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Sammanfattning

Målet med det här arbetet är att i dataprogrammet SHAPE konstruera en
3D-modell av den planetariska nebulosan NGC 6781.

En planetarisk nebulosa bildas när en viss typ av stjärnor, med en ur-
sprunglig massa mellan 0.8-8 M� (där M� står för solmassan) har nått slut-
fasen i sin utveckling och är på väg att avsluta sina liv. I denna slutfas
uppkommer pulsationer hos stjärnan samt en stark vind som tillsammans
blåser bort de yttre, sfäriska lagren av stjärnan tills endast den innersta kär-
nan återstår. Kärnan kommer att svalna av och blir till slut en så kallad vit
dvärg vilken omges av ett skal bestående av den utkastade gasen och stoftet
från stjärnans yttre lager. Detta expanderande skal bestående av lysande,
joniserad gas är vad som kallas för planetarisk nebulosa.

Ordet "nebulosa" är latin och betyder moln eller dimma, namnen plane-
tarisk nebulosa uppkom på 1780-talet då man först observerade dessa objekt
och tyckte de liknade stora gasplaneter. Planetariska nebulosor förekommer
i flera olika former, allt från bipolär till väldigt komplexa strukturer. Den
snabba vinden tillsammans med den starka strålning som kommer från stjär-
nan antas vara orsaken till att planetariska nebulosor uppkommer. Exakt
hur dessa processer fungerar samt vilka mekanismer som påverkar att stjär-
nans yttre sfäriska lager kan anta de spektakulära former som planetariska
nebulosor har är något som man i dagsläget inte vet med säkerhet.

SHAPE är ett dataprogram, skapat för astrofysiker, som under de senaste
åren vuxit fram. I SHAPE skapas 3D-modeller av olika astronomiska objekt
med syfte att öka förståelsen för objektet samt att försöka bestämma dess
morfologi och hastighetsfält. SHAPE är speciellt lämpat för att simulera
planetariska nebulosor. Målet med 3D-modeller är att dessa kan roteras
och studeras från olika vinklar. Detta ger en bättre förståelse för objektets
struktur samt utbredning, vilket kan bidra till en ökad kunskap om hur
mekanismerna som påverkar att planetariska nebulosor bildas fungerar.

Modellen av NGC 6781 är en ihålig cylinder med inre radie på 38 ”, en
yttre radie på 60” samt en längd på 117”. Modellen är lite vidgad vid midjan,
vilket gör att den liknar en tunna till utseendet. Hela cylindern är lutad 21o

framåt och roterad med 20o åt vänster. Gasen som nebulosan består av
expanderar radiellt utåt enligt v=0.26·r där r anger avståndet från origo,
detta resulterar i att cylinderns yttre delar har en expansionshastighet på ∼
16 km/s.



Modellen reproducerar och stämmer väl överens med den observerade
CO-strålningen och i synnerhet hastighetsfördelningen i den molekylära gasen.
Hastigheten, temperaturen och densiteten överensstämmer med typiska vär-
den som förekommer för planetariska nebulosor samt vad som kan förväntas
i fallet då NGC 6781 utvecklas och uppkommit från en AGB-stjärna. Nå-
gon exakt feluppskattning är svårt att göra eftersom de olika parametrarna
(hastighet, temperatur, lutning och densitet) beror av varandra. De mest
känsliga parametrarna som orsakar störst förändringar i modellen är expan-
sionshastigheten samt densiteten.

Abstract

The objective of this work is to reconstruct a 3D model of the planetary
nebula (PN) NCG 6781 using the computer software SHAPE.

A planetary nebula forms when specific types of stars, with masses be-
tween 0.8-8 M� (where � is solar masses) end their lives. In the last evo-
lutionary stage of these stars radial pulsations and a fast wind blows away
the spherical, outer layers of the star until only the core of the star remains.
The core will cool off and finally becomes a so called white dwarf which is
surrounded by a shell of the ejected gas and dust. This expanding shell of
glowing ionized gas and dust is called a planetary nebula. The word "neb-
ula" is Latin for mist or cloud and the name planetary nebula came in the
1780’s since these objects looked like large gaseous planets when observed.
Planetary nebulae exist in many and various shapes, from bipolar to multi-
structured. It is anticipated that the fast wind in combination with radiation
from the star affects the formation of the planetary nebulae. Exactly how
these processes work and what mechanisms that cause the outer, spherical
layers of the star to adapt the spectacular and multi-structured shapes seen
in planetary nebulae is not well known.

SHAPE is an interactive computer program that has been developed
during the last few years and is a tool used by astrophysicists. In SHAPE, 3D
models of different astronomical objects can be set up in order to understand
and try to determine their morphology, density and temperature distribution
and velocity field. SHAPE is particularly suited for planetary nebulae. The
aim of a 3D model is that it provides an opportunity to rotate the object
and view it from different angles and determine how the velocity field affects
the emission from the nebula. This gives new insights to the structure of
the object and its distribution, which may contribute to increased knowledge
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about the mechanisms that control the formation of planetary nebulae.
In this work I have modeled the planetary nebula NGC 6781. I compare

my model to previous attempts at determining the morphology of the nebula
and to recently obtained observations of the carbon monoxide (CO) emission
from the nebula. The model of NGC 6781 appears to be a hollow cylinder
with inner radius 38” and outer radius 60” and with a depth of 117”. The
model is a bit extended at the waist so it gets the shape of a barrel. The
cylinder is tilted forward 21o and rotated to the left with 20o. The expanding
gas within the nebula is moving radially outwards with the relation v=0.26·r,
where r is the distance from the origin and the gas has a velocity of ∼ 16
km/s at the rim of the cylinder.

The model reproduces the observed CO emission well and in particu-
lar the velocity, temperature and density distribution of the molecular gas.
The velocity, temperature and density distribution agrees with typical values
found for PNe and with what could be expected if NGC 6781 has evolved
from an AGB star.
It is hard to estimate exact errors for the different parameters since they
are strongly dependent on one another. It seems like the velocity and den-
sity parameters are those most sensitive to variations and these causes the
biggest changes in the model, when altered.
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1 Introduction

Planetary nebulae (PNe) are thought to originate from the circumstellar ma-
terial ejected from Asymptotic Giant Branch stars (AGB) at a late stage in
their evolution. Planetary nebulae can have a wide variety of appearances,
for e.g bipolar, ring-structured, elliptical, butterfly and irregular [1]. In addi-
tion to these there are also small-scale features such as Fast Low-Ionization
Emission Regions (FLIERs), knots and jets which seems to appear in about
half of the PNe [2].

