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Abstract
At the end of the lives of low- to intermediate mass stars they can be

found on the asymptotic giant branch (AGB). The AGB phase ends when
the entire circumstellar envelope (CSE) is blown away in a superwind
phase, in the end creating a planetary nebula. It is unknown what shapes
the CSE and the planetary nebula. Binarity is a favored theory.

In order to test this theory the CSE around the star R Aquarii has
been studied using the emission from different molecules observed with
ALMA. R Aquarii is a nearby binary system and therefore easy to study.
The system consists of a Mira variable on the AGB and a hot white dwarf.

It was found that only in the emission from the 12CO J = 3 − 2
transition were the CSE resolved enough for any structure to be seen.
The morphology was irregular and no clear symmetry was seen. A spot
in the same molecular line was detected at high velocities (v = −23 km/s)
relative to the star at a projected distance of 7 arcsec south of R Aqr.

Line profiles for 12CO and 13CO follow the same shape but differs in
magnitude, indicating that they can be found in the same structure. A
mass loss rate of 6.5 ·10−7 M�yr−1 was calculated for R Aquarii using line
intensities obtained from the line profile of 12CO.

The morphology and kinematics of the CO CSE of R Aquarii are
discussed within the limitations of the current data set. More observations
with better resolution are needed to better understand the morphology of
the CSE of R Aquarii and draw firm conclusions.
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Populärvetenskaplig sammanfattning
Molekylär gas runt dubbelstjärnan R Aquarii
Stjärnor är inte konstanta, de föds lever och dör. När en stjärna i solens storlek
dör blåser den bort sina yttre delar och skapar ett stort moln som kallas plane-
tarisk nebulosa. Planetariska nebulosor kan ha många olika former och forskare
vet idag inte hur de får sin form, se figur 4 för olika exempel av planetariska
nebulosor. Det mest troliga är att stjärnor som lever i par, så kallade dubbel-
stjärnor (eller binära stjärnor), skapar de former man ser. Formerna tros bildas
då vinden som blåser bort de yttre delarna påverkas av de båda stjärnornas
gravitation.

En stjärnas liv kan delas in i olika stadier beroende på hur stjärnan produc-
erar sin energi. Större delen av sitt liv producerar stjärnan energi i sitt centrum
som kallas kärnan genom att slå ihop väteatomer till heliumatomer, man säger
att stjärnan bränner väte. Då vätet tagit slut i kärnan börjar stjärnan växa och
blir större och rödare och ytan kallare medan kärnan blir varmare. När kärnan
blivit tillräckligt varm börjar stjärnan bränna helium och bilda kol och syre.

Heliumet räcker inte för evigt. Vad som händer när heliumet tar slut beror
på storleken på stjärnan. Stjärnor som är ungefär lika stora som solen kan inte
bli tillräckligt varma i kärnan för att också kolet skall förbrännas. Stjärnan
växer nu ytterligare och kallas för en AGB-stjärna efter engelskans Asymptotic
Giant Branch. Stjärnan kan delas upp i olika områden, i mitten finns kärnan
bestående av en kol och syre. Ovanför finns två olika lager med helium respektive
väte. I botten av de båda lagren sker vad som kallas skalförbränning, dock inte
samtidigt.

Pulsationer och den, för en stjärna, låga temperaturen i stjärnans yttre delar,
gör att stjärnan förlorar massa som blåser bort i vindar. Det här skapar ännu
ett hölje runt stjärnan, ett cirkumstellärt hölje. Detta hölje består till största
delen av olika molekyler. Höljet formas av de gravitationella krafterna från
de båda stjärnorna och det är detta hölje som blir en planetarisk nebulosa då
AGB-stjärnan i slutet av sitt liv blåser bort allt förutom kärnan. Kvar finns en
planetarisk nebulosa som lyser i olika färger och i mitten av den finns vad som
är kvar av stjärnan, vilket är en vit dvärg.

För att förstå hur dubbelstjärnor formar det cirkumstellära höljet studeras
olika dubbelstjärnesystem. I den här studien har dubbelstjärnan R Aquarii,
som består av en AGB-stjärna och en vit dvärg, observerats. Observation-
erna gjordes med ALMA teleskopet som finns i Atacamaöknen i Chile. ALMA
teleskopet är ett teleskop som består av många olika radioteleskop som ob-
serverar tillsammans för att kunna få bättre upplösning. Radioteleskop ob-
serverar ljus som människan inte kan se och som till exempel skickas iväg av
molekyler. Ljuset studsar på en parabolformad disk och fokuseras och mäts. För
att få bättre observationsdata kan flera teleskop kopplas ihop med en metod som
kallas interferometri. Med hjälp av datorer sätter man sedan ihop datan och
skapar bilder.

I denna studie identifierades åtta olika molekylära linjer i det observerade
spektrumet. Olika molekyler och atomer skapar olika linjer i vad som kallas
spektrum. Samma molekyl kan ha flera linjer, vilket beror på att de kan ha
flera övergångar mellan elektronernas energinivåer. De molekyler som hittades
kan ses i tabell 2. För de identifierade molekylerna skapades bilder av höljet
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omkring R Aquarii. Endast i molekylen 12CO kunde man se en form på höljet.
För de andra molekylerna var observationen inte tillräckligt upplöst.

Figurerna 14, 15 och 16 visar de genererade bilderna av höljet i 12CO. Varje
bild motsvarar ett tvärsnitt av höljet där bilden vid −42 km/s är närmast oss och
−9 km/s är längst bort. Mitten av dubbelstjärnesystemet ligger vid −25 km/s.
Hastigheterna anger den hastighet tvärsnittet har relativt oss, minustecknet
indikerar att R Aquarii är på väg mot oss. Med hjälp av tvärsnitten går det att
få en känsla för vilken form det cirkumstellära höljet har. Runt mitten verkar
höljet vara sfäriskt (mellan ungefär −29 och −19 km/s). Hitom denna struktur
verkar det finnas en krökt skruktur, möjligen en cirkel eller del av en spiralarm.
Bortom mitten-strukturen finns en struktur som är svår att identifiera men
möjligen kan vara del av cirkel eller spiralarm.

För att bättre förstå vilken form det cirkumstellära höljet har skapades tre
modeller för att återskapa de observerade bilderna, dessa modeller kan ses i
figurerna 19, 21 och 23. Alla tre modeller har en något tillplattat sfärisk mitt-
del. I en av modell antogs strukturen framför vara en cirkel och i de två andra
antogs strukturen vara en spiralarm. Strukturen bakom har antagits vara del av
en cirkel eller del av en spiralarm. Modellerna visade att det går att återskapa de
observerade bilderna med olika modeller. Det är alltså svårt att med bestämdhet
säga vilken form det cirkumstellära höljet har.

I de observerade bilderna hittades också en mystisk fläck ett visst avstånd
från AGB-stjärnan. Det är okänt vad denna fläck är men troligen har den
skapats då massa överförts från AGB-stjärnan till den vita dvärgen. Liknande
fläckar har setts hos andra liknande stjärnpar.

Linjeprofiler för de identifierade molekylerna skapades också. En linjeprofil
visar hur stark signalen är vid olika hastigheter i form av en graf. Linjeprofil-
erna för 12CO och 13CO (som kan ses i figur 12) har olika styrka men de har
samma form. Det betyder att man kan hitta båda molekyler i samma delar
av det cirkumstellära höljet men att det finns mer 12CO än 13CO. Med hjälp
av linjeprofilen för 12CO räknades takten på massförlusten ut. Resultatet var
6.5 · 10−7 solmassor om året, det vill säga ungefär 0.84 jordar om året. Det
här uträknade värdet är dock osäkert eftersom metoden som användes för att
räkna ut massförlusts takten är utvecklad för enklare, sfäriska cirkumstellära
AGB-höljen.

R Aquarii är en mycket intressant stjärna som kan hjälpa oss förstå de sista
stadierna i stjärnors liv och dessutom ge ledtrådar till hur planetariska nebulosor
formas. Fler observationer med bättre upplösning behövs för att med säkerhet
fastställa formen på R Aquariis cirkumstellära hölje. Vad som är extra intressant
är att den vita dvärgen inom några år kommer passera närmast AGB-stjärnan
i sin omloppsbana och då går det extra tydligt att se hur de båda stjärnorna
interagerar med varandra.
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Figure 1: The HR-diagram. Stars are found grouped together. The main
sequence corresponds to stars burning hydrogen in the stellar core. When the
star runs out of hydrogen in the core, it becomes a giant and can be found in
the upper right corner of the HR-diagram. Low- to intermediate mass stars end
their lives as white dwarfs which can be found in the lower left corner. Image
credit: http://aspire.cosmic-ray.org/Labs/StarLife/studying.html

1 Introduction
During a star’s life it changes temperature, radius and luminosity, which causes
it to move on the so-called Herzprung-Russel diagram (HR-diagram). This is a
diagram that shows a star’s magnitude or luminosity against its spectral type
or temperature, see figure 1. The longest part of a star’s life is spent on the
main sequence and when hydrogen burning in the core ceases (see section 2) the
star leaves the main sequence and moves onto different “branches” depending
on what nuclear processes that take place inside the star. The fate of the star
depends on its mass. Heavier stars have a shorter life but end it in a supernova
leaving a remnant such as a neutron star or a black hole. Low- to intermediate
mass stars (0.5 − 8M�) have a longer life and end their life in a different, less
violent way and leaves a white dwarf as a remnant. In this work only low- to
intermediate mass stars will be covered.

