbing the

environment. We chose to model the CO> lines with the radiative transfer code,
RADEX, which can solve the radiative transfer under non-local thermodynamic

equilibrium (NLTE) conditions.

4.2.1 RADEX

RADEX? (van der Tak et al. 2007) is a radiative transfer code written originally
by John Black that is available for public use as part of the Leiden Atomic and
Molecular Database (LAMDA) (Sch dier et al. 2005). It is offered as both an online
version? for quick estimates of physical conditions as well as a source code® to
create grids of calculations.

We chose to model the lines with RADEX for several key reasons.

1. The code uses the Sobolev approximation approach for expanding stellar
envelopes (Sobolev 1960). This method for calculating radiative transfer
is strongly recommended in Hubeny & Mihalas (2014) for dynamic stellar
atmospheres.

2. RADEX is capable of running under NLTE conditions which is crucial for
these lines because we do not know if they are formed under equilibrium
conditions; indeed, our intuition about pulsations in Mira atmospheres sug-
gests that NLTE should be precluded, and studies done by Cherchneff (2006)

and Duari et al. (1999) revealed that the CO, molecules are created with dis-
equilibrium chemistry.

3. RADEX includes collisional effects in the calculations making it a step up in
model sophistication from previous studies that created radiative transfer
models only using spectroscopic and dipole moment data. The majority of
previous studies t lines separately, but RADEX simultaneously calculates
the radiative transfer for all lines in a speci ed wavelength range. The abil-
ity to t multiple bands at once in  “global” ts creates stronger constraints
on the atmospheric conditions.

2https://home.strw.leidenuniv.nl/ ~moldata/radex.html
Shttp://var.sron.nl/radex/radex.php
“*https://personal.sron.nl/ ~vdtak/radex/index.shtml
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4. RADEX provides exibility by allowing us to create and upload custom
molecular data les for the calculation. This will allow us to update models
as we add further transitions.

4.2.2 Molecular File

RADEX calculates the radiative transfer using a data le speci c to the desired
molecule that includes Einstein coef cients, detailed level energies, and colli-
sional rate coef cients for state-to-state transitions. The LAMDA database (Sch dier
et al. 2005) has over two dozen molecular and atomic les ready for modeling,
however, the majority of these les are designed for modeling pure rotational
spectra observed in the radio. We needed to be able to model ro-vibrational tran-
sitions in the mid-IR, which meant creating our own data le. We followed the

instructions provided in the RADEX documentation 4 for creating custom molec-
ular les.

We created an original data le for ro-vibrational transitions of CO ,in the 10-
20mm range. The le is built around 8 ro-vibrational bands shown in Figure 4.5;
ve of these bands are for the ve strong Q-branch bandheads, and the remaining

3 were included for possible contributions, e.g. the 0220(1) 0110(1) transition
at 14.97 nm was contributing to the mn, band at 14.98 nm in the work done in
Markwick & Millar (2000). Inside each of these vibrational levels we included a
rotational ladder up to J = 50. The le contains over 700 radiative transitions
combined with more than 18,000 collision interactions with H ,. Assembling the
necessary data required multiple data bases and published studies of CO»,.

The Einstein A coef cients and transition wavenumbers were provided by
the HITRAN ° database (Gordon et al. 2017). The wavenumbers were eventually
converted to frequencies for the nal molecular le. Currently, RADEX provides
7 possible collision partners for the calculations: H ,, p-H», 0-H», e , atomic H,
He, and H*. We chose to use H as the collision partner in all our calculations
for two reasons. We expect H, to be a dominant molecule in AGB atmospheres
(Duari et al. 1999), and most published laboratory data necessary to calculate rate
coef cients are from collisions with H 5.

Rate coef cients are temperature dependent; we needed to account for Mira
atmospheres which vary between several thousand and several hundred Kelvin.
A study of CO 5 collisions with H , from Nevdakh et al. (2003) examined the tem-
perature dependence of the vibrational rate coef cient in the 01 10-0°0 transition,
and we used their results to extrapolate the temperature dependence of the re-
maining vibrational rate coef cients from 100-1000 K in 50 K steps.

Shttps://hitran.org
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Figure 4.5: Grotrian diagram of CO , transitions included our RADEX models.
Levels are labeled according to HITRAN's conventions. The colors of the transi-
tions match the corresponding band in the slab spectrum calculated with RADEX
shown in Figure 5.3.

4.2.3 Collisional Rate Coef cients

We found no evidence in the literature for pure rotational transitions induced

by CO, colliding with other species, and this lack of data is also reported in
Bosman et al. (2017), who used rotational rate coef cients of CO colliding with

H> in their calculations of state-to-state coef cients. In an effort to preserve as
much ro-vibrational behavior as possible in our models, we used data from Cas-
tro et al. (2017) which examined ro-vibrational transitionsup to J= 30 of CO col-
liding with H ». Rates for the remaining J = 31-50 transitions were then calculated
using data from pure rotational transitions provided on the LAMDA database.
Rates for J=31-40 were taken from (Yang et al. 2010) and rates for J=41-50 were
taken from (Neufeld 2012). We followed methods similar to those in several pa-
pers (Bosman et al. 2017; Bruderer et al. 2015; Faure & Josselin 2008; Chandra &
Sharma 2001) to calculate full state-to-state transitions. We combined vibrational
rates with rotational rates to estimate the full state-to-state, ro-vibrational rate
coef cients. Vibrational rate coef cients were taken from Bosman et al. (2017),
Table A.1, or were calculated according to the relationship derived in Chandra &

49



Sharma (2001) forn > n°®

0
n%: n2n+1

k(n!
(n 2n+ 1

k(n=1! n°= 0). (4.1)

To calculate full ro-vibrational collisional rates from initial state n, Jto nal
state n% P we used the method suggested in Bosman et al. (2017) and Faure &
Josselin (2008) which assumes the vibrational level can be decoupled from the
rotational levels. Then the rotational levels are used to calculate a proportionality
constant, Py o(T) which acts as a scaling factor on the vibrational rate. T

k(n,3! n0P = P,o(T)k(n! nY (4.2)
This proportionality constant can be derived as followed. In thermal equi-
librium, the transition rate from i! | must be balanced.
Ni Cij = Nj Cji

where C;j; is the collisional rate and the indicates the level population in LTE

(Hubeny & Mihalas 2014). Then, when we consider the Boltzmann equation we
have a relationship between the Boltzmann ratio and the collision rate.

Ni _ G, gywr
Nj gj

Z

i _ G _ gie (B E)/ kT

Ny G g

Sig, & gy
Cii 9
G = C,-ige(Ei E)/ KT
9i
This equals Faure & Josselin (2008), Equation 10. We will now express the colli-
sional rate coef cients as as Cjj = k(n,J! n® B T)and Cj = k(nj! n,i;T).

0
k(n,J! Nt PT)= %e(EJ EQM KT (n Pt n, 3 T)
3

Continuing to follow Faure & Josselin (2008), we next write the rotationally summed
and average vibrational rate as

8 j(gsexpl Eny KT1& pk(n, 3! n® X))
a jgsexp[ Eny KT]
50

k(n! n®T)=



and assume that Eno; = E, 3+ DE, . With these last 2 assumptions in place then

k(1,3! 0,1Sg9.exp( Eny KT)

Si(g,exp( Eny KT)Spk(1,37 0,0T)) (4.3)

Py o(T) =

satis es the balance requirements in Equation 4.2. This result is slightly differ-
ent than the original expressions because those assumed the full rates are pro-
portional to the rotational transitions inside the ground vibrational state (e.g.
Bosman et al. (2017); Bruderer et al. (2015)). We assumed the rates are propor-
tional to ro-vibrational transitions fromthe n= 1! n%= 0 state in our efforts to
maintain ro-vibrational behavior for the models.

This summation basically provides the conditional probability that a transi-
tion will occur. The numerator provides the the rate for the transition of interest
and the denominator sums up all the rates from other possible transitions. A di-
agram of this conditional probability is provided in Figure 4.6. All calculations
for these values were done with Python. Once we had the necessary P;y val-
ues for a desired band, we multiplied them by the vibrational rate coef cient,
and the nal step was to scale these results according to temperature to produce
full, temperature dependent, state-to-state collisional rate coef cients. A sample
slab spectrum calculated with our CO , le is provided in Figure 4.7 with model
parameters: Ty, = 750 K, H, density = 1012 cm 3, CO, column density = 1016
cm 2, background temperature = 300 K, linewidth =1 km's . Our spectrum re-
produced consistent behavior to the one calculated in Bosman et al. (2017) under
similar parameters.

Figure 4.6: Here we illustrate the conditional probability that is calculated with
P;#. The red line represents the transition of interest, and the gray lines represent
all other possible transitions governed by the selection rules described in Section
4.3.2. The nal rate coef cient of the state-to-state transition is then proportional
to rate of the red transition divided by the sum of the rates of all the transitions.
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Figure 4.7: Sample slab spectrum of CG, calculated with RADEX using our orig-
inal molecular le. The colors of the bands match their corresponding transitions
shown in the energy level diagram in Figure 4.5.

4.3 The CO, Molecule

The CO, molecule is a fully symmetric, linear molecule and it lacks a permanent
dipole moment. The chemical reactions that create CO, in M-type Mira atmo-
spheres are complex and depend on shock chemistry tied to the pulsation of the
star; for a full discussion of CO , reactions see Cherchneff (2006). From Section
1.5 we know the lack of a dipole moment will affect what spectral features it pro-
duces. Because it is a linear molecule, the number, N, of available vibrational
modes is 3N 5= 3(3) 5 = 4. These include a symmetric stretching mode,
m at 1337 cm 1 (7.48mm), a doubly degenerate bending mode, ny, at 667 cm 1

(14.98mm), and an anti-symmetric stretching mode, ng, at 2349 cm 1 (4.26 nm).
These vibrational modes are illustrated in 4.8. The n; band creates a Raman line
while the np and nz bands create infrared lines. Raman lines arise from a change
in polarization in the molecule, while infrared lines are created when there is a
change in the dipole moment. The symmetric stretch does not alter the dipole mo-
ment, but it does alter polarization; the bending and anti-symmetric stretch alter
the dipole moment, but not the polarizability. Under the rule of mutual exclusion
for molecules with a center of symmetry transitions that are allowed in a Raman
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Figure 4.8: Vibrational modes of CO ».

spectrum are forbidden in an infrared spectrum, and conversely, transitions al-
lowed in an infrared spectrum are forbidden in a Raman spectrum (Herzberg
1945). This means for CGQ the n; band is infrared inactive, and n, and ng are
Raman inactive.

We label a vibrational state according to contributions from each of the fun-
damental modes: nln'2n3, where | denotes angular momentum. Upon closer in-
spection of the fundamental transitions, we noticethat n; 2. This “accidental”
degeneracy was discovered by Enrico Fermi (Fermi 1931) and allows the eigen-
states of 21, to perturb the eigenstates of ny, provided they have identical angular
momentum (Herzberg 1945). The Fermi degeneracy adds a layer of complica-
tion to specifying vibrational levels because states that have the same value of
2mp + N mix to the point that we can no longer unambiguously distinguish the
original levels. The result, called Fermi splitting, is two vibrational levels with
slightly different energies. For example, the vibrational level n;nynz = 020 has
two sub-levels 02°0 and 02°0 for | = 0 and | = 2 respectively that could poten-
tially interact with the 10 0 state. Fermi resonances only occur for states of the
same species (identical symmetry) (Herzberg 1945; Bernath 2020) so only the 020
can perturb and mix with the 10 0 level (both have | = 0). To account for Fermi
splitting in our labeling scheme, we make an addition to the original notation:
nln'zng(n), where n speci es a Fermi pair. In our example, with the Fermi levels
created by the mixing of the 02°0 and the 10°0 states are then labeled as 180(1)
and 10°0(2) following HITRAN's convention that  n; in Fermi split levels is deter-
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mined by the state with the largest symmetric stretch quantum number. We have
2 sets of Fermi pairs on our Spitzer spectra; the bands at 13.48 and 16.76m are

transitions from the Fermi split levels 11 10(1) and 1110(2) to the 0220(1) level,
and similarly, the bands at 13.87 and 16.18 are transitions from Fermi split levels

10°0(1) and 10°0(2) to the 0110(1) level, as can be seen in Figure 4.5.

4.3.1 Rotational Structure

In its ground electronic state, CO , has a fully symmetric wavefunction. This al-
ters the structure of some of the rotational ladders inside the vibrational levels,
because every state needs to be fully symmetric to satisfy Bose-Einstein statistics
(Bosman et al. 2017). This symmetry requirement results in some vibrational lev-
els missing all odd J levels while others miss all even J levels. We will brie y
summarize rotational structures speci c to vibrational levels; complete discus-
sions on rotational structure can be found in Herzberg (1945); Bernath (2020);
Bosman et al. (2017).

The ground state, 00°0 and all subsequent levels with n, = ng = 0 only
contain even J values and start with J = 0.

The rst excited state 0110 contains both even and odd levels starting at
J = 1. In general, for states with n, 6 0 but n3 = 0 the ladder starts at

J = np; for example the 03°0 state starts at J= 3 and then continues on
J= 4,5,6....

If = 0and nz & 0 and is odd, then only odd J levels exist, and similarly,
if nz is even then only even J levels exist.

If o & 0and nz 6 O the rotational ladder starts at n, and contains both even
and odd J values.

4.3.2 Ro-vibrational Transitions

The structure of CO, spectral features is determined by the transitions between
rotational ladders inside each vibrational state. The selection rules govern these
transitions. From Section 1.5 we know that parallel bands obey DJ = 1 and
create P and R branches. Perpendicular bands obeyDJ= 0,DJ= 1 creating a
strong Q-branch in addition to the P and R branches. If we look at the spectrum in
Figure 4.7, we notice that P and R transitions from adjacent bands overlap; these
will then overlap and blend together creating a “forest” of lines. In this work we
focused on modeling the macroscopic behavior of the ve strong Q-branches at
13.49,13.87, 14.98, 16.18, and 16.7@é, because the IRS resolution of 600 is not
suf cient to properly model all the nuances of the forests of P and R branches
blending together. The individual Q-branch transitions build to the left or the
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right based on whether or not the rotational constant is larger in the upper state
or the lower state (Ryde et al. 1999). In the case of then, band at 14.98 mm the
rotational constant of the upper level is slightly larger than that of the lower level
so transitions from higher J values occur at slightly shorter wavelengths, making
the band grow to the left. This is opposite for the remaining for bands; their
upper level rotational constants are slightly smaller than those of the lower levels
so higher level J transitions occur at longer wavelengths and their bands grow to
the right. This trend is re ected in the slab spectrum we produced with RADEX

in Figure 4.7 and can be seen observationally in the spectra shown in Figures 3.2,
3.3,and 3.4.

When we examine Figure 4.11 we notice that the lines are arti cially “peaky”,
as a result of the perceived hard cut-off of rotational levels at J= 50 included in
our molecular le. This behavior can lead to perceived mismatches between the
RADEX models and the Spitzer spectra. Including additional rotational levels
may alleviate some of the “peaky” behavior, but a cut-off point will always exist
in the model that we must be aware of when we create models.

4.4 Model

We chose to use a slab model approach for modeling the CO, in the Mira at-
mosphere. This is a common approach for describing Mira atmospheres (e.g.
Matsuura et al. (2002); Yamamura et al. (1999b)). The atmospheric structure is
modeled as plane-parallel slabs that lie on top of each other to create an “onion”
like structure. The conditions of each speci c slab of gas can are determined sep-
arately, and then the results are combined to produce a macroscopic model of the
atmosphere. The major weakness of this approach is that it is not entirely realis-
tic to break up the atmosphere into discrete slabs and model one at a time; how-
ever attempting to calculate the radiative transfer of multiple molecules across
the whole Mira atmosphere which can stretch several AU, is nearly impossible.
RADEX offers two other geometries for the calculations, but neither of them in-
clude contributions from stellar winds or shocks so we decided to stick with the
plane-parallel approach. We also wanted to verify our results by checking their
consistency with previous models, all of which used a plane-parallel slab.

4.4.1 Slab Model

After running initial models it became clear that the ve CO , features resulted
from different atmospheric conditions implying multiple slabs would be needed

to model all the features. We have adopted 3-slabs for modeling the CO , emis-
sion seen in the M-type Miras by assuming the Fermi pair at 13.49 and 16.76 rm
lines are created in the rst slab, the second Fermi pair at 13.87 and 16.18 nm
lines are created in a second slab, and the 14.98rm line is created in the third

slab. Fitting the pairs of lines together creates stronger constrains on the physical
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Figure 4.9: Conceptual slab model with an emitting layer sitting above an absorb-
ing layer (not to scale). RADEX models provide the column densities, N 5o and Ng
as well as the temperatures Ty and Tg. The emitting regions R 5 and Rg can be
estimated according to steps provided in Section 4.4.2.

parameters than if they were t individually. For stars that showed the 14.98 nm
feature in absorption, we were able to create a global t for the 13.87, 14.98, and
16.18mm lines by adding 2 slabs together. The radiative transfer in each slab was
calculated in RADEX and the results were superimposed to t all three bands si-
multaneously; that is the ux result from the absorbing slab was directly added
to the ux result from the emitting slab to produce a nal model that was tted

the spectrum. This multi-slab approach was suggested in Ryde et al. (1998) who
noticed that the temperature structure required to produce absorption at 14.98
nm with simultaneous emission at 13.87 nm and 16.18mm indicated both a warm
dense layer within a few stellar radii, and an extended slightly cooler layer.

The models focus on using the Q-branch bands to derive basic physical pa-
rameters for the CO», layer. Each layer is described with three main parameters
derived with RADEX model: the kinetic temperature, T, the column density N,

and the optical depth t. These can then be used to estimate the size of slab of
COa.
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Figure 4.10: Different paths of light considered in the estimation of the emitting
regions of CO,. Ray A considers the path of a layer only slightly large than the
star, while Ray B considers the path of a an extended layer.

4.4.2 Emitting Region

Estimating the emitting region of the CO , gas will provide insight into the at-
mospheric structure in the M-types. Previous studies like Cami et al. (2000) built
in the emitting region as one of the parameters in their radiative transfer calcula-
tions where they solved for ux density directly. RADEX calculates a ux that we
must convert to ux density (F ,, Jy) to t our spectra, and does not include the
size of the slab in the calculations. We devised a way to estimate the size of the
emitting region of CO », Rco,, using results from RADEX in conjunction with the
ux density values from the observed lines. Here, we derive the two expressions
used in these estimates.

We place layers of gas above the star. The rst absorbing layer is only slightly
larger than the star, while the second layer is much more extended. The general
solution to the radiative transfer equation is:

Ih=12e'+S(1 el).

For the CO, gas in absorption near the star, we follow path A in Figure 4.10.
The initial intensity 13 comes as blackbody radiation from the star and the source
function is blackbody radiation from the gas.

lg= Bre '+ Bg(l el)

The ux density in the absorption line can be estimated by considering the dif-
ference between the gas intensity and the star's intensity.

DI=1g Io
DI=B,e'+By(l e') B,
D= By(1 e')+ Byl el)
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To nish backing out the ux density multiply by the solid angle on the sky.
" #

R, 2 Rco, °
DF=p D Bo(1 e )+ = 2 Bg(l el (4.4)
?
DF , B2_ Rco, (4.5)
, 2 B R '
Ro"(1 et) ™9 ?

For the larger emitting region we follow path B in Figure 4.10. Here there is
no initial intensity from the star because R co, > Ry, that is the emitting layer is

large enough that light traveling through the layer just depends on the blackbody
of the gas.

lg= Bg(1 el)
DI=1lg Is

DI=By(l e') B
As before, multiply by the solid angle to back out the ux.

" #
R, 2 R 2
DF, = p 3? B, + F‘;SZ Byl el) (4.6)
DF Bo _ Reo,

B2 o B ) R @7

We used Equations 4.5 and 4.7 to estimate the R, for all the lines seen in
the M-type Miras. Equation 4.5 was used for absorption lines and Equation 4.7
for emission lines. We nd DF by considering the difference from the peak of the
desired line to the continuum. The distances, D, to the stars used in the calcu-
lations are presented in Table 2.4, the stellar radii are calculated using infrared
interferometric data presented in Table 2.2, the stars' blackbody temperatures
are determined using the blackbody subtraction discussed in Section 4.1.1, and
RADEX calculates the optical depth, t and the temperature of the gas. Previous
CO, models indicate that CO , can be quite extended in Mira atmospheres rang-
ing from 2-10 R (see Table 6.1) and our results presented in Table 6.3 con rm
this.
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4.5 RADEX Parameters

RADEX's input parameters include kinetic temperature, collision partner species,
collision partner density, column density, background radiation temperature, and
linewidth. We performed all our calculations with H , as the colliding partner (see
Section 5.4.0.1). We performed test calculations with H, densities ranging from
1019-10'2 cm ° based on the density pro le presented in Reid & Menten (1997).
Models calculated with an H , density of 101°cm 2 did not adequately reproduce
the n, absorption feature. We noticed no signi cant differences in the models
calculated using 10! cm 3 vs 102 cm 3; we therefore set the H, density at 1012
cm 3 for all calculations, because Reid & Menten (1997) reported this as the gas
density near the molecular photosphere in AGB stars. The linewidth includes

thermal and turbulent effects and was assumed to be the same for all calculations.
We setthe widthto 1 km s 1 for all calculations since we do not expect signi cant

Doppler or turbulence broadening in the lines because the stellar windis 10 km
s 1and the shocks range from 10-40 km s 1.