To explain the formation of PNe, a fast wind launched at the transition
from AGB to PN has been proposed. This idea is summarized and described
by the Interacting Stellar Wind (ISW) model. This concept was introduced
in 1978 by Kwok et al. [3] and explains how a fast stellar wind hydrodynam-
ically interacts with the more dense and slow moving material previously
ejected during and after the AGB phase [2]. However, problems remain
regarding radiation physics and gas dynamics in the ISW model [4]. The ac-
curacy of the ISW model has been verified by numerical models, where calcu-
lations prove that the ISW can explain the properties of observed round, el-
liptical and bipolar PNe [4]. However, the ISW cannot explain the formation
butterfly nebulae. These nebulae seem to form during a very short period and
then expand ballistically [2]. Studies of massive PNe have shown that most of
the gas they consist of is in molecular form [5]. The gas is strongly affected by
the radiation fields from the central star, which changes the chemical compo-
sition and the atomic-to-molecular fraction through photodissociation where
high-energy radiation breaks the molecular bounds. The radiation field will
thereby influence how the shape and mass distribution of the PNe evolves.
There have been very few studies regarding the chemistry in the neutral gas
of PNe and it is therefore difficult to know exactly how these radiation fields
contribute to the development and shaping of PNe [5].

There are many unanswered questions regarding PNe and how they form
and evolve. It has been debated whether it is possible to describe the creation
of the various appearances that PNe exhibit with one single model or if
several mechanisms that interact are needed [2]. A model that describes the
formation of PNe must also be able to explain how disks, tori, jets and knots
are formed. Disks and tori are also very common features in PNe.

Studies of the molecular gas in the PNe can provide important infor-
mation about the physical processes that generate nebulae and how these
mechanisms work [6]. It is also important to understand and get an idea of
the 3D structures and forms of the PNe. Since objects in space can only be
observed along the line-of-sight, a 3D model may contribute to an increasing
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understanding of the shapes and the morphologies of the PNe.
The aim of this work is to construct a 3D model of the planetary nebula

NGC 6781 with a computer program called SHAPE, to constrain the mor-
phology and velocity field of the nebula, and to get first-order constrains on
the temperature and density of the molecular gas.

2 Theoretical background

2.1 Late stellar evolution

Stars with low- and intermediate-mass will at a late evolutionary stage burn
hydrogen and helium in a thin shell on top of the electron-degenerate core
consisting of carbon and oxygen, this is usually referred to as Asymptotic
giant branch stars (AGB) [7]. The initial mass of a star is what mainly
determines the development and fate of the star [1]. AGB-stars will develop
through a phase characterized by pulsations and a fast wind that blows away
the outer layers of the star causing the star to lose significant amounts of
mass. These stars will end their lives as a planetary nebulae (PN) [1, 8].
Typical mass-loss rates and wind velocities are of the order of ∼ 10−7 −
10−6M�yr

−1 [4] and ∼ 10 − 30kms−1 [1]. The wind velocities and the
mass-loss rates change during the star’s final evolutionary stages. At first
both the wind velocity and mass-loss rate increase from the above given
values. Beyond the AGB phase the wind velocities continue to increase even
more and can reach velocities of about 1000 kms−1, [4] while the mass-loss
rate decreases and stops immediately after the AGB phase [8]. During the
AGB phase a circumstellar envelope of gas and dust is created by the wind
which surrounds the central star. This envelope will have a high opacity
at visual wavelengths due to the dust grains in the envelope [8, 9]. When
the mass-loss ceases, the envelope will disperse and the central star becomes
visible again. This marks the Planetary Nebula phase (PN-phase) [8]. The
central star does not evolve any further but will eventually cool off and finally
becomes a white dwarf [10]. During the PN-phase the envelope drastically
transforms under the influence of the fast wind and the intense radiation
from the central star [9]. The expanding shell of gas around the central
star may adopt astonishing formations and is called a PN [9, 10]. In the
nineteenth century when these objects were observed through a telescope it
looked like a giant gaseous planet and that’s how the name PN appeared [10].
Exactly how and which physical parameters that affect the almost spherical
outer layers of stars to form the complex and manifold morphologies that
are observed in PN are still a mystery [2, 11].

2



Research on the PNe has been performed for nearly 250 years and the
first real breakthrough came in the mid-nineteenth century when Kirchhoff
and Bunsen invented spectroscopy. The similarities between white dwarfs
and the central stars of planetary nebulae was first discovered by the Rus-
sian astrophysicist Ioseph Shklovsky in 1956 [1]. Initially the astronomers
believed the thermal pulses during the AGB-phase to be responsible for the
formation of PN. This was the common belief for many years, but in the
1970’s it was shown that the velocities of the stellar winds from the TP-
AGB phase and the winds from the hot central star were different [1]. One
often used theory in the scientific field today is the interacting stellar wind
(ISW) model which was introduced in 1978 by the astronomer Sun Kwok [3]
as a consequence to the findings in the 1970’s [1]. Even though over 1500
PNe have been mapped and cataloged until present day the PNe is still one
of the most puzzling celestial objects and more research has to be done in
order to understand their origin and morphologies [1].

2.2 Asymptotic Giant Branch Stars

Stars evolve through different phases by fusion of various elements. A new
stage in the star’s development is defined by the exhaustion of an element
and when burning of a new element begins. The evolution of stars is often
illustrated in a Hertzsprung-Russell diagram (HR-diagram), figure 1. A star
spends most of its life on the Main Sequence (MS) phase, where the star
with low masses (<1.5M�) burns H into He through proton-proton chain
(pp chain) reactions [7]. Stars with higher masses (>1.5M�) converts H into
He by the CNO-cycle. These process increases the mean molecular weight, µ
of the core which results in a contraction of the core, increasing temperature,
luminosity and radius [7, 10].

µ =
m̄

mh
(1)

Equation 1 describe the mean molecular weight, where m̄ is the average mass
per particle in units of hydrogen atom mass, mh.
The pp chain process stops when most of the H in the core is exhausted and
fusion of H starts in a shell around the He-core. The star evolves to the
Red Giant Branch (RGB) in the HR-diagram and this constitutes the end
of the MS phase. When the core contracts; gravitational, potential energy
is released and the burning of H → He increases in the shell. This leads to
an increase in temperature, density and energy production in the interior of
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Figure 1: The Hertzsprung-Russelldiagram shows how stars evolve and where
they are located at different stages. The axes display luminosity, absolute
magnitude, temperature and spectral classification of the stars. Source:
https://saoastronews.files.wordpress.com/2012/11/hrdiagram.jpg

the star. This enormous amount of energy causes the outer envelope of the
star to expand and the star becomes a red giant. At this stage the surface
temperature of the star decreases. Convection within the star transports
material from the interior to the surface. This process is referred to as the
"first dredge-up".