During the last stages of low- to intermediate mass stars lives, they can be
found on the asymptotic giant branch (AGB) in the HR-diagram. At this stage
the star has a high mass loss rate, which creates a circumstellar envelope. At
the end of the AGB phase, the star blows away most of its mass creating a
planetary nebula. The mass loss has been assumed to be symmetric creating
a spherical CSE, which is the precursor to a planetary nebula, but planetary
nebulae can be found in many different shapes, see figure 4. There are different
theories that try to explain how the shapes of planetary nebulae are created,
like magnetic fields, stellar rotation and binarity.
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In this work the CSE of the binary star R Aquarii (R Aqr) is investigated.
First a theoretical background is presented, covering stellar evolution, obser-
vational methods, and the star R Aqr. After that comes presentation of the
observational data. Finally, results are given and discussed.

2 Stellar evolution
A star spends the main part of its active life on the main sequence where the
energy is produced by hydrogen burning in the core of the star. When the
core is depleted of hydrogen, burning of heavier elements start. As different
elements run out in the core, the star moves to different branches in the HR
diagram. Low to intermediate mass stars first go up the red giant branch and
then move across the HR diagram on the horizontal branch. The stars then
move up the asymptotic giant branch (AGB), where nuclear burning in the core
has ceased and the star gets its energy from shell burning. The AGB phase is a
very turbulent phase for the star with mass-loss rates significantly higher than
during previous evolutionary stages. In the end, the star loses most of its mass,
creating a planetary nebula. Eventually all that is left of the star is a white
dwarf that slowly cools down. This section goes deeper into stellar evolution.

2.1 Main sequence
At the start of a star’s life, it mainly consists of hydrogen, a little helium and
some heavier elements [Prialnik 2009]. During the main sequence phase, the
energy production in the star is done by hydrogen burning. In stars with mass
below 1.2 M�, the main nuclear process inside the core is the proton-proton
chain (p-p chain). In this process, several protons are combined in different
steps creating helium. The energy released for every helium nucleus created is
26 MeV [Prialnik 2009]. For stars with a mass over 1.2 M�, the main nuclear
process in the core is the CNO cycle. In the CNO-cycle, heavier elements such
as carbon (C), nitrogen (N) and oxygen (O) capture hydrogen creating helium
[Prialnik 2009]. The energy produced for each helium nucleus created in the
CNO-cycle is approximately 25 MeV. The energy is then carried outwards by
either convection or radiation depending on the mass of the star. Convection
mixes the elements closer to the surface.

As the nuclear processes go on, the temperature in the core rises. Because
of the nuclear processes in the core, the density of the core also increases. The
result is that the effective temperature and radius of the star increases and it
moves slightly on the HR-diagram [Carroll 2007], see points 2 and 3 in figure 2.
Eventually, the hydrogen in the core will run out which marks the end of the
main sequence phase, point 4 in figure 2.

2.2 Red giant branch
When the hydrogen in the core has run out, the nuclear processes in the core
ceases, leaving a core that mainly consists of helium. At this time, the tem-
perature is not high enough for helium burning to start. Hydrogen burning
continues in a shell around the core dumping more helium onto the core and
thereby increasing its mass. The energy produced in the shell-burning is partly
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Figure 2: A 1M� star’s movement across the HR-diagram during its lifetime.
Point 1 is the first location on the HR-diagram when core hydrogen burning is
first ignited. As the star evolves it moves slightly upwards and to cooler parts
of the diagram. Eventually the core is depleted of H and the star moves up
the red giant branch. For 1M� stars the He burning starts with a helium flash
and this goes so fast that it is marked with a dashed line in the figure. As He
is burning the star moves across the horizontal branch. Eventually the He in
the core runs out and the star moves onto the asymptotic giant branch. Image
credit [Habing and Olofsson 2004].
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absorbed by the overlaying envelope which expands. The effective temperature
of the star drops and the radius increases. The star moves to the right and
redder parts of the HR-diagram [Carroll 2007], see points 5 through 7 in figure
2.

As the hydrogen burning in the shell continues, the mass of the core increases.
But the mass cannot increase indefinitely without consequences. There is a
limit, called the Schöenberg-Chandrasekhar limit, that determines the largest
mass fraction between the mass of the entire star and the mass of the core. If the
core exceeds this limit, it will collapse and the star will evolve faster than it did
on the main sequence [Carroll 2007]. The mass of the core can exceed this limit
under certain circumstances. Because of the lack of radiation pressure, the core
starts to contract due to the weight of the envelope above. This increases the
density and temperature in the core. In low-mass stars (0.7−2M�) the density
becomes so high that the core becomes electron-degenerated. This means that
the temperature can keep increasing, but the density does not (this is contrary
to normal thermodynamic laws) [Prialnik 2009]. If the core becomes electron-
degenerated, it can exceed the Schönberg-Chandrasekhar limit.

The expansion of the envelope and the decrease in the effective temperature
causes a convective zone to be created near the surface of the star. As the star
moves up the red giant branch, the convective zone gets deeper. Eventually it
reaches areas where nuclear processes has changed the chemical composition.
These new elements are dredged up to the surface in what is called the first
dredge up [Carroll 2007], point 8 in figure 2.

The core of the star gets hotter and hotter regardless of whether it is degen-
erated or not. Eventually the density and temperature will be high enough for
helium-burning to start.

2.3 Horizontal branch
When the temperature has reached about 108 K, helium-burning starts. How
the helium is ignited depends on the mass of the star. The degeneracy in the
core of a low-mass star causes the helium to ignite in a thermonuclear runaway
process. This happens when the mass of the core is approximately 0.5M�
[Prialnik 2009]. The helium ignition is so violent that, over a few seconds, the
star creates energy equivalent to a luminosity up to 1011 L� (this is as much as
an entire galaxy) [Carroll 2007, Prialnik 2009]. This is called the helium core
flash, point 9 in figure 2. The helium core flash is not visible at the surface of
the star since all of the released energy is absorbed by the envelope. As the
temperature rises, the degeneracy is eventually lifted and helium burning goes
on at a much slower pace. The flash causes the core to expand resulting in
contraction of the envelope and an increase of the effective temperature of the
star. The star descends from the red giant branch onto the horizontal branch.
This means that the star moves down and to the left in the HR-diagram, point
10 in figure 2.

Intermediate-mass stars (2 − 10M�) does not have a electron-degenerated
core and the helium burning starts when the temperature has reached 108 K
[Prialnik 2009]. The envelopes of these stars also contract causing the stars to
move to the left of the HR-diagram.

Helium is burning in the trippel-alpha process. In this process, helium
is combined in different steps creating carbon. The energy output of helium
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Figure 3: Schematic structure of 1M� star at the beginning of the AGB phase.
The left part shows the different regions scaled according to mass-fraction, and
to the right, scaled with radius. Image credit [Habing and Olofsson 2004].

burning is about 7.3MeV [Prialnik 2009]. When there is sufficient carbon, oxy-
gen can be created when carbon and helium is combined.

The star continues to move to the left in the HR-diagram until the core starts
to contract due to the increase of the mean molecular weight [Carroll 2007], see
around point 11 in figure 2. Because of the contraction, the envelope expands
and cools down, and the star once more moves to the right in the HR-diagram.
Eventually the core will run out of helium and nuclear processes ceases, point 14
in figure 2. The core now consists of carbon and oxygen. Above the core there
is a shell consisting of mainly helium and at the bottom of this shell helium-
burning takes place. Further out there is a hydrogen envelope. At the border
between the hydrogen envelope and the helium shell, hydrogen-burning takes
place see figure 3.

2.4 Asymptotic giant branch
When the helium-burning in the core ceases, the core starts to contract and
increase in temperature. The helium-burning shell above the core produces
the main energy output of the star. Energy produced in the helium shell is
absorbed by the layers above, causing them to expand and cool down. This
stops the hydrogen burning. As the stars radius increases and the effective tem-
perature decreases, the star moves up to the AGB. The increased temperature
difference between the surface and the interior of the star, causes the existing
convective zone in the envelope to deepen. This mixes up material from as
deep as between the hydrogen envelope and the helium burning shell. This is
the second dredge up which increases the helium and nitrogen content of the
envelope [Carroll 2007].
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2.4.1 Thermally pulsing Asymptotic giant branch

The helium burning shell advances through the helium shell until the temper-
ature is too low for the trippel-alpha process to occur. At this point, helium
burning is turned off, but the proximity to the hydrogen shell reignites the
hydrogen burning. More helium is then added to the helium shell. The temper-
ature and density at the bottom of the helium shell increases as mass is added to
the shell and eventually it becomes sufficient for degeneracy, causing the helium
to eventually ignite in a helium shell flash (similar to the helium core flash)
[Prialnik 2009]. Once again the hydrogen burning shell is driven outward which
quenches the hydrogen burning, until the helium burning once again gets too
close and reignites the hydrogen burning. This alternation of energy sources
causes the star to pulsate on a very long timescale (see below). The star is at
the higher part of the asymptotic giant branch which is called the thermally
pulsing AGB (TP-AGB), see point 15 in figure 2.

The main energy source during the TP-AGB alternates between helium
burning and hydrogen burning with hydrogen burning being more efficient in
energy production per nucleus, about 25MeV compared to 7.3MeV. Because of
the alternation, the luminosity of the star changes depending on which burning
process is the current energy source. The luminosity goes up when there is
hydrogen shell burning and goes down slightly when there is helium burning.
During a helium shell flash, the radius of the star decreases and the effective
temperature increases [Carroll 2007]. When helium burning has stopped, the
luminosity, radius and effective temperature returns to values near to what they
were before. The overall trend is increased luminosity and lower effective tem-
perature. Because of this change in radius, and effective temperature, the star
moves back and forth across the HR-diagram. The time between the pulses
depends on the mass of the star. It varies between thousands of years for a
5M� star, to hundreds of thousand years for a 0.6M� star. For a star with
solar mass, a thermal pulse starts about every hundred thousand years and the
helium shell flash lasts for about five hundred years [Feast 2002].

