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Abstract

Post-AGB  (post-asymptotic giant branch) stars are
luminous stars of low and intermediate initial mass (Mx <
9Mo) in a final stage of evolution towards becoming white
dwarfs. These stars are surrounded by envelopes of gas and dust
expelled at the end of the AGB (asymptotic giant branch) phase.
The circumstellar dust chemistry is expected to be either oxygen
or carbon dominated, depending on the chemistry of the star at
the end of the AGB phase. Recent observations have revealed a
surprising range number of carbon-rich stars with a range of
sharp crystalline silicate features in their spectra, typical of a
complex oxygen-rich chemistry. These dual-chemistry objects
are something of a puzzle, but it is possible to gain important
knowledge about these objects by investigating the structure and
density of circumstellar envelopes using realistic computer
models of these systems. The aim of this project is to develop
realistic models of the dust emission from post-AGB stars using
a sophisticated radiative transport code. Firstly, a detailed study
of two radiative equilibrium codes is developed with focus on the
differences between two methods of solving the radiative
transfer problem: the classic ray-tracing method (DART) and
the monte-carlo method (CSRE); and on the modifications
made that enable CSRE to model post-AGB stars. CSRE has some
advantages comparing with DART. In particular it returns
physically correct results for systems with high densities.
Secondly, CSRE model calculations are used to investigate the
Red Rectangle. Two alternative models are discussed, one based
on a simple density distribution using small dust grains and the
other on a more complicated distribution of large grains,
proposed by Men’shchikov et al. (2002). We concluded that this
proposed model may be too simplistic in its treatment of the
scaltering and dust properties, as the need of a complex density
distribution of large grains is not clear from our CSRE model
results, in fact, a model using exclusively standard size grains in
a simple density distribution is equally consistent with the
observations.

Resumo

Estrelas de tipo post-AGB (post-asymptotic giant branch)
sA0 estrelas luminosas com baixa ou intermédia massa inicial

(M*<9Ma) nafasefinal dasuaevolucio em direccao a fase de
Anils brancas. Estas estrelas tém envelopes de gis e poeiras
libertados no fim da fase AGB. A composicio quimica das
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poeiras circum-estelares pode, em principio, ter um de dois
clementos quimicos dominantes: oxigénio ou carbono,
dependendo da composigio quimica da estrela no fim da fase
AGB. Observagdes recentes revelam um inesperade nimero de
estrelas com propriedades duplas, i.e. estrelas com elementos
resultantes da coexisténcia de oxigénio e carbono. Estes objectos
sio um puzzle, mas € possivel descobrir importantes
informagdes sobre estas estrelas desenvolvendo e usando
modelos computacionais destes sistemas. O objectivo deste
projecto € desenvolver e testar modelos realisticos da emissdo
electromagnética do material que envolve (gds e poeiras) estas
estrelas.

1 - Introduction

Post-AGB (post-asymptotic giant branch) stars are

luminous stars of low and intermediate initial mass (Ms <
9Me) in a final stage of evolution towards becoming white
dwarfs. They are surrounded by expanding envelopes of gas and
dust, expelled at the end of the AGB phase, which is
characterised by very strong mass loss, 107 <104 Mo yr'. The
circumstellar dust chemistry is expected to be either oxygen or
carbon dominated, depending on the chemistry of the star at the
end of the AGB phase. The recent 180 (Infrared Space
Observatory) mission revealed a range of sharp crystalline
features in the spectra of many evolved objects, suggesting a
complex oxygen-rich (O-rich) chemistry. While some of these
objects have O-rich exciting stars, as expected, a surprising
number have carbonrich (C-rich) stars, as well as strong PAH
(polycyclic aromatic hydrocarbon) dust features.

These dual-chemistry objects are something of a puzzle, but
are thought to arise from interaction of the AGB star with a
binary companion, resulting in the formation of a stable
circumstellar disc (e.g. Waters et al., 1998). This disc is able to
trap 0-rich material which survives during the transition of the
star into a C-rich phase. An alternative hypothesis is that the O-
rich material lies at greater distances from the exciting star and
results from the disruption of an Oort cloud of cometary bodies
(Cohenetal., 1999).

Modelling the radiative transfer problem in these complex
objects requires a sophisticated radiation transport code, that is

different locations in the circumstellar envelope, and very dense
regions (e.g. discs) in the innermost regions of the system. This
dissertation investigates the radiative transport in the material
distribution in the circumstellar dust shells with emphasis on
the dust grains.

2 - Post-Main sequence stellar evolution

The Post-Main Sequence evolution of stars with initial mass

in the range of 0.8M=<M.,™ <O9Mo is: Red Giant Branch,
Horizontal Branch, Asymptotic Giant Branch, Protoplanefary
Nebulae, Planetary Nebulae, and White Dwarf. This mass range
arises because, for M, " > 0.8Mo the star can sustain hydrogen
burning and evolve to the AGB phase, and for M. "< 9Mo the
star will not end as a supernova as its degenerate core will not
exceed the Chandrasekhar mass limitof ~1.4Mo.

Post-Main sequence evolution for low and intermediate
mass stars begins when there is no more hydrogen in the stellar
core and shell hydrogen burning starts. At this point the star
ascends in the HR diagram to the Red Giant Branch. The star
becomes a giant as the hydrogen burns in the envelope. The
ignition of this hydrogen causes it to expand and the core
contracts.

The envelope is convective and causes the new nuclear
processed material generated in the core to be dredged-up'.
This is the first dredge-up episode and mixes the products of
hydrogen burning to the stellar surface,

Low-mass stars, < 2Mo, develop an electron-degenerate
helium core during the RGB. If the helium core reaches ~
0.45Mo, a helium flash occurs until degeneracy is removed and
normal helium burning begins. This terminates the ascent on
the giant branch. A

Intermediate-mass stars can initiate core He burning in non
degenerate conditions, so the He flash does not occur. Then a
phase of core helium burning with a hydrogen-burning shell
oceurs.

At this point the star finds itself on the Horizontal Branch in
the HR diagram. This horizontal strip of stars in the diagram is
populated by stars bluer and fainter than those on the red giant
branch. These stars are thought to be burning He in their core
and H in asurrounding shell. The horizontal branch is a stage of
stellar evolution which follows the red giant branch and
precedes the Asymptotic Giant Branch phase, however the path
to the horizontal branch mav include several oscillations back



powered the horizontal branch stops due the exhaustion of He in
the core, the carbon/oxygen core is then surrounded by two
shells, a helium and ahydrogen shell.

Both low and intermediate mass stars develop an electron-
degenerate carbon/ oxygen core after core He exhaustion. This is
the beginning of the AGB phase.

2.1 Asymptotic Giant Branch phase

The term asymptotic is used because the evolution of a star
in the HR diagram during this phase, approaches the RGB. The
AGB can be divided into two phases: 1) the early AGB (E-AGB),
and the 2) the thermal-pulsing AGB (TP-AGB). During the E-
AGB phase?, hydrogen shell burning has stopped and the
luminosity of the star is provided by He shell burning, In this
phase, both the stellar luminosity and the temperature vary, The
luminosity increases and the temperature decreases. When a
critical value of the luminosity is reached, H begins to burn again
in a thin shell. This is the end of the E-AGB and the beginning of
the TP-AGB phase.

Depending on the core mass, the lifetime of the early AGB
phaseis ~107 yr. During most of the time (90%) in the TP-AGB
phase, hydrogen shell burning is the chief source of energy.
However, the mass of the He shell below the H shell increases
and this will cause a thermonuclear runaway. This takes place
when helium ignites and causes the star to expand. This He-
flash or thermal pulse lasts until the He shell burning ceases due
to its expansion and cooling. As in the proto-stellar phase, the
gravity plays its role. The material falls towards the centre, the
density and temperature increase and the star returns to a
steady state of hydrogen shell burning. The mass of the helium
shell will increase again and another thermal pulse starts. The
number of thermal pulses that a star suffers depends on its
mass.

After each flash, the bottom of the convective envelope
reaches down past the hydrogen/helium surface of separation
and a third dredge-up occurs. As result of these dredge-up
episodes, the photospheric chemical composition of AGB stars is
changed. The formation of C-rich stars is a consequence of the
third dredge-up. The amount of mass that is dredged-up is ~6
X 103Mo for a core mass of 0.6Me (for a recent review on

I Dredge-up is the convective mixing process that brings material processed
by nucleosynthesis to the surface, where it can be observed and will be
ejected into the circumstellar envelope through wind mass loss.
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stellar evolution during the AGB phase, Herwig, 2005). This
thermal pulse repeats every 104 to 105 yr depending on the
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Figure 2.1: Hertzsprung-Russell diagram of acomplete 3Ma post main sequen-
ce evolution track for solar metalicity. The thermal pulses described in the text, at
the end of the AGB phase, are visible. The final mass is 0.605Mo. (Adapted from
Bléiicker, 2001).

2.2 0-rich or C-rich

AGB stars can be roughly classified as either oxygen or
carbon rich based on the abundance ratio of carbon (C) and
oxygen (0) in their photospheres.

The ratio C/0 is the single most important characteristic of
the star that will decide its chemical evolution from the AGB,
through to the post-AGB phase and PN.

As the evolution from O-rich to C-rich takes place on the
AGB phase, the dust surrounding post-AGB stars and PNe
should be either O-rich or C-rich with a central star of similar
chemical composition.

Why? Because the CO molecule is stable. The atoms of the
less abundant element (whether O or C) are tied up in CO
molecules and are unavailable to form other molecules. The
excess of the more abundant element is free to form other
molecular species.

In an O-rich star the excess in oxygen can be used to form
molecules in the

photosphere such as OH, Hz20, COz, Si0 (Waters, 2004).
The spectrum of a C-rich star has bands of CzHz, Cz, and HCN, A
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band usual attributed to the mineral 8iC is also seen as a dust
feature in these stars. This chemical balance will be reflected in
the composition of the dust thatforms around the star.

For AGB stars where photospheres are obscured by
circumstellar dust, it is possible to study their chemical nature
usinginfrared spectroscopy of the circumstellar envelope.

2.3 Mass loss during the AGB

AGB stars have low surface gravity and a small escape
velocity due to a small mass and large radius. Under these
conditions, the outer layers of the star can become unstable. The
unstable surface material falls back into the star and, as this
process is repeated, surface pulsations sets in. These pulsations
canbe the cause for mass loss in the AGB phase (Bowen, 1988).

These accelerated layers move away from the star. Material
with high densities and low temperature can be found at several
stellar radii. Dust is formed under these conditions.

Dust has high opacities at near-IR and optical wavelengths
and absorbs stellar radiation and momentum. The dust grains
are important in driving the wind (gas and dust) because they
transfer momentum from the radiation field to the gas through
gas-grain collisions. This momentum is gained by the dust
grains in the first place, because the stellar photons flow
predominantly in the outward radial direction, but the re-
radiated (at IR wavelengths) photons escape from the dust
grains almost isotropically. This dust-driven wind (Kwok, 1975,
2000; Netzer & Elitzur, 1993; Tielens, 1983) is responsible for
the AGB mass-loss at the rate of ~ 107 to 10-°Moyr! (e.g. Kwok,
2000; Ueta, 2002).

At the same time, the thermal pulsations. continue. The
mass of the hydrogen rich shell is being reduced as the region
where the hydrogen is being consumed expands radially and the
mass loss continues to remove the material from the surface.
When the mass of the hydrogen envelope is reduced below a
critical value (M~10-3Mo, Schénberner, 1983) the mass loss
rate decreases sharply, from ~10Mo yr' at the end of the AGB,
10 ~10Mao yrt in the post-AGB phase (Blacker, 1995a). At this
point, the circumstellar envelope detaches from the central star,
the star begins its evolutionary journey to higher temperatures
inthe HR diagram (PPN label in the figure 2.1).

This is the end of the AGB phase and the beginning of the
post-AGB phase (or PPN).

2.4 Post-AGB phase

The Post-AGB phase begins with the end of the large scale
mass loss in the final stages of the AGB phase and ends when the
central star is hot enough (T,~30,000K) to ionise the circum-
stellar material, The typical time scales depend greatly on the
core mass. This transition time ranges from extremely short for
the most massive objects (M~7Ma),~30 yr, to ~ 103 yr for the
less massive stars (Blocker, 1995b). For the most massive
objects, it is possible to observe stellar evolution in real time
(Engels, 2005; Van Winckel, 2003).

These time scales result from numerical models for the
evolution of post-AGB stars (e.g., Blicker, 1995b; Vassiliadis &
Wood, 1994) which rely crucially on the core mass-luminosity
(M - ) relation. The Mc - L relation, discovered by Paczynski
(1970) as a result of numerical computations of stellar evolu-
tion models, states that the relationship between the luminosity
(L) and the core mass of the object (Me) is (almost) linear.

A typical post-AGB star has luminosity of ~103 to 104 Lo
(for a recent review, Van Winckel, 2003) and the estimated
transition times are inversely proportional to the core mass
(Blocker, 1995b), therefore a different expression for the Mc-L
relation will result in different values for the transition times.

However, our understanding of these systems is still incom-
plete and additional physical processes can play an important
role in defining the pace of the post-AGB evolution, e.g. Zijlstraet
al. (2001) argue that the lifetime of some post-AGB stars can
have values of the order of 10 years. This is due to accretion
from a circumstellar disc (or torus). This non-expanding gas
near the star and its accretion by the central star adds gas to
compensate the mass lost from nuclear burning and mass loss,
thus the evolution to higher temperatures would be delayed.

Post-AGB stars are relatively rare because this is a fast
evolutionary phase as the fraction of time spent in the post-AGB
phaseis ~10% of the time spent in the PN phase (Kwok, 2000).

As a more evolved object compared with the AGB phase, the
detached dust shells of the post-AGB star can be observed (due
to their larger spatial extent) and their spectra reveal a O-rich or
a C-rich chemistry. In figures 2.2 and 2.3 adapted from Garcia-
Lario & Calderon (2003), an evolutionary sequence is proposed
for O-rich and C-rich, ranging from AGB to PNe. They used the
IS0 spectra in the Data Archive to build a sample of 330 sources
containing both O-rich stars (70%) and C-rich stars (23%). See
next section to find outabout the missing 7%!