At the tip of the RGB the core temperature and density are high enough
(approximately 108 K and 107 kgm−3) [10] to ignite He in the core through
the triple alpha process. The triple alpha process causes a rapid increase
in temperature which accelerates the He-fusion rate. For stars with a mass
less than <1.8 M� the core is degenerate=the ideal gas law does not apply.
Since it does not apply, the core will not adjust to the increase in temper-
ature leading to a runaway process (temperature increase → higher energy
production → temperature increase ever further → even higher energy pro-
duction, etc.) and enormous amounts of energy is released, this is called the
helium core flash. The helium core flash only lasts for a few seconds. The
released energy will counteract the degeneracy, and eventually the core can
expand and cool off. The reaction times slow down and the fusion processes
in the core are stabilized. In more massive stars the helium ignites quietly
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since the core is non-degenerate and the evolution can just continue onto the
horizontal branch.
The envelope contracts after the Red Giant phase. The star moves horizon-
tally towards the blue part of the HR-diagram and is now burning He. When
all the He is consumed in the core it begins to contract due to the increased
molecular weight in the core. The next phase of the evolution is called the
Asymptotic Giant Branch (AGB). AGB stars are very luminous, ∼ 104L�,
very large and can have radii of about 1000 R� and the circumstellar enve-
lope can extend to 103 up to 104 times the radius of the star and they are
quite cool, Teff=3000-3500 K [6]. An AGB star has a complex structure, a
small hot and dense core consisting of carbon (C) and oxygen (O). Around
the core, fusion of hydrogen and helium occurs in concentric shells, the ma-
jor source of energy is the He-burning shell. The core is degenerate and this
has the consequence that fusion of C cannot occur in the core. This sets
an upper limit of the mass of the star that will evolve up the AGB to ∼ 8
M� [10, 12, 13]. Surrounding the core and the He- and H-shells is the hot,
dense stellar envelope followed by the warm atmosphere and the outer part
consists of a loosely bound and cool cirumstellar envelope [12].

When the star evolves up the AGB it goes through a phase character-
ized by thermal pulsations, referred to as the Thermally Pulsing Asymptotic
Giant Branch or TP-AGB [1]. During the TP-AGB the H-shell is dumping
material into the layers below, the mass of the lower layer increases which
generates ignition of He and a He shell-flash occurs. This release of energy
pushes the H-shell outward where it cools and the H-fusion process stops for
a while. When the fusion in the He-shell declines the process in the H-shell
can start again, this process repeats over and over again. These pulsations
is what is drives the evolution of the star.
During a flash a convection zone developes between the H- and the He-
burning shells which bring reaction products such as carbon-rich material
up to the surface of the star. The material mixes and the star gets a new
chemical composition, this is referred to as the "third-dredge up" [10, 13].
The mechanisms that affect and control the mass loss are still unsolved. In
the last stages of evolution on the AGB, a so called "superwind" develops.
This fast moving wind catches up with the slowly moving material ejected
during the TP-AGB. This can result in the material congregating in a dense
shell [1,2,10]. The AGB phase is characterized by an intense wind from the
stellar surface. A typical AGB wind velocity is ∼10-30 kms−1 [1] and the
mass-loss rate is of order ∼ 10−7− 10−5M�yr

−1 [4]. On the AGB, the mass
loss is thought to be driven by radiation pressure on dust grains [6]. The
radiation pressure forces dust grains away from the star and the dust drags
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the gas along [1] causing the star to lose mass. As the star moves beyond the
AGB phase, the material reaches very high velocities ∼1000 kms−1 whilst
the mass-loss rates decrease to ∼ 10−8M�yr−1 [4]. What drives the wind
at this stage is not known. The star will now move in the HR-diagram to-
wards the blue side and the star’s temperature increases. The remnant of
the star is very hot and emitting UV radiation that ionizes the scattered gas
which begins to radiate. Therefore the circumstellar envelope will emit clear
emission lines of Hα and ionized lines. The remaining hot core will quickly
abate in luminosity and advances to the lower, left corner of the HR-diagram
and will end up as a white dwarf. The ejected gas is what form a planetary
nebula [1].

3 Observations

3.1 ALMA

The Atacama Large Millimeter/submillimeter Array (ALMA) is a sub mil-
limeter and radio interferometer under construction in the Atacama Desert
of northern Chile. It is an international cooperation between Chile, Europe,
North America and east Asia [14, 15]. ALMA is designed to explore the
cold Universe and will be the world’s most powerful telescope for observa-
tions in submillimeter and millimeter wavelengths between 0.3-3 millimeter
(84 to 950 GHz) [16, 17]. ALMA will provide new information and con-
tribute with never before seen details about star- and galaxy formation in
the early Universe, as well as generate detailed and direct imaging of local
star- and planet-formation [14]. ALMA will have a resolution of <<0.1”, this
high resolution make observations of the dust condensation of some AGB-
stars achievable. The high resolution make it possible to study the details
of the shell kinematics in circumstellar CO envelopes beyond the center of
our Galaxy, which will contribute to a better understanding regarding the
evolution of an AGB star to the PN phase by observing more sources [17].

ALMA is located at an altitude of 5000 m in Chile and this is one of
the driest places on Earth. These conditions give little atmospheric distur-
bances and the transmission is therefore excellent [14,15]. The high elevation
makes ALMA one of the highest located astronomical observatory sites on
Earth [14]. The ALMA-telescope is an interferometer, also referred to as a
telescope array and it is divided into two parts. The first part is the main
array and consists of up to sixty-four 12-m antennas, which can be moved
across distances separating individual antennas from 150 meters up to 15km.
The second part consists of four 12-meter and twelve 7-meters antennas that
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operates in a compact configuration of about 50 meters in diameter. This
second part is often called Atacama Compact Array (ACA) [14, 15, 18]. By
moving the antennas further away or closer apart the interferometer acts as
a telescope with variable diameter. When the antennas are very far part,
the spatial resolution of the interferometer is high and small details will be
resolved. At the same time, extended emission will be resolved out and not
detected since the interferometer is full of holes when the individual anten-
nas are far apart. If instead the antennas are placed close together, the
interferometer has fewer holes and even the extended emission will be de-
tected, however, now the total diameter is smaller and the spatial resolution
is not as good. By combining measurements at different array configurations,
emission at different scales can be detected and the different sources can be
studied in detail. The design of the ALMA arrays allow all the individual
antennas to work together as one large telescope [17,18].

3.2 Data

The data of NGC 6781 presented in this section is obtained by the radio
telescope Atacama Pathfinder Experiment (APEX). The telescope is situ-
ated at the same site as the ALMA observatory in the Atacama desert in
northern Chile. The APEX telescope is a precursor to ALMA and consists
of a single 12 m dish and is a prototype of the existing ALMA antennas.
APEX operates at wavelengths between 0.2-1.5 mm and the aim of APEX
today is to find interesting targets which ALMA will be able to study at
higher spatial resolution.