When the helium is abruptly ignited, the increase in energy flux results in
a convection zone between the helium burning shell and the hydrogen burning
shell. At the same time, the existing convection zone in the envelope gets
deeper. In stars with a mass exceeding 2M� the two convection zones merge,
creating one big convective zone reaching as far down as to areas where carbon
has been created. This carbon is brought up to the surface in a third dredge
up event. The ratio of carbon to oxygen increases as there is a dredge-up for
each helium shell flash. The changed ratio changes the spectrum of the star.
Stars which have had several “third dredge ups” have a carbon rich spectrum
(spectral C-type) and are called carbon stars. In the atmospheres of these stars,
carbon rich molecules are found, such as SiC [Carroll 2007]. In AGB stars that
have oxygen rich atmospheres, SiO and other oxygen compounds are found. If
the atmosphere is carbon rich, the free oxygen will be bound with the carbon
creating CO and the excess carbon can form other carbon-containing molecules.
The opposite also occurs if there is more oxygen. Then the oxygen that is not
bound with CO can form other oxygen-containing molecules.

Other rare elements are created during the helium shell flashes. One such
element is 99

43Tc which is created with neutron capture in the so-called s-process,
were s stand for slow, since the process is slower than β−decay [Prialnik 2009].
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The detection of 99
43Tc in AGB stars is proof of dredge up and the s-process,

since 99
43Tc has a half life shorter than the lifespan of the star, on the scale of

2 ·105 years [Feast 2002]. It cannot be a residue from when the star was formed.
Further evolution depends on the mass of the star when it arrived to the

main-sequence. Stars with a mass less than 4M� will lose their envelopes (see
section 2.4.2) and slowly cool down as a white dwarves (see section 2.5). Stars
with masses in the range 4−8M� will have some further nucleosynthesis in the
core. During the AGB phase, the core continues to grow because the helium
burning shell continues to dump new material onto the core. If there had not
been such high mass-loss rate from the surface, the core could collapse (as it
does for stars with a mass > 8M�). Instead neon and magnesium is created
which leads to an ONeMg core [Carroll 2007].

2.4.2 Mass loss

The most important feature of AGB stars is the high mass-loss rate, above
10−8 M�/yr [De Marco 2009, Habing and Olofsson 2004], with wind speed of
3 − 30 km/s. The highest mass-loss occurs at the end of the AGB phase in
the so-called the superwind phase. During the superwind phase the star loses
mass at a rate of 10−4 M�/yr [Carroll 2007]. Exactly how the superwind is
created is not yet known. These high mass-loss rates can be compared with
the mass-loss rate of the Sun today which is about 10−14 M�/yr. AGB stars
are difficult to observe, partly because they are enshrouded in the lost matter,
and partly because the time a star spends on the asymptotic giant branch is so
much shorter than it does on, for example, the main sequence. A typical AGB
lifetime is of the order of about one million years [Habing and Olofsson 2004].

There is a lot of evidence pointing to that the mass loss is caused by the
formation of dust grains. The atmospheres of AGB stars are cool, around 3 000K
and this low temperature makes it possible for molecules and dust grains to form.
Matter is found at these heights because of additional pulsations. In addition
to the thermal pulses, AGB stars are long-period variables (LPV). LPVs can
have a pulsation period of 100-700 days [Carroll 2007]. A subclass to LPV are
the so-called Mira variables which R Aquarii belongs to. Mira variables have a
constant periodicity with magnitude changes over 2.5 magnitudes in visual light
[Habing and Olofsson 2004]. The change in luminosity is due to pulsations of
the star. It is not clear what causes this pulsation of the star. These Mira
pulsations lifts matter higher up in the atmosphere where the temperature is
cooler and dust is able to form. The dust grains are accelerated by the radiation
pressure and are thereby pushed away from the star dragging the gas along with
it by momentum transfer [Carroll 2007, Prialnik 2009]. The process is helped
by the fact that the radius of the star has increased thereby making the dust
grains less gravitationally bound. Studies of dust grains found in meteorites
have shown that they have the same relative abundances of certain isotopes as
is found in outflows from AGB stars [Feast 2002].

A dusty circumstellar envelope (CSE) is created by the high mass loss. Be-
cause of the low temperatures, the CSE mainly consists of molecules with H2
being the most abundant, followed by CO. The molecules are photodissociated
by UV-radiation close to a possible hot white dwarf companion (see section 2.6
on binary stars) and at the outer edge of the CSE [Habing and Olofsson 2004].
There is no clear radius where the CSE starts since the atmosphere of the star
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gradually becomes the CSE. The CSE ends where it merges with the interstellar
medium.

CSEs have different abundances of molecules in different layers. Because of
the dredge up, the composition of the stellar atmosphere changes over time. The
composition of the matter being lifted up by the shockwaves is then different
for every uplift [Habing and Olofsson 2004]. The molecules in the CSE are also
created and destroyed at different heights from the star. Different molecules re-
quire different conditions to be formed and they photodissociate under different
conditions.

2.5 Planetary nebula and white dwarf
The envelope that was expelled by the stellar wind creates a cloud of gas around
what is left of the star. The stellar remnant is the AGB core with a thin layer
of material above it where nuclear processes still take place. This thin layer
diminishes in size as winds and the nuclear processes expels matter. The core
shrinks and the effective temperature goes up causing the remnant to move to
the left of the HR-diagram. The remnant slowly turns into a white dwarf as
the nuclear processes cease. At first, the white dwarf is hot (at max 80 000K
for low-mass stars [Kaler 2000]), but as there are no nuclear processes inside of
it, it will slowly cool down. As it cools down, the luminosity also changes, and
the star moves across the HR-diagram, ending its life among the white dwarfs
in the HR-diagram, see figure 1.

At first, the central remnant is enshrouded in the expelled envelope. When
the gas has dissipated, the ultraviolet radiation that is emanating from the
hot remnant, ionizes the gas, making it shine in visible light. A planetary
nebula is created [Carroll 2007]. The gas continues to move outwards and the
further out it gets, the more affected it is by the interstellar medium. Eventually
the planetary nebula will slowly dissipate and become part of the interstellar
medium. This can take over 50 000 years [Kaler 2000].

Even though the planetary nebula is the former envelope of an AGB star,
the shape of it is not always spherical, which one would assume it would be,
since most AGB stars appear spherical. As can be seen in figure 4, planetary
nebulae come in a wide variety of shapes. Planetary nebulae can have elliptical
shapes, bipolar shapes or even be asymmetrical. Most planetary nebulae have
one or multiple shell structures and some have jet features [De Marco 2009].

The shape of a planetary nebula is connected to the mass loss of the preceding
AGB star. If the star lost its mass symmetrically, then the shape of the planetary
nebula should be spherical. To get a non-spherical shape, the mass must be lost
non-uniformly, that is the wind must be non-uniform. The question is in what
way the AGB star loses its mass and when? Different theories explaining non-
uniform mass loss are magnetic fields, stellar rotation and binary stars. The
problem with shaping by magnetic fields is that the field strengths diminish
over time because the magnetic field drains the angular momentum of the star.
An additional source of angular momentum is needed, such as a companion
[De Marco 2009]. Stellar rotation is also an unlikely cause since the rotation
rates in AGB is too slow to create all of the shapes that we see. It is unlikely
that either magnetic field, or stellar rotation solely is the cause for shaping the
wind. The most favored theory now is gravitational interaction between binary
stars.
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Figure 4: An assortment of differently shaped planetary nebulae. The image
is a montage of images of planetary nebulae, scaled according to their actual
relative size. Credit: ESA/Hubble & NASA, ESO, Ivan Bojicic, David Frew,
Quentin Parker.

Since the planetary nebula is the blown up CSE, the shaping must start
before the envelope is lost. Therefore the binary must also shape the CSE, that
is the stellar wind shapes the CSE. Since the shaping of the wind is affected by
the density of the wind and the gravity of both stars, the distance between the
stars is an important factor. If the distance is too large, the orbital period will
be longer than the lifetime of the nebula, and the affect on the shape is then
small. If the distance is too short, the stars can have a common envelope. See
next section, section 2.6 for more on binaries.

The composition of a planetary nebula mirrors that of the envelope of the
AGB star. It includes molecules such as CO and H2. To better understand
how planetary nebulae are being shaped, the CSE, and mass loss of the AGB,
is studied.

2.6 Binary stars
A binary system is a pair of stars revolving around their common center of mass.
Even though the stars in a binary are born at the same time, it does not mean
that they have the same mass. If stars have different mass, they will evolve at
a different pace, where more massive stars evolve faster.

A star’s evolution is strongly affected if it is part of a binary system. How
much they are affected, depends on the distance between them. The most
influential factor of binary star evolution, is mass transfer which depends on
the distance between the stars. Mass transfer occurs when one of the stars
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in a binary system fills its Roche lobe1. Mass is then transferred to the com-
panion. Mass transfer can occur even without one star completely filling its
Roche lobe. This is called wind-Roche-lobe overflow. In this case, a star with a
strong wind, such as an AGB star, blows away matter from the star filling the
Roche lobe. The matter is then transferred to the companion through the inner
Lagrangian point in the same way as if it was ordinary Roche lobe overflow
[De Marco and Izzard 2016].

The outcome of binary interaction and mass transfer depends on the evo-
lutionary stage of the involved stars. If the companion is a white dwarf, the
matter that is accreated onto it can eventually ignite creating an outburst like a
nova. If both are white dwarfs and they merge, the result is a supernova type a.
Since mass transfer changes the momentum of the system, the orbit is changed
which can cause the stars to merge regardless of what stage of evolution they
are in [De Marco and Izzard 2016].

Close binary systems are divided into different types depending on the evo-
lutionary stages of the involved stars. The most relevant type for this work is
symbiotic binaries, since they consist of a cool M type giant and an accreting
hot smaller companion, such as a white dwarf. The smaller star accreates mat-
ter through the wind from the bigger star [Carroll 2007]. R Aquarii is classified
as a symbiotic binary, see section 4

Mass transfer creates an accretion disk around the companion. This can
lead to the formation of a jet, which is the case for R Aquarii, see section 4. To
be able to accrete on the white dwarf, the matter in the disk must lose angular
momentum. This is partly done by the jet. Gas in the disk is accelerated and
then collimated by the magnetic field to form the jet [Carroll 2007].