Figures 2.2 and 2.3 can be interpreted as evidence for
increasing mass loss rate, increasing thickness of the circum-
stellar shell, gradual cooling of the circumstellar material when
the star enters the post-AGB phase and changing properties in



the dust grains. This is in good agreement with the theory of
stellar evolution.

For the O-rich sequence (figure 2.2), the silicate emission
bands at 9.7 and 18 um are increasing in strength with evidence
of increasing mass loss rate. Crystalline dust features start to
appear in the lower spectra. This is evidence of a change in dust
properties, from amorphous to crystalline.

For the C-rich sequence (figure 2.3), the silicon carbide
mineral (SiC) emission band at 11.3 wm is increasing in
strength which is also evidence of a change in dust properties,
from aliphatic to aromatic.

In both 0- and C-rich sequences, dust features can turn
from emission to absorption and this results from an increase in
optical depth in the envelope as the thickness of the circum-
stellar shell increases. Also, the circumstellar envelope is
cooling as the peak of the infrared emission is shifting towards
longerwavelengths.

In O-rich post-AGB stars the silicates dominate with a broad
feature at 9.7 wm and 18 wm. At longer wavelengths, crystalline
silicates were identified in these stars, e.g. olivines (Mgz8i04)
and pyroxenes (MgS8i03) and also strong additional features and
complexes at, 23.5, 27.5, 33.5, 40.8 um, and 60.0 um (Hoog-
zaad et al., 2002; Molster et al., 2002; Waters et al., 1996). The
abundance of crystalline silicates is typically on the order of 5 to
15% by mass (Waters, 2004) but, if the dust resides in a disc (or
torus), then the crystalline fraction can be higher (Molster ef a.,
1999).

In C-rich post-AGB stars a strong dust feature is sometimes
observed at 21 wm (discovered by Kwok ef a/., 1989). Also, the
11.3 pm feature due to amorphous silicon carbide SiC (Gilra,
1973) and the 30 wm band attributed to MgS (Forrest et al.,
1981) are important IR signatures of C-rich stars.

2.5 Dual Chemistry sources

Dual chemistry (or mixed chemistry) sources can be
defined as sources that simultaneously exhibit O-rich and C-rich
dustfeatures in their spectra.

The IRAS LRS spectra of a number of optically bright carbon
stars containing strong emission from O-rich amorphous
silicates were the first to show dual chemisiry. Nine out of the
304 sources studied by Willems & Jong (1986) have 4 9.7 um
silicate dust emission feature in a C-rich sample.

Meodelling Emission from Dust in
Dual-Chemistry post-AGB Stars

25 LI I B O

i,
o
f
|

Normalized & Shifted Fluxes
=
I 7
} 1

o
5
|

Ll bveaa o
10 20 30 40
A (um)

Figure 2.2: Evolutionary sequence for O-rich stars, from AGB stars fo PNe
(Garcia-Lario & Calderon, 2003), from top to bottom.
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Figure 2.3: Evolutionary sequence for C-rich stars, from AGB stars to PNe
(Garcia-Lario & Calderon, 2003), from top to bottom.

Two possible scenarios were proposed to explain the dual
chemistry sources; the star is being observed when a change in
chemistry has just occurred (Willems & Jong, 1986); or a binary
model (Little-Marenin, 1986) where a stable O-rich dust forma-
tion (a disc or torus) antedated a more recent C-rich transition
in the central object thus creating a C-rich outflow. A possible
third scenario was proposed by Waters (2004). He argues that in
all cases, if the cool O-rich dust is located at greater distance that
the innermost C-rich dust very similar dust features would be
observed, and this would agree with the comet thesis (Cohen ef
al., 1999). In this third scenario the O-rich material resides
further away from the central star and the C-rich material is
close to the central object. This is precisely the opposite as
described in torus/disc scenario. This O-rich material would be
similar to the Qort cloud presentin our ownsolar system.
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Figure 2.4: Spectrum of TRAS 09425 - 6040, solid line, and spectrum of V779
Cygstar, dotted line (Molster et al., 2001).

As examples of dual chemistry objects, in figure 2.4 (Molster ef
al., 2001), spectra of two stars with dual chemistry signatures is
shown.

2.6 The role of binaries

Itis now accepted that binaries are important in understan-



ding dual chemistry systems (Van Winckel, 2003). When Trams
et al. (1991) observed for the first time hot dust (Tdausi= 1, 000K)
in post-AGB stars, it was interpreted as resulting from heavy
mass loss. However, a different interpretation was needed
because the mass loss needed to have this dust around the star
would imply a strong decrease in the lifetime for the post-AGB
phase. This would imply that a very small number of objects
would be observable. Binaries are part of the solution.

Radial velocity measurements can provide direct proof of
binarity (de Ruyter ef a/., 2005). However, when the central star
is 100 obscured, binarity can be deduced from morphological
properties of the outflow. The presence of a disc appears to be
common in post-AGB stars and Van Winckel (2004) argues that
this implies binarity. This is also the basis for the explanation of
the bipolar geometry of many post-AGB stars (e.g. Soker, 2002,
2005).

A systematic search for binary post-AGB stars is ongoing
(Van Winckel, 2004) and some results are already available
(figure 2.5).
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Figure 2.5: Radial velocity curve of post-AGB binary star IRAS 19125 + 0343
from Van Winckel (2004). The line is the binary orbit fit for: period of 508
days; eccentricity of 0.12 and A X sin f = 0.56AU.

2.7 PN formation

When the surface temperature of the central source
becomes higher than ~3 X 10% K, the energy of the photons
emitted is such that the circumstellar material is ionised. The
emission lines in the spectrum emerge and this marks the
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beginning of the PN phase. The chemistry of the central star
depends on the nature of the star when it left the TP-AGB phase.
PNe can have a surprisingly variety of morphologies (Balick,
2002, figure 1).

Areview of the state of observational and theoretical studies
of the shaping of PNe can be found in Balick (2002)

3 - Radiative Transfer

This Chapter presents a discussion of the Radiative Transfer
problem (section 3.1) as well as a description of the interaction
of dust and radiation (section 3.2).Then two RT computational
codes are presented: DART, a ray-tracing code (section 3.3) and
CSRE, a newly developed (Whitney ef a/., 2003a) Monte Carlo
radiative equilibrium code (section 3.4). The modifications
made to CSRE to enable modelling of post-AGB stars are
described in section 3.5 and a comparison between DART and
CSRE code s presented in section 3.0.

The two RT codes presented in this Chapter are based on the
physical theory of radiative transfer in dusty mediums. The
fundamental equations that illustrate this theory are described
here, and this description is based on and follows the notation of
Carrol & Ostie (1996); Efstathiou & Rowan-Robinson (1990);
Ueta (2002).

The CSRE code, described in section 3.4.1, page 24, has
been created and developed by Whitney et al. (2003a). The code
has been used to model protostellar objects (e.g., Whitney et al.,
2003b).

The modifications made to CSRE during our programme of
research are described in detail in section 3.5, page 40, and can
be divided into two categories:

* dustgrain properties (section 3.5.1)

* density function and dust regions (section 3.5.2)

The aim of these modifications is to be uble to make CSRE
more adequate to model post-AGB stars.

3.1 Fundamentals of Radiative Transfer

The aim of this section is to reveal the physical equations
that underpin the DART and CSRE codes, in a logical and
consistent way. These equations are then used in the DART and
CSRE RT codes, sections 3.3 and 3.4.

Radiative Transfer Theory is a macroscopic theory. The
approximation is valid when the linear scale of the system is very
much larger than the wavelength of the electromagnetic
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radiation. Under this assumption, the concepts of specific
intensity, 1, and radiative rays i.e. radiation travels in straight
lines, are used as fundamental variables of the theory.

Consider an area dA normal to the direction of a given ray. All
rays passing through dA whose direction is within a solid angle
d€ of the given ray, in the time dt, in the frequency range dy,
havean energy dE,,. DE, is given by,

dE, =1, dAdtdQ dv a0

Equation 3.1 is the definition of specific intensity The
dimension and units of I, are:

! solid angle™ ¢ freg™

= erg x4 x o ? x ster™ x Hat

(3.2)

dv and d# are presumed to be infinitesimally small (hence
their formal denomination) but, the energy uncertainty princi-
ple implies that, df df = h <= dv d/ = 1. This is in fact a macros-
copic approximation and it is not valid on an atomic scale.
However, because CSRE and DART codes implement radiative
transfer on dust particles only, this is a valid theory, provided the
extinction and scattering properties are correctly calculated
from the electromagnetic theory (section 3.2).

The aim of building radiative transfer codes is to determine
the values of I, and the temperature at every point of the
circumstellar envelope. These functions are found as a result of
aself-consistent solution of the equation of radiative transfer,

d!ru o _[U + S,, (35)

dr,

where Sy, is called the source function. The source function
describes the absorption and scattering from dust grains and T,
isthe optical depth alonga ray.

The source function describes the emission and absorption
from dust grains and assuming that these are in thermal
equilibrium, §, is,

kBT +a, )
v k. + 0,

8, (3.4)

where £, is the absorption coefficient, o is the scattering
cross section, By (Td) is the Planck function associated with the
dust temperature, T¢, and Jy, is the mean specific intensity (J, =
| LdQ).

It is possible to write a formal solution for equation 3.3
considering all quantities as functions of t, and using the
integrating factor o,

I, = /S,.c"“‘ d7 (3.5)

The real problem in solving the radiative transfer problem is
that the radiation field depends upon itself as well as the
temperature function. This is clear from the dependence of the
source function on the temperature T and J,, (equation 3.4) and
from the formal solution (equation 3.5). Any radiative code,
either using a ray-tracing approach (section 3.3) or a monte
carlo method (section 3.4), must solve this crucial problem in a
self-consistent way.

3.2 Interaction of dust with radiation

Theinteraction of a dust grain with radiation determines the
results obtained from the radiative transfer under consi-
deration. This is a central and common part to both codes
described in the next sections, and therefore it will be discussed
prior to the explanation of the codes.

From the point of view of an observer, when radiation is pro-
pagated through a dusty medium (e.g, the ISM or a
circumstellar envelope), what the observer measures is the
combined effect of absorption and scattering of the radiation.
This effect is the extinction caused by the dust grains interacting
with radiation.

This is an interdisciplinary area of research where astrophy-
sics meets chemistry, Astro-Chemistry is growing and its focus is
on the link between the laboratory and telescopes, trying to bring
together observational and theoretical astronomers, instrument

2 -wwastro cfac, uk/conferences/astrochemistry



specialists and laboratory chemists. In a recent conference?
(Ward-Thompson, 2005), it was suggested that future observa-
tional programmes in astronomy should include funding for
parallel research in the laboratory.

As far as radiative transfer in astrophysics is concerned, the
interaction of dust with electromagnetic radiation would be
impossible without the laboratorymeasured real and imaginary
parts of the complex refractive index (m = n + k). Thesen & &
values are determined in laboratory for each relevant chemical
mineral, considering if the mineral is in neutral or electric
charged mode.

The cross-sectional area for the interaction of a spherical
grain of radius a is not given by the natural result of mwa? but by
0 a* where the quantity O depends on the nature of the grain
and the wavelength of the incident radiation. Mie theory (e.g.
Bohren & Huffman, 1983) is used to determine the extinction,
absorption and scattering cross section (Cea = Cabs + Cica)
needed to develop the radiative transfer codes. This theory is
based on the following assumptions. When a plane electromag-
netic wave interacts with a spherical dust particle then the
scattering is:

* elastic

* incoherent (the phases of the scattered waves are not
allin phase)

» single (only one scattering particle is considered for
eachincident wave)

For a plane electromagnetic wave incident on a dust particle
of radius a, and of refractive index m = n + ik, the extinction
and scattering cross sections Cex and Cses, are (Ueta, 2002),

Coen = @2 1a? = F(A, ap, b,) &)

Coxe = Q¥ 16 = (), ap, by) 37)

where the functions  and & are dependent on A and on the
scattering coefficients ap and by derived from Mie theory. The
scattering coefficients are functions of the complex refractive
indexsm and the particle radius @,
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4y = H(m, a) (38)

bp = (‘J(m,a) (3.9)

The exact expressions of the functions £ G, # and 0 are
derived from theory. At the end, the problem of finding the
extinction and scattering cross sections, Ces and Csca, is
mathematically equivalent to an expansion of # and O in Besse
functions and spherical harmonics. These can be calculated
numerically using 4 recursion method.

In practice, to derive the cross sections to be used as an
input in the radiative transfer code, we have to consider the
grain size distribution and the abundance of the chemical
species. The weighted cross sections are given by (using the
notation of equation 3.4),

w

{(Cara) = z o f Q™™ ra®ni(a)da (3.10)
i

ey = Z(xj fQ?‘”‘?r a*n;(a) da (3.11)
J- 3

where the 0 and Qp* are the Q factors (dependent on the
grain size and frequency) obtained from Mie theory, the
subseript j refers to the chemical dust species j, o is the
weighting factor based on the abundance of the considered dust
species/, and nj(a) is the normalised dust size distribution of the
species.

Hala)oc 8™ 5 Gun < 6 < Opmax (3.12)
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3.3 Deseription of DART code

The DART code is a radiative transfer code developed by
Efstathiou & Rowan-Robinson (1990) which solves the radia-
tion transfer equation (equation 3.3) for an axisymmetric
envelope around a star. This code allows several dust species to
be included (up to seven different grain materials) and can
model a grain size distribution given by equation 3.12 (modifi-
cations used in Gledhill & Yates, 2003). A brief description of
DART is included here to exemplify the ray-tracing approach to
the RT problem in contrast to the Monte Carlo method (section
3.4 where some benefits of using a Monte Carlo method are
discussed). After describing a classical ray-tracing method it is
possible to demonstrate that a Monte Carlo method can return
the same quantities (e.g. the moments of the intensity, /,, and
H,) as the more traditional method described in this section.

DART is too simple in its dust treatment because, although it
can include up to seven different dust species, these dust types
are all averaged to the same dust input file. The user can define
the relative abundance of the different dust types but then a
single dust file is generated. As a result, it is not possible to have
separate dust species in different regions within the
circumstellar envelope, one simply has all the dust types in all
the nebula, in an average sense.