In 1963 the first observations of molecules in the radio spectrum was
made when OH at a wavelength of λ = 18 cm was detected. After that
followed the discovery of CO at 2.6 mm in 1970 [20].

In gaseous clouds, such as a PN, the most abundant molecule is H2

and the second most common is CO. All molecules which may occur in
these clouds are separable from each other due to the characteristic emission
lines in their spectra [21]. Unlike atoms, molecules have different degrees
of freedom, they may rotate or vibrate around the interatomic axis [21, 22].
Transitions between two states emit/absorb photons that are unique for each
particular molecule and this gives rise to the spectral lines of a molecular gas
[21]. Quantum mechanics state that only some discrete values are permitted
for the energy levels within the vibrational and rotational states. Permitted
energies in the rotational state are given by E= C·J(J+1), where C=(h̄2/2I)
and h̄ is the reduced Planck constant. The energy varies with the moment
of inertia, I, of the molecule and the rotational quantum number, J [22].
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Because the energy depends on the moment of inertia a large molecule, with
a higher value of I, emits photons with longer wavelengths i.e lower energy,
than smaller molecules [23]. Hence, transitions between two arbitrary states
emit/absorb photons that are unique for each particular molecules and this
gives rise to the spectral lines of a molecular gas [21]. The J=1-0 is of
particular interest and it is used as the default transition in observations
of interstellar molecular clouds. This is the lowest transition and requires
the least energy to be excited and therefore the transition will emit over
almost the entire nebula. This transition emits a wavelength of 2.6 mm and
frequency of 115 GHz [24]. In addition to this, molecules can be electronically
excited as well [23]. Interstellar molecular clouds are relatively cold with
temperatures within the range of 5-300 K. The CO transitions are used as
a standard tracer when properties of molecular clouds are to be examined
[21, 23]. Even at temperatures as low as 10 K the J=1-0 transition can be
triggered due to collisions in the gas and CO can also be excited at low H2

densities [20, 21, 23]. CO is also highly abundant relative to H2 and there
is a simple relation between the total column density and the J = 2-1 line
from which for instance the density of H2 can be calculated [20]. Therefore
the rotational transitions of CO molecules are those being measured and
detected by the radio telescopes [23].

The data is being measured as the difference between two signals. This
is performed in different ways depending on what kind of measurements are
being performed. The individual observations are often carried out in a
very short time in order to avoid interference from weather or telescope and
therefore obtain more consistent and accurate data [20]. Several individual
observations, referred to as scans, are then added together resulting in a long
total observation time and a better signal-to-noise ratio.

The data presented in figure 2 is a spectral linemap performed with a
special technique called "on-the-fly-mapping", which means that the tele-
scope slowly scans the sky for the position of the target source. This is
performed in order to obtain a better spatial resolution than the beam-size
of the telescope which in the case of APEX is 18” at 345 GHz.

In the submillimeter range the frequency measured by the receiver is
converted into velocity, the consequence is that the wavelength resolution is
given directly in velocity. In order to reduce noise and get a better signal the
spectral resolution is reduced to a lower resolution. The observations measure
the transition of CO J=3→2 at 345.796 GHz at a spectral resolution of 1
kms−1, which in the channel maps has been reduced to 2 kms−1 to improve
the signal to noise.
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Figure 2: The data is observed at the of CO J=3-2 transition at 345.796 GHz
and presented in channel maps at 2 km/s spectral resolution. The distance
from the center coordinates of the source are given in arcsec on both axes.

The channel maps displayed in figure 2 represent how the gas within the
nebula is moving at different velocities relative the observer. The offset on
the axes in figure 2 is the distance [”] relative the coordinates for the nebula
R.A. 19h18m28s, decl. +06o32′19′′ [1]. The molecules within the nebula are
emitting radiation at a specific wavelength, 345.8 GHz, corresponding to the
J=3-2 transition. The nebula has a velocity relative us and this causes the
frequency to change due to the Dopplershift in accordance with equations
2 and 3. Where c-speed of light, ν-frequency, λ-wavelength and ∆v-the
velocity-shift.

ν =
c

λ
(2)

∆v =
∆ν · c
ν

(3)
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In equation 3, ∆v is the objects velocity relative us. The frequency for the
J=3-2 transition is 345.8 GHz and in equation 3 the frequency is set to be
ν=345.8 GHz, ∆ν is the frequency-shift relative 345.8 GHz.
For radio observations the measured frequency across the spectral lines is
converted from frequency to velocity according to equations 2 and 3. This
is done because it is easier to evaluate the observed data of the spectral
lines if it is presented in channel maps displaying the velocity. Figure 3
schematically shows how this conversion is done. The image to the right
(b) shows the spectral lines, where the x-axis show the wavelengths and the
y-axis the intensity, different wavelengths corresponds to an intensity. These
wavelengths can be converted by equations 2 and 3 to velocity, where each
wavelength corresponds to a specific velocity. In the left image (a) the data
is displayed in a position diagram and arranged after velocity. The x- and
y-axes in the left image of figure 3, represents the position in the nebula and
can be related to the offset on the axes in the channel maps, figure 2 and
the z-axis displays the wavelength, λ, which corresponds to the velocity.

Figure 3: Schematic image of how the channel map is constructed. At each
frequency (velocity) across the spectral line, an intensity map is displayed.
Source: Sofia Ramstedt, private communication, http://origin-ars.els-
cdv.com/content/image/1-s2.0-s0010482505001204-gr1.jpg
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4 Method

4.1 SHAPE

SHAPE is a software designed and created by Wolfgang Steffen, (Insti-
tuto de Astronomía, Universidad Nacional Autónoma de Mexico (UNAM),
Ensenada, BC, Mexico) and Nico Koning (University of Calgary, Calgary,
Canada) [26]. It is one of the first publicly available computer programs
created for interactive 3D modeling to determine the morphology and veloc-
ity field of different kinds of gaseous emission nebulae [26, 27]. The purpose
of SHAPE is to generate 3D structures and kinematics of spatially resolved
astrophysical nebulae [28]. In order to understand and gain new information
about e.g the morphology and properties of astronomical objects beyond the
solar system it is crucial to simulate the object in its actual 3D volumet-
ric shape. Objects at large distances are only observable in 2D projection
and 3D modeling programs are important tools for further studies of these
objects [27].

Unlike other astrophysical modeling tools SHAPE is based on technology
similar to the one used in video games and architectural visualization [28].
SHAPE integrates the analytical model and the visual model into the same
system and the tools to define the spatial structure and velocity field are in-
teractive [27]. This feature is unique for the SHAPE-program and allows the
user to see the results at any stage of the modeling process and continuously
compare the model with observed data, which makes the working process
more effective [27]. The application ranges of SHAPE are wide and the pro-
gram can be used to compare and explain data from existing observations as
well as to calculate and predict how an astronomical object will evolve over
time based on the assumed model. SHAPE is designed to be easy to learn
and work with.