Since mass transfer is such an important factor for the evolution of stars in
binary systems, it is important to study different binary systems and develop
models studying the mass transfer. Binary systems also help change the com-
position of the interstellar medium, since many different elements are created,
in for example supernovae events.

3 Observational method
It is difficult to observe CSEs with optical telescopes since the CSE absorbs most
of the stellar light and emits it at longer wavelengths. CSEs and other cold dusty
gas clouds emit light at infrared (IR) and radio wavelengths, that is from 0.1mm
and longer. The study of astronomical objects at these wavelengths is called
submillimeter and millimeter astronomy. The tool used to measure light at these
longer wavelengths is radio telescopes. Another problem is that the atmosphere
of the Earth is mostly opaque at IR . Radio telescopes are therefore preferably
placed either in space or at higher altitudes, to get a better wavelength coverage.

In this section radio telescopes are first explained, then it goes into how to
improve the resolution using interferometry. Then there is a short introduction
to observing molecules. Lastly there is a presentation of the telescope used in
this work, the ALMA telescope.

1The Roche lobe is a gravitational boundary around a star in a binary where everything
inside is bound to the star. It is determined by the mass ratio of the involved stars and their
separation.
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3.1 Radio Telescopes
Radio astronomy started in the 1930s when Karl Jansky was trying to improve
shortwave radio reception. He discovered a mysterious signal that did not orig-
inate from Earth. Since the signal followed an approximately 24 hour cycle,
Janskys first assumption was that the signal came from the Sun, but when
studying the signal over longer time, it became apparent that it did not match
up with the path of the Sun across the sky. Jansky therefore determined that
the source of signal was fixed in space and thereby not originating in our solar
system [Jansky 1998]. The signal appeared to come from the Milky way in the
direction of Sagittarius. We now know that the source of the signal is the super-
massive black hole in the center of the Milky way called Sgr A [Gallaway 2016].

A radio telescope is made up of an antenna that receives an electromagnetic
signal and converts it into a current, and a receiver that measures the voltage
of that signal. To concentrate the signal, most antennas are equipped with a
parabolic dish. When the signal arrives, it is in the form of a plane-parallel
wave front (because of the large distance to the source). The dish reflects the
signal and concentrates it at the antenna [Gallaway 2016].

Radio telescopes are sensitive to the angle of the incoming signal. If the
signal arrives on-axis, that is the wave front arrives orthogonally relative to the
dish, the path the signal must travel to get to the focus/antenna is constant
(see figure 5) while if it arrives off-axis, the total distance is no longer constant.
In the upper figure where the signal arrives orthogonally at the dish, the total
distance di + dr is constant regardless of where the signal arrives. If, on the
other hand, the wave front arrives at an angle, the paths will differ (in the lower
figure di1 + dr1 6= di2 + dr2). This leads to destructive interference of the signal
[ALMA Partnership 2016].

The interference is visible in the antenna beam pattern which describes the
sensitivity of the telescope at different directions. In figure 6 an example of
an antenna beam pattern can be seen. The pattern consists of different lobes
where the main lobe, called main beam, comes from on-axis signals and the side
lobes are created by the interference. The width of the main lobe is called half-
power beam width (HPBW), or sometimes Full Width at Half Power (FWHP)
or Full With Half Maximum (FWHM). This width corresponds to the angu-
lar resolution (see equation 3 below) [ALMA Partnership 2016]. The distance
between the destructive interference where the signal goes down is called Full
Width Between Nulls (FWBN). To increase the length of the main lobe (that
is to increase the sensitivity of the telescope) and make it more narrow (that is
to increase the resolution), bigger telescopes, or more telescopes added with a
method called interferometry, are needed.

What a radio telescope measures is the brightness or the specific intensity,
Iν . The intensity is the received power, δP , over a frequency range, δν, over a
solid angle, δΩ, over the collecting area, δA,

δP = IνδΩδAδν. (1)

The unit of the intensity is W/(m2Hz sr). Derived from the intensity is the flux
density, Sν

Sν =
ˆ
IνdΩ (2)
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Figure 5: Schematic image of the incident signal on a parabolic dish. Showing
the off-axis sensitivity. Image credit [ALMA Partnership 2016].

Figure 6: Beam pattern showing the main lobe (named major lobe in the figure)
and side lobes. The beam pattern is in reality three dimensional and can be
obtained by rotating the figure around the radiation intensity axis. Image from
https://www.tutorialspoint.com/antenna_theory/antenna_theory_beam_width.htm

16



Figure 7: Two radio dishes connected to make an interferometer. A signal
arrives on axis from a source s̄ and because of the separation (called baseline
(b̄)) between the dishes, the signal is out of phase. The output from the dishes
is multiplied in a correlator (× and 〈 〉). Image credit [Condon 2016].

The unit of the flux density is W/(m2Hz). In radio astronomy, the signal is
often so weak that the unit most often used is Jansky, 1 Jy = 10−26 W/(m2Hz)
[ALMA Partnership 2016].

The electromagnetic power that the telescopes receives is dependent on the
area of the dish. The so-called antenna response is the total collected power. The
antenna response pattern is the same as the telescopes antenna beam pattern.

3.2 Interferometry
To reach better resolution, a bigger dish could be built, but this quickly becomes
unpractical. The resolution of a telescope is given by

α ≈ λ

D
(3)

where α is the resolution, λ is the wavelength and D is the diameter of the tele-
scope dish. This means that to get a resolution of 1 arcsecond when observing
at 21 cm wavelengths, one would need a telescope diameter of approximately
43 km. A much better method is to connect multiple dishes, behaving similar to
one large telescope. This method is called aperture synthesis or interferometry.
The method measures the superposition of waves.
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Two radio dishes are separated by a distance b̄ which is called the baseline
(see figure 7). Both dishes are pointed at the same source, ŝ, with the same angle
above the horizon, θ. The signal from a distant source arrives as a plane parallel
wavefront, on-axis on both dishes. Because of the slightly larger distance from
the source to dish 1 than from the source to dish 2, the signal that arrives to
dish 1 is slightly delayed compared to the signal that arrives at dish 2. This
leads to a difference in the output from both dishes,

V1 = V cos[ω(t− τg)] V2 = V cos(ωt) (4)

were V1 and V2 is the output from dish 1 and 2, respectively, V is the
measured voltage in the dish, ω is the angular frequency, t is the time, and τg
is the delay time. τg is given by the geometry of the setup

τg = b̄ · ŝ
c

(5)

To get a skymap from this, the two signals must be combined. This is done in
the correlator (the × and 〈 〉 in figure 7). The signals are multiplied and the
outgoing signal from the correlator is then

Rc = V 2

2 cos(ωτg) (6)

were Rc is the outgoing correlator response. This outgoing signal is stronger
than the signals from each of the two dishes.

The above equations are valid for a point source. If the source is extended it
gets more complicated. An extended source is seen as the sum of several point
sources. Adding more baselines complicates it even further. More baselines are
added to make the image clearer and to cover a larger range in spatial resolution.

When there is constructive interference between the signals measured by two
dishes, i.e. a baseline pair, a wave pattern called fringes are created. This can
be seen in figure 7 as the outgoing signal. It is these fringes that are used to
create the image. From just two dishes, such as in figure 7, it is not possible
to create an image. By adding more dishes, the image gets clearer like when
adding more pixels to a camera. This can be seen in figure 8. As more dishes
are added, the signal gets clearer and clearer because the size of the sidelobes
goes down. More baselines are added when the dishes moves with the Earths
rotation. The spacing between the fringes is given by

Spacing = 1
b̄ cos θm

(7)

where b̄ is the baseline and θm is the distance from zenit in degrees (θm = 90�−θ,
where θ is the same as in figure 7).

A interferometer, such as ALMA (see below), have many different baselines.
Each baseline corresponds to a point in the uv-plane, which can be explained as
the coordinate system of the interferometer. More points indicates more base-
lines, ideally the entire uv-plane should be covered. This is impossible since
there cannot be a zero length baseline, and there must be room between the
antennas to move without damaging each other. Since long baselines give infor-
mation about smaller structures and shorter baselines gives information about

18



Figure 8: Fringes created by multiple dishes. The circular objects indicates num-
ber of dishes. More dishes makes the image clearer. Image credit [Condon 2016].

larger structures, there needs to be a balance in the uv-coverage to reconstruct
all scales of the source. To the right of figure 11 the uv-coverage for the ob-
servation done for this work is presented. For more information regarding the
observation see section 5.

What is obtained from the interferometer when signals from all antennas
have been combined is, what is called the complex visibility, V(u, v). It connects
the measured intensity of the sky, the sky brightness (I(l,m)), with the baselines
of the interferometer. l and m corresponds to the sky coordinates and, u and v
is the coordinate system for the interferometer.

V(u, v) =
¨

I(l,m)e−2πi(ul+vm)dldm (8)

To get the sky brightness distribution a Fourier transform is used, since the
Fourier transform of the complex visibility is the sky brightness distribution.
This gives

I(l,m) =
¨
V(u, v)e2πi(ul+vm)dldm (9)

hence the searched for sky brightness is connected with the phase difference
between the dishes and the voltage output from them. The equations above
comes from [ALMA Partnership 2016] and [Condon 2016].
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3.3 Observing molecules
As mentioned in section 2.4.2, the temperature in the atmosphere of an AGB
star and in the CSE is cool enough for molecules to be formed. Molecules can be
found in astronomical surroundings when the temperature is lower than 4000K
and the gas number density is above 106 atoms/m3 [Williams 2000].