3.3.1 Solution of the Radiative Transfer Equation
To numerically solve the radiation transfer equation,

equation 3.3 is written in the form (using the same notation as
in Efstathiou & Rowan-Robinson, 1990),

(3.13)

To solve equation 3.13, a grid in » and 8 is used and the
intensity I, is calculated by ray tracing the intensity at a number
of discrete frequencies v and directions. If radiative equilibrium
isassumed, DART considers three possible ways by which energy
can contribute to the value of I, at a given point 2,

1, radiation directly from the star, 7/,

2. radiation from hermal emission from dust grains, /2,
3. scattered radiation from dust grains, /2,

Therefore,

3
L=3 1

i=1

(3.14)

DART solves the radiative problem (i.e., determines /, and
T'in points of the nebula) by calculating each 1%, in a separate
way, as described next. This process is valid insofar as each 7,
is independent of each other. The equations 3.15 are not
inter-correlated. In this case equation 3.14 is valid.

The equations satisfied by each term 7', are (Efstathiou &
Rowan-Robinson, 1990),

arn (3.15)
ds
drg

= =Quma*nl)

o = — Qs ra2n13+Qm?\'a2ﬂBv(T)

dars

da

dr,
Ay =~ Cuean(n 8) L, +Chuan(r, 0) By (Tip) + ﬂ—(;;"_-?ﬁ) / Ty O (@) dSY

i

~Quima®nld + erra”nﬁ f;, ¢(6)dn

where I, is the specific intensity of the radiation field in some
specific direction, s is the distance along a ray passing through
the point P in the same direction, 72 is the number density of dust
grains at £ and €y, abs and ', sea and Cy, ext are the cross sections
for absorption, scattering and extinction, respectively. The
integration in the third term of the equation is over solid angle
and @ is the scattering angle.

where ¢is the scattering phase function.

Equation 3.15 results from the relation between C,, abs
and €y, sea and Gy, exjthe cross sections for absorption,
scaltering and extinction, respectively, and the
corresponding efficiencies, 0y, ws and 0y, saand 0, ex; and



Gt = TN Qe Hren =

from the association between the nature of each component /t,
and the correspondingefficiency, i.e.,

* the radiation directly from the star, /7, originates from the
extinction of the intensity field Z,, first term of equation 3.13,-C,,
exn(r, @) Iy, and,

* the radiation from thermal emission from dust grains, 2,
, originates from the sum of the same term and the absorption
term dependent on the temperature, C,, ws n(r,) B, (Ir,0),
and,

* the scattered radiation from dust grains, I, has the same
common component added with the scattering term dependent
on the scattering phasefunction ¢ (6).

The relation between €, abs and €, sea and Cy, ext, and the
corresponding efficiencies, 0y, abs and Qy, sca and Qy, extis given
by Gy, abs = 7a Qy, abs, Co, Sca =mat? Qy, sea (0, and G, ext =
a? Qu, ex, where Qu, ex = Qy, abs + Qu, e, and a is the grain
radius.

Note the that the cross sections are a function of 7 multi-
plied by the radius squared, as this can be identified with the
simple geometrical cross section of a billiard ball for example,
i.e. theareaof the ball's cross section. The solution for equations
3.15is (Efstathiou & Rowan-Robinson, 1990),

B.(T,)e ™ 0 < arcsin{ R, /r)
0 : 0> arcsin(H.fr)

.
(m j auuda") 70 Qy e, ©) B (T, 6)) ds
0
5

(3.16)

5
exp

5
exp

|
g
/n

(~ ./ e d";’) wa Quyatn (1, &) Jien s
0

Where

4w

Is the optical depth to the centre of the star, and § is the
distance from 2 to the edge of the cloud along s and 8’ is the
distance of the point with coordinates (+',0) from P.

The expression for 7/,, the radiation directly from the star, in
equation 3.16 can be interpreted as follows. 7/, will have two

= [ L) d, 7 (r8) = [a(r!, 0)dr
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solutions, one corresponding to rays inside the solid angle defined
by £ the point where we are solving the equation of radiative
transfer (equation 3.13), and the star (cross section of the star);
and a second solution for the radiation originating outside this
solid angle. The former, geometrically defined by g <
arcsin(R./r), R, is the radio of the star, is simply the radiation
produced from the central star (assumed to radiate as a
blackbody, B,(7)) after being attenuated by the optical depth to
the centre of the star (,= [*, 3% nQ,, ex dr). The latter is zero
as there is no contribution from radiation coming directly from
the star outside this solid angle. Substituting the expression for /1,
defined in equation 3.16 into the first equation in 3.15 results in 2
correct equation.

The radiation from thermal emission from dust grains, 2, |
has 2 more complex form and can be interpreted as follows. The
dust grains that originate this component of the radiation are
distributed in an envelope around the central star and therefore
in order to include the radiation from these grains, one has to
integrate the radiation from these grains from the point under
consideration, £ to the outer edge of the nebula, 8. This is the
meaning of the outer integral in the equation for 2, (3.16). The
integrand in this equation is the nef radiation that will reach P
from the dust grains in all points within the nebula, i.e. The dust
in the point (+,6") emits thermal radiation (assuming as a
black-body) but this radiation will be partially absorbed along
the way and this is mathematically translated in the term, 7 2
Qo abs (e’ 0)B,(T(",07)). On top of this effect, asthis radiation
travels from (r,0") to P (hence the integral limits 0 to §7), along
each specific ray, it will suffer extinction and this is taken into
account by the term, exp (- [ R;' aends’). Therefore, as expected,
this term is formally similar to the expression regarding the
effect of the optical depth, exp (-t,(r, §)). Finally, the
interpretation of the solution regarding 7, (equation 3.16), the
scattered light, is analogous to the previous discussion. This is
the case because the differential equations satisfied by the
thermal radiation and the scattered radiation are formally the
same but with the scattering term as the source term, i.e. the
solution for the third equation in 3.15 is equal to the second
equationin 3.16 butwith,

R , (3.17)
Jm_4wf1vq(o')dw
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in place of B, (7(",8).

Note that I is present in the source term for the scattered
radiation (third equation in 3.16, page 20) through equation
3.17. This is the main cause of complexity in the solution of
equations 3.15, page 19, (Rowan-Robinson, 1980).

To solve this difficulty, the phase function (¢8’) is
approximated as a series of polynomials (Legendre poly-
nomials) in 0" of which only the first two terms are used, this is
¢(8) = 14bicos 8. Asaresult of this tecnique, the source term
Jsea (equation 3.17) becomes a series of moments of7,,,

Joea = J, — by cosp H,, (3.18)

where/, and /, are the moments of the intensity given by,

1 T i
e v de (3.19)
gy ‘2’”,/(: /_1 I, dpde
1 T 1 ( )
H, = —f / I, pdpd 3.20
ar J, ) P ¢

where 1 = cosb 4, is the angle between the ray and the
direction defined by the two peints considered and b1 is the
scattering anisotropy factor (Efstathiou & Rowan-Robinson,
1990; Rowan-Robinson, 1980, and references therein).

3.3.1.1 Radiative Equilibrium

From section 3.1 it is clear that the challenge for a radiative
transfer code is to make sure that the solution found in equation
3.16 is self consistent. This is the condition of radiative
equilibrium and this section describes how this isimplemented
inthe DART code.

The condition of radiative equilibrium is equivalent to the
condition of radiative balance in all points of the circumstellar
envelope. This is expressed as,

/Qabs J,, dv = /Qa‘bs .BV(T) dv (3.21)

The mean intensity /, is calculated using equation 3.19 and
these are the weighted integrals of 7, estimated over a number of
discrete directions. This procedure involves numerical errors.
These errors in /, will propagate to the value of the temperature
that is estimated from equation 3.21. At each iterative step, the
temperature solution found is tested. If this solution does not
satisfy the equation of radiative balance, then the temperature is
corrected by a factor of AT,

. 3.22
Que (Jy = B,) dv w5

/
NT == :
J anr‘iﬁ-‘ dv

The iterative process continues until A7 meets a prede-
fined convergence check. Successive iterations can lead to a
satisfaction of equation 3.21 to better that 1 per cent in most of
the grid points, however this is not the case for regions with high
optical depth or geometrically thin discs, where large errors
occur.

This is a problem that is solved in a better way in the Monte
Carlo code CSRE, as the next section will describe.

3.4 CircumStellar Radiative Equilibrium code

CSRE has been developed by Whitney, Wood, Bjorkman and
Wolf (Whitney ef al., 2003a) and it incorporates the Monte Carlo
radiative equilibrium method developed by Bjorkman & Wood
(2001).

There are some strong motivations for using CSRE. The
main motivation is to realistically model dust properties in
circumstellar envelopes. In contrast to a more limited approach
used in DART (section 3.3) with respect to the dust properties to
be used and where in the envelope to use them, CSRE can
handle up to four dust files in spatially separate regions. This
possibility, only available in CSRE, is important to model
complex objects. These objects only recently have become
interesting to be modelled since the explosion of high resolution
imaging data from the HST and the large aperture ground based
telescopes revealed (very) complicated densities and
illuminations patterns in a wide range of astrophysical fields of
research. These complex objects (e.g., the Red Rectangle,
Chapter 3) have different dust types in different regions of the
envelope, thus CSRE is more appropriate to model these objects.

DART (section 3.3.2) has problems handling sharp density
contrasts and regions with high optical depths (e.g.,
circumstellar discs), but CSRE does not have these limitations
due to its Monte Carlo nature. Circumstellar discs are common



in a wide range of astrophysical systems thus the possibility to
model these structures is a strong reason for choosing to use
CSRE.

3.4.1 Radiative Transfer in the Monte Carlo Method

The fundamental principle of any Monte Carlo method is
that we can sample a quantity from a probability distribution
using a random number. The basic idea is that if the values of
physical quantities (e.g., the optical depth) can be characterised
by continuous distributions in the interval [0, 1], then these
physical quantities can be simulated by a random number
generator.

Compared with the classical ray-tracing solution, to solve
the radiative transfer problem under a Monte Carlo® method one
has to adopt a different view point. There are fewer equations to
consider (not even the radiative transfer equation!) and, most
important, in the heart of any Monte Carlo] simulation there are
probabilities.

3.4.1.1 Basic Concepts

The electromagnetic radiation is divided into photon
packets and these photons packets propagate through the
circumstellar envelope until all of them escape. Each packet has
a direction of travel and a energy, d&, and the relation between
these sets of photons and the specific intensity defined in
equation 3.1 s,

B dFE,
Y cosfBdAdEdrdQ

(3.23)

where @is the angle between the radiation field to the surface
normal (assumed &= 0 in equation 3.1). Equation 3.23 is the
same equation as 3.1.

The photon packet, or photon, represents the energy d£,.
The photons interact with the dust grains and this probabilistic
interaction is determined by the frequency of the incident pho-
ton, scattering and absorption cross sections of the dust grain.

The properties of the dust grains used in CSRE are generated
in the sam way as for the DART code. This is described in section
3.2, therefore these are assumed to be an input to the code.

3 The Monte Carfo derived its name from the well known gambling town
in France where
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The photons are emitted from the central source and may
escape without interacting with the circumstellar envelope. The
probability that a photon interacts with a dust particle over a
lengthd/isna df, where 2 is the number density of dust grains,
o is the extinction cross section. If we divide the macroscopic
length L into N infinitesimal lengths &/, the probability of tra-
velling the distance L with no interactions, P(L) is the probability
of no interactions in every one of the N single paths &/, i.e.

P(d) = (1-no d).So,

(3.249)
no L\"
puty = (1-725)

The Euler limit formula holds,

¢ = lim (1+ f)“

=00 n

(3.25)

Thus,
(3.26)

Py = (1-20E) < emot oo

where T = no L is the optical depth. Physically, the optical
depth over a distance L in a given direction is the number of
photons mean free paths over L.

Ingeneral,

L L .
=f nads:/ pkds (3.27)
0 0

The optical depth is (in general) wavelength dependent due
1o the dependence of the opacity (£) on the absorbing and
scaltering species.

3.4.1.2 Interaction

After the photon has travelled the interaction length one of
two things canoccur:

* the photon is absorbed, or

« the photon is scattered.

Itis a random number that decides what happens next. The
albedo @ has values within 0 < a < 1 (defined in equation 3.28)
and is the probability that the photon is scattered. This fraction is
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the ratio between the number of times the photon is scattered
over number of all events (extinction). A random number ¢, in
the range 0 < 0 < 1, from an uniform probability distribution,
is generated and if ¢ < a then the photon is scattered. If ¢ > a
then photon is absorbed.

Thealbedo is defined as,

(3.28)
. na G,

P R ;. T
N0 +MNaOa

where the subscripts refer to the number densities and
cross sections of scatterers (s) and absorbers (@).
If a photon is scattered it then travels in 4 new direction that is
determined by the angular phase function of the scattering
particle. The phase function is defined in section 3.4.1.4.

3.4.1.3 Sampling from a Cumulative Distribution
Function

In order to sample a quantity (t or i, the scattering angle)
randomly from a probability distribution function (there are
several ways), CSRE uses a cumulative distributive function,

To sample a quantity xo from a probability distribution
function P(¥) (normalised) the cumulative probability
distribution function is used,

&= /:“ P(z)dz

Where ( is a random number sampled uniformly from the
range 0 to 1, a is the lower limit of the range over which x is
defined.

The probability that a photon travels an optical depth 1
without interaction is e'* . The probability of scattering prior (ot
(cumulative) is 1-e . Therefore we can sample by using,

(3.29)

1—e™"

~log (1 —#)

L= (3.30)

T =

Having sampled T (using the random number () in this way,
Lcanbe calculated
From,

L L
T:/ nada:/ pkds
0 0

(3.31)

Finding Z from the above equation is the process that takes
the largest percentage of cpu time in this Monte Carlo method.
In general this equation cannot be solved analytically and the
numerical techniques can be computationally intensive.

3.4.1.4 Dust Scattering

The simplest scattering phase function, isotropic scattering,
can be used in CSRE, but in general, the code uses the Heney-
Greenstein (HG) function as the scattering phase function.