The modeling process starts in the 3D modules where the user specifies
assumed properties of the astronomical object one wishes to recreate, such as
geometry, velocity and emissivity. First a suitable geometry is chosen from
some primitive shapes (sphere, cylinder, cone, torus etc.) and the values for
length, height and radius are adjusted. The model can be set up in arbitrary
units or in actual physical units e.g., the size of the object can be given in arc-
seconds, parsec or astronomical units. The original shape of the model can
be deformed using a selection of modifiers such as curvature, shear, squeeze,
shell and squish. Some complex structures can be added to the model e.g.,
multipolar, knotty or filamentary. These modifiers makes it easy to adjust
the appearance of the model as close to the real astronomical object as possi-
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ble. The user can add as many objects as desired in the same model in order
to create complex structures. Physical properties are assigned and controlled
in different modifiers e.g density, velocity and temperature modifiers. These
physical properties can either be set to be constant or defined as a function of
position. There are some predefined functions, the velocity field modifier has
predetermined functions that describe common movements such as radial ex-
pansion, gaseous disk rotation, solid body rotation and random distribution.
If none of these functions suits the observations the user can define a func-
tion by just typing in the equation. The equation is then calculated and is
displayed as a graph. Different coordinate systems are available and the user
can choose to work with Cartesian, cylindrical or spherical coordinates. The
distribution of particles within the model can be displayed randomly over
either the surface or the whole volume. The user can also add more particles
or arbitrarily rearrange them. The information in the above section is based
on papers [27, 28].

Figure 4: The model of the NGC 6781 nebula seen from the side, with
velocity vectors displaying the direction of the velocity field. The x-axis is
blue, y-axis is red and the z-axis is green.
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The 3D module gives the user a great overview of the shape of the model
and the particle distribution, but the particles can also be used to visualize
the vector field by attaching a velocity vector to them [27]. The velocity
field can be displayed as constant, magnitude or direction in which colored
vectors marks the velocity along the line of sight, giving the user a sense
for the observed Doppler-shift in the object [27] as seen in figure 4. In the
latest update of SHAPE v.5, a new version of a code called SHAPEMOL,
developed by Miguel Santander-García (OAN, Madrid), has been added and
integrated with SHAPE. This code enables the user to add e.g., molecules,
dust, atomic and plasma species. The user can choose and set up different
transitions (J=1-0 to 17-16) for the species 12CO and 13CO [26].

The output from the finished model is displayed in the render module
where the simulated appearance can be compared to observational data [27].
There are several different ways to display the output from the model, in ad-
dition to an emission image of the model, SHAPE can also produce position-
velocity (P-V) diagrams, channel maps, light echoes, light curves and one
dimensional spectral line shapes, to mention a few [28]. The user can obtain
different types of secondary information from the P-V by choosing different
types of coloring schemes [27]. For example, the velocity along the line of
sight within the model can be displayed in red/blue shifted regions which
shows the Doppler-shift and which regions that are moving away from or to-
wards the observer [27]. These features in the render module fulfill different
purposes and the user can receive specific information that is of interest [27].

Other features that makes SHAPE unique in comparison to other 3D
animation programs is that it produces spectral information [27] and generate
wavelength dependent radiation transfer for line emission and scattering on
dust [28]. SHAPE also allows the user to import observational data into the
program, which makes it easy to analyze and compare the images obtained
by the replicated model with the actual data. The images and information
received from the model in SHAPE can be saved and exported for use in
articles and papers [27].

Another important application in SHAPE is the time-dependencies. The
velocities of the particles in a model can be specified leading to the possibility
to create animated videos and an estimated age and the future evolution of
the astronomical object can be predicted [27,28].

SHAPE has many advantages and its applications and different modules
makes it a powerful tool in the learning process and the understanding of as-
tronomical objects. The design of SHAPE allows the user to quickly become
familiar with and easily comprehend the output data [28]. It is important
to create and develop programs like SHAPE, since most of the astrophysi-
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cal data is based on the information received along the line-of-sight. That’s
why tools and methods that can reconstruct the 3D structure of these as-
tronomical objects are so important [27]. Astronomical objects located at
large distances are only observable along the line-of-sight. A reconstructed
3D model of the object provides an opportunity to rotate the object and
view it from different angles. This may contribute to increased knowledge of
the object’s structure, form and distribution. Information that may provide
new insights to why these objects assume these various appearances [27].

4.2 NGC 6781

The target object to be modeled and examined is called NGC 6781 and
is positioned at R.A. 19h18m28s, decl. +06o32′19′′ in the constellation of
Aquila [1]. There has been some previous research done on this PN and
information from four articles will be compiled and compared in this section.
The authors of these articles derive the same results for some parameters
while other parameters differed significantly. The model presented in the
next section will be based on the information and the values of the parameters
found in these articles. The papers that will be focused on are [4, 9, 11, 32].

Figure 5: The optical image of NGC 6781.
Source: http://www.capella-observatory.com/images/PNs/NGC6781.jpg
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The distance to NGC 6781 is mentioned in three of these publications,
[9, 11] presents the same value and estimates the distance to the PN to be
950 ± 143 pc. The value in papers [9, 11] is slightly higher than the value
presented in [4], where a distance of 800 pc is proposed. Observed distance
are mentioned in [11] and ranges between 500-1600 pc which gives a relative
error of ±0.143 [11].

Regarding the central star, papers [9,11] state consistent data concerning
mass, luminosity and temperature. In [4] a slightly lower value for both the
temperature, mass and the luminosity is presented. Papers [9, 11] establish
the stars luminosity to be 385 L�. Paper [4] refers to a study based on
stellar evolution of the central star of ∼70 PN, performed and expressed
by Górny et al. (1997) [29]. In this study the luminosity of the star of
NGC 6781 was found to be ∼200 L� and a temperature of ∼105 kK was
determined [4]. The temperature given in [11] is consistent with [4] where
the temperature is 105 kK, based on statistical analysis from Stanghellini et
al. (2002) [30], whereas 110 kK is to be found in paper [9] and is referring
to DAO spectral type by (Frew 2008). The present value of the mass of the
central star is roughly 0.60, where 0.57 M� is presented in [4], based on the
paper by (Górny et al. 1997) [29]. The mass 0.60 ± 0.03 M� appears in
both [9, 11] which in [11] are derived from statistical analysis (Stanghellini
et al. 2002) [30]. The initial mass of the star was estimated to 1.5 ± 0.5
M� [11] as well as in [9]. The optical appearance of NGC 6781 shows a
bipolar structure with protracted ring-like shape and low optical luminosity,
which is consistent in all the papers. The southern part of the cylinder is
much brighter than the northern part. This is caused by the axis asymmetry
which causes the observed C-shape [32]. The diameter of the nebula varies
from ∼95” [4] to ∼130” [9,11]. Bachiller et al. (1993) [31] proposed, based on
their observations of CO emission, that NGC 6781 has an ellipsoidal shape
with truncated ends and is hollow [4]. Even in [9, 11, 32] a thin, cylindrical
shell is suggested and this has for instance been confirmed by broadband
maps [9]. A plausible shape of the nebula is shown in figure 6.
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Figure 6: The assumed shape of the nebula seen from the line-of-sight, where
x-axis is blue, y-axis is red.