4.5.1 Kinetic Temperature

The kinetic temperature of the CO , gas greatly in uences line shapes. When the
temperature increases, higher rotational levels within the band can become more
populated and transitions from these higher levels cause the Q-branches to effec-
tively broaden. The line centers for the 14.98 nm line will shift toward shorter
wavelengths at higher temperatures while the line centers for the 13.49 mm, 13.87
nm, 16.18mm, and 16.76 nm shift toward longer wavelengths. This behavior is
the result of additional Q-branch transitions building to the left for the 14.98 mm
line and building to the right for remaining four lines (see Section 4.3.2). An ex-
ample of this behavior in the np band is presented in Figure 4.11. All lines were
calculated with the same column density (10 14 cm ?2), background temperature

(100 K), Hy density (10*2 cm 3), and linewidth (1 km's 1). As the temperature
moves from 400 K to 600 K to 1000 K, the line center shifts towards shorter wave-
lengths. This behavior was critical in helping us constrain the temperature in the

RADEX calculations.

4.5.2 Column Density

The model spectra is sensitive to the column density. Figure 4.12 demonstrates
how increasingly higher column densities produce more pronounced affects in
the model spectra. All four spectra in this example were calculated with the
same kinetic temperature (750 K), background temperature (300 K), H, density
(10'2 cm 3), and linewidth (1 km s 1). The column density increases from 5 to
500 10 cm 2 which signi cantly alters the line intensities in the corresponding
spectra. An increase in column density precipitates an increase in optical depth.
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Figure 4.11: Temperature panel demonstrating how temperature affects the be-
havior of the 14.98 nm feature. All calculations were done at the same column
density, background temperature, and linewidth. The three bands were calcu-
lated at 400 K, 600 K, and 1000 K. The bottom and right side panel are the RADEX
spectra smoothed to Spitzer's IRS resolution. The temperature increase adds Q-
branch transitions to the left causing the line center to shift towards shorter wave-
lengths (see Section 4.3.2).
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Figure 4.12: Density panel demonstrating the affects of larger column densities
on line intensity. All slab spectra were calculated at the same kinetic temperature,
background temperature, and linewidth. Panel (1) was calculated at density 5
10%cm 2, panel (2)at1 10 cm 2, panel (3)at5 10 cm 2, and panel (4) at
5 10 cm 2. Higher densities create increases in optical depth; the fundamental
np band is the rst line to become optically thick; as can be seen in panel (3).
Eventually, the column density reaches a point where the whole spectrum attens
into a continuum as seen in panel (4).

The fundamental n, band at 14.98nm is the rst line to become optically thick (see
panel (3) in Figure 4.12); further increases in column density make more lines op-
tically thick, until eventually, the spectrum attens into a continuum-like effect
(panel (4) in Figure 4.12).

4.6 Model Procedures

Now we take all the elements described in Sections 4.1.1, 4.4.1, and 4.5 and de-
scribe how we t the M-type spectra. First, the background was subtracted. The
resulting residuals were t with initial RADEX models. To create a RADEX spec-
trum, we input a “guess” of good physical parameters. We took the RADEX
output and converted it to ux density in Jy to directly match our observations.
The RADEX spectra was then re-binned using the Python package spectregCar-
nall 2017) to match the IRS resolution of R 600, which corresponded to a bin size
of 0.019mMm. Re-binning the RADEX output at this resolution created prominent
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Figure 4.13: Example of RADEX output rebinned at R 600 to match the Spitzer
spectrum. The original RADEX result is shown in the top spectrum and the re-
binned spectra is shown below. Notice the arti cial jumps in the spectra caused
by the truncation of rotational levels as discussed in Section 4.3.2.

Q-branch bandheads surrounded by a blend of weaker P and R branches as can
be seen in Figure 4.13. Once we had our nal output le, we tit to the Spitzer
spectrum using the Python package SherpaThe twas evaluated based upon the
c? results and “by-eye” tting. This procedure was iterated through until a the
line was satisfactorily t. When calculating the t(s) for the 13.87 nm, 14.98rmm,
and 16.18mm lines simultaneously, the t from the emission layer was combined
with the t of the absorption layer to produce a global t for all three lines. We
built individual grids for each observation. For the 13.87 nmm, 14.98nm, and 16.18
nm lines, the temperature range was built in 50 K steps. The 13.49mm and 16.76
nm proved fairly insensitive to temperature; their grids varied between 100-200
K, and often we just report a minimum bound for their temperature. The col-
umn density for the 13.87 nm and 16.18 nm lines was built in steps that ranged
0.05 0.15 10Ycm 2. The column density for the 13.49 rm and 16.76nm lines
was built in steps that ranged 0.1 0.5 10%cm 2. When the 14.98nm line was
seen in absorption, the column density step sizewas 0.05 10%cm 2, butwhen it
was in emission, the step size had a much larger range from 0.5 10'°-0.5 10%
cm 2. This wide range is because the emission ranged from extremely weak to
fairly strong. The step sizes determine the uncertainties in kinetic temperature
and column density reported in Table 6.3. Observations for every M-type Mira
and their corresponding RADEX ts are provided in Appendix A.1.
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Figure 4.14: Gaussian pro le tting of the 17.62 nm feature for the M-type Mira
variable UX Cyg.

4.7 17.62m Feature

The novel feature at 17.62nm required a different approach than the CO , anal-
ysis. We have tentatively identi ed this feature as Fe |. For discussion on the
process of how the line was identi ed see Section 3.5. Because of the unknown
nature of the emission we rst wanted to investigate if this feature uctuated
with the phase of the star. The continuum was subtracted as described in Sec-
tion 4.1.2. The residuals were t using the Python package Sherpa We chose to
model the lines with a Gaussian pro le, because the line was extremely narrow,
just slightly larger than the wavelength uncertainty of the instrument, and we do
not expect large effects of collisional broadening to justify a Lorenztian pro le.
The prole tting with  Sherpaprovided us with an amplitude, full-width-half-
maximum (FWHM) width, and a line center. An example of the pro le tting for

the M-type UX Cyg is provided in Figure 4.14. We t this feature for all the spec-
tral types in our sample. This allowed us to build a table to look for patterns with
phase; these are included as Tables 6.4, 6.6, and 6.5 for the M-types, C-types, and
S-types, respectively. Panels of the ts for every star are included in Appendix
B.1.

In addition to tracking the line behavior with phase we also searched for
possible uorescence mechanisms. This involved searching for Fe | transitions
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that share the same quantum state as the upper state of the 17.62mm line, that
are also adjacent to strong emission lines. There are several classic examples
of Fe | uorescing in the atmospheres of late-type stars, including Fe | lines at
4202A and 4308 A uoresced by the Mg I, k line (Willson 1972), and Fe | lines
at 2823.3A, 2844.0A, and 2355.9 also by the Mg I, k line (Carpenter et al. 2013).
The Atomic Line Listwas consulted for Fe | transitions that shared the same upper
level energy as the 17.62mm feature. The task was then to nd a coincident bright
emission feature near one (or more) of the transitions on this list. We rst checked
for bright lines in our spectra that could serve as the pump, but none were iden-
ti ed. We then turned to the bright emission lines reported in the literature and

to Charlotte Moore's UV tabel Moore (1950). We have compiled a list of pumps
that overlap with an Fe | transition that shares the same upper state (7F, J = 3)
as our 17.62mm line. This list includes: Al Il (UVI) at at 2669 A, Fe Il (UV60) at
2933 A, Fe Il (UV60) at 2940A, Fe | (UV120) 2950A, Fe | (UV134) at 2996A, K |
at 2942A, and Ti | (UV1) at 2933 A. These possibilities are summarized in Figure
6.1 presented in Chapter 6.
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“The reward of the young scientist is the
emotional thrill of being the rst person in
the history of the world to see something or
to understand something. Nothing can com-
pare with that experience. The reward of
the old scientist is the sense of having seen
a vague sketch grow into a masterly land-
scape.™

— Cecilia Payne-Gaposchkin

Chapter 5

MID-IR SPECTRA OF THE M-TYPE MIRA
VARIABLE R TRI OBSERVED WITH

THE SPITZER IRS

In this chapter we present the publication of the analysis for the M-type Mira
variable R Tri (Baylis-Aguirre et al. 2020). The article was originally published
in the Monthly Notices of the Royal Astronomical Socigpermission for use in this
dissertation is found in Appendix C.

Abstract

We present analysis of mid-IR spectra of the oxygen-rich Mira variable R Tri. The
data were taken with the Spitzer Infrared Spectrometer (IRS) as part of a study
tracking how Mira variables' regular pulsations affect circumstellar envelopes.
We detected strong emission lines at 13.87nm, 16.18nm, and 17.6 nm, and one
strong absorption feature at 14.98 nm. The emission features at 13.87nm and
16.18nmm are excited vibrational bands of CO ,, while the absorption feature is the
fundamental n, band. The 17.6nmm emission feature has a completely different
character than the molecular lines and we report its identi cation as Fe | uores-
cence. We used a 2-slab model with the radiative transfer code RADEX to model
the CO, Q-branch bandheads. Our results indicate a slab of gas with T 600 K
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located at 3-4 R. The cool temperature discrepancy with the radius provides
observational evidence for the previously theoretical “refrigeration zone”.

Keywords

stars: Mira Variables — stars: variable — stars: atmospheres — stars: circumstel-
lar matter — stars: late-type — astrochemistry — line: formation

5.1 Introduction

5.1.1 Background and Motivation

A fundamental topic in stellar physics is how stars create molecules and dust and
return them back to the interstellar medium (ISM). Understanding this process
affects many facets across astrophysics from star and planet formation to galaxy
evolution. Molecules and dust contribute signi cantly to circumstellar environ-
ments, but our understanding of their creation is, at best, still rudimentary. We
know a large fraction of material returned to the ISM is preferentially formed at
the latest stages of stellar evolution (i.e. red giants, AGB stars, and supernovae),
and that mass loss is a requisite activity throughout stellar evolution (Romano
et al. 2010).

Asymptotic Giant Branch (AGB) stars are low-to-intermediate mass (0.8
8M ) stars in the nal stages of their evolution. They are characterized by hy-
drogen and helium shell burning on top of a degenerate carbon and oxygen core.
Mira variables are AGB stars that pulsate regularly (periods of 100-500 days) with
their visual amplitudes varying by up to several magnitudes. Miras variables
have three chemical subclasses: oxygen rich, C/O<1 (M-type), carbon rich, C/O
>1 (C-type), and intermediate, C/O 1 (S-type). The cool temperatures (2500-
3500 K) of their photopsheres allow for the creation of molecules and dust in
the atmosphere and the pulsations help loft this material into the surrounding
environment. These conditions make Mira atmospheres perfect laboratories for
studying how evolved stars enrich the ISM.

Near and mid-infrared spectroscopy provide the best opportunities for study-
ing extended atmospheres surrounding Mira variables. Space-borne observa-
tions allow a study of wavelengths that are impossible to view with ground-
based instruments due to telluric absorption. In the late 90's and early 2000's
the Infrared Space Observatory (ISO) (Kessler et al. 1996) made several crucial
discoveries about molecules in Mira atmospheres. Yamamura et al. (1999b) re-
ported the discovery of ro-vibrational band of SO , at 7.3mm in 3 M-type Miras,
which had previously only been observed in the millimeter (Lucas et al. 1986;
Omont et al. 1993). T Cep had SQ bands that showed time variation moving
from emission to absorption, but unfortunately the ISO observations only caught
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1.4 periods and it was not determined if this was periodic behavior or a tran-
sient event. Justtanont et al. (1998) and Ryde et al. (1998) independently reported
the discovery of several ro-vibrational bands of CO , between 13 and 17rmm in
several oxygen-rich AGB stars. The n, fundamental band (bending mode) was
sometimes observed in absorption while the excited bands were always seen in
emission, but the variability could not be tied to the pulsation cycle. Justtanont
et al. (1998) also noted that for AGB stars that exhibited the 13 mm dust feature
the strength of this feature appeared to be correlated to the strength of the CO »
emission features. Yamamura et al. (1999a) reported ro-vibrational bands of H,O
between 2.4 and 4mm with variability that seemed to follow the pulsation cycle.
These ISO observations clearly demonstrate that molecular layers surrounding
Mira variables are dynamic, but more observations are required to understand
what drives the observed variability.

The discovery of CO» in oxygen rich sources is particularly interesting be-
cause until the ISO observations it was believed that the majority of the carbon
was locked in CO molecules. Most contemporary models assumed thermal equi-
librium in AGB and Mira atmospheres, and did not take into account how pulsa-
tion driven shock waves could affect circumstellar chemistry. Duari et al. (1999)
suggested that the CO, forms in a region close to the photosphere of the star un-
der non-equilibrium conditions created by shocks. To test this idea they created
a model for the inner wind that experienced periodic shock waves from stellar
pulsation and examined the chemistry in the cooling layers left behind in the
post-shock region. The calculated abundances indicated that CO, was a product
of shock chemistry after CO molecules were destroyed by OH radicals. Cherch-
neff (2006) used this wind model for the oxygen rich Mira TX Cam and reported
consistent CO, abundances. The model also showed CGO; is a good candidate
for discriminating between M-type and C-type Mira variables because CO » stops
forming in regions >1 R for C-types due to a lack of OH molecules. The au-
thors point out that time-resolved observations are needed to provide additional
insight crucial to understanding how the periodic shocks affect the chemistry.

In this paper we present analysis of mid-IR observations of the M-type Mira
variable R Tri taken with the Spitzer Infrared Spectrometer (IRS) (Houck et al.
2004). These observations are part of an observing campaign of 25 Mira vari-
ables designed to study phase dependent behavior in their circumstellar envi-
ronment (Creech-Eakman et al. 2012). This study provides the rst opportunity
since ISO to investigate Mira atmospheres in a wavelength range not permissi-
ble for ground-based instruments, and it provides an opportunity to study time-
dependent behavior of spectral lines as suggested by previous studies (e.g. Ya-
mamura (2003); Cherchneff (2006)). For data reduction see Section 5.2.2.1, and
for resulting spectra see Section 5.3. The Spitzer observations were done in con-
junction with a decade long study of AGB stars using the Palomar Testbed In-
terferometer (PTI) (Creech-Eakman & Thompson 2009). Combining results from
these two observational studies provides us with an unprecedented detail of the
molecule and dust forming region in R Tri's atmosphere.

67



Figure 5.1: Spitzer IRS high resolution (R  600) spectra of the M-type Mira vari-
able R Tri. The top spectrum has been arti cially offset upward 8 Jy for clarity.

5.2 Observational Data

521 RT

This paper focuses on the oxygen-rich Mira variable R Tri, which has a fairly short
period of 266 days and ranges from spectral type M3.5 to M8 over the pulsation
cycle. Originally classi ed as “featureless” in the 8-21 mm region in the IRAS Low
Resolution Spectrometer catalog (Olnon et al. 1986) R Tri was later determined to
have modest silicate and dust emission by Sloan & Price (1998) and classi ed as
an "SE3”". Benson et al. (1990) detected both HO and SiO masers, and Jura (1994)
determined a mass loss rate of 1.1 10 *M yr 1. Using the results from the
im%oi/ed Hipparcos data reduction (van Leeuwen 2007) we estimate its distance
at pc.

5.2.2 Spitzer Observations

The observations presented in this paper are part of a larger study done with the
Spitzer Space Telescope's IRS (Houck et al. 2004) to characterize circumstellar en-
vironments surrounding Mira variables (Creech-Eakman et al. 2012). The data
were acquired during Spitzer GO program 50717 during 2008-09; for data reduc-
tion see Section 5.2.2.1. This study provides an opportunity to address questions
previously raised by ISO observations about the dynamics of Mira atmospheres
in a wavelength regime that is inaccessible from the ground. The stars included in
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this study were chosen based on two conditions: 1) multiple observations were
possible during Spitzer Cycle 5, and 2) the stars were bright enough to obtain
high SNR spectra, but not so bright as to saturate the detector. This high stellar
ux required defringing algorithms in the data reduction therefore each star in

the sample has a dedicated background. A “typical” period for a Mira variable

is roughly one year so observations were made approximately every month for

a sampling rate of 0.1 of a pulsation phase. In the case of R Tri two observa-
tions were obtained on 2008-09-07 and 2008-10-02, and resulted in two spectra at
phasesf = 0.153 andf = 0.222, respectively (see Figure 5.1).

5.2.2.1 Data Reduction

Each spectrum in our dataset was reduced individually by hand. This data re-

duction process is fully described in Creech-Eakman et al. (2012). First, a sky
subtracted stellar spectral image was created by subtracting a dedicated back-
ground spectral image from the stellar spectral image. The Spitzer IDL package

IRSCLEAN? was used to remove rogue/bad pixels including bad pixels found
by hand in each spectra in addition to those automatically agged by the pro-
gram. The “Spitzer IRS Custom Extractor” (SPICE)? tool was used to extract the
stellar spectral orders from the spectral images by assuming an extraction of a
point source. The SPICE package used calibration data from the observations
which was speci ¢ to the orbits and our GO program, along with the bad pixel
masks to extract and calibrate the ux from the IRS spectra. Because all of our
stars were bright, fringes created internally from the spacecraft could have pol-
luted the observations. To account for this possibility the Spitzer IRSFRINGE 3
tool was used to “defringe” each spectrum. The individual spectral orders were
sewn together into one complete high-resolution (R  600) spectrum, combining
individual nods of each module to create the nal spectrum. Figure 5.1 shows the
resulting spectra for R Tri.

Ihttps://irsa.ipac.caltech.edu/data/SPITZER/docs/dataanalysistools/tools/
irsclean/

2https://irsa.ipac.caltech.edu/data/SPITZER/docs/dataanalysistools/tools/
spice/

Shttps://irsa.ipac.caltech.edu/data/SPITZER/docs/dataanalysistools/tools/
irsfringe/
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5.3 Spectra

5.3.1 Line Identi cation

5.3.1.1 Molecular Features

The spectrain Figure 5.1 show two strong emission features at 13.87mm and 16.18
nm, a strong absorption feature at 14.98 nm, and two weaker emission features
at 13.49nmm and 16.78 nm. We have identi ed these features as unresolved ro-

vibrational Q-branch bands of 12CO,; the absorption feature at 14.98mm is due to
the fundamental n, mode, while the emission lines are created by excited states
(Herzberg 1945; Gordon et al. 2017). An energy level diagram for CO, includ-
ing the observed transitions are given in Figure 5.2. The continuum between Q-
branches is dominated by a plethora of much weaker P and R transitions. Strong

Q-branch lines of 12CO, were rst observed in AGB stars with 1ISO by Justtanont
et al. (1998) and Ryde et al. (1998).

5.3.1.2 Atomic Features

There is a bright emission feature centered at 17.6nm seen in both phases and the
narrowness of the line indicates that it is an atomic feature. We have consulted the
Atomic Line List (van Hoof 2018) for identi cation and have preliminary iden-

ti ed this feature as Fe | uorescence based on the available oscillator strengths
and the strength of the emission. Fe uorescence is commonly observed at other
wavelengths in Mira atmospheres (Willson 1972; Luttermoser 1996, 2000). Fur-
ther analysis of this feature will be presented in a later paper.

5.4 RADEX

We have chosen to model the CO, Q-branch bandheads using the radiative trans-
fer code, RADEX (van der Tak et al. 2007) which is available as part of the Lei-
den Atomic and Molecular Database (LAMDA) (Sch oier et al. 2005). We chose
this this code for several reasons. First, it solves the radiative transfer using the
Sobolev's approximation for expanding stellar envelopes (Sobolev 1960) an ap-
proach recommended strongly in Hubeny & Mihalas (2014) for stars with dy-
namic atmospheres such as Miras. Second, the code works under NLTE con-
ditions, and this capability is vital because a priori we do not know if the CO »
lines are formed under equilibrium conditions. Previous work done by Cher-
chneff (2006) and Duari et al. (1999) indicate the CO, gas must be created with
dis-equilibrium conditions. Third, RADEX provides a step up in model sophis-
tication because it includes collisional affects where older models only required
spectroscopic and dipole moment data for radiative transfer calculations. Most
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Figure 5.2: Vibrational energy diagram of CO , transitions included in RADEX
model. The vibrational levels and Fermi split levels are labeled according to HI-
TRAN's notation. The colors of the transitions match the bands calculated with
RADEX that are shown in Figure 5.3.

previous models t lines separately, but RADEX calculates the radiative trans-
fer for all lines included in the desired wavelength range. This allows us to t
multiple lines simultaneously which provides stronger constraints on the physi-
cal conditions creating the features. RADEX also provides exibility by allowing
the user to upload original molecular les for the calculations. We have created a
custom molecular le for CO 5 that allows us to calculate the ro-vibrational tran-
sitions in Figure 5.2 from 10-20 nm (for le details see Sections 5.4.0.1 and 5.4.0.2
below). A sample slab spectrum is presented in Figure 5.3.