Observing molecules is slightly different from observing atoms. This is be-
cause molecules have more degrees of freedom and therefore more energy levels2.
The extra degrees of freedom are vibration and rotation. Both the rotational
quantum number J , and the vibrational quantum number v, are restricted to
integers or zero. Especially J is important in astronomy since most interstellar
molecules have been detected from rotational transitions. CO is used to look at
cold molecular gas where the J = 1 − 0 transition is common. This is because
J = 1 can be excited at as low temperatures as 10K [Williams 2000]. For CO
only transitions with ∆J = ±1 is allowed.

The most common molecule to be found in a CSE is H2 followed by CO
[Habing and Olofsson 2004] and they are assumed to occur in the same struc-
tures. It is hard to observe spectral lines from H2 since the molecule does not
have a permanent dipole moment. To get some information about the H2, a
CO/H2 quota is assumed and the amount of H2 can then be calculated from
CO observations [Wilson 2000].

Molecules are studied at millimeter and submillimeter wavelengths. This is
done using radio telescopes such as the ALMA telescope.

3.4 The ALMA telescope
The Atacama Large Millimeter/Submillimeter Array (ALMA) is located on the
Chajnantor plain in the Atacama desert in Chile. As mentioned in section 3.3,
and as implied in the acronym, ALMA is used to observe at millimeter and
submillimeter wavelengths. These wavelengths give information about colder
parts of the universe, such as molecular clouds, planetary formation areas, CSEs
and more.

The array can be found at 5000m altitude and the operators at 2900m. This
is due to the thin atmosphere at the altitude of the array which is necessary to
make good observations, see section 3. The ALMA telescope and the comple-
menting Atacama Compact Array (ACA) is a collaboration between many coun-
tries and organizations spanning the entire globe 3 [ALMA Partnership 2016].

When using interferometry, the so-called zero spacing problem arises. It is
a problem connected with the size of the dishes, mainly that it is impossible
to pack them tighter than their diameter. The ACA was added to cover holes
in the baseline distribution (and therefore in the uv-coverage, see section 3.2).
This is particularly important for observations of larger structures, where short
baselines are used.

ALMA consists of 66 radio antennas in total. They can be combined in
different ways creating different baselines. 50 of the 66 antennas have a diam-
eter of 12m and belong to the main array of the ALMA interferometer. The
rest belongs to the ACA, consisting of twelve 7m dishes and four 12m dishes

2More energy levels means more lines to study.
3Organizations involved are ESO (Europe), NSF (USA), NINS Japan, NRC (Canada),

NSC and ASIAA (Taiwan), KASI (Republic of Korea) and the Republic of Chile.

20



Figure 9: Left shows part of the ALMA telescope under a starry night. Right
shows one radio dish under transportation. Image credit ESO/ALMA.

(the Total Power array) which also can be used for single dish observations.
These antennas will be able to cover a wavelength range between 0.32mm and
10mm. The ALMA main array together with the ACA, has a very good range
in resolution, from a few tens of milliarcseconds up to twenty to thirty arcsec
[ALMA Partnership 2016]. From equation 3, it can be seen that to be able to
have such a resolution range, both short and long baselines are needed.

To create the needed baselines, 192 antenna foundations has been made on
the Chajnantor and Pampa la Bola plateus. The main 12m antennas are mov-
able and can be moved to these foundations, using two big trucks named Otto
and Lore [ALMA transporters], see figure 9. This means that baselines ranging
from 15m to about 16 km are available, which gives the range in resolution given
above.

To help astronomers using ALMA, there are three regional centers (ARCs)
spread over the world. Connected with these are regional nodes. The Nordic
regional node is located in Onsala in Sweden. At the ARCs astronomers can get
help with data processing and other things associated with ALMA observations.

4 R Aquarii
R Aquarii (R Aqr) is a D type (dusty) symbiotic star located in the constellation
Aquarius. The binary system consists of a primary Mira variable type AGB
star, with a period of 387 days, and a secondary that is believed to be a hot
white dwarf [Min et al 2014, Zhao-Geisler et al 2012]. The mass of the Mira
variable is believed to be in the range 1 − 2M� and the mass of the white
dwarf is between 0.6− 1M�. The semi-major axis of the system is of the order
of 70 milliarsecs (about 15AU at a distance of 218pc) which means that the
Roche lobe cannot be filled normally with the masses given above (see section
2.6) [Gromadzki et al 2009, Zhao-Geisler et al 2012]. In Gromadzki et al 2009
the orbital parameters of R Aquarii was calculated. In the paper it is shown
that the last periastron passage was around 1980 and with a orbital period
of 43.6 years, the next periastron passage should occur within ten years. The
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Figure 10: Optical image of R Aquarii. A nebula is visible around the star as
well as jets protruding from the center of the system. Image credit: Adam Block
Mount Lemmon SkyCenter University of Arizona

inclination of the system relative the sky plane is 70◦ and the eccentricity is
0.25 [Gromadzki et al 2009].

Matter is accreted onto the white dwarf which creates a jet extending up to
2500AU (11 arcsec ) with expansion velocities of 90 to 200 km/s [Min et al 2014,
Zhao-Geisler et al 2012]. The jet is perpendicular to the orbital plane and can
be seen as a blue stream from the star in figure 10 [Gromadzki et al 2009].

The binary system is surrounded by a bipolar, hourglass shaped nebula. It
extends 120 arcsec (26160AU) and the waist of the hourglass can be seen as the
circle in figure 10 [Zhao-Geisler et al 2012]. This nebula is believed to have been
created in 1073 AD and 1074 AD in two novae eruptions. The novae eruptions
were found in Korean astronomy records by Yang et al. 2005. Indications of
these outbursts have been found in ice samples from Antarctica in the form of
particles created as an effect of the novae [Tanabe and Motizuki 2012].

The distance to the R Aqr system is hard to determine since the primary is
an AGB star. AGB star variability makes it difficult to determine the distances
to them. In table 1 the distance to R Aqr from different studies are presented.
As can be seen they are very different. The most accurate is the interferometric
parallax measurements using SiO maser emission. In this work, the distance
218pc was used.

Different mass loss rates have been estimated and calculated for the AGB
star by Bujarrabal et al. 2008 using CO emission. They obtained numbers
in the order of 10−5M�/yr. The effective temperature has been calculated to
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Table 1: Distance to R Aqr from different papers. No errors are stated for the
first two.

Calculated by Distance Method
[Yang et al 2005] 273 pc Nebula kinematics
[?] 250pc Period-luminosity relation
ESA, [Min et al 2014] 197+323

−75 pc Hipparcos parallax measurements
[Kamohara et al 2010] 214+45

−32 pc VERA SiO maser observations
[Min et al 2014] 218+12

−11 pc VERA SiO maser observations

about 2700K [Ragland et al. 2008].
R Aqr is a well studied object and has been studied in different wavelengths,

studying different atoms and molecules. Bujarrabal has studied R Aqr in CO
using single-dish observations [Bujarrabal et al 2010], but no imaging of the CO
CSE has been done before this work.

5 Observations
The data used in this work was obtained with the ALMA telescope on the 21st
of May 2015. 36 of the 12 m antennas in the ALMA main array were used. The
shortest baseline was approximately 21m and the longest was approximately
539m, giving an angular resolution (FWHM) of 0.´´379 × 0.´´331. The an-
tenna positions can be seen in figure 11 (left) with the total uv-coverage of the
observation (right). R Aqr was observed over four spectral windows4, each with
a width of 1.875GHz. The windows were centered on 331.306, 333.165, 343.358
and 345.248GHz respectively5.

R Aqr is moving at −25 km/s relative to us, which causes a doppler shift of
the signal, that is the lines in the spectrum are slightly shifted. Equation 10
gives the spectral resolution, ∆v, in km/s. c is the speed of light, ∆ν is the
dopplershifted (observed) frequency, and ν is the rest frequency.

∆v = c ·∆ν
ν

(10)

The spectral resolution was 0.488MHz (0.42 km/s). Total time on the source
was 48 minutes and 9 seconds.

For amplitude and bandpass calibration, Ceres and the quasar J2348− 1631
were used. Only the quasar was used for phase calibration. A continuum image
was done at the Nordic ARC, by subtracting the channels with lines from each
spectral window.

4The spectrum is divided into windows.
5Rest frequency for 12CO J = 3 − 2 is 345.796GHz.
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Figure 11: Left figure shows antenna positions during the observation of R Aqr.
Right figure shows the total uv-plane of the observation.

6 Deconvolution and Imaging
Emission from different lines was detected in the observed spectrum of R Aqr
and listed in table 2.

As mentioned in section 3.2, the intensity is the Fourier transform of the
complex visibility but these equations are for a simplified case. In reality it is
more complex and because of this the data needs more processing.

What we actually have is a so-called dirty image which can be described by

ID(l,m) =
¨

S(u, v)V(u, v)ei2π(ul+vm)dldm (11)

where ID(l,m) describes the dirty image (the unprocessed image), S(u, v) is
the sampling function which is determined by the coverage in the uv-plane, see
section 3.2. V(u, v) is the complex visibility. The dirty image is not the same
as the sky brightness. Deconvolution is needed to remove the “dirtiness” from
the images, it removes S(u, v) [Perley 2011].

Deconvolution is part of the data reduction process and there are different
algorithms for doing it. The one used here is called CLEAN and was invented
by Jan Högbom in 1974 [Kitchin 2009]. CLEAN uses the point spread function
of the telescope, which is known from calibrations. What CLEAN does is to
find the brightest point in the image and multiplying it with the point spread
function. This is then subtracted from the image. The next brightest point is
then found, which is multiplied with the point spread function and subtracted
from the image. This process is repeated until a certain threshold of noise is
reached. An image is then created by putting together all the points that has
been removed.

The CLEAN process that was done in this work was performed in CASA6.
6Common Astronomy Software Applications.
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Table 2: The different molecules that have been studied in this work. In 12CO
there is clearly a structure in the CSE, see images 14, 15 and 16. *13CO is
marked with a star since it is marginally resolved and some structure might be
detected. When no vibrational state is specified, it is ground state.