The HG phase function, @, is used to sample the scaltering
angle 6 for each photon packet. This function depends on the
scattering asymmetric parameter g (ranging from -1 for back-
ward-throwing scattering, 0 for isotropic scattering to 1 for for-
ward-throwing) and the albedo & calculated at each wavelength
from the grain file.

The asymmetric parameter g is defined as,

(3.32
Jo ®(w) cosw sinw dw
Jo ®(w) sinwdw

g = (cosw) =

where @ is the scattering angle measured from the angle of
incident, and ® is the scattering phase function.

The use of HG phase function is relatively common in radia-
tive transfer codes (e.g,, Ueta, 2002, and references therein),
but it is an empirical expression as it is not derive from basic
principles. This can be a disadvantage of CSRE compared with
DART, since the HG function is only used in CSRE.

We argue that an overall comparison between the potential
of CSRE and DART, in modelling astro-physical systems, results
in the clear conclusion that CSRE should be preferred in the
majority of cases (section 3.6). There can, however, be identified
a few disadvantages of the monte carlo method (CSRE), and
these are described in the following paragraphs.

In addition to the use of the HG scattering phase function,
the input file, used in DART, containing the dust properties is
simpler that the one used in CSRE, e.g. it does include the
scattering assymetry parameter (equation 3.32) at every
wavelength. As a result, the dust properties used in CSRE are
more complex and try to be physically more realistic, but this is
achieved in exchange of CSRE having more free parameters than
DART with respect to the dust properties used, and this can lead
tosmaller degree of confidence in the results of the simulation.

Another limitation of the CSRE code is that it cannot be used
to systems where the opacities are temperature-dependent, as is
the case in photoionized gaseous nebulae (Ercolano, 2002).
This is irrelevant for the present study of post-AGB stars because
dustis assumed to have temperature-independent opacity.

Finally, CSRE relies on random numbers, and this can be an



important drawback if the random number generator is not
adequate for the amount of random numbers used in each
simulation. A more in-depth discussion on this topic is presen-
ted in section 3.4.1.9.

3.4.1.5 Monte Carlo Radiative Equilibrium

This section is equivalent to section 3.3.1.1, from the DART
code.

As described in section 3.4.1.2, the interaction of each pho-
ton, after being stochastically emitted by the centre source and
having travelled a distance £ determined by the optical depth
(equation 3.31), with the extended dusty envelope can result in
the photon being scattered or absorbed. This probability is
defined by the dust properties at the interaction point in the
nebula, and is given by the dust density and the scattering and
abortion cross sections, i.e. The albedo (equation 3.28,). If our
random dice (see section 3.4.1.9, for a discussion on how
random is our random number generator) decides that the
photon is scattered then the photon travels to a new interaction
point* where the process is repeated. If however the photon is
absorbed, its energy (given by equation 3.33) is added to the
local cell in the envelope. This produces an increment in the
local temperature,

How does this process ensures the conservation of energy?
When a photon is absorbed the photon’s energy is added to the
local cell but, to conserve energy, the photon is reemited at
once. These reemited photons comprise the diffuse radiation
field. The photon is reemited at a new frequency which is
determined by the corrected temperature. This process of
interaction, either scattering or absorption plus reemission,
described above, continues until every single photon escapes the
dusty envelope, i.e. until all the new interaction points geome-
trically lay outside the user-defined envelope. The basic idea is
that CSRE injects NV photons into the envelope (which represent
atotal energy £), and the code stops only when exactly N photons
(representing the same energy ) leave the envelope, therefore
energyis conserved.

This process calculates both the temperature structure and
the SED.

The source luminosity, Z, is divided into N photon packets.
So,

(3.33)

4 The new interaction point can be located outside the physical dimensions
of the envelope, in which case the photon exits the system fate is decided
witha throw of a random dice.
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Ly is the energy of each photon packet and each photon
packet has the same energy (Bjorkman & Wood, 2001, section
2). The envelope is divided into spatial grid cells. The choice of
the cell size used is discussed in the following paragraphs.

CSRE uses a three-dimensional grid in order to include
arbitrary density functions (Whitney et al., 2003a). The dust
density is constant within each grid cell thus in order to have a
good agreement between the analytically user-defined 3D
density function and the density used in the code, it is of
paramount importance that the grid of cells is well chosen with
respect to the defined density function. This is done by having a
variable spacing cell size @ in r and in order to sample the
potentially sharp density variations and gradients in size scales
from different regions in the envelope, e.g. an inner torus or disc
incontrast with a more diffuse envelope or cavity.

CSRE defines a logarithmic spacing of cells in the radial
direction onlyin the inner region of the nebula, i.e. the cell size is
smaller and grows slower in the torus/disc region (close to the
central star), compared to the outer regions. Further away from
the star the radial spacing follows 2 power-law spacing, where
the cells do resolve the density function even with larger cell
sizes because the density function is smoother,

Then the (monochromatic) photon is injected into this grid
of cells representing the envelope and it is assigned to it a
frequency randomly chosen from the SED (spectral energy
distribution) of the source (blackbody or a stellar atmospheric
model) (Whitney ef al., 2003a). This frequency determines the
dust opacity per mass, &, , and scattering parameters for the
photon’s random walk through the envelope.

Ny is the number of photons absorbed in the i cell, and its
energy is deposited and the cell’s temperature is recalculated.
The total energy absorbed in the cell is £ = N; £y, Assuming
local thermodynamic equilibrium and a single average dust
temperature I', independent of grain size, the absorbed energy
must be reradiated. The emissivity of the dust is given by

Ju = ko p By(1), where B is the Planck function. The emitted
energyis,

E™ = 4#/k,,p8y(T)dUdV}

B = 4p / ko(T) p B(T)AV; O3

where dV; s the cell volume, &p is the Planck mean opacity
andB(T) = o T;‘ ' is the integrated Planck function, o is the
Stefan-Boltzmann constant. If 7} is the constant temperature
throughout the grid cell, then,

E™ = 4w kp(T;) B(T:) m; (3.36)
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where ;s the mass of the cell.

Equating the absorbed and emitted energy, E¥ = N; £ y and
ES" = 4 m Ky (I}) B ()m; , the dust temperature, after
absorbing V; photons is,

(3.37)
N; L
E?‘hs : — NiE-'z ——"'“N
B = Amkp(Ti) B(T3)m
N; L

BT)=oThn 1y
=" T = NI

Ky is areal function of temperature, so this equation is solved by
iteration.
Before the cell absorbs one photon, the cell has already emitted
photons that carried away energy given by the cell’s emissivity,
Jv = ko B (T;-AT), where AT'is the change in temperature due
to the absorption of this photon.
ky B ,(T;) is the total energy that should be reradiated at the new
temperature, s0 A7 ,= &, [B,,(T7) - B(T;- AT)]. f Byis small, AT

issmall, so,

4B, (3.39)

Aj 5 ks AT —=

Thus, to correct (temperature correction) the previously
emitted spectrum, the photon is reemited with a frequency
chosen from the normalised probability distribution,

dB
3 K—ul k" ( v)

where the normalisation constantis K.
The photon’s frequency has changed, so the opacity and
scattering parameters accordingly and we continue with,

1. scattering

2. absorption

3. temperature correction

4. Re-emission

dP (3.39)

dy

until all the source photons escape from the system which
automatically conserves energy.

While the number of photons
canitted is less thar the total
number of photons
\
Choose a photon random frequency
Emit a photon from central soarce l
Photon's energy is added to
the envelope —l
Local Temperature increases ‘ Photon travels a distance L.
tering " 1F photon i,
\lmﬂn ‘,"’
Absorpﬁon Something happens to the photon )
the photon s either scattered or
sbsorbed with a probability given by
tha albedo
‘When number of photons is Bin the photon in direction of
equal to the total number: D travel and position
END

Figure 3.1: Photon loop flow chart. This process is repeated until all photons escape the envelope. This method implicitly conserves

the total energy.



3.4.1.6 And the photon escapes

The code will stop when all photons exit the system (figure
3.1%

The purpose of CSRE is to measure the emergent flux (or
intensity) of an astrophysical system. The flux is a continuous
distribution but the Monte-Carlo method (as described in
section 3.4.1) works with a discrete set of events. Therefore,
CSRE is sampling the flux distribution function by binning the
photonsin:

* directions of travel, or angle of exit (to produce the
SED),

* final position of the photon before it exited the system
(to produce images).

3.4.1.7 Intensity Moments

The intensity moments defined in equations 3.19, are
important astrophysical quantities that are an output from the
solution of the equation of radiative transfer (equation 3.3)
using aray-tracing codes like DART (section 3.3.1). The values of
J v and H, are relevant physical quantities because they mea-
sure the mean intensity and flux at each point of the circum-
stellar envelope, respectively.

The Monte-Carlo method can be regarded as a fast, but brut
method, where is not possible to study the physical process
involved in the simulation because there are no output equa-
tions, like a black-box.

Although it may be true that there are fewer equations to be
considered in the CSRE compared to DART (section 3.4.1 and
section 3.3, respectively), this criticism can be removed if CSRE
returns the same physical quantities defined in equations 3.19,
the intensity moments.

To calculate the intensity moments in the CSRE code, the
contribution to the specific intensity from a single photon must
be considered, A/ This increment is calculated using the
definition of specific intensity (equation 3.23),

A g e B 2o ol (3.40)
lu| AAAQ  |u| N AQ
where |u| = | cos @ | is the absolute value of the cosine of

the angle of propagation of the photon, AQ = du de is the solid
angle, N is the total number of photons, A4 is the area,
F=N4E istheflux.

Substituting equation 3.40 in equations 3.19 and converting
the integral to a Summation,
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1 (3.41)
Ju oC Zm
i
B Zm (3.42)
1

where g, is the value of 2 at the centre of the bin .

These summations are implemented in the CSRE code,
thus the Monte-Carlo code can return the same quantities as the
ray-tracing code.

3.4.1.8 Errors

The emergent flux that results from binning the photons in
direction bins has an associated error that needs to be
estimated. We are trying to measure continuous distributions
using a discrete set of events, i.e. we are sampling the distri-
bution function we wish to measure. The method to do this is to
produce histograms of the distribution function, and the bins of
these histograms are, by definition, the bins considered in this
context.

In all Monte-Carlo simulations the error J approaches zero
as the number of Monte-Carlo quanta NV (photons packets in the
CSRE case), goes to infinity. The number of photons in each bin
can be described in terms of the Poisson statistics, thus the error
in the fluxfor each direction bin s,

J (3.43)

A
VN

A large number of photons must be generated for every
model run with CSRE in order to reduce the error associated
with the physical properties under study (equation 3.43). This is
done by setting the value of the parameter NV (described in table
3.1) totypical values of ~108,

3.4.1.9 Random Numbers

When simulating photon interactions the code is constantly
calling upon random number generators (o choose optical
depths and scattering angles).

The physical results from the model improve as the random
number generator improves. The random number generator
used in this code is the Numerical Recipes routine ran2.
Anywhere the ran2 is used it can be replaced by another random
number generator.
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Since these random numbers are generated using
algorithms no output can be truly random. In fact, for the same
initial conditions (input parameters, seeds) the algorithm will
produce exactly the same sequence of pseudo-random num-
bers. The numbers are predictable. This violates the definition of
random number.

In theory it is better to use true random numbers. True
random numbers must be truly unpredictable. These can be
generated by looking at a random process that occurs outside
the computer and processing it to have random numbers availa-
ble inside the computer. This true random process can be little
variations in somebody’s mouse movement, the amount of time
between keystrokes’, the atmospheric noise from a radio
(Haahr, 2005), or taking pictures of volcanic lava with a CCD
(Noll & Cooper, 2005).

In practice, the implementation of true random numbers to
CSRE is impossible because of the large number of random

numbers used in each run and the high precision needed. In a
typical run, CSRE uses ~2 X 10'° random numbers with a
precision, given by the pseudo-random generator, of 32 bits per
point. To match this, for a single CSRE model, one needs
210132 bits = 8% 10'"%bytes which requires a set of 19
DVDs! It takes ~11 weeks to generate this amount of random
data using any true-random process available now (Noll &
Cooper, 2005).

3.4.2 CSRE: Input and Output

CSRE accepts as input:
1. central source atmospheric spectrum
2. central source parameters
3. dust properties for each region in the envelope
4. envelope geometrical parameters

Table 3.1: Summary of Input parameters for CSRE code

Parameter Description

e <= !l I; i -
Np number of photons to be used (this is the number of Monte-Cario quanta to be used)
i geed used in the (pecudo-Jrandom number generator (section 3.4.1.8)
ITWRITE output timing information every IWRITE photons
CPEEL YES for high signal-to-noise SEDs aud Buages
CLIMDB YES for lirob darkening of central star
ATNAME file with central source spectrum
DUSTNAMI1) dust file containing dust properties for dise midplana (figure 3.2)
DUSTNAME(2) dust file containing dust properties for dise surface (figure 3.2)
DUSTNAME(3) dust file containing dust propertics for cnvelope {figure 3.2)

DUSTNAME()

dust file containing dust properties for outflow (figure %.2)

Contral Source Properties

A. (Rg) stellar radius in solar radii
15 (K) hlackhody temperature of central star
Disc Propertias

Mgse (Mg) disc mass in solar masses, if Myie - 0 then no disc is el
Raise (AU) maximum disc radius in AU
R, (R minircmm dise radius in radius of the star
Conli scale height of disc at r = 7. (equation 3.47)
o disc density exponmt (equation 3.47)
b disc density exponent (equation 3.47)

Envelcpe Propert:es
Tmax (AU) waximun envelope radius
Imta (R} minimum envelope radius
CHOLE YES for & model with bipolar cavities
a opening angle of cavity wall {equation 3.45)
8 cavity wall exponent (equation 3.45)
2o height of cavity wall at the origin (equation 3.45)

Densily Paremeters

Pamb (gm %
po{gem™d)

o

7

Peavity {gcm™?)

minimum value for density

envelope density at r = ry, (equation 3.44)

density exoomeut fur vavelupe densily (equation 3.44)

factor far ellipsuidal geometry, set to O for spherical envelope (equation 3.44)
cavity density ab r == raig (equation 3.46)

exponent for cavity density power-law {ermation 1.46)

Qutput Data

Hg {(AU)

APERTURE(1 — 3) (AU)
=]

@

image half-size

radii of thie 8 wpeclures

angle in the latitude coordinate for high signal-to-noise SEDs and lmages
angle along the ¢ coordinate for high signal-to-neise SEDs and images




and generates as output the SED (at three different aper-
tures and 10 different inclinations) and images (at different
wavelengths).