5.4.0.1 Molecular File

RADEX data les require detailed level energies, Einstein coef cients, and rate
coef cients for collisional de-excitation for state-to-state transitions. There are
data les of many molecules ready for modeling on the Leiden Atomic and Molec-
ular Database (LAMDA) (Schdier et al. 2005), but most of these les are created
for pure rotational transitions at longer wavelengths. We built a a custom data
le for ro-vibrational transitions of CO 5 going up to J=50, in the 10-20nm range
which includes over 700 radiative transitions and more than 18,000 collisional in-
teractions with H , as the colliding partner. An energy level diagram of the CO »
bands included in our le is presented in Figure 5.2. Einstein A coef cients, and
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transition frequencies for CO , were taken from the HITRAN database (Gordon
et al. 2017). Of the seven collision partners provided in the RADEX code (H 2, p-
H,, 0-H,, e , atomic H, He, and H *) we have chosen H, as the colliding partner
in all our calculations for two reasons: 1) H , is a dominant molecule in Mira atmo-
spheres (Duari et al. 1999), 2) most of the published laboratory data required to
calculate the collisional rate coef cients were derived from experiments with H >
collisions. Circumstellar environments surrounding Miras vary between several
hundred and several thousand Kelvin. The collisional rate coef cients depend on
temperature, thus, to account for the wide range of temperatures needed in Mira
atmospheres we have used the results of CO, colliding with H » from Nevdakh

et al. (2003) to extrapolate the temperature dependence of the 0£0-0°0 vibrational
rate for temperatures up to 1000K. This temperature dependence was then ap-
plied to the remaining vibrational bands included in the le to create collisional
rate coef cients for temperatures ranging from 100-1000 K in 50 K steps.

5.4.0.2 Collisional Rate Coef cients

As with Bosman et al. (2017), we found no evidence of pure rotational transi-
tions caused by CO, colliding with other species in the literature. To preserve

ro-vibrational behavior for our calculations we used ro-vibrational data of CO
colliding with H , taken from Castro et al. (2017) which included transitions up to

J=30. For the remaining transitions, J=31 to J=50 were calculated using rotational
data of CO colliding with H , taken from the LAMDA database. Rates for J=31-40
were taken from (Yang et al. 2010) while rates for J=41 to J=50 were taken from
the highydrogen-J extrapolation le (Neufeld 2012). To calculate full state-to-
state transitions we followed methods similar to those presented in Bosman et al.

(2017); Bruderer et al. (2015); Faure & Josselin (2008); Chandra & Sharma (2001).
Vibrational rates were combined with rotational rates to create full ro-vibrational

rate coef cients. Rate coef cients between vibrational levels were taken from Ta-

ble A.1 in Bosman et al. (2017) or were calculated according to the relationship

derived in Chandra & Sharma (2001) for n > n°

0
n(b: n2n+1

= | 0
2n+1k(n 1! n°= 0). (5.2)

k(n!

To calculate the full ro-vibration collisional rates from initial state n, Jto nal
state n% P we used the method suggested in Bosman et al. (2017) and Faure &

Josselin (2008) to assume the vibrational levels can be decoupled from the rota-
tional levels, that is, the rotational levels can be used to calculate a proportionality
constant, Py o(T), that acts as a scaling factor on the vibrational rates:

k(n,3! n"0P = Po(T)k(n! nY (5.2)

k(1,3! 0,PSgsexp( Eny KT)
Si(gexp( Eny kT)Sgk(1,3! 0,8T))°
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Figure 5.3: Sample slab spectrum of CGO, calculated with RADEX. The colors of
the bands match corresponding transitions shown in the energy level diagram
in Figure 5.2. Note the Q-branches build to the left or right according to the
discussion in Section 5.5.0.1.

Our proportionality equation differs slightly from the original expressions
because we are not assuming the full rates are proportional to the rotational tran-
sitions inside the ground vibrational state as was done previously (e.g. Bosman
et al. (2017); Bruderer et al. (2015)). Instead, we assume the rates are proportional
to rotational transitions fromthe n= 1! n%= 0 state in an effort to preserve
as much ro-vibrational behavior as possible for our model calculations. A sam-
ple slab spectrum calculated with RADEX is presented in Figure 4.7 with model
parameters: kinetic temperature = 750 K, H, density = 102 cm 3, CO, column
density = 101 cm 2, background temperature = 300 K, linewidth=1kms 1. This
spectrum reproduces consistent behavior to the one calculated in Bosman et al.
(2017) which uses similar parameters.

5.5 CO, Molecule

COy, is a fully symmetric linear molecule without a permanent dipole moment.

It has four vibrational modes: a symmetric stretching mode ( ) at 1337 cm !
, a doubly degenerate bending mode () at 667 cm 1, and an anti-symmetric
stretching mode (ng), at 2349 cm 1. A vibrational state is then written as  nynbng,

where | denotes angular momentum. The symmetric stretch is IR inactive be-
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cause of COy)'s lack of a permanent dipole moment. Coincidentally n; 2
and this accidental degeneracy allows for the eigenstates of 2n, to perturb the
eigenstates ofny, if they have identical angular momentum (Herzberg 1945). The
vibrational states that have the same value of 2n, + n; mix to the point that we
can no longer unambiguously separate the individual levels. This mixing creates
two vibrational levels that have slightly different energies in a phenomena called
Fermi splitting. For example, the vibrational level n;mng = 020 has sub-levels
02°0 and 020 for | = O and | = 2 respectively. Only 02°0 can perturb and mix
with the 10°0 level (both have | = 0) and vice versa , which creates two vibra-
tional levels with distinct energies (Herzberg 1945). To account for Fermi split-
ting the vibrational state notation becomes nln'zng(n); the Fermi levels created by
the mixing of the 02 °0 and the 10P0 states are then labeled as 160(1) and 10°0(2)
following HITRAN's convention that n; in Fermi split levels is determined by
the state with the largest symmetric stretch quantum number. A vibrational level
energy diagram for transitions included in our model is given in Figure 5.2. The
colors of the transitions match the corresponding bands shown in Figure 5.3.

5.5.0.1 Ro-vibrational Transitions

The structure of CO, emission is governed by transitions between the rotational
ladders inside each vibrational level. Selection rules govern which transitions are
permitted. Parallel bands obey DJ= 1 and create P and R branches only. Per-
pendicular bands obey DJ= 0,DJ= 1 creating a strong Q-branch in addition
to the P and R branches. The P and R branches from adjacent bands overlap and
blend together affecting the continuum. We are only modelling the macroscopic
behavior of the three strong CO , Q-branches at 13.87nm, 14.98nm and 16.18mm
because we do not have the resolution to properly model all the nuances created
with the P, R transitions blending together. The Q-lines build to the left or the
right depending on whether the rotational constant is larger in the upper state or
the lower state (Ryde et al. 1998). Hence, the Q-transitions build to the left for the
14.98mm line, but build to the right for the 13.87 and 16.18 nm lines. This trend
is re ected in the slab spectrum produced using RADEX in Figure 5.3.

5.6 Model

5.6.1 Slab Model

We have chosen a slab model approach because although RADEX provides the
expanding sphere as an option for the escape probability calculation this option
does not include contributions from stellar winds or shocks. RADEX does pro-
vide a step up in sophistication from previous slab models for CO , which were
not calculated in NLTE nor included collisions. We have adopted 2-slabs for
modelling the CO , lines. The radiative transfer in each slab is calculated using
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Figure 5.4: Conceptual two layer slab model with an emitting layer sitting above
an absorbing layer (not to scale). The layers are described by column density and
kinetic temperature, which are calculated from RADEX models.

RADEX and then the results are added to create a global t all for all three fea-
tures, rather than tting each line individually. Ryde et al. (1998) suggest a multi-
slab approach because the temperature structure needed to produce absorption
at 14.98 nm in conjunction with satellite emission lines at 13.87 nmm, 16.18 mm
etc., requires a warm dense layer within several stellar radii in addition to an ex-
tended slightly cooler layer. Our model is focused on using the Q-branch bands
to derive basic physical parameters for the CO» layers. We assume two adja-
cent uniform plane-parallel CO , layers superimposed on the stellar background
source, as seen in Figure 5.4. If the rst slab is roughly the same size as the star it
creates an absorbing layer (except whenT > T ) while the second layer is more
extended and creates an emitting layer. The layers are described with two main
parameters derived from the RADEX results, T o and Tg; the kinetic temperatures
of the absorbing and emitting layers, and N 5 and N g; the column densities of the
absorbing and emitting layers. These are then used along with the optical depth
calculated by RADEX to estimate the size of the slab of CO, gas as a function of

R .
5.6.2 Stellar Parameters
A simple blackbody did not t the continuum well in the region of interest, most

likely due to extra contribution from circumstellar dust species (G Gth 2017). We
therefore approximated the stellar background with a graybody continuum com-
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prised of the sum of a blackbody function and a power law. The derived back-
ground temperatures for the rst and second observations of R Tri are 2232 K and
2462 K, respectively. The angular size of R Tri was determined to be 5.22 0.30
mas using optical interferometric measurements taken with the Palomar Testbed
Interferometer (Thompson et al. 2002a). Using this result with parallax data from
Hipparcos (van Leeuwen 2007) we calculate the resulting stellar radius for R Tri
tobe165R 10R

5.6.3 RADEX Parameters

RADEX requires several input parameters including, kinetic temperature, colli-
sion partner species, collision partner density, column density, background radia-
tion temperature, and linewidth. We tested a range of H , densities from 1010-10'2
cm 3 based on the density pro le presented in Reid & Menten (1997). We found
that a density of 101° cm 2 did not adequately reproduce the n, absorption fea-
ture. There was not a signi cant difference in the calculation results between
using a density of 101! cm 3 and 102 cm 3, therefore we set the H, density at
10'2 cm 3 for all calculations because this is the gas density reported in Reid &
Menten (1997) near the molecular photosphere in AGB stars. The linewidth is as-
sumed to be the same for all transitions included in the calculation and includes

thermal and turbulent effects. We set the linewidthto 1 kms ! for all calculations
because the winds in Mira atmospheres are on the order of one to tens of km's 1

which will not create signi cant Doppler or turbulence broadening of the lines.

5.6.3.1 Kinetic Temperature

The temperature of the CO, gas plays a vital role in determining line behavior.
As the temperature increases higher rotational levels within a band become more
populated causing the Q-branches to effectively broaden. This temperature de-
pendence will shift the line center either right or left, depending on if additional
Q-branch transitions build to the left or right (see Section 5.5.0.1). This can be seen
in Figure 5.5 for the fundamental n, band at 14.98nm. All lines were calculated
with the same column density (10 ** cm 2), background temperature (100 K), H

density (1012 cm 3), and linewidth (1 kms 1). As the temperature increases ad-
ditional Q-branch transitions broaden the line and shift the band center towards
shorter wavelengths. Using this behavior allows us to constrain the temperature
in ts from RADEX.

5.6.3.2 Column Density
The CO, column density also greatly affects the model spectra. Figure 5.6 demon-
strates how increasing the column density affects the calculated spectra. All three

spectra were calculated using the same kinetic temperature (750 K), background
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Figure 5.5: Temperature panel to demonstrate how temperature affects the be-
havior of the 14.98 nm feature. Each calculation was done at the same column
density, background temperature, and linewidth. Bands were calculated at 400
K, 600 K, and 1000 K. The bottom and right side panels are the RADEX spectra
smoothed to Spitzer's IRS resolution. The temperature increase adds Q-branch
transitions to the left causing the line center to shift towards shorter wavelengths.

temperature (300 K), H, density (1012 cm 3), and linewidth (1 km's 1). As the
column density increases from 5to 500 10 cm 2 the resulting spectra show ex-
cited bands beginning to contribute and increasing line intensity. Increasing the
column density also increases the optical depth and allows higher rotational lev-
els to become populated. This causes line intensity to increase and the additional
transitions also cause the lines to broaden. The rst line to become optically thick
is the fundamental n, band at 14.98mm (panel (3) in Figure 5.6); increasing the col-
umn density past this point causes the spectrum to atten into a continuum-like
effect (panel (4) in Figure 5.6).

5.7 Results

The RADEX spectra calculated for the two R Tri observations are presented in
Figures 5.7 and 5.8. The models targeted then, bending mode at 14.98 nm and
the two excited bands at 13.87 and 16.18mm. The strong absorption at 14.98
nm is not well reproduced from one single slab of CO »; it requires contributions
from both the absorbing layer close to the star and a surrounding emitting layer
(see Figure 4.9). The grid for the absorbing layer was built in 50 K steps in T 5
and 0.05 10'® cm 2 steps in N4, and the grid for the emitting layer had 50
K steps in Tg and 0.5 10 cm 2 steps in Ng. These step sizes determine the
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Figure 5.6: Density panel to demonstrate how the column density of CO , changes
the intensity of the lines. All slab spectra were calculated at the same kinetic
temperature, background temperature, and linewidth. Panel (1) was calculated
atdensity 5 10 cm 2 panel (2) at1 10 cm 2, panel (3)at5 10 cm 2
and panel (4) at5 10 cm 2. The optical depth increases with the density; the
fundamental np, band is the rst line to become optically thick, this can be seen
in panel (3). Eventually, the column density reaches a point where the whole
spectrum attens into a continuum as seen in panel (4).

uncertainties in temperature and column density. The step size for N g is larger
than N 5 because the emission lines have greater optical depth and are thus higher
up their respective curve of growth, making them less sensitive to changes in

density. The ts were evaluated with eye- tting and a  c¢? test. The slab model
results and their uncertainties are presented in Tables 5.1 and 5.2. The results are
almost identical because the star is in almost the same pulsational phase in both
observations. The absorbing layer has Ty, = 550K, Na = 2.25 2.4 10%cm 2,
andt 0.9, while the emitting layer has Ty, = 600 K, Ng = 45 5.0 10
cm 2,andt  1.8. Using the the RADEX parameters from both layers combined

with the stellar size, we estimate the radius of the of the slabstobe R 3 4R .

5.8 Discussion

The CO, Q-branch bandheads at 13.87nm, 14.98nm, and 16.18mm seen in Fig-
ures 6.1.1 and 6.1.1 are well reproduced by the RADEX slab spectra. The regions
between the Q-branches are dominated by P and R transitions blending together
to create a forest of lines; it is impossible to distinguish individual P and R bands
at Spitzer's resolution and thus no attempt was made to reproduce their behav-
ior in this work. The two absorption features at 15.3 mm and 15.6 nm are likely
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Figure 5.7: Result from 2 layer slab model calculation performed with RADEX
for R Tri.

Table 5.1: RADEX slab spectrum model results for R Tri 2008-09-07. The 2 layer
slab model has a cooler, denser absorbing layer close to the star with a warmer
less dense layer laying above it. The optical depth for the emitting contribution

is taken as the average of the optical depths of the 13.87 and 16.18mtm bands.

RADEX Results R Tri 2008-09-07
Imm Tiin (K) N (cm 2) Texc t
14.98| | 550 50225 10 0.05 10 | 607", | 0.850" 907
13.87| | 600 50| 5.0 10 05 10 |597°¢)| 1.91 079
16.18| [ 600 50| 5.0 10'" 0.5 10' |597c)| 1.87" 515

Figure 5.8: Result from 2 layer slab model calculation performed with RADEX
for R Tri.
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Table 5.2: RADEX slab spectrum model results for R Tri 2008-10-02. The results
are almost identical to those presented in Table 5.1 because the star is nearly the
same phase as the previous observation. The optical depth for the emitting con-
tribution is taken as the average of the optical depths of the 13.87 and 16.18 mm
bands.

RADEX Results R Tri 2008-10-02
Imm Tiin (K) N (cm 9) Texc t
14.98| | 550 50|2.40 10 0.05 10' | 605 ;3| 0.91T o5
13.87| | 600 50| 4.50 10" 0.5 10% | 59675 | 1.727)1g
16.18| | 600 50| 4.50 10'" 0.5 10' | 596 c; | 1.69 75

due to transitions from additional excited bands not included in our RADEX le,
while the feature at 15.4 nm could be the n, bending mode for 13CO,. Averaging
the results from both sets of observations the column density for the absorbing
layeris No 2 10" cm 2, and the column density for the emitting layer is
an order of magnitude higher Ng 5 10 cm 2. The layers have an average
excitation temperature, Tex 600 K. These results are consistent with previous
models of CO, in AGB stars and Mira variables presented in Table 5.3. Markwick
& Millar (2000) results are of particular interest because their observations of R
Cas showed the 14.98mm feature in absorption with two excited emission bands
at 13.5nm and 13.87 mm and this was the only model of the three presented in
Table 5.3 that attempted to t multiple lines simultaneously rather than individ-
ually. The absorption feature could only be well t if the model deviated from

a thermal population of the 01 10 level and the authors argue that this deviation
could be the result of collisional de-excitation with H », preferential formation of
excited states, or an unknown pumping mechanism.

5.9 Conclusion

Spitzer observations of the M-type Mira variable R Tri show several Q-branch
band heads of CO, and a new bright emission feature at 17.6 nm. We built a
molecular le of ro-vibrational transitions of CO 5 between 12-17nm that can be
used with RADEX to model CO , in the mid-IR. RADEX's capabilities of calcu-
lating the radiative transfer under NLTE conditions with collisional de-excitation
with H , creates an advance in model sophistication. We used a 2-slab RADEX
model to simultaneously t the three CO , Q-branches at 13.87nm, 14.98 nm,
and 16.18mm. The model results indicate an extended layer of CO , gas located
from 3-4 R with a kinetic temperature of 600 K. It is possible that this is ob-
servational evidence for a refrigeration zone which would permit silicate dust
condensation within a few stellar radii. We will use RADEX to analyze the CO »
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Table 5.3: Results on CQ from previous studies conducted with 1SO. Specic
lines are denoted (E) for emission and (A) for absorption. lYamamura et al.
(1999a),2Cami et al. (2000),3Markwick & Millar (2000)

Previous Model Results
Target Texe(K) [ N(cm ?) | R(R)
oCet!
4.3nm (A) 800 | 2.0 10 | 2.3
Z Cas!
4.3mm (A) 800 | 1.5 10%® | 1.7
EP Agr?
| =13.48 mm (E) 700 | 3.2 10| 44
| =13.87 nm (E) 500 | 3.2 10| 8.6
| =14.98 nm (E) 350 | 1.0 10| 9
| =16.18 nm (E) 550 | 3.2 10% | 7.2
R Cas’
13.48Mm & 13.87nm (E) | 1100 | 2.0 10 | 3.2
14.98mm (A) 900 | 5.0 10'® | NA
IRC+1001E
14.98mm (A) 650 | 3.0 10| 7

lines in the remaining M-type Miras from the Spitzer study which will allow us

to determine if the CO , gas undergoes any phase dependent behavior. We will
use EXES on board SOFIA to observe a subset the M-type Miras included in the
Spitzer study as part of SOFIA's Cycle 8 campaign. The higher resolution pro-
vided by EXES will allow us to put stronger constraints on the temperature and
column density. SOFIA provides the rst opportunity since Spitzer to observe
CO; at these wavelengths, and the results from this work will provide an excel-
lent starting point for future studies of CO , with SOFIA and JWST.
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“The most exciting phrase to hear in science,
the one that heralds new discoveries, is not
'‘Eureka!’ (I found it!) but "That's funny ...”

— Isaac Asimov

Chapter 6

RESULTS AND DISCUSSION

Here we present results of the models of the ve CO , Q-branch bandheads de-
scribed in Chapter 4. Each M-type Mira has a brief description of their specic
results, and Table 6.3 provides results of every RADEX calculation. Plots of the
Spitzer data overlaid with the RADEX models are provided in Appendix A.1. We
also discuss the results of the 17.62mm feature.

6.1 RADEX Results for the M-type Miras

We used RADEX to t every M-type Mira spectrum from 13-17 nm. We ran three
slab models for each observation (if all ve lines were present). When the 14.98
nm line was seen in absorption, we were able to create a 2-slab model by adding
the contributions from the 13.87 and 16.18 nm slab to the 14.98m slab thereby
creating a model that t all three lines at once.

The goal of the models was to t the Q-branch bandheads at 13.45 nm, 13.87
nm, 14.98mm, 16.18nm, and 16.76 nm. We do not have the resolution to accu-
rately tthe forest of P and R branches, though the models do seem to track the
macroscopic behavior. We noticed some consistent trends in the models that we
will describe here to prevent repetition for every star's results. When the 14.98
nm feature was seen in absorption, the models considerably over t the shoul-
der at shorter wavelengths, that is the model produces too much ux near 14.9
nm, and this makes the synthetic spectrum appear to have an extra feature that
the Spitzer spectrum does not. This could arise from the truncationto J= 50 in
the molecular le, itis possible that the additional transitions would alleviate the
sharp jump in the synthetic spectra. Another possible explanation could be be
additional excited bands near 14.95 nm that were not included in our molecular
le that would provide absorption to t that shoulder better. Similarly, features
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near 15.5nm (both absorption and emission) that are clearly not t well could
also be additional transitions not included in our molecular le. Occasionally, we

see a weak feature near 15.41m that could be 13CO,. We consistently struggled
with the 13.5 nm and 16.8 mm ts. These ts were insensitive to temperature,
making it dif cult to accurately determine a line center. The ts all returned ex-
tremely low optical depths with the strongest depths being 0.07 and 0.06, which
could explain the insensitivity to temperature. The gas is too thin to be a decent
“thermometer”. Because of this insensitivity, we only estimated emitting regions
for results that had optical depths greater than 0.01. Speci ¢ model parameters
for every tare included in Table 6.3.