Molecule Transition Resolved
12CO J = 3− 2 Yes
12CO v = 1 J = 3− 2 No
13CO J = 3− 2 No*
SiO v = 1 J = 8− 7 No
SiO v = 2 J = 8− 7 No
29SiO J = 8− 7 No
SO J = 8− 7 No
SO v = 1 J = 8− 7 No

CASA is a software that is developed by scientists based at multiple different
organizations7. The program consist of tasks and tools that help with processing
data from ALMA and other radio telescopes. CASA can be used for both
interferometric and single dish observations. The program is made up of C++
tools that can be controlled by a iPhyton interface. All to help with data
reduction [CASA 2017, CASA 2007].

CLEAN is a task in CASA with a variety of input parameters. For a complete
description of the clean task in CASA the reader is directed to [CASA 2007].
CLEAN was run three times (not interactively), with a lower threshold level for
the noise for each run, starting at 0.25 Jy and going down to 0.02 Jy. For 12CO
and 13CO, CLEAN was performed at both 1 km/s and 2 km/s resolution. For the
other molecules, CLEAN were performed at only 2 km/s resolution to increase
the signal-to-noise ratio for the weaker emission molecules. The observed spectra
has a spectral resolution of 0.42 km/s and is divided into channels. By setting the
spectral resolution to 1 km/s, the signal is added into fewer channels. The signal
from approximately two channels are compressed into one, thereby increasing
the signal-to-noise ratio.

Since the CSE is expanding, different parts of the CSE have different ve-
locities relative to us, and thereby emission from these different parts will have
different frequencies. In the observed data, each channel corresponds to a dif-
ferent velocity. What is obtained after the CLEAN process is images at each
channel (frequency) of the spectrum, each showing a part of the CSE at a cer-
tain velocity. For R Aqr, each image shows emission from gas within a velocity
span of ±0.5 km/s for the images with 1 km/s spectral resolution and ±1 for the
images with 2 km/s spectral resolution. The channel (or image) with the lowest
velocity contains emission from the gas that can be found closest to us (if the
gas is continuously expanding). The higher the velocity, the further away the
gas is found.

7National Radio Astronomical Observatory (NRAO), European Southern Observatory
(ESO), National Astronomical Observatory of Japan (NAOJ), Academia Sincia Institute of
Astronomy and Astrophysics (ASIAA), CSIRO division for Astronomy and Space Science
(CASS), Netherlands Institute for Radio Astronomy (ASTRON).
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7 Data
Identified molecules are presented in table 2. In the left column the identified
molecules are found, middle column corresponds to the molecules J transition
and the right column states if the CSE was resolved. The only molecule that
showed some structure in the CSE was 12CO, the other molecules were not
resolved. In 12CO an unknown spot was discovered about 7.15 arcsec south and
0.3 arcsec east of the AGB star at −48 km/s, see figure 17 for channel maps of
the spot. The spot is visible in several channels. Further discussion about the
spot can be found in section 10.2.

In this section the data is presented starting with line profiles, followed by
channel maps and then the estimated size of the CO shell.

7.1 Line profiles
A line profile is a plot of the intensity of the emission at each wavelength. In
radio astronomy the wavelength, or frequency, is converted into velocity using
equation 3. In the line profiles, the intensity of the emission from gas traveling
at a certain velocity relative to the observer (the line-of-sight velocity) can then
be seen. Line profiles were generated over 3 arcsec around the AGB star.

In figure 12a, the line profile for 12CO J = 3 − 2 can be seen. It shows a
central peak at approximately −25 km/s. At approximately −40 km/s, a flatter
structure can be seen. Around −15 km/s another is visible. In figure 12b the
line profile for 13CO J = 3 − 2 can be seen. When plotted together, as in
figure 12c, it can be seen that the intensities of the lines differs significantly in
strength. It can also be seen that the line profiles have the same rough shape.
This is because 12CO is more abundant than 13CO but can be found in the
same structure.

Line profiles for the other molecules can be found in figure 13.

7.1.1 Line intensities

Line intensities for the different molecules were obtained by integrating over the
line profiles as narrow as possible without loosing any information about the line
itself. The function trapz in matlab was used. Trapz is a trapezoidal method
that breaks down the integrated area into trapezoids which are then summed
together. The intensities were converted from Jy km/s to Kkm/s.

The intensities of the molecules in this work can be found in table 3 which
also states the peak intensity and σ.

7.2 Channel maps
In figures 14 through 16 the channel maps generated by the imaging process for
12CO, J = 3 − 2, can be found. X marks the location of the AGB star. The
other molecules found in this work were not resolved. The outer line corresponds
to 3σ, with σ = 4.0mJy/beam for 12CO. Sigma was found over channels with
emission.

From the figures the morphology of the CSE can be interpreted. The velocity
of the system relative to us is −25 km/s. Between approximately −29 km/s and
−19 km/s a spherical structure is seen. In front of the spherical structure,
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(c) Line profiles of 12CO and 13CO.

Figure 12: (a) and (b) shows line profiles of 12CO and 13CO, both J = 3 − 2
transition. (c) shows 13CO plotted in the same figure as 12CO for comparison.

Table 3: Line intensities for the identified molecules. Thecolumn labeled inten-
sity shows the integrated intensity.

Molecule Transition Intensity Peak Intensity σ

12CO J = 3→ 2 4.4 · 102 K km/s 7.9 · 10−1 Jy 4.0 mJy/beam
13CO J = 3→ 2 50.4 K km/s 1.5 · 10−1 Jy 3.6 mJy/beam
12CO v = 1 J = 3→ 2 22.7 K km/s 6.8 · 10−2 Jy 2.9 mJy/beam
SiO v = 1 J = 8→ 7 34.2 K km/s 1.5 · 10−1 Jy 3.0 mJy/beam
SiO v = 2 J = 8→ 7 35.8 K km/s 2.1 · 10−1 Jy 2.6 mJy/beam
29SiO J = 8→ 7 37.8 K km/s 1.8 · 10−1 Jy 2.3 mJy/beam
SO J = 8→ 7 11.9 K km/s 6.6 · 10−2 Jy 2.9 mJy/beam
SO v = 1 J = 8→ 7 5.1 K km/s 2.1 · 10−2 Jy 2.5 mJy/beam
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Figure 13: Line profiles of the other detected molecules. Line intesities, peak
intensity and σ are listed in table 3.
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Figure 14: Channel maps of 12CO showing part of a curved structure seen from
−42 km/s to −30 km/s (see figure 15).
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Figure 15: Channel maps of 12CO. Between −29 km/s and −19 km/s a spherical
structure is seen. At lower velocities, between −42 km/s (seen in figure 14) and
−30 km/s a curved structure can be seen.
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Figure 16: Channel maps of 12CO showing a smaller structure that starts to
the west of the star and ends to the east. Visible from −18 km/s to −9 km/s.

between approximately −42 km/s and −30 km/s (figure 14 and 15), there seems
to be some sort of a curved structure. Behind the spherical structure between
−18 km/s and −9 km/s (seen in figure 16) another structure can be found. The
shape of this structure is difficult to interpret, but it seems to start slightly to
the west and end slightly to the east. It also seems to have some position shift
in north-south direction. For more discussion about the morphology of the CSE
see section 9 and 10.1.

7.3 Size of the CO shell
One way to estimate the size of the CSE in 12CO is to see how the intensity of
the emission diminishes as the distances from the center increases.

To do this, the resolution of the image of 12CO was slightly reduced using
the imsmooth task in CASA. Imsmooth was performed with an circle with
major and minor axis of 0.4 arcsec. The major and minor axis is the HPBW
of the gaussian (size of the beam). A smoothed image was created in which
the spectrum at each point was measured north, south, east and west of the
star at 0.4 arcsec intervals out to a distance of 3.2 arcsec which is where the
emission has reached the noise level. The spectra were then integrated with
trapz in Matlab and plotted. The result can be seen in figure 18. The blue full
line is the integrated intensity from the star to the south, the red dotted-dashed
line, is in north direction, the magenta dashed line is in eastward direction and
the black dotted line is in westward direction. As can be seen in the figure the
change in strength of the intensity in north and south directions are similar and
the west and east directions are similar.

In the figure it can be seen that the intensity diminishes faster in north and
south direction than to the east and west direction over the closest 0.4 arcsec.
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Figure 17: Channel maps of a spot in 12CO, found approximately 7 arcsec south
of the AGB star. The outermost contour corresponds to 3σ.
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Figure 18: Plot of how the intensity goes down with increased distance from
the AGB star.
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Table 4: The different variables to equation 12. D is the distance to R Aqr,
fCO is the ratio of CO relative H2, θb is the beam size and ve is half the line
width of 12CO and ICO is the integrated line intensity of CO.

Variable J = 3− 2 This work J = 1− 0 Bujarrabal J = 2− 1 Bujarrabal

D 0.218 kpc 0.218 kpc 0.218 kpc
fCO 2 · 10−4 2 · 10−4 2 · 10−4

θb 3 ´´ 21 ´´ 11 ´´
ve 18.75 km/s 25 km/s 25 km/s
ICO 4.4 · 102 Kkm/s 0.165Kkm/s 0.75Kkm/s

This indicates that the CSE is somewhat flattened in north-south direction. It
can also be seen in the figure that the CSE is wider in east-west direction than
north-south direction, approximately 1.6 arcsec compared to approximately 0.8
arcsec.

8 Mass loss calculations
The mass loss rate is an important factor to measure for AGB stars, see section
2.4.2. An approximate value of the mass loss rate can be calculated using an
equation developed by Ramstedt et al. 2008.

Ṁ = sJ
(
ICOθ

2
bD

2)aJ
vbJ
e f

−cJ

CO (12)

A description of the equation and included constants can be found in Ramstedt
et al. 2008. Using equation 12 and variables found in table 4 the mass loss rate
for R Aqr was calculated. A mass loss rate of 6.5 · 10−7 M�/yr was obtained.