The input for CSRE is described in table 3.1.

The output CSRE spectra are contained in the fluxes points
at 10 inclinations (7 is the viewing angle, cosi = 0.05,0.15, ...,
0.85, 0.95), at three different apertures sizes (APERTURE (1-3),
table 3.1), for all the wavelengths calculated.

-300 =150 0 150 300

Figure 3.2: The four distinct regions with different dust grains
properties. Black region is the disc midplane, darker grey region is
the disc surface, grey is the envelope and the bipolar outflow is in
lighter colour (Whitney ef al., 2003a, figure 1).

3.4.2.1 Density

The circumstellar geometry is characterised by 4 regions,
the envelope, the bipolar cavity, the disc midplane and the disc
surface. Each region can have different dust properties (figure
3.2). The possibility of having contrasting types of dust in
different places of the circumstellar envelope is not available in
DART.

The density in the envelope follows a power-law profile given
byequation 3.44,

f)[,] T.ﬂ

14 (f cost)?

Penv = (3.44)

5 User inputare in practice difficult to use because these inputs are usually
buffered by the computer s operating system (several keystrokes are
collected together and to the program it will seem as though the keys were
pressed simultaneously).

Modelling Emission from Dust in
Dual-Chemistry post-AGB Stars

For f = 0, this is a spherical symmetric density functions
with peny ot 7%, and for £ > 0, equation 3.44 is a axial symmetric
density function with factor for ellipsoidal geometry £ The input
variable fwas introduced to treat axisymmetric outflows from
post-AGB stars.

If CHOLE is set to YES, then a bipolar cavity is carved out of
the envelope. This region is adjusted by three parameters,d,/f
and z,,. These are the opening angle, the wall exponent and the
height of cavity wall at the origin. A conical cavity with vertex at
r=0(e,x =y =2z=0)isobtainedsetting f=1and z,= 0,
butamore general cavity is created for different values of these

parameters. The equation implemented in the code that
shape the cavity is equation 3.45.

Z=2+Ec" (3.45)

where, Z is the z coordinate of a point that is located in the
cavity wall, @ = Vx* + y? is the cylindrical radius and Z= /(0)
isafunction ¢ of the opening angle, 4.

The density in the cavity is,

P = pca.vity r')‘ (3.46)

Figures 3.3, 3.4, and 3.5 are 2D density plots of the
equations 3.44, 3.46, and 3.47. These illustrate the density
distribution in the envelope, disc and cavity, and graphically
represent the geometry of the systems being modelled with this
RT code.

From figures 3.3, 3.4, and 3.5, it is possible to conclude that
the gradient in density is higher in the central part of the system,
in particular within the disc and central part of the envelope,
than within the cavities. This agrees and further justifies the
choice of the cell size discussed.

The density function for the disc is given by equation 3.47. It
is a flared accretion density defined by the disc parameters Muis,
zmin, @ and b described in table 3.1 (equation 3 Whitney e/ al.,
2003a),

(3.47)
= (1) (2) o (3 )

where  is the radial coordinate at z = 0, and the scale

% . 5 i i+
heightincreases with radius as ¢ = cmin ()" .

6

4]

= S Fora conjcal cavity with verticesatr = 0 (=, x =y

(inx taan ¢}

=z=0), =cotf
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Figure 3.3: 2D plot of the density distribution in the envelope, disc, and cavity,
given by equations 3.44, 3.46, and 3.47, respectively. The density colour scaling
is logarithmie, plotted to 6 orders of magnitude from the peak density of 3 < 10-
W g em, Le. the white colour, labelled in the vertical colour bar, represents the
peak density and the contours each decrease by 1 order of magnitude and match
the labels in the colour bar. The x and y axis are plotted in AU (adapted from
Whitney ef ai., 2003a).

3.5 Modifications to CSRE

The CSRE code described in section 3.4.1 has been develo-
ped by Whitneyer a/. (20032) to mode! proto-stellar objects (e.g.
Whitneyetal., 2003b).

The modifications made to CSRE during our programme of
research can be divided into two categories:

1. dust grain properties (section 3.5.1)
2. density function and dust regions (section 3.5.2)

The aim of these modifications is to be able to make CSRE
more adequate to model post-AGB stars.

-300 =150 0 150 300

Figure 3.4: 2D plot of the density distribution in the envelope, disc, and cavity
(central 300AU), given by equations 3.44, 3.46, and 3.47, respectively. The
density colour scaling is logarithmic, plotted to 6 orders of magnitude from the
peak density of 1.5 X 1012 g em3, iie. the white colour, labelled in the vertical
colour bar, represents the peak density and the contours each decrease by 1
order of magnitude and match the labels in the colour bar. The x and y axis are
plotted in AU (adapted from Whitneyef al., 2003a)

Some input parameters for the original version of CSRE
(table 3.1) are no longer in use and new parameters were
introduced. These are described in table 3.2.

3.5.1 Dust

For the dust, it is now possible to generate dust files that can
be used as input to CSRE. These files can have dust with
chemical compositions, such as silicates (Ossenkopf ef al.,
1992), silicates and graphite (Draine & Lee, 1984), amorphous
carbon (Hanner, 1988), and silicon carbide (Pegourie, 1988),
with any relative abundances, and grain size distribution.

These files are generated before CSRE is set to run and table
3.3 is a description of the input parameters available to generate
these files.
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Figure 3.5: 2D plot of the density distribution in the disc, and cavity (central
20AU), given by equations 3.4, 3.46, and 3.47, respectively. The density colour
scaling is logarithmic, plotted to 6 orders of magnitude from the peak density of
8 % 10 g enrd, ie. the white colour, labelled in the vertical colour bar,
represents the peak density and the contours each decrease by 1 order of
magnitude and match the labels in the colour bar. Thex and y axis are plotied in
AU (adapted from Whitney ef al., 20034).

The modified version of CSRE expects 3 dust files (not 4 as
the original version). One file for each region of the circum-
stellar nebula (figure 3.7). A dust file is a table with 5 columns
and each line corresponding to a value of wavelength. Every
column 4, i = 0, 4 (table 3.3) is a physical quantity obtained
using Mie Theory (section 3.2): { = 0 — wavelength, i = 1
—extinction cross section, # = 2 — scattering cross section, i = 3
- opacity, # = 4 — scattering asymmetry parameter.

There is a new set of parameters now in CSRE which are in
the dust parameter block in table 3.2. None of these parameters
is present in the original version of CSRE. These paramelers,
AFLAG, GFLAG and KFLAG, are used to override some input from
the dust files and can be useful if one wants to run a model in
which the dust scattering needs to be isotropic (for isotropic
scattering, GFLAG = 0 to forceg = 0), or the albedo needs to be
set 0 0.5 (AFLAG = 0to havea = 0.5; set AFLAG = 1 to have



a= %{j as read from the dust file).

The dust-to-gas ratio used in our models (models 2 and 37),
presented in section4.3.1, is,

. ‘,’,‘1 = (.01, for the innermost region of the circums-
tellar dust shell (disc or torus),
C D§ = 0.004, for the envelope and cavity.

The parameter that allows the user to control the dust-to-gas
ratio 2 to be used throughout the circumstellar nebula is
KFLAG®, The defaultvalue, KFLAG =1 corresponds lo%i =(.01,
however, in some post-AGB stars it may be more realistic to use
different dust-to-gas ratios in different parts of the nebula (e.g.
Men’shchikovetal., 2002).

In this case, the user has the option to set% = 0.01 in the
innermost region of the circumstellar dust shell (region 1,
defined in figures 3.6 and 3.7), and % = (.004in the rest of the
envelope and outflow (regions 2 and 3, figures 3.6 and 3.7).

Modeliing Emission from Dustin
Dual-Chemistry post-AGB Stars

3.5.2 Density and Dust regions

The density function available in the original version of
CSRE is described in section 3.4.2.1, and is o7 (for some user-
defined value of 4) for the envelope and outflow and a flared
accretion density in the disc (equation 3.47).

In the original CSRE code, the dust regions (regions with the
same dust properties) are illustrated in figure 3.2 and did not
allow, for example, to have two spherical dust shells, around the
central star, with different dust properties (and different den-
sities functions) in each shell.

The user in the new version of CSRE can specify 3 dust
regions and 4 density functions (region 2 may have a different
density function forr > r2).

Region 1 is a spherical shell defined by its minimum and
maximum radius, rmin and r7, respectively (table 3.2). The

Table 3.2: Summary of Input parameters for the modified version of CSRE

Parameter Description
Prelimineries
TR mumber of photons 1o be used (Lais is the awnber of Moute-Carls quanta to T nsed)
i seed used in the (pscudo-Jrandom numbur generator (seclion 3.4, 1.9)
TWRITE aukput tindng ieformation every TWRITE photons
CIEEL YES for high signal-to-nolse SEDs and imoges
CLIMB YES for limb darkening of central star
ATNAME file with wontral source spesirum
DUSTNAMI(1) dost file containing dust properties for dise midplene (Hgure 3.7}
DUSTNAME(Z) dust file contalning dust properties for disc surface (Ggure 3.7)
DUSTNAME(3) dust file containing dust properties for autBow (figure 3.7)
Cunlral Source Properties

R.{Rg) stollar raaling nosolar adil
T (K) bilackbody temparatare of central star

Envelope Properties
Tamn (AL} meximum envelope radius
Tola (R} it covelope vulive
% (Fimax) maximum rading for region 1
7y (Frasx) characteristic radius far reglon 2
T8 (Femex) characteristic rudius for region 3
CHOLE YES for a madel with bipolar cavities
] opening sngle of cavity wall
@ cavity wall exponent
m uight of cavily wall 6t the arigin

Deemnsity Pasnrnclers

Pacnts (610~

tniniungn vabise for density

ol (izem ™) density st =
Aligemn ) density at v = r1 {region 1)
h (pem=) densiby sl v o= vy (region 2)
Al {mem—?) density ar v ry (region 2)
pa(gem ) density at v = ra
w{R.) mean value for Lhe Crusgian density function
a () standard deviation for the Ganssian density function
[-1] exponent | for density power-law in region 2
411 exponent H for density power-law in region 2
A exponeaik for density power-Lov in cegion 3
Dinst Peoraunelamns
AFLAG set AFLAG = 0 to faree the albedo to o = 0.5 set AFLAG — 1 to have 6 - ?r-::::‘:-
GFLAG st GFLAG=: 0 to foroe g == 05 clse g iy o from dost file
KFLAG st KFLAG= 0 to have k = 0.4 % Edumale: @se & = kquaaie
Outpat Data
(AL image half-sire
APERTURE(T — 3) (AU)  radii of the 3 apertures

=]
F

anglo in the lafitude coordinate for high signal-to-noise SEDs and imoges
angles along the ¢ coordinate for high signal-to-noksa SEDs and images

7 model 1 hasaconstant dust-to-gas r:iliu,‘%,‘l =0.01

8 KFLAG was not present in the original version of CSRE
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Table 3.3: Summary of Input parameters used to generate the

dust files

Parameter

Description

Inpur

Chemical Composition

n(X), KN

Tanly Tacan

fractional abundances of grains with buili-in uptical properties
complex refractive index (i = 7+ k) for non built-in grains
walinction and scatiering cross sections for non built-in grains

Crain Size Distribution

4
ey (2 70)

Aepax ()

expanential factor for the grain size distribution funclion
minimum grain size
maximum grain size

Oubput

X
Tex{A)
Tscar{A)
k(D)
a(A)

wavelength (i =0)

extinction cross section {{ = 1)

scattering cross section (i = 2)

opscily or muss absorption coefficient (1 = 3)
scattering asymmetry parsmeter (i = 4)

plr)=

density function here has a Gaussian profile fixed by its value atr
= pand at r = ry, and by the Gaussian mean value and
standard deviation. These are predetermined by the user in the
inputvaluesof p} andp" , p and o, in the same order.

Region 2 is a spherical shell defined by its minimum,
maximum radius and by its characteristic radius, 71, rmuxcand rz,
respectively. The density function here follows a power law over r
defined by its value at 71 and by a power-law exponent, forr < r2,
and by its value at r2 and by a power-law exponent, forrz < r <
I'max.

These are predetermined by the user in the input values of
p; and I, p! and BII, respectively.

The density funetion in the polar cavity is a constant
function for » < r3 and has a power-law profile for » > #3. The
constant part of the density function is set by the inpu
parameter ps, and in the power-law part the density is c. p3™7.

The above description of the density functions and dus
regions can be encapsulate in the equation 3.48 and are
illustrated in figures 3.6 and 3.7.

(3.48,

Tmin T <71

‘ i
A+ (= ) o (~582)

le;r AL o p ep ey

B phyf T3 ST < Fax

7 S Lww<rg

Cpsr 7 Z<zandry <z

The parameters A, 8 and € are normalisation constants with
valuesof A =rf ,B=ril .C =

All other parameters present in equation 3.48 are described
intable3.2.

The disc is the region 1 in equation 3.48, i.e. the Gaussian
form of the density function in region 1 can be defined by the
user to represent either a disc or a torus. It is worth noticing that
in this modified version of CSRE the disc as it was defined in
equation 3.47, is no longer available to the user.

These density modifications were introduced to explore the
flexibility of the CSRE code and specifically to simulate the
density structure used by Men'shchikov ef a/. (2002) to model
the Red Rectangle. Nevertheless, the CSRE code can have
arbitrary density functions.

3.6 CSRE and DART: comparison

In order to test the validity of the CSRE and DART codes,
spherically symmetric models were constructed and compared,
i.e. we are comparing a monte-carlo technique with results from
the ray-tracing code DART (Efstathiou & Rowan- Robinson,
1990), described in section 3.3.