Before we discuss the results for each individual M-type Mira, recall that
f = 0= 1 corresponds to when the photosphere is smallest and hottest and the
star is brightest in the optical, and f = 0.5 corresponds to when the photosphere
is largest and coolest. Figure 1.4 indicates that larger layers in the atmosphere lag
in their response to the pulsation, and suggests the atmosphere has a complicated
response to the phase of the star. The following results for the individual M-type
Miras con rm this complicated relationship with the pulsational phase.

6.1.1 RTri

R Tri has two observations at f = 0.153 andf = 0.222, and showed deep ab-
sorption at 14.98 mm. We were able to t the 13.87 nm, 14.98nm and 16.18 mm
with a two slab model. Models for both observations are given in Figures A.1 and

A.2.The grid for the absorbing layer was built in 50 K stepsin T 5 and 0.05 106
cm 2 steps in N4, and the grid for the emitting layer had 50 K steps in T g and

0.5 10Ycm 2stepsin Ng. The absorbing layer has Ty, = 550 K, and the emit-
ting layer has T;, = 600 K for both phases. Additional speci c values of the ts
are provided in Table 6.3. The model over ts the spectrum at the left shoulder of
the 14.98mm band. This is most likely caused by additional excited transitions
near 14.98nm not included in the molecular le. Similarly, the two absorption
features at 15.3nm and 15.6 nm are also likely due to excited transitions not in-
cluded in the molecular le, while the feature at 15.4 nm could be the n, bending

mode for 13CO..

The line behavior of the 14.98 nm line varies only slightly between the two
phases. The absorption grows slightly stronger from f = 0.153 tof = 0.222.
The optical rises from t =0.850 tot =0.911 accordingly. The kinetic temperature
was 550 K for both observations. The excitation temperature for this layer is 57 K
higher than the kinetic temperature, indicating that the n, band is experiencing
more NLTE effects from the shock than the two excited bands at 13.87 nm and
16.18nm. We estimate the absorbing region to be 4.4R,, for both phases. The line
behavior of the two emission lines at 13.87 nm and 16.18 nm was opposite to the
absorption feature. Their intensities decreased from f = 0.153 tof = 0.222 and
the average optical depth of the emitting layer drops from t=1.89tot=1.71. The
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kinetic temperature was 600 K for both observations. The emitting region for the
emission lines atf =0.153was R = 3.6R;, and atf =0.222 it was R = 3.8R,.

None of the results are signi cantly different in the two observations, most
likely because they are at nearly the same phase. Structurally we can say that
at near f = 0.2 the atmosphere has a region of CQ that stretches from 3.5-4
R» with an average kinetic temperature of 600 K. This is several hundred Kelvin
cooler than we would expect at this part of the atmosphere.

6.1.2 S Peg

S Peg has two observations atf = 0.631 andf = 0.098, and showed a dynamic
change in the absorption at 14.98nm. We t additional excited bands at 13.49 mm
and 16.76nm. The grid for the absorbing layer was built in 50 K steps in T A and

0.05 108 cm 2 steps in Na, and the grid for the rst emission layer had 50 K
stepsin Tz and 0.5 10 cm 2 steps in Ng, while the second emission layer had

50 K steps in Tg and (0.25 0.5 10 cm 2 steps in Ng. The absorbing layer
has Ty, = 750 K, and the emission layers have T, = 500 K and 1400 K. The three
bands at 13.87nm, 14.98mm and 16.18nm were t by adding the absorbing layer
with the rst emission layer. We attempted to add the second emission layer to
create a 3-slab model, but no suitable twas found. The second emission layer
was left as independent of the two layers that created the 2-slab model. The S Peg
spectra show similar issues as R Tri with the n band over t on the left shoulder
and absorption features at 15.4mm and 15.6 mm are not t; all of which require
additional bands in the molecular le.

The feature changes from deep absorption in the f =0.631 observation to
weak absorption in the f = 0.098 observation. This change is re ected in the
RADEX results. The optical depth in the absorbing layer drops from t =0.627 at
f = 0.631tot =0.346 atf = 0.098. Meanwhile, the emission lines increase in
intensity, but the optical depth in the emitting layer remains constantat t = 1.86.
As with R Tri, there is 50 K difference between Ty;, and Texq indicating this
layer is experiencing more NLTE effects. We estimate the absorbing region at 2.7
R, for f = 0.631,and at 2.5 R for f = 0.098. The emission region of the 13.87
mm and 16.18 mm lines is estimated at 3.7-4.1 R for f = 0.631 and 3.5-3.7 R for
f = 0.631. The emission region for the 13.49rm and 16.76 mm lines is estimated
at5.3Rforf = 0.631and 5.6 Rfor f = 0.631.

The drop in optical depth and size of the absorbing layer track with the radial
behavior of the atmosphere responding to the pulsation near 2.5R 5 in Figure 1.4.
The emission layer lies farther out near 4R» which means it might have expanded
farther than what was seen in the f = 0.631 observation because it does not
reach maximum expansion until near f = 0.8. We cannot say Iif this layer tracks
the pulsation as cleanly as the inner absorbing layer without an observation near
f = 0.8. The observations do tell us that there is CO, gas near 2.5 R and 3.5-4
R» at 750 K and 500 K, respectively. These are right in the dust production zone
theorized by Bowen (1988) and Willson (2000).
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6.1.3 S Ser

S Ser has two observations atf = 0.620 andf = 0.671. The grid for the absorbing
layer was builtin 50 K steps in T 5 and 0.05 10 cm 2 steps in N 4, and the grid
for the rst emission layer had 50 K stepsin T gand 0.5 10 cm 2 stepsin Ng,

and the second emitting layer also had 50 K steps in Teand 0.5 10" cm 2 steps
in N g. The absorbing layer has Ty;, = 700 K, and the emitting layers have T, =
500 K and 1400 K.

The features do not vary greatly between the two observations, most likely
because they are near in phase. The greatest change comes from the excited bands
at 13.49nm and 16.76 nm. The optical depth risesfrom t  0.03-t  0.05 and
the emission region drops from 7 R > to 6.5R,. This could indicate that this outer
layer of the atmosphere has stopped expanding and is beginning to fall back. This
fallback has not yet reached the inner layers of the atmosphere because the next
emission layer for the 13.87 nm and 16.18 nm features, showed a drop in optical
depth and an increase of the emission region from 3.6 R to 3.8 R, which tracks
the pulsation near 4R, in Figure 1.4; this layer is nearing maximum expansion at
f = 0.671. Similarly, the strength of the n, band absorption does slightly drop
from f = 0.620 andf = 0.671, while the optical depth drops from t 0.7 tot
0.6, and the absorption region remains virtually constant at from 2.9 R 7. These
observations are quite similar to S Peg and tell us that the CO, gas lies at 2.9R
and 3.5-4R, with kinetic temperatures of 700 K and 550 K, respectively, which are
favorable for dust condensation.

6.1.4 SS Cas

SS Cas has three observations af = 0.029,f = 0.169 andf = 0.386. Its spectra
are notably different than the previous three stars. The fundamental n, band is
always seen in emission. The rst emission layer corresponding to the 14.98 mm

feature was built in 50 K steps in T g, and 0.25 10 cm 2 steps in Ng;. The
second emission layer corresponding to the 13.87mm and 16.18 mm features was

built in 50 K steps in Tgz and 0.1 10" cm 2 steps in Ng,. We attempted to t
the 14.98nm feature in absorption, but the line center of the absorption seen in SS
Cas is 14.95nm and the temperature required to match this line center required

2000 K; it is more likely that this absorption arises from excited bands that are
not included in our molecular le.

The kinetic temperatures of the layers of CO , in SS Cas are much cooler than
those found for R Tri, S Peg, and S Ser, ranging from 350-400 K. The excitation
temperatures of the 14.98nm features only differ from the kinetic temperature by
about 15 K, indicating this layer is nearly in LTE compared to when the line is seen
in absorption. The estimated emitting region for the rst emission layer ranges
from 11-14 R,, and the emitting region for the second emission layer ranges from
12-14 R. These observations seem to show cooler thinner gas much farther out
than the rst three stars showed. The emitting regions for the two emission slab
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calculations overlap so we can think of a large extended layer of CO ; sitting at
11-14R with a temperature of 400 K. This is far enough from the star that the
stellar wind is possibly pushing on the gas causing it to thin and drop its optical
depth.

6.1.5 W Her

W Her has ve observations at f = 0.473,f = 0.604,f = 0.725,f = 0.794, and
f = 0.919. The fundamentaln, band was seen in emission in all ve observations.
As with SS Cas, we created 3 layersto tthe ve CO ; features. The rst emission
layer corresponding to the 14.98 mm feature was built in 50 K steps in T g1 and
0.25 0.5 10¥cm Z2stepsin Ng;. The second emission layer corresponding to
the 13.87mm and 16.18 nm features was built in 50 K steps in Tgp and 0.1 107
cm 2 steps in Ngo. The third emission layer corresponding to the 13.49 nm and
16.76mm was again problematic to t. The grid was built in 100 K steps in T g3
and 0.1 10%cm 2 stepsin Ngs.

The model results for W Her are quite similar to SS Cas. Having the funda-
mental np band in emission resulted in a much cooler gas farther out in the at-
mosphere. The kinetic temperature from of the two emission layers ranges from
350-400 K and both layers lie beyond 10 R.. As the star moved from f = 0.473
to f = 0.794 the layer associated with the 14.98m feature expanded from 10 R
to 15 R,. The layer associated with the 13.87nmm and 16.18mm shows only minor
changes across the rst four phases. Both layers show a compression in size from
f = 0.794 to thef = 0.919. As with SS Cas the emission regions overlap and we
can consider a large slab of CO, at 10-15R with temperature 400 K.

6.1.6 RT Cyg

RT Cyg has seven observations atf = 0.654,f = 0.780,f = 0.983,f = 0.114,
f = 0.276,f = 0.459, andf = 0.584. The fundamental n, band was seen in
emission the rst 5 observations, but then it ips to absorption in the nal two
observations. The excited bands at 13.49nm and 16.76 nm were too weak to
t. For the rst ve phases we created two emission layers. The rst emission
layer corresponding to the 14.98 mm feature was built in 50 K steps in T g; and
0.2 0.5 10®cm 2stepsin Ng;. The second emission layer corresponding to
the 13.87nmm and 16.18 nm features was built in 50 K steps in T g2 and 0.05

0.1 10Ycm 2stepsin Ngo. When the 14.98mm line was seen in absorption, the

grid was built in 50 K stepsin T 4 and 0.05 0.1 10®cm 2 stepsin Na. This
absorbing layer was then added to the second emission layer (E2) to produce a
simultaneous t of the 13.87 nm, 14.98mm, and 16.18mm features.

The observations that showed the 14.98nm band in emission traced regions
farther out in the atmosphere, similar to SS Cas and W Her. As with the other
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stars, the emission region for the 13.87mm and 16.18 mm remains fairly constant
with minor uctuations in size. The layer for the 14.98 nm region expands from
11.7 B to 12.5 R, and then contracts to 10 R, at f = 0.654,0.780, and 0.983,
respectively; this layer then expanded to 11.2 R, and 145 R, for f =0.114,f =
0.276. The feature ips to absorptionfor f = 0.459 andf = 0.584, and this feature
traces a region at 3.3 R. The layer for the 13.87 nm and 16.18 nm feature also
moves closer to the star at these phases. We seem to be tracing different regions
of the atmosphere based upon whether or not the n, band is seen in emission
or absorption. When this feature is seen in emission, we see the cooler thinner
gas farther out in the atmosphere. When we see it in absorption, we see a region
much closer to the star. The change in behavior makes it dif cult to tease out a
pattern because we suddenly move from probing the outer layers to layers much
closer to the star. These observations do tell us that CO; is highly extended in RT
Cyg's atmosphere tracing regions from 3-14R».

6.1.7 R Cet

R Cet has two observations atf = 0.850, andf = 0.019. The fundamental ny
band is seen in strong emission in both cases. We created three layers to t the
ve CO , features. The rst emission layer corresponding to the 14.98 mm feature

was builtin 50 K stepsin T g1 and 0.15 0.3 10 cm 2 stepsin Ng;. The second
emission layer corresponding to the 13.87 nm and 16.18 nm features was built

in 50 K steps in Tgz and 0.1 10" cm 2 steps in Ng,. The third emission layer
corresponding to the 13.49 nm and 16.76 nm features was built in 100 K steps in

Tes and 0.5 10 cm 2 steps in Ngs. This layer proved dif cult to t for the
f = 0.019 observation; we only put a bound on the temperature of 5000 K and
the optical depth was too low to estimate an emitting region.

The intensity of 14.98 mm feature strengthens from the f = 0.850 to the
f = 0.019 observation and this is re ected in the optical depth as it moves from
t = 1.32tot = 2.38. The kinetic temperature shows only a slight increases from
450 K to 500 K; the excitation temperature deviates only slightly from the kinetic
temperature and does not indicate the feature is experiencing strong NLTE ef-
fects. The estimated emission region for the feature came back at 5 R, much
closer than the previous stars that also showed the 14.98mm in emission, but this
line quite optically thick compared to the other observations. The column density
doubles from f = 0.850 tof = 0.019.

These trends are also re ected in the layer associated with the 13.87 mm and
16.18mm features; the line intensities increase from f = 0.850 to thef = 0.019,
with high optical depths of t 1.2. We estimate the emission region at 6 R».
The second emission layer for the 13.49nm and 16.76 nm showed a decrease in
line intensity and this is re ected in the optical depth as it drops from t = 0.05
tot = 0.01. Column densities for both these layers drop from f = 0.850 to
f = 0.019, opposite to what the 14.98nm feature does. The layer associated with
the 14.98nm feature near 5 R, appears to get perturbed between f = 0.850 and
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f = 0.019 which caused the column density and optical depth to increase, but
this perturbation does not appear to yet affect the second emission layer further

out near 6R». Unlike SS Cas, W Her, and RT Cyg, the 14.98mm line in emission

for R Cet does not trace cool, thinner gas past 10R; rather R Cet appears to have
an optically thick layer of CO , between 5-6R, with a kinetic temperature of 500

K, optimal conditions for silicate dust nucleation.

6.1.8 ZCyg

Z Cyg has seven observations atf = 0.725,f = 0.859,f = 0.961,f = 0.054,
f = 0.170,f = 0.309, andf = 0.280. Then, band was seen in emission in all
observations. We created three layersto tthe CO , features. Longwards of 16 mm
suffered from severe contamination from dust emission which greatly affected
the CO; lines at 16.18mm and 16.76 nm. The rst emission layer corresponding

to the 14.98mm feature was built in 100 K stepsin Tg; and 0.05 0.5 10%cm 2
steps in Ng1. The second emission layer corresponding to the 13.87nm and 16.18

mm features was built in 100 K steps in Tgz and 0.1 0.25 10 cm 2 steps
in N g2. The third emission layer corresponding to the 13.49 nm and 16.76 nm

features was built in 100-200 K steps in Tgz and 0.25 0.5 10 cm 2 steps in
Ng3. The temperature uncertainties are higher for Z Cyg because it appeared
to have a systemic alignment issue that we addressed by shifting the spectrum
0.019nmm to the right, as described in Section 4.1.3. As with the other stars, the
third layer for the 13.49 nm and 16.76mm bands proved dif cult to t, especially
when the 16.76m feature was extremely weak in several of the observations. For
observations with signi cant dust contamination, we only estimated the emitting
layers for the short wavelength bandheads.

Tracking the 14.98 nm line behavior, we see it is de nitely sensitive to the
phase of the star. We see the line intensity increase fromf = 0.725 tof = 0.859
then the intensity drops from f = 0.961 throughf = 0.309 and remains the same
for f = 0.391. The optical depth of the line increased from f = 0.725tof = 0.859,
decreased fromf = 0.859 tof = 0.0.170, and nally increased from f = 0.0.170
tof = 0.391. The estimated emission region for this layer ranges from 4.5-6.7 R.
Itis smallest at f = 0.859 and largest atf = 0.170, corresponding the largest and
smallest optical depths, as can be seen in Table 6.3.

Tracking the 13.87 mm behavior we also see a change with phase. The line
strength increases fromf = 0.725tof = 0.859 then decreases fronf = 0.859 to
f = 0.391. The optical depth of the line increased from f = 0.725tof = 0.859, de-
creased fromf = 0.859 tof = 0.961, then increased fromf = 0.961 tof = 0.309.
This layer is slightly out of step with the 14.98 nm layer, but the macroscopic be-
havior is the same. The estimated emission region for the layer ranges from 4.4-8
R». Itis smallestat f = 0.391 and largest atf = 0.961 corresponding to largest
and smallest optical depths. This second layer overlaps with the estimated layer
of the 14.98 nm feature, and we can think of one large slab of CO ,, extending
4.4-8 R. These results are similar to R Cet; when the 14.98mm is in strong emis-
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sion and the line is optically thick, it traces gas closer to the star than when it
is optically thin. The average kinetic temperature of this slab is 500 K; for the
inner portion of the slab near 4 R » this is fairly cool, and it would allow for rapid
silicate dust condensation.

6.1.9 Y Del

Y Del has three observations atf = 0.280,f = 0.539, andf = 0.579. The lines
were fairly weak compared to the other stars in the sample; the excited bands
at 13.49mm and 16.76 nm were too weak too t.We created two layers to t the
remaining three CO , features. The rst emission layer corresponding to the 14.98
mm feature was built in 50 K steps in Tg; and 1 10 cm 2 steps in Ng;. The
second emission layer corresponding to the 13.87mm and 16.18 mm features was

builtin 50 K stepsin Tgzpand 1 10 cm 2 steps in Ng».

The spectra for Y Del have a much different character than those of the other
M-types. The CO; lines are much weaker, and there are features near 14nm that
could be from carbon species like HCN and C ,H». The line behavior of the 14.98
nm features still does appear to change with phase. The intensity is strongest at
f = 0.280, then it weakens atf = 0.539, and then it strengthens atf = 0.579. The
optical depth tracks this behavior and is largest at f = 0.280, then it decreases
atf = 0.539, but then increases atf = 0.579. The kinetic temperature was 450
K for all three observations. We estimate the emission region to be 6.4-7.2 R,

with the smallest value occurring at f = 0.280 and the largest value occurring at
f = 0.539.

The features at 13.87mm and 16.18 nm have minimal changes in intensity
across the three phases. The optical depth increases fromf = 0.280 tof = 0.539
and remains the same atf = 0.579. The kinetic temperature was 300 K for all
three observations. We estimate the emission region to be 11-14 R. The layer is
smallestatf = 0.579 and largest atf = 0.280. The two layers do not appear to
overlap. The rst layer is smallestat f = 0.280 while the second layer is largest.
This con rms that the second emission layer is more extended than the rst layer,
because its behavior lags behind signi cantly. The addition of possible carbon
species features, and the relative weakness of the lines, could indicate that Y Del
is evolving toward an S-type chemistry.

6.1.10 S Lac

S Lac has three observations af = 0.279,f = 0.383 andf = 0.819. The absorbing
layer for f = 0.383 andf = 0.819 was built in 50 K steps in T4 and 0.05 10
cm 2 stepsin Np. Forthe f = 0.279 observation, the step size for the column
density decreased to 0.5 10'° cm 2. The rst emission layer for the 13.87 and

16.18mm lines had steps of 50 K and 0.1 10 cm 2. The second emission layer
for the 13.49nm and 16.76 nm lines was so optically thin that ts were extremely

89



dif cult. We place an upper bound on the temperature of 4000 K, and the column
density was builtin 0.25 10 cm 2 steps.

S Lac shows a dynamic change of then, band. At f = 0.279 the feature is in
emission, but by f = 0.383 it is weak absorption, and the f = 0.819 observation
shows stronger absorption. The kinetic temperature for the emission is 400 K,
but when it ips to absorption, it rises to 800 K. The densities also change
by an order of magnitude when the line ips from emission to absorption. The
estimated emission region for the line is 9.04 R,, while the absorbing region is
much closerto the staratf = 0.383,itis2.80Randatf = 0.819,itis3.39R. The
different line behavior must be letting us see two completely different regions of
the atmosphere. When the line is in emission, we see thin cool gas much farther
out in the atmosphere; when the line is in absorption we see warmer gas closer
to the photosphere.

The emission region for the 13.87mm and 16.18m lines also appear to trace
a wider range compared to the results for the other M-type Miras in this dataset.
When the n, band is in emission, and we do not add an absorbing layer contri-
bution, we nd the emission region at 8.8 Ry, just under the distance estimated
for the mp band. For the f = 0.383 andf = 0.819 observations, when we can
add an absorbing layer to these lines, we nd a smaller layer at 7.3 R, and 7.0
R», respectively. We seem to be tracing different portions of the atmosphere de-
pending on whether or not the 14.98 nm line was seen in emission or absorption.
When the line is in emission, we trace two layers farther out in the atmosphere;
when the line is in absorption we trace this layer near the star, and the second
emission layer moves inward. This again tells us that CO 5 is quite extended in
the atmosphere from  3-9R, and has conditions favorable for dust production.