Using the same equation, the mass loss for R Aqr was also calculated using
line intensities from Bujarrabal et al. 2010. In the paper line profiles for the
J = 1 − 0 and J = 2 − 1 transitions for 12CO are presented, line intensities
were estimated from these lines. What was obtained was Ṁ = 6.9 · 10−8 M�/yr
for the J = 1 − 0 transition, and Ṁ = 2.9 · 10−8 M�/yr for the J = 2 − 1
transition. The mass-loss rate calculated from the J = 1 − 0 and J = 2 − 1
lines are an order of magnitude lower than from the J = 3 − 2 line. The large
difference can be explained by the large uncertainties in the Bujarrabal et. al
2010 measurements, by the different methods used for the measurements (the
Bujarrabal et. al 2010 measurements are done with a single-dish telescope with
a much larger beam), and by the limitations of the equation (which was derived
assuming a standard CSE quite different from the irregular CSE we see around
R Aqr).

In Bujarrabal et al. 2010 they estimated the mass loss rate by calculating the
mass of the emitting shell, the radius, the expansion velocity and the abundace of
CO. They estimated that the mass loss rate is between 5 ·10−6 and 10−5 M�/yr.
This is several orders of magnitude higher than what was calculated in this work
using equation 12. In their calculation they used a radius even smaller than the
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one found in this work, showing again the importance of knowing the size of the
emitting region when estimating mass-loss rates.

9 Models of the CSE in Shape
When observing and taking images in astronomical studies the result is most
often a two dimensional image (projection) of the object. An understanding of
the three dimensional structure is needed to make more accurate astronomical
models. Channel maps such as given in section 7.2, gives information about the
three dimensional structure and can be used to construct a model of the studied
object.

Shape is a 3D modeling software developed by the author of Steffen et al
2011. It is programmed in Java but no programming is needed to use the
software. In Shape a three dimensional object can be created in order to recreate
observed images.

An object is created by choosing from some simple structures, such as a
sphere, a torus or a cylinder. The size of the object can be set to different
units, this is chosen in the renderer, which is used to create images. Different
modifiers are applied to change the objects shape, velocity, position and other
parameters. The modifiers can be controlled by either preinstalled functions,
where the variables can be changed, or new functions can be applied. Particles
can be added as a shell or spread in the volume of the object. Images can
be imported and applied as a background to imitate or compare with when
constructing the model.

The renderer calculates the radiation from the object, using applied modifiers
such as velocity, density, and temperature. The renderer can create images,
position-velocity diagrams and channel maps. From the generated images, one
can see if the applied velocity field and the assumed shape of the object is correct
by comparing with the observed data.

To get a more elaborate description of the program the reader is directed to
Steffen et al. 2011 or online at the homepage of the program8. A drawback of
Shape is that one must have some idea of the morphology of the object before
making an model, otherwise it would be very time consuming to make models
and test the outcome.

To investigate the kinematical structure of R Aqr, three different models
were set up in Shape to test if it was possible to reproduce the observed chan-
nel maps. The emission is rendered using simple assumptions not taking the
gas opacity, or possible density, or temperature variations into account. These
simplifying assumptions are warranted since, the focus was to purely investigate
the morphology and kinematics of the CSE.

9.1 Model 1: Torus, sphere and arc
The created model can be seen in figure 19 where different parts of the modeled
CSE can be seen in different colours. The central structure seen in the CSE
around R Aqr, between −19 km/s and −29 km/s in figure 15, was modeled using
spherical structure that was flattened. This can be seen as the red sphere in
figure 19. The radius was set to 0.825 arcsec. The flattened spherical structure

8http://www.astrosen.unam.mx/shape/index.html
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Figure 19: Model 1 in the 3D module in Shape. Top left shows front view
of the model. Top right, labeled “Free Form” shows top view. Bottom left,
labeled “Right”, shows side view and bottom right, labeled “Renderer”, shows
the object from the angle it is generated in the renderer.

was given a radial expansion velocity, set relative the center of the system, of
v = 4.85rc where v is the velocity and rc is the distance from the center of the
system, found at the origin of the coordinate system in figure 19.

The curved structure found between −42 km/s and −30 km/s in figures 14
and 15, was assumed to be part of a circular structure. A torus was chosen for
this structure, shown in green in figure 19. The outer radius was set to 0.925
arcsec and the inner radius was set to 0.425 arcsec. The torus was translated
1.6 arcsec towards an observer and 0.08 arcsec to the south. The torus was also
inclined by 5◦ relative the orbital plane and tilted to the left by 5◦. The velocity
was set to v = 6.73rc relative the center of the system, where rc is the distance
to the center of the system (same as the translation).

The structure found between −18 km/s and −9 km/s, was assumed to be
part of a circle. A smaller torus was chosen for this structure seen as the blue
arc in figure 19. The outer radius was set to 0.6 arcsec and the inner radius was
set to 0.3 arcsec. Part of the torus was removed to make an arc. The velocity
was set to v = 5.71rc relative the center of the system where rc is the distance
from the center of the system. The torus was translated by 1.3 arcsec away
from an observer and 0.05 arcsec to the north. Also this structure was inclined
by 5◦relative the orbital plane and tilted to the left left 5◦.

Channel maps were rendered and can be seen in figure 20. The system
velocity is assumed to be 0 km/s and the model channel maps are therefore
shifted by 25 km/s relative to the observed ones. The model channel maps was
rendered with 1 km/s spectral resolution. The first box, in the upper left corner
of figure 20, corresponds to −18 km/s and the last box, in the lower right corner,
corresponds to 7 km/s. 0 km/s, which is found in the middle of the system, is
located between the third and fourth box in row four. Each box is 2.5 by 2.5
arcsec.
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Figure 20: Rendered channel maps for Model 1. The first box corresponds to
−18 km/s and the last box to 7 km/s. Step length between each box is 1 km/s.
Each box is 2.5 by 2.5 arcsec. Zero is located between the third and fourth box
in row four.
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9.2 Model 2: One partly visible spiral around a spherical
structure

Since the curved structure seen between −42 km/s and −30 km/s in figures 14
and 15 partly dissipates to the left of the images, and the structure between
−18 km/s and −9 km/s in figure 16 appears to be slightly curved, a model with
a spiral around a central spherical structure was tested. Only parts of that
spiral is assumed to be detected in the observed images.

The created model can be seen in figure 21 where different parts of the CSE
can be seen in different colours. The central spherical structure was created in
the same way as in model 1, shown in blue in figure 21. The curved structure
found between −42 km/s and −30 km/s in figures 14 and 15, was assumed to the
biggest, visible, part of the spiral arm. A cylinder that was curved was chosen
for this structure, seen in magenta in figure 21. The length was set to 4 arcsec,
the radius to 0.275 arcsec and the curvature was set to a function, f(x) = 35x,
where x is the distance from the center of the cylinder. The velocity was set to
v = 6.87rc, where rc is the distance from the center of the system (the translated
distance), found at the origin of the coordinate system in figure 21. This bigger
curved cylinder was translated by 2.6 arcsec towards an observer and by 0.7
arcsec to the east. The cylinder was also inclined by 5◦ relative the orbital
plane. It was also rotated to be seen at lower velocities relative the center of the
system in the channel maps, that is to be seen in front of the central flattened
spherical structure.

The second visible part of the spiral arm, found between −18 km/s and
−9 km/s in figure 16, was also created using a cylinder, green arc in figure 21.
The length was set to 1.2 arcsec, the radius to 0.15 arcsec and the curvature
was set as a function, f(x) = 20x, where x is the distance from the center of
the cylinder. The velocity was set to v = 5.78rc where rc is the distance to the
center of the system. The cylinder was translated by 1.6 arcsec away from an
observer. It was also rotated to be seen at faster velocities relative the center of
the system in the channel maps, that is to be seen behind the central flattened
spherical structure.

Channel maps were rendered and can be seen in figure 22. The system
velocity is assumed to be 0 km/s and the modeled channel maps are therefore
shifted by 25 km/s relative to the observed ones. The modeled channel maps
was rendered with 1 km/s spectral resolution. The first box, in the upper left
corner of figure 22, corresponds to −17 km/s and the last box, in the lower
right corner, corresponds to 8 km/s. 0 km/s, which is found in the middle of the
system, is located between the second and third box in row four. Each box is
2.5 by 2.5 arcsec.

9.3 Model 3: Spiral structure on both sides of the spher-
ical structure

In this model, the structure between −42 km/s and −30 km/s in figures 14
and 15 was assumed to again be part of a spiral arm, and the structure between
−19 km/s and −29 km/s in figure 15 was again assumed to be a flattened sphere.
Both the spiral arm and the central spherical structure were created in the same
way as in section 9.2. The model can be seen in figure 23 where the central
spherical structure is seen in pink and the spiral arm is seen in green.
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Figure 21: Model 2 in the 3D module in Shape. Top left shows front view
of the model. Top right labeled “Free Form” shows top view. Bottom left,
labeled “Right”, shows side view and bottom right, labeled “Renderer”, shows
the object from the angle it is generated in the renderer.

The structure found between −18 km/s and −9 km/s in figure 16 was created
using a slightly curved cylinder, seen as yellow in figure 23. This was created as
a structure starting to the west and ending to the east, as described in section
7.2. The length was set to 1.5 arcsec, the radius to 0.1 arcsec and the curvature
to f(x) = −20x, where x is the distance from the center of the cylinder. The
velocity was set to v = 11.51rc, where rc is the distance from the center of
the system, found at the origin of figure 23. The cylinder was translated by
0.9 arcsec away from an observer and 0.6 arcsec to the east in figure 23. The
cylinder was also rotated to be seen at higher velocities relative the center of
the system.