The models represent a spherically symmetric dust shell
having different physical characteristics, different optical depths
AV, with density function only dependent on the radial
coordinate » as p a r% The shell is composed of 100%
amorphous carbon (Hanner, 1988) and the other physical para-
meters are listed in table 3.4.

Figure 3.6: Schematic representation of spherical layered shell CSRE model.
Solid lines divide the different dust regions. The dashed line represents the
characteristic radius r2 of Region 2.



The central stellar flux model used was a model stellar
atmosphere with effective temperature of 7, S00K, solar meta-
licity and gravitylog g = 3.5.

With these parameters constant, the optical depth of the
dust shell was varied, Ay = 1.0, 4.0, 8.0 and 10.0, with a total of 8
CSRE models. We have 4 CSRE models with the label g NORMAL
and 4 four CSRE models labelled g ZERO, i.e.,

g NORMAL the scattering asymmetric parameter g,
calculated using Mie theory and used to approximate the
scattering phase function with the HeneyGreenstein function,
section 3.4.1.4

g ZERO isotropic scattering (g = 0)

Using the same set of parameters, with buill-in isotropic
scattering, 4 equivalent DART models were obtained for
comparison.

Comparing the CSRE and DART models, figures 3.8, 3.9,
3.10 and 3.117 a good fit is observed between the dashed blue
line and the crosses, which represent the DART model and the
isotropic (g ZERO) CSRE model.

The dash-point-dash black line represents only the
scattered CSRE flux for the anisotropic scattering CSRE model
and it completely dominates the CSRE total SED (pink line) for
Av = 4, causing the isotropic and anisotropic scattering models
to diverge.

Figure 3.7: Schematic representation of layered shell CSRE model with
bipolar cavity (compare with figure 3.2). Solid lines divide the different dust
regions. The dashed line represents the characteristic radius r: of Region 2, The
fine-dashed line represents the characteristic radius 3 of Region 3.

9 The SEDs have the two-peak shape characleristic of post-AGB stars.

Modelling Ernission from Dustin
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The discussion on the SEDs presented in figures 3.8, 3.9,
3.10and 3.11, is valid when the density distribution is spherical
symmetric. In the case of a axisymmetric geometry and
considering anisotropic scattering (g Normal), one has (o take
into account the viewing angle, between the observer and the
system, because the SED that will be detected (through a
telescope, or in a simulation) will be different for different
inclinations (e.g., Whitney ef al., 2003a, figure 3). Moreover, the
dust properties used in each individual model, i.c. the albedo,
will determined the shape of the SED under the this conditions
of anisotropic scattering and axisymmetry (Bjorkman & Wood,
2001; Whitney ef al., 2003b), thus it is difficult to generalise a
relation between the anisotropic dust scattering and density
axisymmetry distribution.

Table 3.4: Spherical Shell Model Parameters

Parameter Value
Central Star
T (K) 7,600
R (cm) 2,438 % 1042
d{pc) 710
Shell
Tmia (cm) 1,349 x 1016
Faw (cm) 1668 x 1047
Dust Grains
T tonia (um) 001
Omox {pm) 2.0
q K
Av 1.0 (fig. 3.8), 4.0 (fg. 3:9), 8.0 (lig. 8.10), 10.0 (tg. 3.11)

The possibility of modelling a system considering
anisotropic scattering is not available in DART, thus CSRE is a
much better code to use in modelling systems with a dust disc or
torus.

The study of the effect of the scattering component on the
total SED was only possible because CSRE is enable to separate
the different SED components,

* total,

= stellar direct,
* scattered,

® thermal.

The monte-carlo method is based on discrete events,
photon scattering, absorption and reemission, and it is possible
to know if a photon simply escapes from the circumstellar
medium without any interaction (and contribute to the stellar
direct SED), or if at least one interaction has occurred
(contribution to the scattered SED). We then label each specific
photon as a stellar direct photon or as a scattered photon. The
thermal SED is calculated by subtracting the scattering and
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direct fluxes from the total flux. This is not possible in the DART
code, and was crucial in the conclusion that follows.

The next paragraphs are a discussion based on figures 3.8,
3.9,3.10and 3.11.

From the analysis of these SEDs, one can conclude that
DART should not be used to model objects with Ay > 4 because
its results diverge from the physically more realistic CSRE
results. This is due to the fact that the anisotropic scattering
determined in CSRE uses the values of g calculated at each
wavelength for each grain size distribution and dust chemical
composition whilst DART assumes isotropic scattering, g =
constant = 0.

The reason why this effect occurs is as follows. For low values
of optical extinction the SED is dominated by the stellar direct
fluxes and the average photon is scattered a small number of
times, therefore, the scattered SED is not important (because it
has much lower values than the stellar direct SED). Under these
conditions, DART and CSRE (with ¢ = 0) give the same result,
however, for high values of AV, the scattered SED is the most
important contribution to the total CSRE (for g > 0) SED, in the
UV and optical wavelengths. Under these conditions, a forward-
scattering phase (anisotropic scattering) function will generate a
higher value of scattering fluxes because, in an envelope where
the density is decreasing radially, the scattered photons have a
higher probability of being scattered forward towards the
direction of the viewer. More photons are propagated radially
with anisotropic scattering than with isotropic scattering.

Thus, the CSRE results with g > 0 produce higher values for
the scattered SED compared with DART (isotropic scattering),
and this component dominates the total CSRE SED at UV and
optical wavelengths.
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Figure 3.9: SEDs for spherical shell models with optical depth, Ay = 4.0.
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Figure 3.10: SEDs for spherical shell models with optical depth, Av = 8.0.
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Figure 3.8: SEDs for spherical shell models with optical depth, Ay = 1.0. The
black solid line {(medium-thickness) is the un-obscured stellar spectrum.

Figure 3.11: SEDs for spherical shell models with optical depth, Ay = 10.0,



4 - Model for the Red Rectangle

In this chapter, some observational results for the Red
Rectangle (also known as HD 44179, AFGL 915, IRAS 06176-
1036) are presented and the CSRE code is used to construct
detailed radiative transfer models in order to derive some
conclusions about the structure and physical properties of the
Red Rectangle, comparing our modelling results with the
published model of the same object (Men'shchikov etal., 2002).

4.1 Introduction

The Red Rectangle is a fascinating and widely studied object.
Since it was first discovered by Price & Walker (1976) and
confirmed and identified as a binary star embedded ina peculiar
nebula by Cohen et al. (1975), this object has been extensively
studied during these three decades (see references in Cohen ef
al., 2004: Men'shchikov ef al., 1998; Waters ef al., 1998). Due
to its yet un-revealed secrets, the interest of the Astrophysical
community is as high today as it as ever been, and a Conference
dedicated exclusively to the Red Rectangle will take place in May
2006 (Allamandolaef al., 2006).

Some of the most interesting images available and the fluxes
used to constrain our models are described in section 4.2.
Section 4.3 presents our modelling and the results of it are
discussed insection 4.4.

4.2 Observational data

The SED is generated as an output of the CSRE code
therefore we are interested in all published fluxes (at any
wavelength) of the Red Rectangle.

The study of the Red Rectangle presented in this chapter
relies on the comparison of the SED produced by 3 different
CSRE models and observed values of fluxes, i.e. the observed
SED. We also present the best observational images available in
the literature for the Red Rectangle (section 4.2.3) chiefly to
justify the use of an axisymmetric density functions in our
models (the images are clearly non-spherical), and thus the
need to include a torus in the simulations.

The method followed by us, consisted in trying to obtained a
fit for the SED and then investigate how good was the agreement
of the synthetic images and the observed images in detail. The
SED fit was not achieved with the degree of confidence needed to
justify the detailed analysis of the images, therefore a
prefiminary analysis of the CSRE model images produced and
the observed images for the Red Rectangle was inconclusive
because, although the spatial extend of both sets of images was
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roughly consistent, an in-depth study of the detailed structure
and intensity values was not finished, thus, we argue that when
the fit of the SED could be improved then further investigation
into this topic is important.

4.2.1 Fluxes

The observations available cover a wide range in
wavelengths, from HST FOS ultraviolet A> 0.1575 pm (Reese &
Sitko, 1996) to VLA radio fluxes A =36, 000 wm (Jura ef al,,
1997). This correspond to a range in energy between ~6eVand
~10-5 eV, A model for the Red Rectangle is therefore well
constrained within several orders of magnitude.

The observational data included in figures 4.7, 4.8 and 4.9
was published in, Allen et al. (1977); Cohen et al. (1975);
Greaves & Holland (1997); Jura ef al. (1997); Reese & Sitko
(1996); van der Veen et al. (1994); Waters ef al. (1998), from UV
to sub-millimetre fluxes, respectively. This data was used to
compare the model SEDs to the real data for the Red Rectangle.

The optical spectrum included in this work (from Reese &
Sitko, 1996) only samples the central few arc-seconds around
the central star and shows no extended red emission (ERE). This
is consistent with the fact that our model does not contain any
dust grains with chemical composition that produce this ERE.
Our dust has a complex grain size distribution throughout the
nebula but its chemical composition is 100% amorphous
carbon (Hanner, 1988).

4.2.2 Dual chemistry in the RR

The dual chemistry (defined in section 2.5) nature of the
Red Rectangle is demonsirated by two strong observational sets
of observations, the oxygen-rich material is responsible for the
OH features at UV wavelengths (figure 4.2) and the detection of
crystalline silicate emission (figure 4.1) (and COz), whilst the
carbon-rich material is responsible for the PAH emission
observedinthe 11.3 umimage (figure 4.1).

Reese & Sitko (1996) published the UV spectrum of the Red
Rectangle from observations taken in 1992 with the Hubble
Space Telescope’s Faint Object Spectrograph (figure 4.2). The
range in wavelength covered is 0.1575 to 0.3286 wm and it is
dominated by CO emission between 0.16 and 0.18 pm and at
0.2163 pm. The features present at 0.309 and 0.3148 pm are
identified as OH emission features. These features are evidence
of the dual chemistry nature of this object.

4.2.3 Images

In the optical range of the electromagnetic spectrum, the
best images of the Red Rectangle are present in Cohen ef al.
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(2004). In this paper, ground based images from ES0 3.5m NT'l
at La Silla and Hubble Space Telescope images from WFPC2 are
used to create three-colour images (figures 4.3 and 4.4). In the
infrared, the best images are present in Waters ef al. (1998).
These are figures 4.1 and 4.5.

4.3 Models
To model the Red Rectangle, we have performed model
calculations usingthe

CSRE Monte-Carlo radiative transfer code described in
section 3.4,
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Figure 4.1: Top: False-colour images of the broad-band 10 pm emission (lef)
and continuum subtracted narrow-band 11.3 pm emission (right) (Waters ef
al., 1998, figure 3). The boses define the spatial distribution of the oxygen and
carbon rich components. The broad-band 10 pm image shows that most of the
emission at that wavelength originates from circumbinary torus, and the
brightness distribution of the narrow-band image at 11.3 pm shows that the
carbon-rich carriers are located in the extended nebula.

The original version of CSRE (section 3.4) and the modified
version of CSRE (section 3.5) were used, and the result SEDs are
presented in figures 4.7 and 4.8, respectively.

4.3.1 One object, two models

This section presents two alternative models to the Red
Rectangle (table 4.1), one less sophisticated model (model 1),
with a envelope density power-law p o % and with the standard
interstellar size distribution 4 = a33, and a second model
{model 2) which uses the modifications to CSRE described in
section 3.5 to have the central star embedded in a dusty torus in
an axially-symmetric geometry defined by the biconical outflow,
avariable dust-to-gas ratio and very large dust grains of constant
size in the torus.
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Figure 4.2: UV spectrum of the Red Rectangle (Reese & Sitko, 1996).

Figure 4.3: Three-colour rgh image in FG3IN - 6306A (red), F588M -
5893A (green), FAGTM - 4663A (blue). Total dimensions are 23".3 % 23”3
(Cohen ef al., 2004, figure 6). North is to the bottom right (120 degrees
clockwise from vertical), and east is to the top right (30 degrees clockwise from
vertical).

Figure 4.4: Three-colour rgb image in F63IN - 6306AA (red), F622W-6131AA (green),
F588M - 5893AA (blue). Total dimensions are 233 X 23".3 (Cohen ef al,, 2004, figure
11). North is to the bottom right (120 degrees clockwise from vertical), and eastis to the top
right (30 degrees clockwise from vertical),




Figure 4.5: KS (2.2 um), and LG (3.08 jum) speckle images of the Red Rectangle
(Tuthill etal., 2002). Narth is up and eastis to the left.

In both models we have used a stellar atmosphere
parameterised by T« = 7, 750K, gravity log g = 1.5, metalicity
[M/M] = -3, and micro-turbulent velocity of 2Zkm s'. This is the
same kurucz profile used in Men'shchikovet al. (2002).

In Model 1, a2 100% amorphous carbon (Hanner, 1988)
envelope is defined between 14AU and 43, 000AU, with a
biconical cavity carved out (opening angle of 50 degrees) and
density power-law p o r? everywhere. The dust-to-gas ratio is
constantwith value 0.01.

Model 2 uses the same parameters s used in the model for
the Red Rectangle by Men'shchikov ef al. (2002), where the
model SED fits the observed continuum underlying the
emission features perfectly (after considering the interstellar
extinction). In model 2, the axially-symmetric dust shell has
minimum radius of 14AU and maximum radius of rye = 43,
000AU, where 99% of the circumstellar total mass is contained
within the dense torus, with maximum radius r; = 100AU and
density with a Gaussian profile (same notation as in equation
3.48). In the torus, the dust grains have constant radius ofa =
0.2 cm and the dust is 100% amorphous carbon with dust-to-
gas ratio *‘ﬁ = 0.01. Outside this dense region, and for 100AU =
< r < ry=430AU (equation 3.48), the dust density drops by
5 orders of magnitudes at r =r; = 100AU and it changes (o a
much flatter p a 15 radial profile. For r > r; = 430AU, the
density changes to p a - to the limits of the dusty envelope at
43, 000AU. Everywhere outside the dense torus, the dust-to-gas
ratio is set to 0.004, the chemical composition of the dust is the
same as in the torus (Hanner, 1988, 100% amorphous carbon)
but the grain size distribution is the standard 4% = a5, for
0.005 pm = amin < @ < amx = 600 wm. The torus and the
outer parts of the envelope only exist outside the walls of a
biconical cavity, with a (total) opening angle of 50 degrees and
total constant density of p= p3 =9 x 10¥ gem3 forz <13
and pa riforz >rs.
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Figure 4.6: Density profile in the midplane (45 degrees) and in the bipolar
outflow cavities along the symmeiry axis (0 degrees), for model 1 (left) and for
model 2 (Right).