6.1.11 SPsc

S Psc has two observations atf = 0.990 andf = 0.042. These observations
provide an opportunity to check for shock behavior, because they are both just
on either side of f = 0 when the pulsation cycle starts over. The n, band was
seen in absorption for both observations. The grid was built in 100 K steps for T 5
and 0.25 10%cm 2for N 5. The rst emission layer for 13.87 nm and 16.18mm

was built in 50 K steps for T g1 and 0.5 10" cm 2 for N g1. The second emission
layer for 13.49 rm and 16.76 mm was not sensitive to temperature and we found
an upper bound of 3000 K; the column density was built in steps of 0.25 106
cm 2.

The spectra look almost identical, and this is re ected in the ts. The kinetic
temperature of the n, band 1000 K, roughly 200 K hotter than the rest of the stars
that show n, in absorption. Both observations are rightontop of f = 0, indicating
this layer is near its smallest and hottest point. The optical depth for the 14.98 mm
feature increased fromt = 0.8tot = 1, while the optical depth of the rst
emission layer dropped from t = 2.02 tot = 1.86. The second emitting region
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had t = 0.01 for both observations. The absorbing layer lies at 2.2 R, the rst
emitting layer lies at just under 5 R . The second emitting layer result does not
seem physical with the upper bound temperature; as with other stars these lines
are so optically thin that the models become insensitive to temperature.

It is dif cult to back out any change atmospheric dynamics from these ob-
servations, because they are almost identical phases; but we can say that near
maximum phase, S Psc has an absorbing layer of CQ at 2.2 R,, and an emission
layer slightly further outat 5 R ». Both layers are cool enough for dust production.

6.1.12 U Cvn

U Cvn has two observations at phase f = 0.948 andf = 0.036. Here is another
opportunity to check for behavior near maximum phase. The n, band is seen
in absorption in both observations. The grid was built in 50 K steps for T 5 and

0.05 10%cm 2forN A. The rst emission layer for 13.87 nm and 16.18mm was

built in 50 K steps for Tg; and 0.1 10 cm 2 for Ng. We found a t for all
three lines by adding the absorbing layer to this rst emission layer. The second
emission layer for 13.49 nm and 16.76 nm was not sensitive to temperature and
we place an upper bound of 3000 K; the column density was built in steps of

0.25 10' cm 2. The optical depths were so small that we did not estimate an
emitting region for this layer.

The line behavior did uctuate between the two phases. The intensity of the
14.98nm absorption increased from f = 0.948 tof = 0.036. The optical depth
rose from 0.392 to 0.533, and the column density also increased. We estimate the
absorbing regiontobe 2.6 R, atf = 0.948 and 2.8 R atf = 0.036. The intensity
of the emission features at 13.87mm and 16.18 mm also increased from f = 0.948
tof = 0.036. The optical depth rose slightly, from 1 to 1.08, while the density
remained constant. The slight increase in optical depth is likely from the kinetic
temperature rising slightly from 450 K to 500 K. We estimate the emitting region
of this layerto be 5.4-6 R, atf = 0.948 and 5.1-5.4 Ratf = 0.036.

As with S Psc and other stars that have two phases measurements close to-
gether, it is dif cult to determine if the atmosphere underwent any signi cant
changes. The absorbing region shows a slight expansion, while the emitting re-
gion shows a slight contraction, but additional phase observations are needed
to con rm these small changes are consistent. We can say that near maximum
phase U Cvn has an absorbing layer of CO, gas at 2.6-2.8 R that is 750-800 K,
and slightly farther out it has an emission region of CO ; at 5-6 R, that is 450-500
K. These are both cool for their locations and thus create favorable conditions for
dust production.
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6.1.13 UX Cyg

UX Cyg has four observations at f = 0.225,f = 0.276,f = 0.454, andf = 0.484.
The ny band is seen in absorption for all four observations, but the emission lines
are incredibly weak. Only the f = 0.454, andf = 0.484 show the emission lines
at 13.87mm and 16.18 nm, and none of the observations show the features at
13.49mm and 16.76 nm. The grid was built in 50 K steps for T o and 0.5 10'°
cm 2for N 5. The rst emission layer for 13.87 nm and 16.18 mm was built in 50
K steps for Tg; and 0.5 10 cm 2 for N g1. As with Z Cyg, there is signi cant
dust contamination near 16 nm, disrupting the t of the 16.18 mm line. The ts
for the 13.87 mm are poor and are should be considered as upper bounds on the
conditions.

The absorption line shows variability with phase. The intensity decreases
from f = 0.225 throughf = 0.276 tof = 0.454, then increases af = 0.487.
The optical depth decreases fromf = 0.225 tof = 0.276 then increases from
f = 0.454tof = 0.487. The column density also follows this pattern. We estimate
the absorbing region at increasing phase to be 4.75, 4.77, 4.21, and 4.29-R The
column density increased signi cantly from the early phases to the later phases,
increasing the optical depth allowing us to see deeper into the atmosphere. UX
Cyg shows similar behavior to R Cet, Z Cyg and U Cvn. All these stars showed
strong, optically thick emission lines which traces a layer of CO , gas near 5R at
temperatures favorable to silicate dust formation.

6.2 Discussion

6.2.1 Model Results

We were successful in modeling the CO, Q-branch bandheads seen in the M-
types. The regions between the Q-branches are dominated by a forest of P and
R transitions blending together; it is impossible to distinguish individual P and

R transitions at Spitzer's resolution, and thus no attempt was made to reproduce

their behavior in this work. The slab models seemed to over t the left shoulder
when the n, band was seen in absorption, which may be caused by missing ex-

cited bands near 14.95nm in our molecular le. Similarly, features in the Spitzer
spectra seen near 15.5ym may also be additional excited bands of CO, not in-
cluded in the molecular le. We also did not include any transitions of  13CO..
Future work will include updating the molecular le with additional bands and

creating a le for 13CO,.

Our results are consistent with previous studies of CO , in AGB stars ob-
served with 1ISO. A summary of previous results is presented in Table 6.1. Our
temperatures, column densities and radii all are in reasonable agreement with
the those in the table. When the 4.3nm band was seen in absorption in Z Cas and
o Ceti, it traced a region near 2 R, (Yamamura et al. 1999a) while emission lines
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Previous Model Results
Target Texcd(K) | N(cm ?) [ R(R)
o Cet!
4.3nm (A) 800 | 2.0 10 | 23
Z Cas!
4.3mm (A) 800 | 1.5 10%® | 1.7
EP Agr?
| = 13.48mMm (E) 700 | 3.2 10| 4.4
| = 13.87mm (E) 500 | 3.2 10 | 8.6
| = 14.98nm (E) 350 | 1.0 10| 9
| = 16.18nm (E) 550 | 3.2 10% | 7.2
R Cas®
13.48mMm & 13.87nm (E) | 1100 | 2.0 10 | 3.2
14.98mm (A) 900 | 5.0 10%® | NA
IRC+100113
14.98mm (A) 650 | 3.0 10| 7

Table 6.1: Results of CQ from previous studies conducted with ISO. Speci c lines
are denoted (E) for emission and (A) for absorption. lYamamura et al. (1999a),
2Cami et al. (2000),3Markwick & Millar (2000)

traced regions further out from 4-9 R » (Cami et al. 2000). Our stars show similar
behavior; when seen in absorption the 14.98 nm line traced regions near 2 R»,
while the emission lines at 13.87 nm and 16.18 mm traced regions father out near
5 R,. The only substantial discrepancy comes from previous results for the 13.49
nm feature in Ep Agr, which ta much cooler, denser gas than any of our models
showed. That study was done with the SWS on ISO which had R  1000-3000,
contributing to more sensitive ts. Markwick & Millar (2000) results are particu-

lar interesting, because their observations had the 14.98nmm feature in absorption
with two emission lines at 13.49 nm and 13.87nmm. They also attempted t multi-
ple lines simultaneously in a similar fashion to our models, and their models only

twell if there was a deviation from LTE inthe 01 10 level. The authors argued this
deviation could be the result of collisional de-excitation with H 5, which was not
included in their models, preferential formation of excited states, or an unknown
pumping mechanism. We saw in several stars that the 14.98 nm line had exci-
tation temperatures 50 K larger than the kinetic temperatures, indicating that
the line was feeling some NLTE affects. RADEX provides a tool that allows H»
collisions and will solve the radiative transfer under NLTE; these address many
of the dif culties seen in previous CO ;, models.
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Masers

Star SE Class  Period (days) OH SiO H,O 14.98nm Line
SS Cas 143.1 N° NA N*? E,w
W Her  “"no feature”l 273.7 Ne  N° N° E,w
RT Cyg 191.4 N N4 N4 E,w;A w

R Cet SES 165.8 q Y’ \'4 E,s

Z Cyg SE8 267 ¥ ooy’ \4 E,s

Y Del SE4 475.1 N N° B E,w
SlLac “nofeature”! 240.6 N N4 N4 E,w;A W
S Peg SE1 312.2 & N3 N3 A

R Tri SE3 275.3 N Y/ \4 A

S Ser SE3 389 ¥ Y’ \4 A

S Psc SE4 422.7 N N° B A
U Cvn SE7 307.9 ¥ Y’ \'4 A
UX Cyg SE8 546.3 Y Y’ \4 A

Table 6.2: M-type Mira periods, spectral classi cations, maser activity, and np
band behavior (E indicates emission, A indicates absorption, s and w indicate
strong, and weak). The shorter period Miras show the n, band in emission,
while the longer period Miras show it in absorption. There also appears to be
a correlation between maser activity and the n, band behavior. no IRAS LRS
data 'Creech-Eakman et al. (2012YSivagnanam et al. (1988)3Cho & Kim (2012),
4Benson & Little-Marenin (1996), °Benson et al. (1990)6Engels & Bunzel (2015),
’Kim et al. (2014)

6.2.2 Line Behavior

Our results indicate that the CO , features are quite dynamic; we were able to
trace some behavior with phase, but not every star showed a clear pattern. Key
differences arose in stars that showed the fundamental n, band at 14.98 nm in
absorption vs. those that showed this feature in emission and if the emission was
weak or strong. We add these results to the other basic data we have for the stars
including their silicate emission (SE) class (Sloan & Price 1998), period, and maser
activity in Table 6.2.

The stars with the np, band in emission in our sample all have shorter periods
ranging from 143-273 days. Y Del is the only exception with a period of 475 days.
We will ignore Y Del's results for this discussion because we believe Y Del may
be evolving toward an S-type; its lines were extremely weak, and we see features
near 14 mm in its spectra that may be carbon species. W Her has the next longest
period at 273 days, which is very close to R Tri's period of 275 days, but R Tri
shows maser activity and W Her does not, indicating the two stars are behaving
differently. The stars with the n, band in absorption all had maser activity, while
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most of the stars with the n, band in weak emission have no maser activity. A
striking difference can be noted if we consider all the SE7 and SE8 Miras which
includes R Cet, Z Cyg, U Cvn, and UX Cyg. We notice that R Cet and Z Cyg have
shorter periods of 166 days and 267 days, and exhibit the n, band in emission; U
Cvn and UX Cyg have longer periods of 308 and 546 days and show the the n,
band in absorption. The stars in this sample seem to show the n, band in emission
for the shorter periods, and show this band in absorption for the longer periods.

It has been theorized that Miras with shorter periods pulsate in the rst over-
tone mode rather than the fundamental mode (van Leeuwen et al. 1997), but this
presents problems with observations, because the shocks generated in the rst
overtone are not strong enough to produce bright emission lines seen in Mira
spectra (Willson 2000). Mira light curves are also asymmetric with a sharp rise
near maximum phase, and these curves are characteristic of fundamental mode
models (Willson 2000). We cannot completely disregard the possibility of differ-
ent pulsation modes, because the modes are determined using stellar radii and
mass values (e.g. Ostlie & Cox (1986)) that are derived using distance estimates,
most often from parallax data, which is incredibly ckle for Miras. We saw the
huge dispersion of distances from parallax measurements taken with Gaia and
Hipparcos presented in Table 2.1. Until we have consistent distance measure-
ments and a reasonable estimate of the mass the Mira pulsation modes are not
set in stone. The M-type Miras in our sample clearly show different atmospheric
dynamics between the shorter and longer periods.

6.2.3 Atmospheric Structure

Our results indicate that CO , is highly extended in Mira atmospheres. This is
consistent with previous models in Table 6.1. When the 14.98 nm line was seen in
absorption, we traced a region 2-4 R», and the emission lines traced a region 3.5-5
R». When all three lines were seen in emission, we traced a region from 7-15 R».
The kinetic temperatures of the gas in regions near the star 2-5 R, were typically
500-750 K, except for S Psc where it peaked at 1000 K (possibly due to a shock).
This results are also consistent with chemical abundances calculated in Agundez
et al. (2020) that show CO, as one of the most abundant molecules in M-type
AGB atmospheres from 1-10 R,. The Agundez calculations were performed un-
der chemical equilibrium conditions and it is likely that the true CO , abundance
is higher based upon observational results of SO,, CS, NH3, and HCN reported
with the calculated equilibrium abundances in Ag Undez et al. (2020). Indeed,
Cherchneff (2006) reports a CO, abundance 2 orders of magnitude higher at 5 R»
due to the addition of shocks to the abundance calculations and argues strongly
that equilibrium conditions are not suf cient to interpret observational results.

The molecule and dust forming region in Mira atmospheres is thought to
lie near 2-5 R? (e.g. Reid & Menten (1997); Wong et al. (2016)), therefore the
stars that show the absorption feature allow us to peak inside this unique part
of the atmosphere. The low kinetic temperatures are evidence the CO, gas is
creating a ‘refrigeration zone” at several R ». This is theorized in Willson (2000)
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who describe how a departure from radiative equilibrium following the shock
would allow the temperature to drop in a region at several R . This drop in
temperature could precipitate silicate dust closer to the star than previous LTE
models would allow, because silicate dust grains may require the temperature
to be below 600 K for condensation (Gail & Sedimayr 1998). The CO, might
actually be contributing to the refrigeration. If we look at Figure 4.7, we notice
there are hundreds of transitions available to CO , between 10-20mm, and we
only included eight bands that contained upto J = 50. There are likely hundreds
of more transitions at these wavelengths. These all offer a plethora of radiative
paths that could ef ciently cool photons escaping from the photosphere, making
it possible for silicates to nucleate at a few stellar radii.

Wong et al. (2016) placed the inner dust formation radius at 4-5 R, for o
Ceti. Silicate growth near the star is problematic because it requires lower tem-
peratures than we would initially think is possible for this part of the atmosphere.
Gail et al. (2013) argue that gas-phase SiO molecules nucleate into clusters and
then condense onto grains, and that SiO gas is depleted at temperatures rang-

ing from 600-800 K (for mass loss rates of 10® 10 * M yr ! respectively).
Assuming the dust temperature is equivalent to the gas temperature at the in-
ner boundary of the shell, this would allow silicate nucleation at closer distances
than previously thought. However, models in Wong et al. (2016) showed that the
SiO molecules will not deplete onto grains within 4 R . If the CO» is providing a
“refrigeration zone” this would allow silicate dust to develop in the inner regions

of the atmosphere.

Some of the layers appeared to trace the pulsation of the star, but not every
star had a clear trend. It could be that the more extended layers do not respond
to the pulsation as much as layers near the photosphere do.
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L6

Table 6.3: Table of Results from RADEX ts. Line behavior is marked with an A for absorption, E for emission, with w

and vw for weak and very weak, respectively. “possible no detection, Bdust contamination Cpossible absorption

Target Tin (K) N (cm 2) Texc (K) t R(R)| f
R Tri 2008-09-07
13.87nm (E) 600 50 | 5 10 0.5 10Y 597" &9 1.91°513 3.6 |0.153
14.98mm (A) 550 50 |2.25 10'6 0.05 10'6 | 60733 0.850° 355 4.45 | 0.153
16.18mm (E) 600 50 | 5 10 0.5 107 597" 40 1.87 518 3.5 |0.153
R Tri 2008-10-02
13.87nm (E) 600 50 | 450 10" 0.5 10 | 596 1.72° 513 3.8 |0.222
14.98nm (A) 550 50 |2.40 10' 0.05 10| 60755 0.911° 5.9 4.45 | 0.222
16.18nm (E) 600 50 | 450 107 05 10Y | 596 2 1.69" 918 3.7 |0.222
S Peg 2008-12-08
13.49mm (E) 1400 50 | 7.5 10 0.5 10'6 | 1390*Z3 0.0499* 35932 5.20 | 0.631
13.87nm (E) 500 50 | 5.5 10 0.5 10Y | 498 50 1.86 0.17 3.67 | 0.631
14.98nmm (A) 750 50 |2.40 10'® 0.05 10| 796 47 0.627 0.013 2.69 | 0.631
16.18nm (E) 500 50 | 5.5 10 0.5 10Y | 498 50 1.85 0.17 3.56 | 0.631
16.76nm (E) 1400 50 | 7.5 10 0.5 10 | 1370739 0.0463 §:9931 5.31 | 0.631
S Peg 2009-01-05
13.49mm (E) 1400 50 | 1.0 10 0.25 10Y | 1390 50 0.0669" 3501 5.60 | 0.098
13.87nm (E) 500 50 | 5.50 10'7 0.5 10Y | 498 50 1.86 0.17 4.07 | 0.098
14.98mm (A, vw) 750 50 |1.55 10'® 0.05 10| 808 45 0.346 0.014 2.52 | 0.098
16.18nm (E) 500 50 | 550 10'7 0.5 10Y | 498 50 1.85 0.17 3.94 | 0.098
16.76mm (E) 1400 50 | 1.0 107 0.25 10Y | 1370°3% 0.0620 3.8, 5.43 | 0.098
Continued on next page
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Target Tkin (K) N (cm ?) Texc (K) t RR)| f
S Ser 2008-08-13
13.49mm (E) 1400 50 | 5.5 10'® 0.5 10 | 1380 50 0.0357 0.0034 6.97 | 0.620
13.87nm (E) 550 50 | 4.0 10 0.5 10Y | 546 49 1.46 0.18 3.60 | 0.620
14.98mm (A) 700 50 |2.55 10 0.05 10| 747 48 0.729 0.015 2.85 | 0.620
16.18nm (E) 550 50 | 4.0 10 0.5 10Y | 547 49 1.44 0.18 3.50 | 0.620
16.76mm (E) 1400 50 | 5.5 10 0.5 10 | 1340 50 0.0334 0.0034 6.86 | 0.620
S Ser 2008-09-02
13.49nm (E) 1400 50 | 8.0 10® 0.5 10' | 1380 50 0.0525 0.0034 6.52 | 0.671
13.87mm (E) 550 50 | 4.0 10 0.5 10V | 546 49 1.46 0.18 3.92 | 0.671
14.98nmm (A) 700 50 |2.20 10'® 0.05 10| 751 48 0.625 0.015 2.92 | 0.671
16.18nm (E) 550 50 | 4.0 10 0.5 10Y | 547 49 1.44 0.18 3.81 |0.671
16.76mm (E) 1400 50 | 8.0 10** 0.5 10'® | 1350 50 0.0490 0.0031 6.25 | 0.671
SS Cas 2008-08-15
13.49nm (E) 12,000 5 10 1 10%° 10,900 ? | 0.00105 0.00014 0.029
13.87nm (E) 350 50 | 1.4 10Y 0.1 10 | 346 49 0.27 0.020 13.31 | 0.029
14.98nm (E, w) 350 50 | 3.5 10*® 0.25 10Y | 339 46 0.220 0.018 12.20 | 0.029
16.18nm (E) 350 50 | 1.4 10 0.1 110%™ | 347 49 0.28 0.020 11.78 | 0.029
16.76nmm (E) 12,000 5 10 1 10% 8200 ? | 0.000814 0.00016 0.029
SS Cas 2008-09-04
13.49mm (E) 2400 100| 5.5 10 0.5 10 | 2340 100| 0.00276 0.00025 0.169
13.87mm (E) 350 50 | 1.3 10Y 0.1 10 | 346 49 0.250 0.02 13.74 | 0.169
14.98nm (E, w) 350 50 |2.30 10® 0.25 10| 339 46 0.146 0.016 14.28 | 0.169
16.18mm (E) 350 50 | 1.3 10' 0.1 10 | 347 49 0.260 0.02 11.93 | 0.169
16.76mm (E) 2400 100| 5.5 10 0.5 10 | 2200 80 | 0.00260 0.00023 0.169
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Target Tkin (K) N (cm ?) Texc (K) t RR)| f

SS Cas 2008-10-06

13.49nm (E) 10,000 | 4.5 10'® 0.5 10 | 9420°3% | 0.000734 0.000082 0.386
13.87mm (E) 350 50 | 1.4 10 0.1 10 | 346 49 0.270 0.020 13.79 | 0.386
14.98mm (E, w) 400 50 [3.25 10 0.25 10| 385 46 0.191 0.015 11.21 | 0.386
16.18nm (E) 350 50 | 1.40 10' 0.1 10 | 347 49 0.280 0.020 12.02 | 0.386
16.76mm (E) 10,000 | 45 10'° 0.5 10% | 721020 | 0.000821 0.000091 0.386
W Her 2008-06-05