Channel maps were rendered and can be seen in figure 24. The system
velocity is assumed to be 0 km/s and the modeled channel maps are therefore
shifted by 25 km/s relative to the observed ones. The modeled channel maps
was rendered with 1 km/s spectral resolution. The first box, in the upper left
corner of figure 24, corresponds to −17 km/s and the last box, in the lower right
corner, corresponds to 18 km/s. 0 km/s, which is found in the middle of the
system, is located between the third and fourth box in row four. Each box is
2.5 by 2.5 arcsec.

9.4 Interpretation of models
Three different models have been created that all have a central flattened
spherical structure, a curved structure at lower velocities relative the central
spherical structure, and a smaller curved structure at higher velocities rela-
tive the central spherical structure. It is clear that the morphology of the R
Aqr system is complex and different morphologies can generate similar channel
maps. The models can be worked upon further to create more likeness with
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Figure 22: Rendered channel maps for Model 2. The first box corresponds to
−17 km/s and the last box to 8 km/s. Step length between each box is 1 km/s.
Each box is 2.5 by 2.5 arcsec. Zero is located between the second and third box
in row four.
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Figure 23: Model 3 in the 3D module in Shape. Top left, shows front view
of the model. Top right labeled “Free Form” shows top view. Bottom left,
labeled “Right”, shows side view and bottom right, labeled “Renderer”, shows
the object from the angle it is generated in the renderer.

Figure 24: Rendered channel maps for Model 3. The first box corresponds to
−17 km/s and the last box to 18 km/s. Step length between each box is 1 km/s.
Each box is 2.5 by 2.5 arcsec. Zero is located between the third and fourth box
in row three.
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the observed channel maps by, for example implementing shapemol. Shape-
mol is an addition to Shape in which molecules can be added to the model
[Santander-García M. et al. 2015]. This was just a check whether the inter-
preted morphology of the CSE would give channel maps similar to the observed
channel maps.

All the models above have the same central structure. This is because this
structure in the observed images is spherical and cannot be interpreted in any
other way. The spherical structure could be bigger than in the models since it
is difficult to estimate sizes. Another possible shape for the central structure
is one that appears fairly spherical in the observed channel maps. Since we do
not have any information about scale along line of sight, the central structure
could be elongated along line of sight. The central structure is only marginally
resolved and it could hide a more complex system. It is likely that this spherical
expanding structure is the inner wind around the AGB star.

Model 1 has a full circle as the assumed curved structure in front of the
spherical structure while the other two models assume that the curved structure
at the front, is part of a spiral arm. What favors the circular structure is that
it is not as elongated along line of sight as the spiral arm in the models. The
curvature of the structure could be either part of a circle or part of a spiral arm.

All models above are less successful in reproducing the red shifted structure
or the structure behind the central spherical structure. This is due to the
difficulty of estimating the size and shape of the structure behind the central
spherical structure. For model 2, the curved structure is not visible in as many
of the rendered channels as it is in the observed channel maps. In the observed
channel maps the curved structure ends at approximately 17 km/s relative the
center of the system, which is not the case for models 1 and 2. This difference
is due to the the size of the structure and its velocity settings. The velocity was
set so that the structure behind would become visible around 5 km/s, as this is
the velocity where the structure behind appears in the observed channel maps.
It is possible to change the settings to make the rendered channel maps more
alike with the observed channel maps. The same problem can be seen in model
1, where the curved structure behind ends at 7 km/s. Model 3 was created to
make a curved structure that is visible in as many rendered channel maps as in
the observed channel maps. From model 3 it seems that the structure behind
the central structure in the observed channel maps is elongated along line of
sight.

The arc or spiral structures in front and behind the central spherical struc-
ture are likely due to the interaction between the AGB star and the companion.
In model 1, the torus could be wind material surrounding the companion. The
structures we see around the central spherical structure in models 2 and 3 could
be part of a larger spiral structure around the AGB star as been seen in recent
observations of binary AGB stars e.g. [Ramstedt et al 2014].
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Figure 25: Images of R Aqr. Left shows image from HST-WFC3, right shows
image taken with the instrument SPHERE-ZIMPOL at VLT and center is the
Hubble image zoomed to the same scale as the VLT image. Image credit
[Schmid et al 2017].

10 Discussion
10.1 Morphology of the CSE
Assuming that the curved structure in front of the spherical structure in the
observed channel maps is a torus, then the inclination of that torus can be cal-
culated. This was done by taking the position of the brightest pixels at velocity
−35 km/s and then using trigonometry to calculate the inclination angle. What
was obtained was 37.5 degrees relative to the line of sight. The uncertainty
in this inclination is large. The torus could be caused by an eruption on the
white dwarf. Assuming an expansion velocity for the torus of 17 km/s relative
to the center of the system and a diameter of 1.15 arcsec, it was estimated that
such an eruption could have occurred approximately 34 years ago. According
to figure 1 of Gromadzki et al 2009, this is close to a possible jet-event and a
periastron passage. If the observed torus has been created in such an event,
it is possible that other circular structures has been created earlier. One such
circle could be the big circle seen to the left in figure 25, this circle is part of the
nebula around R Aqr and has an inclination of 20 degrees relative line of sight
[Schmid et al 2017]. The inclination obtained for the small torus in this work
and the inclination obtained for the larger circle in Schmidt et al 2017 differs,
but they have the same order of magnitude. It is possible that both rings were
created in similar events.

It is not fully determined that the curved structure at the front is a torus.
It could also be fitted as part of a spiral arm. As seen in the models in section
9, an arm can give similar channel maps as a circle. Other binary systems
containing an AGB star have spiral structure, such as the Mira AB system
[Ramstedt et al 2014] and R Sculptoris [Maercker et. al 2012]. It is possible
that an eruption has dispersed the arm. It is also possible that the resolution
of R Aqr is to low to see an eventual spiral.

The spherical structure around the center of the system appears to be a
normal spherical CSE. If the system had a common envelope is should be visible
in the images, which it is not. This is in line with the presented data on R Aqr
in section 4.

It is unknown what shape the structure behind the central structure found
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Figure 26: Line profile for the spot, found 7 arcsec south of the AGB and at
lower velocities.

at higher velocities has, better resolution is needed. In the line profile in figure
12a it can be seen that the emission from the structure is fairly strong and
separated from the central CSE.

In Schmid et al 2017 they manage to resolve both star in the system. Ob-
servations done in that paper were performed in June and October of 2014,
less than one year before the observations done in this paper. In this study of
the R Aqr CSE, the images are not as resolved as would have been needed to
distinguish both stars. One pixel in the channel maps in figures 14, 15 and 16
corresponds to 50 milliarcsec which is the same scale, as the separation between
the stars in Schmid et al 2017. Since the orbital period is 44 years, and the
observation in this work and in the Schmid et al 2017 paper differ with less
than a year the position of the white dwarf should be similar to what is Schmid
et al. 2017 seen in. That is slightly to the west of the AGB star.

10.2 The spot
The spot found near R Aqr has never been observed before. It is unknown what
it is. It is moving at −23 km/s relative the center of the system, along the line
of sight. Since other velocity components are unknown we cannot say when it
left the system. We also cannot say what distance it is between R Aqr and the
star since we do not have information about depth scales in the channel maps.
We only know the projected distance, which is approximately 7 arcsec (about
1550 AU).

Even if the spot is close to the edge of the field of view and the surrounding
noise is therefore worse, the spot is clearly visible in several channels, see figure
17. The outer contour in the images corresponds to 3σ. As can be seen in the
line profile for the spot, see figure 26, the signal is stronger than the surrounding
noise.

The position of the spot does not line up with the jet. The jet axis is from
north-east to south-west, while the spot is found directly south of the system.
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There are other observations of spots in CO around AGB binaries. Observations
of the binary star V Hydrae, which also consists of a AGB star and a white dwarf,
has shown such spots in CO [Hirano et al 2004]. These spots are mostly found
along the V Hydrae systems jet. V Hydrae also have spots or bullets detected
in SII that have a much higher radial velocity than the spot found in this work
[Sahai et al 2016]. These SII spots are believed to have been ejected during a
periastron passage, and they are not necessarily found along the jet symmetry
axis. It is possible that the CO spot found at R Aqr has been thrown away in
a similar fashion.

11 Summary
The binary star R Aqr was observed with the ALMA telescope in order to
image the CSE around the Mira variable. Eight different molecular lines were
identified, see table 2, but only the J = 3− 2 transition of 12CO was resolved.
The morphology of this CSE is irregular. Observed channel maps can be seen
in figures 14 through 16. Models were made in the program Shape to try to
recreate the observed channel maps. It was found that different structures can
give similar channel maps. The created models and their corresponding channel
maps can be found in figures 19 through 24.

In the 12CO J = 3− 2 channel maps a spot was found 7 arcsec south of the
stars. It is unknown what caused it but it might have been ejected by the white
dwarf when it was close to the Mira.

Line profiles were made for each identified molecule and the line intensities
were measured, see figures 12a and 13 and table 3. The line profile for 13CO
showed a similar shape as for 12CO, but the strength differs. Better resolved
observations could show a similar structure for 13CO as was found for 12CO.

A estimated mass loss rate was calculated to 6.5 · 10−7 M�/yr using an
equation from Ramstedt et al 2008 and the line intensity of the 12CO J = 3− 2
transition. This mass loss rate was compared with mass loss rates for 12CO
J = 1− 0 and J = 2− 1 transitions, calculated in the same way with data from
Bujarrabal et al 2010. The calculated mass loss rate from this work and from
Bujarrabal et al 2010 differs substantially.

New observations with better resolution are needed to image the CSE around
R Aqr in more molecules. In this work only 12CO was resolved. The system is
also getting closer to a perisastron passage which should increase the likelihood
for eventual mass transfer. This is highly interesting since it can give information
on how the jet is created and if there are bullet ejections from the white dwarf.
New observations could also be used to determine if the spot has moved or if
there are more spots.
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