The density function of model 1 and model 2 are plotted in
figure 4.6. For model 1, the density follows the same profile
throughout the envelope and the density curve for the bipolar
cavities (0 degrees) hasvalues too low to appear within the range
plotted.

The density in model 2 (figure 4.6) follows a Gaussian
profile in the very dense torus, centred at the origin of the co-
ordinate system with standard deviation o= [IAU. We have
modified CSRE to use this density structure to reproduce the
density used in Men’shchikov et al. (2002).

The best model fit for model 1 is the total model SED without
interstellar extinction (blue dotted line, figure 4.7), however this
is not a good fit to all the observational data.

To get a better fit to the observations using our model of the
Red Rectangle with the same density structure as Men'shchikoy
ef al. (2002) (figure 4.6), the interstellar extinction must be
taken into account, i.e. the solid pink line is a better fit than the
blue dotted line in figure 4.8. The value for the IS extinction used
in our model, Ay = 1 is consistent with the value used in
Men'shchikov ef al. (2002) of Ay = 0.9. This is due to the fact
that we are using the same kurucz input profile, the same
density and the same geometry for our model. In both figures
4.7 and 4.8, the IS extinction is not important for wavelengths
larger that 3 pum, i.e. the blue dotted and the solid pink lines are
identical.

Using this density profile and geometry parameters, and
assuming that when one would fit the SED for longer
wavelengths the fit in the UV and optical part of the spectrum
would not be destroyed, then, the estimate of a distance of 710
pc (Ay = 1 corresponds to a distance to the object of ~710 pe,
Men'shchikov ef al., 2002) to the object is a valid conclusion
from our modelling because a good fit to the UV and optical
observations is only obtained considering IS extinction.

Assuming a relationship between AV and the distance in the
ISM along a line of sight close 1o the RR, then an extinction
correction of Ay~ 1 corresponds toa distance of 710 pe.

7
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Table 4.1: Model parameters for two alternative models of the Red Rectangle

Model 1 Model 3%
Pavameter Value Parameter Value
Central Source Praperties Cemtral Source Properties
R. (Roy 43 R (Ro) ey
To (K} T, 750 To () 7,750
Tovax (AU) 43, 000 Tox (AU) 43, 000
Tratn (AU) 14 Tiia (AU} 14
CHOLE YES CHOLE YES
8{degrees) (equation 3.45) 25 & (degreea) (equation 3:45) 28
B (equation 3.45) 1 B (equation 3.45) 1
= 0 {equation 3.45) || = 0 {aquation 3.45)
Density Parameters ; Duensity Parameters
Pamt (gem™2) 0.0 famb (gom—) 0.0
o (g em~#) (equation 3.44) L0 % 1018 2 (gem=3) (equation 3.48) 4.2 1042
a (equation 3.44) 2 P {gem™8) (equation 348) 1.0% 107
f (equation 3.44) a 2 (o™ (equation 3.48)  1.0% 10-38
Seasity (gem™®) {oquution 8.48) 0.0 x 10~ A (gem™®) (equation 3.48) 1.2 1077
7y {equation 5.46) 2 pa(gan™?) (equation 3.48) 9.0 10-19
# {AU) (equation 3.48) 0
o (AU) (equation 3.48) 11,0
BI (equation 3.48) 1.5
B {equation 3.48) 4.0
7 {equation 3.48) 5.0
Dust Parameters Dust, Pazamelers
q (table 8.8) 3.5 o (table 3.3) 3.5
@min (#m) (table 3.3) 0.006 Smin (pm)® (table 3.3) 0.005
amax (rm) (fable 3.3) 600.0 amax {pm)# (table 3.3) 600.0
ag {em)*® 0.2
AFLAG 1 thus o = Jaa
GFLAG 1 thus anisotropic scattering
KFLAG 0 thus k= 0.4 X kguseslo
Ouzput Data Qusput Data
& {dogrevs) 75f @ (degrves) 79
“using CSRE after the modifications described in section 3.5, puge 10
boutside the torus
“outside the torus
doutside the torus

“constant grain size in the torus
fequivalent to a 11 degrees viewing angle

4.3.2 Same Ay, different density

The aim of model 3 is to have the same optical depth
along the equator (through the torus) as in Men’shchikov ef
al. (2002). To obtain such a high Ay of ~42, model 3 has the
same input parameters as model 2 (listed in table 4.1) but
the torus density Gaussian profile is defined by a larger value
ofp} givenbyp! =3.0X 107" gem?3,

Model 3 is a worse fit to the observations than models 1 and
2. The thermal emission dominates the SED at longer wave-
lengths (A>3 pm) and the fit with model 3 in this region is
similar to the fit obtained with models 1 and 2, but in the UV and
optical parts of the spectrum, the fit is completely lost due to the
higher optical depth.

The result is that one cannot have the same density function
as used in Men’shchikov et al. (2002) and, simultaneously, the
same values for the optical Extinction.
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Figure 4.7: Observed SED of the Red Rectangle compared with model SED
for small dust grains (model 1).
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Figure 4.8: Observed SED of the Red Rectangle compared with model SED
for large dust grains (model 2).
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Figure 4.9: Observed SED of the Red Rectangle compared with model SED
for large dust grains and Av = 42 (model 3).
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Figure 4.10: Density profile in the midplane (45 degrees) and in the bipolar
outllow cavities along the symmetry axis (0 degrees), for model 3.
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4.4 Discussion

Model 1 and model 2 are not satisfactory fits to the
observations, however, it is possible to conclude some results
from our modelling,

Based on the results obtained by using both versions of
CSRE, it is not possible to say that the use of large grains and
complex density distributions (model 2) is a better description
of the object compared with that of standard grains and the
usual p ar? because both SEDs (figures 4.7 and 4.8) are equally
good. Moreover, model 1 does not require any IS extinction to
reproduce the observations with the same degree of accuracy as
model 2.

Compared to the successful model presented by
Men'shehikovet al (2002), our model 2 is an identical model in
all but one aspect, as far as it was possible to understand from
the published details. We have the same density profile
(including the peculiar density function in the torus and
cavities), the same variable dust-to-gas ratio, the same geomeltry
of the circumstellar envelope, the same atmosphere input
spectrum and we are comparing the model with the same
observational data. But our model considers realistic dust
properties and scattering modelling, throughout the envelope
(including the dense torus). It is not possible to reveal from the
published information, what was the chemical composition of
the dust used in the torus. The information published in
Men’shchikov et al. (2002), with respect to this point, is
inconclusive but we believe that dust with an unspecified
chemical composition (only characterised by a grey optical
depth and constant grain size of 0.2 cm) was used and this is the
reason why our model 2 has a much lower optical depth of Ay =
6.8 along the midplane compared 1o Ay-47 used in
Men’'shchikov et al. (2002). 1t was not possible to reproduce the
same Ay and the same density function with CSRE, in the same
model.

The best observational constraint on the midplane
extinction for the Red Rectangle is presented in Men’shchikoy ef
al, (2002), using the H, K (76 mas resolution), and Ks, Le (47
and 74 mas resolution, figure 4.5) nearinfrared images (publi-
shed in, Men’shchikov ef al., 1998, 2002; Tuthill ef al., 2002).
Its value is Ay~47 up to A~1 cm, referring to a optically thick
torus. This result was our main motivation to produce model 3,
described next.

Model 3 has a similar Ay (Ay-42) compared to the one used
in the referred paper, but the density function is different, as itis
possible to conclude comparing figures 4.6 where the same
density profile is used in figure 4 of Men’shchikov et al. (2002),
and figure 4.10. The conclusion is that a more similar SED is
obtained when we have the same density function (figure 4.8)
rather than having the same Ay (figure 4.9).
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Using CSRE and realistic dust and scattering considerations,
one either have the same density profile as used in Men’sh-
chikov ef al. (2002) but have different Ay, or have the same Ay
but have a different density profile. We argue that the reason why
we could not reproduce the perfect fit presented in the referred
article is not because CSRE model is wrong or too simple, in fact,
all modifications were made during this work to CSRE to
reproduce the Men’shehikov ef af. (2002) model and, crucially
CSRE has been proved to be a physically valid model (in
particular in the way anisotropic scattering is considered) by the
discussion of the comparison results presented in section 3.6.

Therefore it is plausible to argue that some component of
the Men’shchikov ef af. (2002) model of the Red Rectangle may
be too simplistic or may be based on a not very realistic
assumption, e.g. perhaps the dust properties in the torus are a
crude approximation to the real dust properties. This may be the
reasonwhy his model fits the continuum data perfectly.

5 - Conclusion

This Chapter summarises the work done during this MSc by
Research dissertation and gives the conclusions of it. Also
discussed is possible future work.

5.1 Summary

Chapter 2 gives a review of the standard theory of stellar
evolution after the main sequence, with focus on the post-AGB
phase and the dual-chemistry sources.

The fundamental equations of the radiative transfer and
temperature equilibrium in a dusty medium were presented
(chapter 3) and two radiative equilibrium computer codes were
presented (DART and CSRE) that implemented the monte carlo
and the ray-tracing methods, respectively. In the monte-carlo
method individual photons are followed throughout their
random walk until they finally escape generating an energy
distribution in wavelength (SED) and images. In the ray-tracing
method the radiative transfer equation is solved at each point of
the envelope.

Inorder to solve the radiative transfer problem and to model
the dusty envelope of post-AGB stars, we have modified an
existing monte-carlo radiative equilibrium code, CSRE, used for
modelling young stellar objects. Dust grains are considered to be
solely responsible for radiative transfer in these systems. It is
therefore crucial o be able to generate realistic dust grains
properties. These were computed from laboratory measured
refractive indices of different dust types and used as an input for
CSRE.

In Chapter 4, a discussion based on three possible models
for the Red Rectangle, and comparing with a published model, is

presented. A critical assessment of the limitations of all models
is made.

5.2 Conclusions

In addition to the development of crucial research skills by
the author of this dissertation during the past 12 months, the
interesting results emerging from this work are listed below:

* CSRE (in any of its versions) is a sophisticated and
valid radiative transfer code that is now well suited to
model post-AGB stars with dual-chemistry properties
and others astrophysical objects with discs or tori and
sharp density contrasts. In particular, CSRE considers
the scattering of electromagnetic radiation by dust
grains in a physically realistic way even for systems with
high optical depths (t= 4),

¢ DART code (and any other code that assumes
isotropic scattering) gives inaccurate results for
systems with high optical depths (t= 4), because, for
low values of optical extinction the SED is dominated by
the stellar direct fluxes and the average photon is
scattered a small number of times, and hence,
scattering is not important. A more realistic forward-
scattering phase (anisotropic scattering) function will
generate a higher value of scattering fluxes because, in
an envelope where the density is decreasing radially, the
scattered photons have a higher probability of being
scatiered forward towards the observer as more
photons are propagated radially with anisotropic
scattering than with isotropic scattering. Thus, the
results of CSRE and DART will diverge and we argue that
CSRE gives a physically more realistic result.

* The result of the modelling presented in Chapter 4 is
inconclusive with respect to derived physical properties
of the Red Rectangle because a good fit to all
observational fluxes was not obtained, however,

* we argue that a set of results from our modelling of
the Red Rectangle is still valid:
— the need for millimetre size grains in the Red
Rectangle is not obvious, in fact, a model using
exclusively grains with standard size distribution is
equally good

—adistance of 710 pe is consistent with our model fit
in the UV and optical wavelengths, however, this is
dependent on the required IS correction, which
depends on the dust model used. E.g., the small



grains model (model 1) does not need any IS
correction

— the Men'shchikov ef al. (2002) model of the Red
Rectangle may be too simplistic or not very realistic in
its treatment of scattering and dust properties in the
torus (these properties are crucial for this type of high
optical depth systems, as has been demonstrated
during this dissertation in section 3.6) and this may
be the reason why that model fits the data perfectly,
—we argue that further investigation of other density
profiles, would yield arguably good fits to the observed
fluxes.

* CSRE can reproduce all the important physical
quantities that are available in a ray-tracing method,
such as the various intensity moments.

* the use of true random numbers generated from a
chaotic source external to the deterministic computer
would be an important qualitative improvement to any
monte-carlo code, but in practice this is not possible
dueto the present computer capabilities.

* CSRE only considers dust radiative transport, and the
source of opacity (the dust) must be temperature-
independent. This can be a limitation, and therefore
CSRE cannot be used to model temperature dependent
sources of opacity such as photoionized gaseous
nebulae where the opacity varies with the local
lemperature.

5.3 Future Work

Increasingly complex dust properties can now be used as an
input for CSRE thus enabling the modelling of emission features
such as PAH or crystalline silicates.

CSRE isa sophisticated and reliable code that can be used to
model not only dual-chemistry post-AGB stars but also other
astrophysical systems that have a disc or a torus, e.g. AGN or
discs around Brown Dwarfs. Also, any density profile can be
included in CSRE and this increases even more the range of
systems that are possible to be modelled with CSRE.

With respect to post-AGB stars, CSRE can be used to model
dust emission from post-AGB stars and compare them with
spectra from observational data (e.g., the IS0 archive) to
determine whether the location of the O-rich material can be
determined by fits to the observed spectral features, and hence
whether the dust responsible for these features lies in a disc (or
torus) close to the star or at larger distances (more consistent
with the cometary hypothesis).

Medelling Emission from Dustin
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A - CSRE code

CSRE follows a divide-an-conquer strategy to tackle the
problem described in Section 3.1. This modular design is
important for development and maintenance. The relevant
theoretical results obtained in Section 3.1 will be implemented
and examples of the code lines are described.