The cylinder is thought to be inclined with respect to the line of sight,
the estimated angle is ∼ 23o and appears in [4,9,32]. The part of the cylinder
closest to the observer should also be tilted, approximately 20o towards the
south, which is consistent with the peaks in the surface brightness that occur
in the eastern and western rims [9, 32].

For the radii of the cylinder the values are widely diverse in the different
articles. The smallest value is given in [9] where the estimated inner radius is
40” with a thickness of the shell of about 10”. The extent of the nebula along
the line-of-sight axis is not estimated. A slightly large number is presented
in [4] with an inner radius of 38” and an outer radius of 60” and the cylinder
protracted 117” along the z-axis [4]. In [32] other numbers for the radii are
estimated. Here the outer ring is estimated to be 54” across while the inner
ring is 42”. The waist is expected to stretch out to a distance of 66.5” [32].

Since a nebula arises from a pulsating star where the gas has been ejected
from the central star the simplest assumption is that the gas should expand
radially away from the center. The expansion is linearly proportional from
the distance to the central star expressed by the velocity law of v ∝ r. This
has shown to be the case for several bipolar nebulae [32]. Based on CO
observations Olofsson et al. (1993) [33] came to the conclusion that the
regular wind velocity of a AGB star is ∼12.5 kms−1 [32]. The expansion
velocities presented in articles [4, 9, 11,32] are slightly larger than this value
and varies from ∼ 15kms−1 [9] to ∼ 22.4 kms−1. Bachiller et al. (1993)
[31] estimated the expansion velocity to be 22 kms−1 from CO observations
consistent with 22.4 kms−1 found for H2 at the waist of the cylinder, with
increasing velocities at the poles [32]. The nebula consists of dust and gas
which is composed of atoms and molecular species, for e.g CH, CH2, CH1

2 ,
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12CO, S+, H+, O, N, HCl, OH and H2O [35]. Zuckerman et al. (1990) [34]
concludes that NGC 6781 is rich in molecules and that a great part of the
mass is in molecular form. Recent studies of the nebula indicated that the
total mass of the shell is 0.86 M� [9], the mass of the ionized gas is 0.54
M�, the atomic gas mass is 0.12 M� and the mass of the molecular gas,
0.2 M� [9]. The far-IR emitting dust is estimated to be Mdust = 4·10−3

M� [9]. The temperature of the dust in the nebula is Tdust = 36 ± 2 K [9].
The electron temperature is approximately 104 K, based on analyzes of the
optical emission line [9]. The measured fluxes of CO are used to calculate
the CO excitation temperature, Tex = 56± 9 K at the center and 57 ±
8K at the rim. The same method is used to find the column density, NCO=
(8±3)·1014cm−2 for the center pointing and and NCO = (9±3)·1014cm−2 for
the rim [9]. Approximately 50 % of the total dust mass is contained within
the barrel structure as well as most of the CO gas. This is evident from the
thermal dust continuum emission [9]. Density maps show that the density is
higher within the cylindrical shell than in the center cavity [11]. The peak
intensity of the molecular emission indicates that the density is higher at
the waist of the barrel and decreases towards the poles [32]. A low surface
brightness halo is expected to surround the central cylinder structure, having
an extent of 180” x 109” [4] with a temperature of 26-40 K [4, 9]. Most of
the cylinder structure is ionized and the ionization increases in the halo [4].
The age of the halo can be estimated by study the surface brightness of the
PN, a low and uniform brightness leads to the conclusion that the age of the
nebula is ∼41 000 years, assuming a constant wind velocity [4, 9].

The parameters that will be used in the calculations are found in the
information given above and are also presented in table 1.

5 Results

Two different models were set up in SHAPE. Model 1 is based on the pre-
viously published values of the physical parameters. Model 2 is a revised
version of Model 1 where the parameters are adjusted in order to reproduce
the channel maps of the observed data which are presented in figure 2. Table
1 summarizes the parameters for both model 1 and 2. In the following text
the parameters for the physical quantities are assigned individual variables,
found in table 1.
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Figure 7: An image of what the 3D module in SHAPE looks like.

The process starts in the 3D module in SHAPE where a cylindrical shape
is chosen and created by clicking and dragging in the workspace, see figure
7. On the right hand side in the 3D module there are several buttons from
which one controls the different properties of the model just created. Under
"primitive", initial values for radii (rinner, router) and length (l) are assigned.
The cylinder is hollow and an inner and an outer radius is set up. Five
modifiers; density, temperature, velocity, rotation and squish are added, se-
lected from the "modifier" button. In the "density" modifier "quick"-mode
is chosen with spherical coordinates and a constant value of magnitude=d.
The density is in this case the H2 density. The temperature is also set to be
constant with magnitude=t. In the "rotation"-modifier the cylinder is tilted
with x degrees forward and rotated y degrees to the left, seen from the front.
The "squish"-modifier enables us to squeeze the cylinder with a factor=s.
The cylinder will be extended in the y direction and slightly compressed in
the x-direction which gives it the appearance of a barrel, figure 8.
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Figure 8: The model of the nebula in SHAPE, seen from the side and the
front on, where the barrel shape is clearly visible. The x-axis is blue, the
y-axis is red, the z-axis is green.

Finally, two "velocity"-modifiers are added; one describing the expansion
velocity of the gas within the cylinder, vg and one determining the velocity
with which the object is moving away from us, vo. For the vo a custom mode
with cylindrical coordinates is selected, in this case the magnitude, f0 is set
to 1. f0 only describes the factor which all the functions of vr, vθ, and vz is
multiplied with. The vr and vθ are both set to 0 and vo=vo(z) is describing
the velocity of the object directed along positive z-axis which is pointing
away from the observer. For the second velocity modifier, the selected mode
is "quick" and spherical coordinates with a "radial" vector field. The func-
tion describing the velocity is given by: | f | (r)=A+B·(r0/r)+C·(r0/r)D.
Variable A describes the initial velocity at the center of the cylinder, B, C,
D is to adjust how fast the velocity will increase. r0 is to determine at what
percent the velocity is suppose to increase with increasing distance from the
center, r. For both the vo and vg velocities to operate simultaneously on the
object the "operation" setting, found under the magnitude-setting, must be
changed from "replace" to "add".