13.49nm (E) 2000 100 | 1.0 10'6 0.1 10'® | 1960*§3) | 0.000734 0.00557 0.473
13.87nm (E) 350 50 | 1.7 10 0.1 10Y | 346 49 0.328 0.020 12.84 | 0.473
14.98mm (E, w) 400 50 | 45 10*® 05 10 | 386 46 0.263 0.029 10.15 | 0.473
16.18mm (E) 350 50 | 1.7 10Y 0.1 10Y | 347 49 0.340 0.020 11.25 | 0.473
16.76nm (E) 2000 100| 1.0 10'6 0.1 10 | 1860"2%0 | 0.00521 0.000091 0.473
W Her 2008-07-11

13.49nm (E) 2400 100 | 1.0 10'® 0.1 10 | 2340 100| 0.00503 0.00051 0.604
13.87mm (E) 350 50 | 1.4 10Y 0.1 10Y | 346 49 0.270 0.020 13.49 | 0.604
14.98mm (E, w) 400 50 |2.75 101 0.25 10| 384 45 0.161 0.015 12.46 | 0.604
16.18nm (E) 350 50 | 1.4 10 0.1 10Y | 347 49 0.280 0.020 11.83 | 0.604
16.76mm (E) 2400 100| 1.0 10 0.1 10 | 2200 80 | 0.00473 0.00048 0.604
W Her 2008-08-13

13.49nm (E) 2000 100 | 1.0 10'® 0.1 10 | 1960 100| 0.00557 0.00057 0.725
13.87mm (E) 350 50 |1.35 10Y 0.05 10| 346 49 0.260 0.010 13.42 | 0.725
14.98mm (E, vw) 400 50 | 2.1 10 0.4 10Y | 384 45 0.123 0.024 13.80 | 0.725
16.18mm (E) 350 50 |1.35 10' 0.05 10| 347 49 0.270 0.010 11.89 | 0.725
16.76mm (E) 2000 100| 1.0 10 0.1 10 | 1860 100| 0.00521 0.00053 0.725
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Target Tkin (K) N (cm ?) Texc (K) t RR)| f

W Her 2008-09-01

13.49mm (E) 2000 100 | 1.0 10'® 0.1 10 | 1960 100| 0.00557 0.00057 0.794
13.87nm (E) 350 50 | 1.3 10 0.1 10Y | 346 49 0.250 0.020 13.31 | 0.794
14.98mm (E, vw) 400 50 | 1.7 10® 04 10 | 383 45 0.099 0.023 14.82 | 0.794
16.18nm (E) 350 50 | 1.3 10 0.1 10Y | 347 49 0.260 0.020 11.78 | 0.794
16.76mm (E) 2000 100/ 1.0 10 0.1 10 [1860 100| 0.00521 0.00053 0.794
W Her 2008-10-05

13.49nm (E) 2500 100| 9.1 10'® 0.1 10'® | 2440 100| 0.00447 0.00005 0.919

13.87mm (E) 350 50 | 1.55 10 0.1 10Y | 346 49 0.299 0.020 12.91 | 0.919
14.98mm (E, w) 400 50 | 45 10*® 05 10 | 386 45 0.263 0.029 10.26 | 0.919

16.18mm (E) 350 50 | 1.55 10Y 0.1 10Y | 347 49 0.310 0.020 11.44 | 0.919

16.76nm (E) 2500 100| 9.1 10'® 0.1 10' | 2280 90 | 0.00420 0.00005 0.919
RT Cyg 2008-06-05

13.49nm (E) 0.654

13.87nm (E) 350 50 | 1.2 10 0.1 10Y | 346 49 0.231 0.020 12.02 | 0.654
14.98mm (E, vw) 400 50 2 10 0.2 10%° 384 46 0.117 0.012 11.69 | 0.654

16.18mm (E) 350 50 | 1.2 10Y 0.1 10Y | 347 49 0.240 0.020 10.48 | 0.654

16.76nmA 0.654
RT Cyg 2008-06-29

13.49nm (E)

13.87nm (E) 350 50 |1.35 10" 0.05 10' | 346 49 0.260 0.010 12.05 | 0.780
14.98mm (E, vw) 400 50 | 1.9 10*® 0.2 10%® | 383 46 0.112 0.012 12.47 | 0.780

16.18nm (E) 350 50 |1.35 107 0.05 10| 347 49 0.270 0.010 10.63 | 0.780

16.76nmA 0.780
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Target Tkin (K) N (cm ?) Texc (K) t RR)| f

RT Cyg 2008-08-07

13.49mm (E) 0.983

13.87nm (E) 350 50 | 1.45 10Y 0.1 10Y | 346 49 0.279 0.020 12.68 | 0.983

14.98mm (E) 550 50 | 2.5 10 0.25 10 | 518 45 0.112 0.012 9.75 | 0.983

16.18mm (E) 350 50 | 1.45 10 0.1 10Y | 347 49 0.290 0.020 11.10 | 0.983

16.76mm¢ 0.983
RT Cyg 2008-09-01

13.49mm (E) 0.114

13.87mm (E) 350 50 | 1.3 10Y 0.1 10V | 346 49 0.250 0.020 12.96 | 0.114
14.98mm (E, w) 550 50 | 1.7 10Y® 0.2 10 | 517 45 0.0766 0.009 11.23 | 0.114

16.18nm (E) 350 50 | 1.3 10 0.1 10Y | 347 49 0.260 0.020 11.30 | 0.114

16.76nmA 0.114
RT Cyg 2008-10-02

13.49mm (E) 0.276

13.87mm (E) 350 50 |1.05 10' 0.05 10| 346 49 0.202 0.010 12.92 | 0.276
14.98mm (E, vw) 400 50 | 1.2 10*® 0.3 10Y® | 383 45 0.0706 0.018 14.57 | 0.276

16.18nm (E) 350 50 |1.05 10" 0.05 10Y | 347 49 0.209 0.010 11.35 | 0.276

16.76mm*A 0.276
RT Cyg 2008-11-06

13.49mm (E) 0.459

13.87nm (E) 350 50 | 2.1 10 0.1 10Y | 347 49 0.405 0.020 9.26 | 0.459
14.98mm (A, w) 600 50 | 3.3 10" 0.05 10% | 694%37 0.106 0.003 3.34 | 0.459

16.18nmm (E) 350 50 | 2.1 10Y 0.1 10 | 347 49 0.420 0.020 8.23 | 0.459
16.76mm (E, vw) 0.459
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Target Tkin (K) N (cm ?) Texc (K) t RR)| f

RT Cyg 2008-11-30

13.49mm (E) 0.584
13.87mm (E) 350 50 | 2.1 10Y 0.1 10Y | 347 49 0.405 0.020 9.45 | 0.584
14.98mm (A, w) 600 50 | 3.2 10*® 0.1 10 695 55 0.103 0.003 3.30 | 0.584
16.18mm (E) 350 50 | 2.1 10 0.1 10Y | 347 50 0.420 0.020 8.44 | 0.584

16.76nmA 0.584
R Cet 2008-09-03

13.49nm (E) 1400 100 | 8.5 10 0.5 10 | 1430 90 0.0508 0.0003 7.46 | 0.850
13.87nm (E) 450 50 | 4.1 107 0.1 10Y | 446 50 1.23 0.030 6.28 | 0.850
14.98mm (E, S) 450 50 | 2.5 10 0.15 10%® | 441 48 1.32 0.08 5.15 | 0.850
16.18nm (E) 450 50 | 4.1 1017 0.1 10Y | 447 50 1.24 0.030 5.91 | 0.850
16/76.49mm (E) | 1400 100 | 85 10'® 0.5 10 | 1400 90 0.0473 0.0003 7.10 | 0.850
R Cet 2008-10-01

13.49nm (E) 5000 | 3.75 10® 0.1 10 4530 0.0102 0.0003 0.019
13.87mm (E) 500 50 | 3.6 10 0.1 10Y | 495 50 1.22 0.030 6.36 | 0.019
14.98m (E, S) 500 50 5 106 0.3 10 493 49 2.38 0.14 4.94 | 0.019
16.18nm (E) 500 50 | 3.6 10" 0.1 10Y | 496 50 1.21 0.030 6.05 | 0.019
16/76.49 nm (E) 5000 | 3.75 10'¢ 0.1 10 4010 0.00998 0.0003 0.019
Z Cyg 2008-06-05

13.49mm (E) 1600 200| 5 10 0.5 10 | 1610 180| 0.0284 0.0003 8.35 | 0.725
13.87mm (E) 500 100 | 1.3 10Y 0.15 10 | 492 98 0.438 0.034 7.37 | 0.725
14.98nm (E,S) | 500 100 | 3. 10'® 0.5 10 491 96 1.67 0.24 459 |0.725
16.18mmB (E) 500 100 | 1.3 10Y 0.15 10 | 493 98 0.438 0.033 0.725
16.76mm (E,vw) | 1600 200| 5 10'® 0.5 10'® |1560 170| 0.0265 0.0003 0.725
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Target Tkin (K) N (cm ?) Texc (K) t RR)| f

Z Cyg 2008-07-11

13.49mm (E) 1600 200| 4.5 10 05 10 | 1610 180| 0.0255 0.0003 6.45 | 0.859
13.87nm (E) 500 100 | 1.35 10 0.1 10Y | 492 98 0.455 0.034 7.26 | 0.859
14.98nm (E,S) | 500 100 | 4.25 10'® 0.5 10 | 492 96 2.03 0.23 450 | 0.859
16.18nme (E) 500 100 | 1.35 10 0.1 10Y | 493 98 0.455 0.033 0.859
16.76mm (E,vw) | 1600 200| 4.5 10 0.5 10 | 1560 170| 0.0238 0.0003 0.859
Z Cyg 2008-08-07

13.49nm (E) 2400 200| 2.5 10'® 0.25 10'® | 2310 170| 0.0115 0.0003 | 10.58 | 0.961
13.87nm (E) 500 100 | 9 10 0.5 10% 491 98 0.303 0.017 8.08 | 0.961
14.98mm (E,S) | 450 100 | 2.75 10 05 10% | 441 95 1.45 0.26 4.97 |0.961
16.18nme (E) 500 100 | 9 10 0.5 101 492 98 0.302 0.017 0.961
16.76mm” (E,vw) | 2400 200| 2.5 10 0.25 10' | 2190 150| 0.0108 0.0003 0.961
Z Cyg 2008-09-01

13.49mm (E) 2400 200| 1.5 10'® 0.25 10'® | 2320 180| 0.00689 0.0012 0.054
13.87mm (E) 450 100 | 1.5 10' 0.25 10Y | 443 98 0.449 0.075 7.62 | 0.054
14.98nm (E,S) | 500 100 | 1.2 10'® 0.05 10 | 482 93 0.583 0.024 5.56 | 0.054
16.18mm (E,) 450 100 | 1.5 10 0.25 107 | 445 98 0.453 0.076 7.09 | 0.054
16.76nm*A (E,vw) | 2400 200| 1.5 10'® 0.25 10'® | 2190 150| 0.00647 0.0011 0.054
Z Cyg 2008-10-02

13.49nm (E) 3000 200| 1.5 10'® 0.25 10 | 2840 180| 0.00596 0.001 0.170
13.87mm (E) 450 100 | 1.75 107 0.25 10Y | 444 98 0.524 0.075 6.58 | 0.170
14.98mm (E,S) | 500 100 | 1 10 0.2 10 480 93 0.487 0.096 6.74 | 0.170
16.18mmeE (E) 450 100 | 1.75 10 0.25 10| 445 98 0.529 0.076 0.170
16.76nm* (E,vw) | 3000 200| 1.5 10'® 0.25 10 | 2630 150| 0.00564 0.001 0.170
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Target Tkin (K) N (cm ?) Texc (K) t RR)| f

Z Cyg 2008-11-08

13.49mm (E) 2400 200| 1.75 10 0.25 10'®| 2310 180| 0.00805 0.0012 0.309
13.87nm (E) 650 100 | 1.4 10' 0.1 10Y | 645 97 0.549 0.039 4.78 | 0.309
14.98nm (E,S) | 450 100 | 0.95 10'® 0.05 10| 434 92 0.508 0.026 6.40 | 0.309
16.18nme (E) 650 100 | 1.4 10 0.1 10Y | 646 97 0.533 0.076 0.309
16.76nmA (E) | 2400 200|1.75 10'® 0.25 10| 2190 150| 0.00755 0.0012 0.309
Z Cyg 2008-11-30

13.49nm (E,vw) | 2000 200|1.25 10'¢ 0.25 10'® | 1960 180| 0.00634 0.0013 0.391
13.87mm (E) 650 100 | 1.7 10 0.1 10Y | 645 97 0.667 0.04 4.37 | 0.391
14.98mm (E,S) | 400 100 | 1.2 10'® 0.2 10 | 389 93 0.698 0.116 6.56 | 0.391
16.18nm (E) 650 100 | 1.7 10 0.1 10Y | 646 97 0.647 0.076 4.25 |0.391
16.76nm*A (E, vw) | 2000 200|1.25 10'® 0.25 10'®| 1880 150| 0.00594 0.0012 0.391
Y Del 2008-07-11

13.49mm (E,vw) 0.280
13.87nm (E, w) 300 50 25 1017 1 10Y 297 50 0.327 0.13 13.90 | 0.280
14.98nmm (E,w) 450 50 9 10 1 10% 434 45 0.481 0.053 6.39 | 0.280
16.18mm (E, w) 300 50 25 1017 1 10Y 298 50 0.344 0.14 12.06 | 0.280
16.76m (E, vw ) 0.280
Y Del 2008-11-11

13.49mm (E,vw) 0.539
13.87mm (E, w) 300 50 3 10t 1 10Y 297 50 0.392 0.13 12.69 | 0.539
14.98nm (E,w) 450 50 6 10 1 10%° 432 46 0.322 0.053 7.2 | 0.539
16.18mm (E, w) 300 50 3 1017 1 10V 298 50 0.413 0.14 10.92 | 0.539
16.76m (E, vw ) 0.539
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Target Tkin (K) N (cm ?) Texc (K) t RR)| f
Y Del 2008-30-11
13.49mm (E,vw) 0.579
13.87nm (E, w) 300 50 3 10 1 10Y 297 50 0.392 0.13 12.67 | 0.579
14.98nm (E,w) 450 50 7 10 1 10Y 432 46 0.375 0.053 6.82 | 0.579
16.18mm (E, w) 300 50 3 1017 1 10V 298 50 0.413 0.14 10.75 | 0.579
16.76mm (E, vw ) 0.579
S Lac 2008-08-07
13.49nm (E) ' 4000 | 1.5 10'® 0.25 10 3700 0.00482 0.0008 0.279
13.87mm (E) 400 50 | 1.8 10 0.1 10Y | 395 50 0.451 0.025 8.55 | 0.279
14.98nm (E) 400 50 | 6.5 10 05 10 | 386 46 0.380 0.029 9.04 | 0.279
16.18nm (E) 400 50 | 1.8 107 0.1 10Y | 396 50 0.461 0.026 8.84 | 0.279
16.76nmm (E) ' 4000 | 1.5 10'® 0.25 10 3340 0.00465 0.0008 0.279
S Lac 2008-09-01
13.49nm (E) ' 4000 | 1.5 10'® 0.25 10 3700 0.00482 0.0008 0.383
13.87mm (E) 400 50 | 4.2 10 0.1 10Y | 397 50 1.05 0.03 7.25 | 0.383
14.98nmm (A,w) 800 50 | 1.1 10'® 0.05 10'® | 856 45 0.259 0.012 2.80 | 0.383
16.18nm (E) 400 50 | 4.2 1017 0.1 10 | 398 50 1.08 0.03 6.55 | 0.383
16.76mm (E) ' 4000 | 1.5 10 0.25 10 3340 0.00465 0.0008 0.383
S Lac 2008-12-15
13.49nm (E) ' 4000 1 10% 0.25 10' 3710 0.00321 0.0008 0.819
13.87nm (E) 400 50 | 4.2 1017 0. 10Y | 397 50 1.05 0.03 7.01 | 0.819
14.98mm (A) 750 50 | 1.4 10® 0.05 10'® | 710 45 0.425 0.015 3.39 | 0.819
16.18mm (E) 400 50 | 4.2 10 0.1 10 | 398 50 1.08 0.03 6.41 | 0.819
16.76mm (E) ' 4000 1 10 0.25 106 3350 0.00311 0.0008 0.819
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Target Tkin (K) N (cm ?) Texc (K) t RR)| f
S Psc 2008-08-12
13.49nm (E) ' 3000 3 10'® 0.25 10'6 2830 0.0120 0.001 0.990
13.87nm (E) 500 50 6 10 0.5 10Y 497 50 2.02 0.17 5.0 |0.990
14.98nmm (A) 1000 100| 4.75 10'® 0.25 10'| 1030 107 0.829 0.045 2.17 | 0.990
16.18nm (E) 500 50 6 10 0.5 10Y 497 50 2.02 0.17 4.72 | 0.990
16.76mm (E) ' 3000 3 10 0.25 106 2640 0.0113 0.001 0.990
S Psc 2008-09-03
13.49nm (E) ' 3000 3 10 0.25 106 2830 0.0120 0.001 0.042
13.87nm (E) 500 50 | 5.5 10 0.5 10Y | 497 50 1.86 0.17 4.89 | 0.042
14.98nmm (A) 1000 100| 5.75 10'® 0.25 10'| 1030 110 1.01 0.045 2.18 | 0.042
16.18nm (E) 500 50 | 5.5 101 0.5 10Y | 497 50 1.85 0.17 4.67 | 0.042
16.76nmm (E) ' 3000 3 10 0.25 106 2640 0.0113 0.001 0.042
U Cvn 2008-06-05
13.49nm (E) ' 2500 |2.25 106 0.25 106 2410 0.0101 0.0012 0.948
13.87mm (E) 450 50 | 3.3 10 0.1 10Y | 445 50 0.989 0.031 5.96 | 0.948
14.98mm (A) 800 50 |1.65 10'® 0.05 10| 850 46 0.392 0.012 2.55 | 0.948
16.18nm (E) 450 50 | 3.3 1017 0.1 10Y | 446 50 0.999 0.031 5.43 | 0.948
16.76nmm (E) ' 2500 |2.25 10% 0.25 10 2270 0.00949 0.0011 0.948
U Cvn 2008-07-02
13.49nm (E) ' 3000 |2.25 106 0.25 10 2830 0.00897 0.001 0.036
13.87mm (E) 500 50 | 3.2 10 0.1 10Y | 495 50 1.08 0.03 5.44 | 0.036
14.98mm (A) 750 50 |2.05 10'® 0.05 10'| 800 47 0.533 0.014 2.84 | 0.036
16.18mm (E) 500 50 | 3.2 10' 0.1 10' | 496 50 1.08 0.03 5.10 | 0.036
16.76mm (E) ' 3000 |2.25 10 0.25 106 2640 0.00847 0.001 0.036
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L0T

Target Tkin (K) N (cm ?) Texc (K) t RR)| f
UX Cyg 2008-07-11
14.98mm (A) 550 50 | 3.5 10'® 0.5 10% | 592 50 1.36 0.2 475 | 0.225
UX Cyg 2008-08-08
14.98mm (A) 550 50 3 10 0.5 106 597 50 1.15 0.2 4.77 | 0.276
UX Cyg 2008-11-13
13.87mm (E, w) 600 50 4 10 0.5 10 595 49 1.53 0.20 3.49 | 0.454
14.98mm (A) 550 50 5 10¢ 0.5 10 581 49 1.98 0.21 421 | 0.454
16.18nmB (E) 0.454
UX Cyg 2008-12-01
13.87mm (E) 600 50 5 10t 0.5 10Y 596 49 1.91 0.21 3.49 | 0.487
14.98nmm (A) 550 50 5 10 0.5 10% 581 49 1.98 0.21 4.29 | 0.487
16.18nme (E) 0.487




6.3 17.621m Fe Feature

Every observation showed the 17.62 nm feature, across all three chemical sub-
classes; to check for behavior unique to chemical subclass we t every line in our
dataset. We t the lines with Gaussian pro les and the results for the M-types
C-type, and S-type Miras are presented in Tables 6.4, 6.6, and 6.5, respectively.
Panels of the ts for each star are also provided in Appendix B.1. We notice that
observations of different stars taken on the same day have different t parame-
ters which is evidence that this is a real feature. If it was an instrumental effect
we would expect observations taken on the same day to result in identical ts.

We have tentatively identi ed this feature as Fe | as discussed in Section 3.5.
When we track the line strength we notice the line is always seen in emission and
the amplitude changes with the phase of the Mira, for example see Figure 3.16.
Even observations close in phase show a dynamic change; R Tri had observations
atf = 0.153,0.222 and the amplitude increased from 8.8 Jy to 13.2 Jy, and for S

Figure 6.1: Partial Energy level diagram of Fe I. Bright emission lines previously
observed in Mira atmospheres that could serve as pumps include an Al Il transi-
tion and several Fe Il transitions. Other possible pumps taken from Moore (1950)
include Fe I, K, or Ti. One (or more) of these transitions could pump the Fe | up
to the J = 3 level in the 7F state. The possible candidates all have J= 3 in their
upper state, which allows them to exchange energy with 7F, J = 3 level. This
extra energy is dumped into our uoresced line at 17.62 nm.
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Figure 6.2: Amplitude of the 17.62 mm line vs. phase for the M-type Miras. The
points marked with a triangle and square have been re-scaled to t the frame.