In the "physics" module the desired transition and species can be decided.
Clicking on "add" opens up a list where different species can be chosen. The
one wanted for this model is "molecular" since the observed data is CO
emission. Then the transition is set to default and "interpolation" =nearest.
X is the abundance of CO compared to H2, X=3·E-5. In order to add a
transition one has to open up a table consisting of values for the available
transitions in 12CO and 13CO. The transition of J=3-2 is selected and the
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"Beam" is set to 18” for both H radius and V radius, since this is the size of
the APEX beam at that transition. This is all that needs to be defined in
the physics module. When all this is set, a change needs to be done in the
3D module, under the "species" tab, the just specified molecule is added.

To create the channel maps some details need to be set in the "map" mod-
ule. Under general parameters the initial=-10 kms−1 and final=48 kms−1

velocities are added, the size of the map, with 5 rows and 6 columns, and the
spectral resolution ∆=2 is set. To save the setting click on re-grid. Finally,
in the "render"-module the "renderer" is changed to "HD", "jitter"=0.5,
bands=30 and the initial and final velocities is -10kms−1 and 48 kms−1 re-
spectively. In the box "species" enter the name of the molecule created in
the physics module and the preferred transition needs to be added and then
click "apply". There are four ways to display the data output: PV-diagram,
maps, spectrum and image. Also in the "render" module there is a tab
named "units" where different units can be selected and the estimated dis-
tance to the source is set.
With all this done, SHAPE solves the radiative transfer through the gas
when clicking on the render button. The molecules in the gas will emit and
absorb radiation and how much radiation is emitted will be decided by the
temperature and density of the gas. In this model, SHAPE calculates how
much radiation is emitted at the CO(3-2) transition by a gas of the tempera-
ture, density, velocity distribution and morphology that have been provided
as input, and how the emitted light is then affected as it travels through the
gas in the nebula. Since the molecular gas is not very dense in a PN the
radiative transfer is being done by non-LTE calculations.
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Parameters Model 1 Model 2
d=H2 density[molecules/m−3] 1.3·109 1.3·109

t=temperature [K] 50 50
rotation:
=x [o] -20 -21
=y [o] 23 20
squish=s -0.14 -0.15
rinner : [′′] 38 38
router : [′′] 60 60
l=length: [”] 117 117
distance to the object [pc]: 950 950
vo(z) : [kms−1] 20 22
velocity:
vg :
A 0 0
B 1 0.26
C 0 0
D 0 0
f0 1 1
r0 1 1

Table 1: The table shows the parameters and values for the different physical
properties used in the two models.

Figure 9: The result of model 1, showing the CO emission over the entire
nebula

21



Model 1:
In model 1 the velocity of the gas within the nebula is expected to expand
linearly with radius according to V∝ r, based on previous research [32] made
on NGC 6781, presented in the "NGC 6781" section. Therefore the parame-
ters B, r0 and f0 are set to 1. As seen in the data, figure 2, the channel maps
are shifted with ∼ 20-22 kms−1. This occurs since the nebula is moving away
from us and therefore vo(z)=20 kms−1. The temperature is 50 K, according
to information given in [9]. A density of 1.3·109[molecules/m3] is set, since
this value is consistent with the expected density of a PNe. The cylinder is
wider at the waist [32] and this leads to the added "squish"-modifier, which
gives the cylinder the appearance of a barrel, figure 8. The rotation along the
x- and y-axis is -20o and 23o respectively based on values given in [4, 9, 32].
These parameters generates a channel map, see figure 10 and 11, where the
size and extent of the ring in general fit the observed data channel maps,
figure 2, quite well. However, the significant C-shape does not occur and the
velocities in the maps are inconsistent with the observed velocities. Figure 9
shows how the modeled nebula would appear if CO emission over the whole
nebula is imaged.
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Figure 10: Results of model 1 where the offsets are given in arcsec on both
axes.
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Figure 11: Results of model 1 where the local-standard-of-rest velocity is
given in the upper right corner.
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Figure 12: The result of model 2, showing the CO emission over the entire
nebula

Model 2: In model 2 the rotation along the x- and y-axis is -21o and
20o respectively. The temperature is set to 50 K in accordance with [9]. The
density is approximated to 1.3·109 [molecules/m3] for the same reason as
in model 1. These parameters generate a reasonable value for the intensity
vs. velocity within the nebula, which is presented in the spectrum graph in
figure 13.

In order to obtain a channel map similar to the observed data, in figure 2,
the squish-factor is slightly increased to s=-0.15. Both the expansion velocity
of the gas, i.e the vg-parameters and the velocity of the object relative us,
v0(z), is modified in comparison to model 1. The velocity of the gas is still
expanding radially but the expansion factor is decreased, from B=1 in model
1, to B=0.26 in model 2. The velocity of the object relative us is increased
a bit to v0(z)=22 kms−1 instead of v0(z)=20 kms−1 in model 1. All these
changes are made in order to improve the model and better adjust it to the
observed data, figure 2. In image 12, CO emission over the entire nebula and
the Doppler-shift is shown, the blue colored upper right part of the cylinder
is moving towards us and the left lower part is red and moving away from
us. The obtained channel maps of model 2 are presented in figure 14 and 15.
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Figure 13: The spectrum-graph of model 2, where the intensity is plotted
against the velocities throughout the modeled nebula. The velocity is given
in km/s on the x-axis and the brightness temperature in K on the y-axis.
The spectrum is produced with an 18” beam at x=10”, y=60” to be compared
with the observed spectrum at the same position shown in 18

26



Figure 14: Results of model 2 where the offsets are given in arsec on both
axes.
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Figure 15: Results of model 2 where the local-standard-of-rest velocity is
given in the upper right corner.
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6 Discussion

In the following text each model is discussed and compared to the observed
data regarding the channel maps observations, the brightness temperature
spectrum and the CO emission line images.

Model 1: As seen in figure 16 the results of model 1 is inconsistent with
the observed data. The significant C-shape does not appear, instead all the
channel maps show almost the same image. The first image in the upper left
corner presents all gas in the nebula moving at -10 kms−1 where the minus
sign indicates that the gas is moving towards us. The bottom right image
shows all gas in the nebula moving away from us at a rate of 48 kms−1. The
results of model 1 channel map indicate that the gas is moving away from us
at higher rates than 48 kms−1 and moving towards us at a higher velocity
than -10 kms−1 which it is not suppose to do, this can be seen from the
channel maps. Since the expansion velocity is v= r this generates a velocity
at the rim of the cylinder of ∼60 kms−1 since the radius of the cylinder is
60”. The channel maps only covers velocities between -10 kms−1- 48kms−1

and only these velocities are shown in the maps. The velocity at the rim ∼60
kms−1 lies outside this value and therefore this velocity can not be displayed
in the maps. The gas moving at -10 kms−1- 48kms−1 are most likely situated
at the center of the cylindrical model and in the case for model 1 only the
part at the center appears in the maps and this explains why all maps are
so similar and look the same. This deviation most likely occur because the
expansion velocity is set to be too high.