Psc the amplitude dropped from 12.8 Jy to 6.9 Jy just from f = 0.990 tof = 0.042.
These rapid changes with phase hint that the line might be formed in a region
close to the photosphere that responds strongly to the pulsation. The amplitude
of the line also spans a wide range; varying from 1 Jy to upwards of 50 Jy.

One possible explanation for the variable emission strengths is uorescence.
This involves a “pump” that highly excites Fe | atoms that then radiate photons
of lower energy than the photons that came from the pump. Similar uorescence
features have been previously observed in Mira atmospheres (e.g. Willson (1972);
Johnson et al. (1995); Luttermoser (2000, 1996)), but only at shorter wavelengths.
Several uorescent paths using bright emission lines previously observed in Mira
variables include: 1) the Fe | transition at 2665.1 A lies near a bright Al 11] (UVI)
line at 2669 A, 2) the Fe | transition at 2933.6 A that lies near the Fe Il (UV60)
transition at 2933 A, 3) the Fe | transition at 2943.5A that lies near the Fe 1l (UV60)
transition at 2940 A. Both Al Il] and Fe Il have bee observed in M-types and C-

Figure 6.3: Amplitude of the 17.62 nm line vs. phase for the S-type Miras.
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Figure 6.4. Amplitude of the 17.62 nm line vs. phase for the C-type Miras.

types (e.g. Wood & Karovska (2000); Johnson et al. (1995); Luttermoser (2000))
and so we cannot favor one over the other from a chemistry argument. These
transitions are not as close in wavelengths space as previously reported pumps
so we also consulted Moore (1950) for additional possibilities. These include: 1)
the Fe I transition at 2950.5 A that lies near the Fe | (UV120) line at 1950.3A, 2)
the Fe | transition at 2996.5 A that lies near the Fe | (UV134) line at 2996.4A, 3)
the Fe | transition at 2943.5 A that lies near the K | line at 2942.7 A, 4) the Fe |
transition at 2933.6 A that lies near the Ti | (UV1) line at 2933.5 A. The possible
pumps with a partial energy diagram for Fe | are illustrated in Figure 6.1. The
second set of possible uorescent pathways includes pumps from emission lines
that have not been previously reported in the literature for Mira variables, but
the pumping transitions are closer in wavelength space that those in the rst set

Figure 6.5: Amplitude of the 17.62 nm line vs. phase. The M-type Miras are
shown in pink, the points marked with a triangle and square have been re-scaled
to t the frame. The C-type Miras are shown in purple, and the S-type Miras are
shown in teal.
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of possible pumps. To really narrow down the bright emission line possibilities
we need UV and optical observations of our stars to check for the presence of any
of these emission lines. Future work will involve diving into archives of UV and
optical spectra to see if we can nd more observational evidence. The UV lines
peak uxoccursat f = 0.3 0.4 (Luttermoser 2000; Wood & Karovska 2000) and
we checked our amplitudes at similar phases. We do not seem to consistently
show this pattern, but we span a much broader range of phases than many of
short wavelength studies done in Mira variables.

To check for a periodic pattern we plotted the amplitude vs. phase of the
stars shown in Figures 6.2, 6.3, 6.4, which track the behavior of individual stars
by color and 6.5 which tracks the whole set together. There is no clear phase de-
pendence, but amplitudes above 5 Jy appear slightly more periodic. We took the
data in Figure 6.5, and labeled the points according to the stars' period which is
presented in Figure 6.5. Stars with periods greater than 300 days are shown with
lled circles, and stars with periods less than 300 days are shown with triangles.
Open circles and triangles represent reported maser activity. We notice that all but
one of the maser observations lie above that 5 Jy line in the region with greater
line strengths, and more variability. The stars with maser activity and longer pe-
riods show stronger emission for this Fe | line. This suggests that environments
favorable to maser emission are also favorable for this Fe | transition.

Figure 6.6: Amplitude of the 17.62 nm line vs. phase of Miras in our sample.
Miras with periods greater than 300 days are shown with circles, and Miras with
periods less than 300 days are shown with triangles with. R Tri, R Cet, and Z Cyg
have periods less than 300 days, but show maser activity, unlike the other shorter
period Miras in this sample and are indicated with open triangles.
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Table 6.4: Results from Gaussian pro le tting of the 17.62 nm feature in M-type Miras. Continuum values with a
are within a dust feature.

Target Amplitude (Jy) Line Center ( nm) FWHM ( nm) Continuum (Jy) f
R Tri 2008-09-07 | 8.79662 0.684783| 17.6221 0.000300584| 0.0170067 0.00146747 27.0 0.153
R Tri 2008-10-02 | 13.1868 0.933348| 17.6218 0.000266262| 0.0161057 0.00118878 28.6 0.222
S Peg 2008-08-12| 9.18918 4.21907 | 17.6222 0.000898797| 0.013579 0.00486961 19.1 0.631
S Peg 2009-01-05| 7.81741 0.237681| 17.6234 0.000219313 5 0.0207842 0.000815364 22.3 0.098
S Ser 2008-08-13 | 10.7102 0.251476| 17.6233 0.000181705| 0.0212043 0.000641286 26.2 0.620
S Ser 2008-09-02 | 14.8879 0.497548| 17.6232 0.000126997| 0.0183479 0.000744561 29.2 0.671
SS Cas 2008-08-15 0.973398 0.148894| 17.6233 0.000260826| 0.0164878 0.00265221 2.7 0.029
SS Cas 2008-09-04 1.02568 0.0545661 17.6211 0.000416583| 0.0197357 0.00128782 2.6 0.169
SS Cas 2008-10-06 0.913407 0.102866| 17.6215 0.00048525 | 0.0161661 0.00193431 2.8 0.386
W Her 2008-06-05 | 1.68405 0.123956| 17.622 0.000300356 | 0.017249 0.00143176 5.2 0.473
W Her 2008-07-11 | 2.606 0.410464 | 17.6221 0.000408382| 0.0147399 0.00209194 4.7 0.604
W Her 2008-08-13 | 1.900 0.132214 | 17.6218 0.000287178| 0.0166602 0.00126209 4.3 0.725
W Her 2008-09-01 | 1.38272 0.0820885 17.6215 0.000334428| 0.0179735 0.00126048 4.1 0.794
W Her 2008-10-05 | 1.69103 0.34026 | 17.622 0.000560351 | 0.0149156 0.00276781 4.5 0.919
RT Cyg 2008-06-05 2.1 0.242406 17.6221 0.000314908| 0.0150796 0.0016246 3.3 0.654
RT Cyg 2008-06-29| 1.88472 0.269381| 17.6223 0.000341903| 0.0151734 0.00202032 3.8 0.780
RT Cyg 2008-08-07| 2.290 0.231948 | 17.6223 0.000269352| 0.0157097 0.00156655 4.4 0.983
RT Cyg 2008-09-01| 1.580 0.232435 17.622 0.000464809 | 0.015517 0.00224107 3.9 0.114
RT Cyg 2008-10-02| 1.24894 0.110273| 17.6223 0.000304514 | 0.0169897 0.00165394 3.4 0.276
RT Cyg 2008-11-06| 1.499 0.348611 | 17.6222 0.000539001| 0.0146567 0.00301461 3.2 0.459
RT Cyg 2008-11-30| 1.7611 0.250936 | 17.6222 0.000356886| 0.0152587 0.00204797 3.5 0.584
R Cet 2008-09-03 | 7.92514 0.492444| 17.622 0.000194038 | 0.0157475 0.000977591 21.4 0.850
R Cet 2008-10-01 | 11.5073 0.346959| 17.6218 0.000131627| 0.0170319 0.000573697 31.7 0.019

Continued on next page




€Tt

Target Amplitude (Jy) Line Center ( nm) FWHM ( nm) Continuum (Jy) f
Z Cyg 2008-06-05 | 74.315 2.14421 | 17.6219 0.0000952775 0.0154143 0.000435292 58.4 0.725
Z Cyg 2008-07-11 | 50.2474 0.820367| 17.623 0.0000600426| 0.0181964 0.000356267 60.3 0.859
Z Cyg 2008-08-07 | 20.583 0.594001 | 17.623 0.000117138 | 0.0184907 0.000649938 42.8 0.961
Z Cyg 2008-09-01 | 9.31418 0.918114| 17.6218 0.000379961| 0.0161776 0.00167486 28.2 0.054
Z Cyg 2008-10-02 | 7.66944 0.748351| 17.6224 0.000342246| 0.0172953 0.00190132 32.6 0.170
Z Cyg 2008-11-08 | 6.18718 0.270066| 17.6219 0.000349429| 0.0209022 0.00114656 27.9 0.309
Z Cyg 2008-11-30 | 6.37443 0.305448| 17.6223 0.00032572 | 0.0201711 0.00122117 27.5 0.391
Y Del 2008-07-11 | 11.6356 0.350869| 17.6232 0.000148329| 0.0191668 0.000726181 24.2 0.280
Y Del 2008-11-11 | 4.54593 0.191791| 17.6234 0.000313092| 0.020922 0.00113907 16.0 0.539
Y Del 2008-30-11 | 5.57663 0.213308| 17.623 0.000258187 | 0.0204774 0.00100616 16.9 0.579
S Lac 2008-08-07 | 4.38288 0.231681| 17.6219 0.000196292| 0.0163037 0.000909857 10.3 0.279
S Lac 2008-09-01 | 2.50598 0.11543 | 17.6216 0.00025589 | 0.0180066 0.000980682 9.4 0.383
S Lac 2008-12-15 | 2.34659 0.252178| 17.6219 0.000383405| 0.0160709 0.00178802 9.2 0.819
S Psc 2008-08-12 | 12.7888 0.577103| 17.6217 0.000202886| 0.0169456 0.000851854 22.0 0.990
S Psc 2008-09-03| 6.8091 0.330474 | 17.6218 0.000298613| 0.0189904 0.0011293 20.2 0.042
U Cvn 2008-06-05 | 4.45378 0.110964| 17.6217 0.000171175| 0.0195932 0.000604679 15.2 0.948
U Cvn 2008-07-02 | 4.371 0.0927551 | 17.6226 0.000184297| 0.0219382 0.00059515 18.8 0.036
UX Cyg 2008-07-11| 90.221 6.87582 17.6221 0.000188148 | 0.0146241 0.000988533 132.7 0.225
UX Cyg 2008-08-08 77.5 294171 17.6231 0.0000694904| 0.01657 0.000666289 137.6 0.276
UX Cyg 2008-11-13| 36.025 3.40722 | 17.6221 0.000283292| 0.0157731 0.00148817 126.1 0.454
UX Cyg 2008-12-01| 39.3929 0.656492| 17.6235 0.00013951 | 0.0216612 0.000463531 124.2 0.487
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Table 6.5: Results from Gaussian pro le tting of the 17.62 nm feature in S-type Miras.

Target Amplitude (Jy) Line Center ( mm) FWHM ( nm) Continuum (Jy) f
R Cyg 2008-07-11| 20.325 1.62282 | 17.6219 0.000248983 0.0153364 0.00118386 35.3 0.544
R Cyg 2008-08-06] 16.516 2.13293 17.622 0.000369937| 0.0148651 0.00176854 35.2 0.612
R Cyg 2008-09-07| 17.174 1.97662 | 17.6219 0.000348825 0.0150881 0.00164039 39.6 0.696
R Cyg 2008-10-16| 13.5124 0.983255 | 17.6218 0.000299547  13.5124 0.983255 45.9 0.782
R Cyg 2008-11-18| 21.9813 0.850354 | 17.6216 0.000196656 0.0174743 0.000778998 63 0.884
R Cyg 2008-12-01| 17.1941 0.796231 | 17.6217 0.000245412 0.017903 0.000975019 67.3 0.919
S Lyr 2008-06-05 | 5.20319 0.243559 | 17.6214 0.000322634 0.0191467 0.00109839 17.1 0.758
S Lyr 2008-06-30 | 2.86051 0.159967 | 17.622 0.000551754| 0.0227983 0.00158421 16.8 0.815
S Lyr 2008-10-05 | 16.3448 0.272689 | 17.6231 0.000137283 0.0216163 0.000463221 33.4 0.022
S Lyr 2008-11-06 | 13.4531 0.258745 | 17.6235 0.000169377 0.0220327 0.000541675 34.3 0.086
S Lyr 2008-12-02 | 11.4022 0.586221 | 17.6217 0.000254319 0.0174363 0.00102978 32.9 0.168
S Uma 2008-06-05 1.20792 0.155771 | 17.6218 0.000426124 0.0152892 0.00191139 2.5 0.039
S Uma 2008-07-01 0.453011 0.0476647 17.622 0.000605501| 0.0190222 0.00246123 2.2 0.152
S Uma 2008-12-15 0.715916 0.074821| 17.6215 0.000508794 0.0169895 0.00199488 2.3 0.874
X And 2008-08-12| 1.2187 0.0379001 | 17.6237 0.000274143| 0.0219577 0.000873141 4.3 0.598
X And 2008-09-04| 1.03699 0.318024 | 17.6223 0.00070107| 0.0150074 0.0042073 3.9 0.701
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Table 6.6: Results from Gaussian pro le tting of the 17.62 nm feature in C-type Miras.

Target Amplitude (Jy) Line Center ( mm) FWHM ( mm) Continuum (Jy) f
LX Cyg 2008-08-07 | 1.43206 0.196281 | 17.6219 0.000473719 0.0158982 0.00222186 4.4 0.326
LX Cyg 2008-09-01| 1.122 0.172057 | 17.6219 0.000548288 0.0159772 0.00251942 4.2 0.369
LX Cyg 2008-12-05| 1.24137 0.1007 | 17.6217 0.000380755 0.0172641 0.00159077 3.8 0.532
LX Cyg 2009-01-05| 0.797165 0.119984 | 17.6214 0.0015743 | 0.0229984 0.00453021 3.9 0.957
RZ Peg 2008-07-04| 3.05604 0.252204 | 17.6218 0.000283078 3.05604 0.252204 6.4 0.451
RZ Peg 2008-08-06| 2.43332 0.219781 | 17.6218 0.000326032 0.0159513 0.00148071 7.0 0.258
RZ Peg 2008-11-12| 4.0221 0.411805 | 17.6221 0.000308116 0.0157167 0.00160229 10.9 0.750
U Lyr 2008-06-05 | 4.7335 0.0728251 | 17.6231 0.00010942| 0.0207483 0.000410677 9.2 0.572
U Lyr 2008-07-11 | 3.72102 0.0610917| 17.6233 0.000137713 0.0217115 0.000457346 9.3 0.653
U Lyr 2008-08-07 2.8774 0.124723 | 17.6215 0.00024052| 0.0178045 0.000905363 9.1 0.710
U Lyr 2008-09-10 2.62554 0.148717 | 17.6218 0.000259286 0.0172352 0.00110573 9.1 0.784
U Lyr 2008-10-02 2.70871 0.147857 | 17.6217 0.000256009 0.0172811 0.00107237 9.6 0.819
U Lyr 2008-11-06 2.87092 0.161357 | 17.6218 0.000251736 0.0171951 0.00109102 10.0 0.909
V Crb 2008-07-01 11.7031 1.33046 | 17.6219 0.000373714 0.0155466 0.00174676 29.8 0.960
V Crb 2008-08-13 | 13.0169 0.250321 | 17.6232 0.000150601 0.0212884 0.00052681 25.8 0.073
V Crb 2008-09-02 12.571 0.263426 | 17.6231 0.000153519 0.0209095 0.000563925 25.6 0.127
ZZ Gem 2008-11-11| 0.749519 0.0544047 17.6217 0.000461628 0.0189582 0.00169425 2.8 0.720
ZZ Gem 2008-12-02| 0.564883 0.0375204| 17.6218 0.000630542 0.0216287 0.00185899 2.9 0.786




“Any new fact or insight that | may have
found has not seemed to me as a 'discovery’
of mine, but rather something that has al-
ways been there and that | had chanced to
pick up.™

— P. V. Subrahmanyan Chandrasekhar

Chapter 7

CONCLUSIONS AND FUTURE WORK

In this thesis, we have contributed to the ongoing research of molecule and dust
production in circumstellar environments around late-type variable stars. These
stars are quite dynamic, and serve as perfect laboratories to study how stars en-
rich their environments. Here we will summarize our main conclusions and dis-
cuss future work that can be done to improve our understanding of these envi-
ronments.

7.1 Summary

The spectra analyzed in this work are part of a larger study to characterize Mira
atmospheres by combining mid-IR observations with interferometric observa-
tions (Creech-Eakman et al. 2012). The latter provide basic information about the
stars such as radial size and effective temperature; these are dif cult-to-impossible
to determine without interferometry. The Spitzer part of this experiment was de-
signed to look at dust composition across the stellar pulsation in all three chem-
ical subclasses. Many experiments in physics yield unexpected results, and the
Spitzer observations were no exception; the spectra showed the presence of more
narrow molecular and atomic features in addition to the broad solid-state dust
features. The dust was analyzed in a separate doctoral study and those results
are presented in Guth (2017).

We were tasked with analyzing the unanticipated features, with identi ca-
tion as our rst step. The spectra of the Miras in our sample showed a plethora
of features; we focused on the features between 13-171m in the M-types, the fea-
tures near 14 nm in the C-types, and the previously un-observed, sharp, bright
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emission line at 17.62 nm common to all three chemical sub-classes. In the M-
types we identi ed the features at 13.49 nm, 13.87nm, 14.98nm, 16.18nm, and
16.76mm as un-resolved Q-branch bandheads of CO,. In the C-types, we identi-
ed features at 13.7 nm, 14 mm, and 14.3nm as un-resolved Q-branch bandheads
of C,H, and HCN that will be modeled in future work. We tentatively identi ed

the new feature at 17.62nm as Fe |, with the possibility of it being a uoresced
feature.

7.2 Oxygen Rich Miras

Once the features were identi ed, the next step was to create synthetic spectra to
reproduce the observed features. These synthetic spectra would provide infor-
mation about atmospheric conditions that created the lines. We chose to model
the CO, emission as plane parallel slabs of material and we then calculated the
radiative transfer though the slabs using the publicly available radiative trans-
fer code, RADEX. This code has many advantages, such as working under NLTE
conditions and including collisions with H 5. We created three slab layers: one
for the 14.98 nm feature, one for the Fermi degenerate pair at 13.87mm and 16.18
nm, and one for the Fermi degenerate pair at 13.49mm and 16.76 nm. When the
np band at 14.98mm was seen in absorption, we created a 2-slab model by adding
the results of the absorption slab to the slab calculated for the 13.87 nm and 16.76
nm. Our RADEX models improved the results of previous studies of CO , done
with ISO. The RADEX results were then combined with interferometric data to
estimate the emitting regions of the CO , layers. We calculated the radial size of
each star using angular diameters measured with the Palomar Testbed Interfer-
ometer and distances estimated with parallax. The distances reported in Table
2.1 indicate that parallax data for Mira variables is quite problematic. The large
discrepancy between Gaia and Hipparcos data indicate our approach to parallax
measurements for Miras is largely unsuitable for these stars; the distances are
the dominant source of errors in understanding the atmospheres. Miras are so
extended that often their angular diameter is approximately the same size of the
parallax angle they create on the sky, which makes it incredibly dif cult to accu-
rately determine the photocenter. A more accurate approach for Mira variables
would be to use the parallax measurement when the star is at maximum phase
because this is when it is smallest, hottest, and brightest.

The models for the 13.49mm and 16.76 nm features created the least physical
results of the ve lines. Most cases we could only place an upper bound on the
temperature, and we did not estimate an emitting region size. The models all
showed the gas to be quite optically thin, with the highest optical depth still less
that 0.1. This could make the lines fairly insensitive to the temperature and make
these lines poor “thermometers”. Cami et al. (2000) calculated more physically
realistic models based on their ISO SWS observations, which had higher resolu-
tion than our Spitzer IRS data. This suggests higher resolution observation could
produce more accurate results. These lines are quite dif cult to observe from the
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Figure 7.1: Summary of CO, layers for the M-type Miras in our sample that
showed the 14.98nm band in absorption.

ground, so future studies would need to be done with either the Stratospheric
Observatory for Infrared Astronomy (SOFIA) or the James Web Space Telescope
(JWST). The EXES instrument on board SOFIA provides R from  5000-100,000
and is currently operating, while JWST has yet to launch. We were awarded
EXES observing time as part of SOFIA's Cycle 8, but unfortunately the observa-
tory grounded due to the Covid-19 pandemic. We have proposed for Cycle 9,
and are currently waiting for the panel decisions.

The models for the remaining three lines at 13.87 nm, 14.98mm, and 16.18nm
produced more physical results. We will break the stars up into two categories
based upon the behavior of the 14.98 nm band; those with this feature in absorp-
tion we will call the absorbing group, and those with that feature in emission we
will call the emitting group.

The absorbing group was modeled with the 2-slab approach. The rst layer
was the absorbing layer that had kinetic temperatures that ranged from 600 K to
1000 K and we estimated the absorbing region to lie 2-5 R,. The second layer was
the emitting layer that had kinetic temperatures 600 K, and we estimated the
emitting region to lie 5-7 R ». Figure 7.1 provides an update to Figure 1.5 with the
placement of the CO» for the absorbing group.

The emitting group was modeled with independent layers. The rst layer
had kinetic temperatures that ranged 400-500 K and a wide range of estimated
emitting regions stretching from 5-15 R ,. The second layer had kinetic tempera-
tures 350-500 K with an estimated emitting region of 11-13 R». Figure 7.2 places
these regions in our Mira schematic. There is a bit of a mystery with the column
densities in the absorbing group. The absorbing layer showed smaller column
densities than the emitting layer even though it was closer to the star; we typi-
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Figure 7.2: Summary of CO, layers for the M-type Miras in our sample that
showed the 14.98mm band in emission.

cally expect the column density to decrease at larger radii as the pulsations loft
more and more material away. The increase in density could be a “snowplow”
effect from the shocks moving though the atmosphere.

When we look at the CO , from both groups together, we conclude that CO »
can be quite extended in the M-type atmospheres. What is most striking is the ki-
netic temperatures of the layers. Assuming radiative equilibrium conditions, we
would expect gas at 2 R, to be signi cantly warmer than even our hottest tem-
perature of 1000 K. Willson (2000) suggest that deviations from radiative equilib-
rium, called “refrigeration zones” could lead to rapid dust nucleation at only a
few R». This is shown in Bowen's pulsation models as the hatched region that
we have circled in red in Figure 1.4. Our CO , observations indicate the gas
can be as cool as 600 K at 2-3 R, which is a startling deviation from temper-
atures predicted from typical equilibrium calculations as can be seen in Figures
7.1 and 7.2. Our CGO; results thus provide the rst observational evidence for
these “refrigeration zones”.

The process of dust formation out of grains is still not fully understood.
Grains can form when the local temperature drops below the condensation tem-
perature of the speci c grain. This is can begin roughly around 1500 K with grain
formation radii that are typically 1.2-4 R » (Lamers & Cassinelli 1999). It is not
enough to simply condense the dust, however. In order for dust driven winds to
ef ciently drive mass loss, the dust must survive its journey through the atmo-
sphere. As we follow a test grain though the atmosphere, if the local temperature
exceeds the condensation temperature, the grain will sublimate rather than grow.
The low kinetic temperatures of the CO , layers can strengthen dust production
in two ways. First, it can provide an initial  “refrigeration zone” to encourage
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rapid dust condensation within a few R ». Then it can provide “protection” for
the grains as they travel outward though the atmosphere. Part of the mass loss
process involves coupling gas to dust grains, which then drag the gas along to
the outer atmosphere. We can imagine a feedback process where the CQ pro-
tects new dust from sublimation, and this dust drags the CO , out to the outer
atmosphere, where it continues to provide a cooling effect to further protect and

encourage dust production.

A great experiment to test the relationship between CO ; and dust nucleation
can be performed by studying the 13 nm "dust” feature, which has proved dif -
cult to identify for decades. This feature is broad like the solid state dust features,
but no dust species has yet to produce satisfying ts. Currently, favored possi-
ble creators of the feature include crystalline alumina, crystalline silicates, and
spinel (Sloan et al. 2003a), but crystalline dust creates sharper spectral features
than what is seen in the 13 nm feature. As part of the discovery of CO , in AGB
atmospheres, Justtanont et al. (1998) noticed that the strength of the 13vm feature
seemed to track with the strength of the CO , emission and they suggested that
both were produced at the same location in the atmosphere under similar phys-

ical conditions. Sloan et al. (2003a) con rmed this correlation across several SE
classes, and also noted that the 131m feature seemed to grow stronger as the 15

nm feature moved from absorption to emission. Our results indicate that when
the 14.98nmm feature is seen in absorption, it is warmer and located 3 R», and
when it is in emission, it is cooler and located 5 R,. This suggests that the 13
nm feature grows stronger with a cooler CO , layer because the temperature is
much more favorable for dust condensation. The 13 nm feature could be provid-
ing a peek into the condensation process. If the grains are nucleating in the CO»
gas, then to properly account for the shape of the 13 nm feature, the addition of
CO, emission to the sharp crystalline features could help explain why the feature
appears more broad than a pure crystalline contribution would produce. In fu-
ture work we can test this idea by combining results of dust spectra calculated
with the DUSTY code, and combine them with our RADEX spectra to try and
reproduce the 13 nm features that our in our sample of Miras.

The CO, lines showed dynamic behavior across the pulsation cycle as can
be seen in Table 6.3. The 14.98m displayed the most variability and was seen
in both emission and absorption. Table 6.2 tracks the 14.98nmm behavior with the
stars' SE classi cation and period. We notice the stars that showed the np, band in
absorption all had periods longer than 300 days with two exceptions. R Tri has
a period just short of 300 days, but unlike the other stars with shorter periods, it
shows maser activity. Y Del has a period longer than 300 days, but we believe it
is evolving toward an S-type so we will not include its results in this discussion.
There appears to be a correlation between the pulsation period and the behavior
of the np band. The longer period stars also all show maser activity from at least
one molecule. This behavior was also reported in Cami (2002) who noticed that
the stars that showed this band in absorption also appeared to have an optically
thick emitting layer of water sitting just below the CO » layer. In that work, the
stars that show the 14.98m band in absorption were all Miras with fairly long
periods (> 300 days), while the stars that lacked the hot water layer and showed
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the 14.98mm band in emission were classi ed as Semi-regular variables, and had
periods between 100-300 days. Our results are consistent with this picture; the
Miras with periods less than 300 days showed the n, band in emission. We have
un-reduced low-resolution IRS spectra below 10 mm that can be used to check
for the presence of a water features between 2-8nm as was seen in Cami (2002);
four of the six Miras that show the n, band in absorption also have water masers,
S0 it is reasonable to expect the presence of a water layer in their atmospheres.
There is clearly a relationship between the pulsation period and the density of
molecular layers surrounding the star.

There is much work yet to be done to fully characterize the CO » layers. We
need additional observations across more phases to continue to tease out how
the layers change within the pulsational cycle. We are planning to add several
bandheads to our molecular le in an effort to address the features missed with
our current le. We will also add higher J values to include more individual ro-
vibrational transitions. The EXES mode that we proposed to use in Cycle 9 has
R 50,000, and should be suf cient to help us determine how many additional
rotational levels are needed. Higher resolution observations from SOFIA will
also create tighter model constraints. We also need observations at shorter wave-
lengths. The region between 2-10nm is home to transitions of several molecules
including H ,0, SO,, SiO, CO and CO,. The features in this wavelength regime
trace warmer gas closer to the star, and we need to understand these inner lay-
ers to help build a complete picture of the whole atmosphere. In particular, we
would like to see if the longer period Miras in our sample show the hot water
emission layer that was seen in Cami (2002) in conjunction with the n, band in
absorption.

We are also planning on making a le for 13CO, for those stars that showed
features near 15.4nm. Cami et al. (2000) also observed a feature at 15.4m in the
ISO SWS spectrum of the semi-regular AGB star Ep Agr and included transitions

of 13C0O in their slab models of CO ». When we examine energy levels of 13CO,,
we notice the largest shift from 12CO, is the fundamental n, band at 15.4 nm,
but the rest of the energy levels often overlap, e.g., the 10°0(2)-01:0(1) transition

lies at 16.18mm for 12CO, and at 16.20nm for 13CO,, which means the 13CO,
could alter the line shapes, particularly in the wings. We will start by adding in

contributions from the fundamental n, band of 13CO, to the stars that showed a
feature at 15.4nm; if that addition strengthens the tthen we will add additional
transitions to the molecular le. Adding contributions of ~ 13CO, to our current
models could help us estimate isotopic ratios of C 12/C 13, These ratios can then
provide clues about the stellar evolution; if the ratio is small, it would suggest
the star has undergone signi cant dredge up events, because C13is created in the
helium-burning shell and can only become available to alter atmospheric chem-
istry through dredge up (see Sections 1.3.1 and 1.3.3). A smaller ratio would then
indicate a more-evolved Mira, or perhaps a Mira with more energetic convection.
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7.3 Carbon Rich Miras

In addition to building more rigorous les to model CO ; in the M-types, we also
have plans to build les for HCN and C ,H, to model the features seen in the
S and C types. The line behaviors do not seem to vary with phase as much as
the CO, features in the M-types or the 17.62 nm do. However, we cannot con-
rm this lack of variability until we subtract the continuum; Aoki et al. (1999)
observed a variety of carbon stars with ISO and point out that the continuum
near 14 mm is dif cult to determine due to contributions from SiC that peaks

11 nm. This study included V Crb, which is in our sample of C-type Miras. The
ISO spectrum showed HCN absorption of np, bands mixing with C ,H, near 14mm
as well as emission of the 020-01*0 band at 14.3nm. Our spectra con rms the
14.3nmm feature, but we do not have the resolution to disentangle the absorption

features. Aoki et al. (1999) suggest that the 020-01'0 band of HCN originates
the circumstellar environment and is pumped by 7 nmm photons emitted from
the photosphere or a warm molecular layer surrounding the photosphere, and
that the broad absorption of C ,H» originates in the photosphere or in the warm
molecular layer. RADEX calculations will provide a more detailed picture of the
physics behind these carbon features. We can use DUSTY to tthe SiC feature in
our C-types and save the residuals in an effort to minimize the dust interference
in the continuum before we perform radiative transfer calculations of the lines.

All the C-types in our sample show HCN features. This makes them great
candidates to add to HCN maser surveys. Unlike the M-types, maser activity in
C-types is much rarer, with vibrationally excited HCN lines accounting for most
masers seen around carbon-rich stars (Menten et al. 2018). Ziurys & Turner (1986)
suggested that HCN maser at 89.087 GHz maser can be pumped by 14nmm or 7
nm photons from its various n, transitions. Work done in Smith et al. (2014) com-
pared three sources of the 89 GHz maser to their respective ISO spectra presented
in Sloan et al. (2003b), and found that the sources all exhibited emission at 14mm
and 14.3nm, but two of the sources showed no emission at 7 nm. This suggests
that the 14 mm photons are the more likely pump candidate. Adding the stars
from our sample to maser surveys has two main advantages. We have multiple
phase observations which could tease out phase dependent behavior between
possible pumps and the masers. We also have interferometric data which we can
use to derive the physical size of the star. This information, in addition to future
RADEX models would provide a highly detailed description of the circumstellar
environment that would greatly enhance our understanding of HCN masers in
carbon-rich Miras.

7.4 Two Oddballs

When identifying the different features across the set, we came upon two Miras
that did not necessarily match their assigned chemical subclass. The rstis LX
Cyg, which is classi ed as an S-type (C/O  1); we noticed strong absorption of
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CoH, at 13.7mm as well as HCN features near 14 mm. These features indicate that
it has much more carbon in its atmosphere than the other other S-types in our
sample and we would classify it as a C-type. This is con rmed by Uttenthaler
et al. (2016), who recently reported that LX Cyg underwent a dynamic period
change from 460 days to 580 days along with a signi cant change in chemistry,
and concluded that LX Cyg became a C-type sometime between 1975 and 2008.
The next was Y Del, classi ed as an M-type Mira. It was originally classi ed by
LML as a Sil++ according to IRAS LRS data, transferring to SE3-4 from Sloan &
Price (1998). We noticed that the CG, lines were extraordinarily weak compared
to the rest of the M-types, and that it showed features near 13.7 nm and 14 mm
that could be from C 2H, or HCN. These features, when combined with the weak
COy, lines, suggest that Y Del is an S-type rather than an M-type. Gith (2017)
also reports Y Del as not tting its assigned SE classi cation of SE4, and reported

that the dust models indicated it behaved more like an SE7-8. The other SE4 star
in our sample is S Psc and it showed completely different CO , behavior. Guth

(2017) postulated that the SE classi cation provides information about how much
annealing the dust has undergone; SE7-8 stars show crystalline Al,O3 while the
other stars show amorphous Al ,03. Y Del being classi ed as an SE8 rather than
an SE4 indicates older dust, and this, in conjunction with its weak CO , features
and the presence of carbon species, all suggest that it is evolving toward an S-type
star.

7.5 17.6217§m Fe Feature

One of the most unexpected results of this Spitzer study was the discovery of a
new atomic feature at 17.62 nm in all three chemical subclasses. We believe this
to be a real feature that may have been previously un-observed with other instru-
ments because it was self-subtracted with on-slit nodding (see Section 3.5). The
fact that we observed it with off-slit nodding and dedicated background suggests
that its source is quite extended around the star. We have proposed to re-observe
this feature with EXES on board SOFIA to con rm this Spitzer discovery.

We have tentatively identi ed this new feature as Fe |, based on available
data. The line showed remarkable variability not only from star to star, but also
across the pulsational phase. The strength of the feature and the lack of other
nearby Fe | transitions suggests this may be a uorescence feature. The search
for possible pumping transitions has so far yielded several candidates including:
one Al Il (UV) transition, two Fe Il (UV) transitions, two Fe | (UV) transitions,
one K I (UV) transition, and one Ti | (UV) transition. The UV emission lines
typically peak near f = 0.4 (Luttermoser 2000), suggesting that the 17.62mm
feature should also peak near this phase if a UV line was pumping it. The feature
did not show peak strength at a consistent phase making it dif cultto con rm UV
lines as possible pump candidates. To continue chasing down potential pumping
mechanisms, we will look through short wavelength archive data from Hubble,
FUSE, GALEX, etc., to see if any of our stars were observed in the optical and
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UV. Many of our sample stars only had 2-3 observations, which makes it dif cult
to track periodic behavior. Additional observations across more phases will help
determine if variability can be tied to the stellar pulsation.

The line showed variability with the phase of the star, but when we examine
Figure 6.5, we see no obvious periodic behavior. When we organize the Miras
according to the length of their pulsation period, however, we do see an interest-
ing trend. Stars that showed a stronger 17.62 mm feature (> 5 Jy) all had periods
above 300 days. The M-types with strong emission also all exhibited at least one
maser detection. Miras with longer periods have stronger shocks and tend to
have higher mass loss rates. The initial analysis of the 17.62nm feature suggest
it behaves similarly to a maser. We imagine an aurora effect where instabilities
in the atmosphere excite the Fe | atoms that then “glow” throughout the entire
pulsation. The longer the period, the stronger the atmospheric turbulence is from
shocks which results in greater atmospheric lofting that provides more material
to "glow”. This could explain why the feature is present in every observation,
and why it is strongest for the long period Miras.

7.6 Concluding Remarks

The Miras in our Spitzer sample are remarkably dynamic. The stars never present
the same spectrum twice; observations taken only four weeks apart can show
markedly different results. The results from the CO , analysis combined with the
initial analysis of the 17.62 nm feature suggest the Miras with longer pulsation
periods behave markedly differently than the shorter period Miras, leaving us
with a new mystery to pursue in future work:  why. If we truly wish to under-
stand Mira circumstellar environments more emphasis must be placed on synop-
tic phase dependent studies across multiple wavelengths to study different parts
of the atmosphere. We must also make an effort to make more accurate parallax
measurements for these stars. The future of stellar physics lies in interferometry,
but the fundamental stellar properties derived from directly measuring the stellar
surface are only as good as the distance measurement to the star, which for Miras
can often be rather poor. Our results with the M-type Miras serve as examples to
how crucial interferometry is to studying circumstellar environments. The results
of the RADEX models in conjunction with the physical size of the star allowed us
to estimate emitting regions of the gas that suggest layers of CO, gas could serve
as refrigeration zones that could ef ciently drive dust condensation much closer
to the star than radiative equilibrium calculations would allow. Combining the
Spitzer observations with the PTI observations has provided us unprecedented
access to the circumstellar environments around M-type Miras. Further studies
of these remarkable stars will reveal yet more secrets hiding in their light, just
waiting to be discovered.
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APPENDIX A

A.1 Spectra with RADEX ts.

Speci ¢ model parameters for each t can be found in Table 6.3.

Figure A.1: Result from 2 layer slab model calculation performed with RADEX
for R Tri 2008-09-07.

Figure A.2: Result from 2 layer slab model calculation performed with RADEX
for R Tri 2008-10-02.
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Figure A.3: Result from 2 layer slab model calculation performed with RADEX
for S Peg 2008-08-12.

Figure A.4: Result from slab model calculation performed with RADEX for S Peg
2009-01-05.
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Figure A.5: Result from slab model calculation performed with RADEX for S Ser
2008-08-13.

Figure A.6: Result from slab model calculation performed with RADEX for S Ser
2008-09-02.
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Figure A.7: Result from slab model calculations performed with RADEX for SS
Cas 2008-08-15.

Figure A.8: Result from slab model calculations performed with RADEX for SS
Cas 2008-09-04.

Figure A.9: Result from slab model calculations performed with RADEX for SS
Cas 2008-10-06.
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Figure A.10: Result from slab model calculations performed with RADEX for W
Her 2008-06-05.

Figure A.11: Result from slab model calculations performed with RADEX for W
Her 2008-07-11.

Figure A.12: Result from slab model calculations performed with RADEX for W
Her 2008-08-13.
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Figure A.13: Result from slab model calculations performed with RADEX for W
Her 2008-09-01.

Figure A.14: Result from slab model calculations performed with RADEX for W
Her 2008-10-05.
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Figure A.15: Result from slab model calculations performed with RADEX for RT
Cyg 2008-06-05.

Figure A.16: Result from slab model calculations performed with RADEX for RT
Cyg 2008-06-29.

Figure A.17: Result from slab model calculations performed with RADEX for RT
Cyg 2008-08-07.

Figure A.18: Result from slab model calculations performed with RADEX for RT
Cyg 2008-09-01.
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Figure A.19: Result from slab model calculations performed with RADEX for RT
Cyg 2008-10-02.

Figure A.20: Result from slab model calculations performed with RADEX for RT
Cyg 2008-11-06.

Figure A.21: Result from slab model calculations performed with RADEX for RT
Cyg 2008-11-30.
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Figure A.22: Result from slab model calculations performed with RADEX for R
Cet 2008-09-03.

Figure A.23: Result from slab model calculations performed with RADEX for R
Cet 2008-10-01.
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Figure A.24: Result from slab model calculations performed with RADEX for RT
Cyg 2008-06-05.

Figure A.25: Result from slab model calculations performed with RADEX for RT
Cyg 2008-07-11.

Figure A.26: Result from slab model calculations performed with RADEX for RT
Cyg 2008-08-07.

Figure A.27: Result from slab model calculations performed with RADEX for RT
Cyg 2008-09-01.
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Figure A.28: Result from slab model calculations performed with RADEX for RT
Cyg 2008-10-02.

Figure A.29: Result from slab model calculations performed with RADEX for RT
Cyg 2008-11-08.

Figure A.30: Result from slab model calculations performed with RADEX for RT
Cyg 2008-11-30.

141



Figure A.31: Result from slab model calculations performed with RADEX for Y
Del 2008-07-11.

Figure A.32: Result from slab model calculations performed with RADEX for Y
Del 2008-11-11.

Figure A.33: Result from slab model calculations performed with RADEX for Y
Del 2008-11-30.
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Figure A.34: Result from slab model calculations performed with RADEX for S
Lac 2008-07-08.

Figure A.35: Result from slab model calculations performed with RADEX for S
Lac 2008-09-01.

Figure A.36: Result from slab model calculations performed with RADEX for S
Lac 2008-12-15.
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Figure A.37: Result from slab model calculations performed with RADEX for S
Psc 2008-08-12.

Figure A.38: Result from slab model calculations performed with RADEX for S
Psc 2008-09-03.
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Figure A.39: Result from slab model calculations performed with RADEX for U
Cvn 2008-06-05.

Figure A.40: Result from slab model calculations performed with RADEX for U
Cvn 2008-07-03.
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Figure A.41: Result from slab model calculations performed with RADEX for UX
Cyg 2008-07-11.

Figure A.42: Result from slab model calculations performed with RADEX for UX
Cyg 2008-08-08.
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Figure A.43: Result from slab model calculations performed with RADEX for UX
Cyg 2008-11-13.

Figure A.44: Result from slab model calculations performed with RADEX for UX
Cyg 2008-12-01.
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APPENDIX B

B.1 17.62mm Line Pro les

Model paramters for each t are reported in Tables 6.4, 6.5 and 6.6 for M-type
Miras, S-type Miras, and C-type Miras, respectively.

B.1.1 M-types

Figure B.1: Gaussian pro le ts of the 17.62 mm feature in the M-type R Tri.
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Figure B.2: Gaussian pro le ts of the 17.62 nmm feature in the M-type S Peg.

Figure B.3: Gaussian pro le ts of the 17.62 nmm feature in the M-type S Ser.
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Figure B.4: Gaussian pro le ts of the 17.62 mm feature in the M-type SS Cas.
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Figure B.5: Gaussian pro le ts of the 17.62 mm feature in the M-type W Her.
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Figure B.6: Gaussian pro le ts of the 17.62 nm feature in the M-type RT Cyg.
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Figure B.7: Gaussian pro le ts of the 17.62 mm feature in the M-type R Cet.
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Figure B.8: Gaussian prole ts of the 17.62 nm feature in the M-type Z Cyg.
Note the scale change in the ux-axis from f = 0.725 throughf = 0.170.
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Figure B.9: Gaussian pro le ts of the 17.62 nm feature in the M-type Y Del.
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Figure B.10: Gaussian pro le ts of the 17.62 nm feature in the M-type S Lac.

Figure B.11: Gaussian pro le ts of the 17.62 nm feature in the M-type S Psc.
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