In model 1 the velocity is assumed to be v=r which from the results of
model 1 seems to be an incorrect assumption. The extent of the ring in the
results corresponds quite well with observed data. If we look at the ring for
channel map of 14 kms−1 we find that it ranges between ∼ 60 ” to -60” which
verifies that the squish-factor of ∼ -0.14 to -0.15 is a good approximation.

Model 1 does not produce a spectrum showing any comprehensible results
and hence it is not presented in this work. In order to exactly reproduce the
spectrum much more work needs to be done on model 1, which extends
beyond the timetable for a work on the bachelor level.

Apparently the gas is moving too fast in the nebula in model 1 and the
deviation seen in figure 16 indicate that the initial velocity is too high and
therefore does not follows the relationship v=r.
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Figure 16: The channel maps for observed data at the top and the channel
maps results of model 1 at the bottom.
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Model 2: In the channel maps for model 2, presented in figure 17, the
substantial C-shape is distinct. The expansion velocity within the nebula
follows the relation v=0.26·r, and thus increases with 0.26 times the radius.
This generates a velocity of the gas of ∼ 16 kms−1 at the rim of the nebula,
at a distance of 60” from the center. This value is consistent with expan-
sion velocity stipulated in [9]. An expansion velocity of ∼ 16 kms−1 seems
reasonable since the channel maps of the model match the observational
channel maps. This value has been estimated and previously published in
article [9]. The more dense regions that appear in the observational channel
maps, figure 17, can most likely be reproduced in the model by dividing the
cylinder into multiple parts and vary the density of the various parts. As
for the rotation of the nebula, a rotation of x=-21o and y=20o produces the
most accurate images compared to both the channel maps and the optical
image.

As seen in the temperature brightness spectrum, figure 18, the highest
temperature in the spectrum of the model, the bottom image, is ∼ 3K, just
as in the observed data image at the top. This provides an indication that
the temperature in the nebula is approximately the same as the measured
temperature, demonstrating that the initial temperature and the density is
reasonably estimated.

The modeled CO emission of the nebula is showed in the upper image
and the observed CO emission is displayed at the bottom image in figure
19. The modeled image show an extended ring with a clearly cylindrical
shape. It also shows the Doppler-shift in the model where the upper right
part of the nebula is moving towards us, blue-shifted and the lower left part,
which is the part of the cylinder located farther away, is moving away from
us and is therefore red-shifted. This Doppler-shift is expected regarding the
geometry of the nebula. In comparison, these images are quite similar and
the cylindrical shapes are approximately equally extended from -60” to 60”
on the x-axis and -80” to 80” on the y-axis. This implies that the rotation,
in respect to the line-of-sight, and the extent in the z-direction i.e the depth
of the modeled nebula both are quite well estimated.

It is hard to estimate exact errors for the parameters in my model since
these strongly depends on one another. I found that the velocity of the gas
and the rotation of the cylinder are interdependent, and that the density and
the temperature are highly related to each other. If one of these parameters
is changed then the other needs to be adjusted as well in order to obtain a
result consistent with the observed data. It seems that the velocity and the
density are the most sensitive parameters and these causes the biggest change
in the model, when altered. None of the parameters; density, temperature,
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squish, rotation or velocity are completely definitive. Quite similar results
can be obtained with changing the velocity; 0.26±0.03 ·r, and the rotation a
± few degrees in relation to each other. The density and temperature does
not affect the appearance in the channel maps, these influences the brightness
contours within the rings seen in the map, figure 17. The temperature can be
altered with ± 10-20 K without affecting the result too much. On the other
hand the density is a sensitive parameter and the value may vary: 1.3·109 ±
0.2·109.
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Figure 17: The channel maps for observed data at the top and the channel
maps results of model 2 at the bottom.
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Figure 18: The observed spectrum graph with beam size 18” x 18” at position
(10”, 60”) at the top and the obtained temperature spectrum of model 2 at
the bottom. Velocity on the x-axis, brightness temperature on the y-axis
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Figure 19: The CO emission obtained by my model at the top and the
observed CO emission from the nebula at the bottom. Both axes display the
offset in arcsec.

7 Conclusions

A model of the planetary nebula NGC 6781 can be constructed and set up in
the computer software SHAPE. The nebula has a hollow, cylindrical shape
with dimensions 38”, 60” in radii and length 117”. The cylinder is extended a
bit by a factor of +0.15 which gives it an appearance of a barrel. The model
is rotated around the x- and y-axis by -21o and 20o respectively. The nebula
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it is tilted forward and rotated to the left relative to the line-of-sight. This
geometry of the model is consistent with the previously suggested cylindrical
shape of the nebula.

The temperature is based on previously calculated and published values
according to [9] and set to 50 K. The H2 density is set to 1.3·109 [molecules
m3], since this value is reasonable for a PN of this type and it produces a
brightness temperature close to that observed.

The velocity of the gas within the nebula is expanding radially and is
given by v=0.26·r, where r is the distance from the origin. The whole nebula
is moving away from us with a velocity of 22 kms−1. These values generate
channel maps which correspond quite well with the observations, figure 17.
As mentioned in the section 4.2 the expected velocity of the gas in the PN
lies between ∼ 15kms−1 [9] to ∼ 22 kms−1. The value I calculated in my
model, ∼16 kms−1 lies within this range. Bachiller et. al, [36] finds that
the velocity of the gas for three nebulae; NGC 6781, NGC 6772 and VV 47
ranges between ∼ 10-22 kms−1. A velocity of ∼ 16 kms−1, as found in my
model, is what can be expected of a evolved PN.
The age of the nebula is ∼ 20-40 000 years. This indicates that NGC 6781
is a evolved nebula. The shape of the nebula may be a possible scenario
predicted by the "ISW" model, where NGC 6781 may have evolved from a
linearly radial expanding bipolar nebula to the cylindrical barrel appearance
observed today.

There are some deviations in the spectral line graph, figure 18, but the
brightness agrees with the results from the model and the highest brightness
temperature is ∼ 3 K, as it should be. This indicates that the density and
temperature is approximately correctly estimated in the model. The error
in the intensity brightness vs. velocity graph is ± 0.5 K due to background
noise.

It is hard to estimate exact errors for the different parameters since they
are strongly dependent on one another. But I came to the conclusion that
the velocity and density parameters are those most sensitive to variations
and these causes the biggest changes in the model, when altered.

If continuing the work on this model, the next step would be to adjust
and vary the temperature and the density, with the aim of trying to recreate
the clumpy distribution of the material appearing in the observed channel
maps.
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