A.1 CSRE Architecture

We choose to develop the modifications to CSRE in
FORTRAN 77 chiefly because this was the programming
language used in Whitney et al. (2003a), but also because this
seems to be one of the preferred language used in astrophysics
over the past years. The code runs on Sun workstations and PCs
with Linux. The models takes 30 min to produce high frequency
resolution and low noise spectra at all inclinations on 1 GHz
Linux PC (877 FORTRAN). To produce SEDs and high-quality
images takes ~5 hours,

The next paragraphs contain concise explanation of the
more importants CSRE’s subprograms. We define /leve/
number,y, as a number that tells the hierarchy rank of the sub-
program. E.g., the main program has level number y= 0 and all
the sub-programs called by the main program have level
number y= 1, and so forth. These are in order of increasing
level number.

A.1.1 Main Program: program tts [y= 0]

Program tts is the main program in the CSRE code. It is the
only program with y = 0. All other subprograms (either
functions or subroutines) are controlled by this program unit.

In the specification part of the program tts, the type of the
variables used in the program are specified and some values of
variables are initialised.

The first lines in the execution part are used to open the
disk.dat and RANDOM. dat . All the subroutines used in
CSRE write information, variables values and warning messages,
inthedisk.dat file. The RANDOM . da t file simply registers the
value of the variable JRANC, which is the number of times the
random number generator is used during the CSRE code in a
specific run.

Then 6 subroutines are called: setup - problem setup
and parameter input, dustinit - input of dust parameters,
atmosinit - reads in a two-column array containing
wavelengths and fluxes associated with the the central source
initarr -initialise the arrays variables to be used, d i sk -
Monte Carlo Radiative Transfer subroutine, and output -
write output files.




REVISTA LUSOFONA ¥ Estudos  Ensaios

A.1.2 program setup [y=1]

Program setup is the subroutine responsible for the reading
in the input values for the variables to be used in the code.

In the specification part of the program, the type of the
variables used in the program are specified and some values of
variables are initialised.

In the execution part, the y = 2 subroutine reapar is
used to read in the values present in the input file. These include
the file names for the atmosphere spectrum of central source,
dust files and the values for the parameters used. These are
described in table 3.1.

A.1.3 program dustinit [y=1]

Programdust i ni t is the subroutine responsible for the
reading in the input values for the variables from the dust files to
be used in the code and for initialising the values relative to the
Radiative Equilibrium Temperature, e.g. Pre-tabulate the values
for the Planck mean opacity, kp, for a large range of tempera-
tures. This table will be then used to find the temperature from
heating by the cumulative photon absorption.

GSRE accepts 3 dust files. One file for each region of the
circumstellar nebula. A dust file is a table with 5 columns and
each line corresponding to a value of wavelength. Every column
i, i = 0, 4 (refer to table 3.3) is a physical quantity obtained
using Mie Theory (Section 3.5.1): i = 0 - wavelength,7 =1 -
extinction cross section, 7 = 2 — scattering cross section, i = 3
~ opacity, § = 4 - scattering asymmetry parameter.

These files are generated before CSRE is run. The program
dustprop is used to apply Mie Theory and generate these
physical quantities (7, # = 0, 4), specific for each dust grain
population. A grain population is defined by the input
parameters described in table 3.3.

Itisin dustinit that the input flag parameters AFLAG,
GFLAG and KFLAG (table 3.1) are used in CSRE. A set of simple
IF cycles are used to choose between the two options for each
flag. The scattering assymetric parameter ¢ (FORTRAN variable
gdust) can be forced to have the value g = 0 if isotropic
scattering is assumed

for that specific model. Then, the GFLAG determines
whether this value for g is used or g is read from the dust file
(FORTRAN variable hgg):

IF (GFLAG.EQ.0) THEN

gdust(i,id) =0
ELSE

gdust(i,id) = hgg
ENDIF

A similar code is implement with respect to AFLAG and
KFLAG.

This subroutine is also responsible for calculating the
average value for the optical depth in each dust region. This is
saved into an array with dimension 3, i.e. it has the value for the
average optical depth for each dust properties. These average
values are used in section A.1.6, when the optical depth along
every & direction is calculated.

Al4program atmosinit [y =1]

Program atmosinit is the subroutine responsible for
the reading the wavelengths and fluxes of the central source
spectrum. The subroutine expects the input file (ATNAME, table
3.1) to be present before CSRE is run.

The central source spectrum can be a blackbody curve or
any other model atmosphere spectra. Two FORTRAN programs
have been prepare to generate a file with the correct format to be
used as CSRE input file from blackbody spectrum at a specific
chosen temperature and a downloaded atmospheric model
from Kurucz (1993), parameterised by the effective tlempera-
ture Teff, gravityg, metalicity and micro-turbulent velocity.

A.1.5 program initarr [y=1]

Program initarr is the subroutine in charge of initialising
the arrays variables used during a CSRE run. Initiallizing an
array consist in defining its type, dimension and setting all the
entries to zero.

A.l6program disc [y= 1]

The core of CSRE is in the program d i sc. It is here that the
Monte Carlo method for Radiative transfer and Temperature
correction discussed in Chapter 3, section 3.4 is implemented.

In the specification part of the program, the type of the
variables used in the program are specified and some values of
variables are initialised. It is here that, for the first time in CSRE
that the FORTRAN variable ran2 is defined. This variable is
crucial because it stores the random values used in the
probabilistic nature of the monte carlo code. Every time this
variableis used in CSRE itis highlighted in this section.

The = 2 subroutine gr idset is used in the program
disc to set up the 3D density function. The density function is
defined in a 3D grid under spherical coordinates (.8, 0), i.e. the
envelope is divided into 7, cells in the r dimension, n,in the
dimension and #, along the @ dimension. The density is set to
be constant within each j grid (r; , 0; , ). Numerically this is
doneusing 3 nested DO . .. END DO cycles.



DO IR=1, NRG-1
RAD = ravearr (IR)

DO IT=1, NTG-1
THETA= thetarr(IT)

DO IP=1, NPG-1
PHI = phiarr (IP)

CALLDENSENV(rad,thet,cost,sint,pi,
phi, DENSE,radamb, IDE)

1 pihalf,

DUSTARR(ir,it,ip)= IDE
END DO
END DO
END DO

The FORTRAN variables IR, IT and IP, represent the
index values of the ravearr, thetarr and phiarr,r, &
and o arrays (defined in the subroutine initarr), respec-
tively. These have integer values in the range defined from 1 to
the maximum number of cells in each dimension, NRG, NTG
and NPG. Basically, this is how CSRE assigns a constant value for
the density within each grid cell.

To do this, the y= 3 subroutine DENSENV is used to
calculate avalue for the density function for the IR =4, IT =,
1P = k cell. The density function defined in DENSENV depends
on where in the envelope the point with coordinates (r,0,8) =
(ravearr(i), thetarr (), phiarr (%) is. This selection is
doneusingnested IF ... END IF clauses.

Forregion 1 and 2:

c Region 1 (Torus):

IF (RAD.LT. (JRMAX1 = RMAX).AND.RAD.GT.RMINE)
THEN

DENS = ((RHOCTR1 -RHOC2R1) =
$ (EXP(—(((RAD —MU1) *= 2 )/(2 * (SIGMAI**2))))))
$ + RHOC2R1

IDUST2 =1
ELSE
¢ Region 2:

IF (RAD.LT.(JRMAX2 * RMAX).AND.RAD.GT.JRMAX]=*
RMAX) THEN

DENS = CONST2A * RHOCIR2 * (RAD **(-EXP1R2))

IDUST2 = 2

ELSE

IF(RAD.LT.RMAX.AND.RAD.GT. (JRMAX2 * RMAX))
THEN

DENS = CONST2B * RHOC2R2 * (RAD =* (-EXP2R2))

IDUST2 = 2

Modeliing Emission from Dust in
Dual-Chemistry post-ACB Stars

ELSE

DENS = 0.
ENDIF
ENDIF

ENDIF

Region 1 is a spherical shell defined by its minimum and
maximum radius, RWINE and JRMAX1. These are the user-
defined input parameters (described in table 3.1), rmin and ry,
respectively. The density function here has a Gaussian profile
fixed by its value at » = p and at ry, and by the Gaussian mean
value and standard deviation. These are predetermined by the
user in the input values of p'1 andp'l , pand o, in the same
order (described in table 3.1).

Region 2 is a spherical shell defined by its minimum,
maximum radius and by its characteristic radius, JRMAX1,
RMAX and JRMAX3. These are the user-defined input para-
meters, ry, rmaxand . The density function here follows a power
law over reestablished by its value at r; and by a power-law
exponent, for < rz, and by its value at r, and by a power-law
exponent, for 72 < r < rinax. These are predetermined by the
userintheinputvaluesofp] and I, p'} and I, respectively.

If CHOLE is set to YES, then a bipolar cavity is carved out of
the envelope structure described by regions 1 and 2. The polar
cavities region is defined as region 3. This region is adjusted by
three parameters, &, a and zo. These are the opening angle, the
wall exponent and the height of cavity wall at the origin,
respectively. A conical cavity with verticesatr = 0 (ex =y =2
= 0) is obtained setting @ = 1 and zo = 0, but a more general
cavity is created for different values of these parameters. The
equation implemented in the code that shape the cavily is
equationA.l1,

Z=2zy+ =w” (A1)

where, Z s the z coordinate of 2 point that is located in the
cavitywall, @ =/x* + yZis the cylindrical radius andE= f(f) isa
function fof the opening angle, 0.

The points belong to the cavity if 2 > Z. In the code, Z is
represented by ZUP and the characteristic radius ry is JRMAX3,
The density function in the polar cavity is a constant function for
r < rs and has a power-law profile for » > r3. The constant part
of the density function is set by the input parameter p3, and in
the power-law part the densityis o pyv. Thus, for region 3:

IF (ZP.LT. (JRMAX3 » RMAX) .AND.ZP.GT.ZUP) THEN

DENS = RHOC1R3
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IDUST2 =3
ELSE
Region B:
IF (ZP.GT. (JRMAX3 = RMAX).AND.ZP.GT.ZUP) THEN

DENS = CONST3 * RHOCIR3 * (RAD ** (-EXPR3))
IDUsST2 = 3

ENDIF
ENDIF
ENDIF

All the above code lines can be encapsulate in the equation
3.48 andare represented in figures 3.6 and 3.7.

The density function p(r) (FORTRAN variable DENS) is
written as a function of the position vector = (r,6,¢ ) because
regions 1 and 2 are defined in spherical co-ordinates but region
3 is defined in normal Cartesian co-ordinates.

The parameters A,B and € are the FORTRAN variables
CONST2A, CONST2B and CONST 3. These are normalisation
constants with valuesof A =rP ,B=rt! and C =p

All other parameters present in equation 3.48 are described
intable3.1.

It is clear in this equation that the division in regions 1, 2
and 3 is a division with respect to the dust type in each region. It
is possible to have different densities profiles within the same
region but it is not possible to have different dust properties
within the same region.

This division is implemented by the variable IDUST2. This
variableis setto 1, 2 or 3 inside the y= 3 subroutine DENSENV
and its value is passed to the y= 2 subroutine gr i dset. Here,
an 3D array is filled with the index corresponding to each region.
Thearrayis DUSTARR and to allocate its values correctly it must
be inside the 3 nested DO . . . END DO cycles explained above.
Therefore, if the point in the envelope defined by IR = 4, IT =},
IP =k, (50,0) = (ravearr (i), thetarr(j),phiarr k),
belongs toregionn, n = 1,2, 3then DUSTARR G, /, k) = n.

Itis clear from the discussion present in Chapter 3, that the
optical depth is the key parameler that determines the distance
between interactions. At this point, the CSRE core has all the
values needed to calculate the optical depth. These are the
density, and the value of the opacity in every point (i.e. grid cell)
of the envelope. The opacity is an input to CSRE and its values are
readinthey= 1subroutinedustinit.

To calculate the average optical depth along every 0
direction, 7, the integral equation 3.27 (deduced in Chapter 3)
must be calculated for every path of constant . The integral is not
solve analytically but numerically. The integral is approximate to
the sum of individual rectangleswith area A = (kp ) Ar, i.e.,

Fay (kp)Ar~k) p,Ar (D
r ir

where Ar = ri+1-r;; and £ is the average optical depth for
eachdustregion (calculated in section A.1.4).

Equation A.2 was solved using the following FORTRAN
code lines:

do it=1,ntg-1
do ir=1,nrg-1
Dr=rarr(ir+l)-rarr(ir)

call densenv(rad,thet,cost,sint,pi,
1 pihalf,phi,dense, radamb,ide)

Id=dustarr(ir,it,1)
Taue=taue+kapd(id)*(dense) *dr
end do

Tauave=tauave+taue

end do

where Z;;is the DO . . . END DO loop in combination with
taue = taue + kapd(id)*(dense)*dr, Aris dr, p;i is
dense and % corresponds to kapd(id). The FORTRAN
variable taue is the optical depth at a specific angle . (and thisis
printed to a file), and tauave is the & average optical depth.
From the values of t aue, and using directly equation A.3 one
can promptly tabulate the values of the visual extinction (V band
5, 500A) measured from the star through the envelope, atall &
angles, using equationA.3,

Ay =725 log; 0e ~ 1.086 T (A3)

Inthecode, AV = 1.086 * taue.

The density grid and the dust regions are now ready for the
moment when the photons will be emitted! But before that, the
v = 2 subroutine filt is used to define the image filters.
These are very practical to compare the results from the CSRE
modelling with real observations. fi It simply reads in the
instrumental response of a desired filter installed e.g. at HST
NICMOS from a filter file, and this is then used when CSRE
creates images of the system modelled. There are some filter
files built-in, these are HST NICMOS near-Infrared and Spitzer
IRAC and MIPS. But the user can use other filters files.



The central part of the execution part is the loop over stellar
photons. Itis in this loop that the sequence: a photon is emitted,
it travels a distance, and something bappens fto if, is
numerically implemented, until all photons escape the
circumstellar envelope (see figure 3.1). The radiation transfer
technique is described in Chapter 3. The basic idea is to divide
the luminosity of the radiation from the central source into
equal-energy, monochromatic (i.e. with one determined value
of frequency) photons that are emitted by the source. These
phaotons travel a distance £, determined by the optical depth,
where they are either scattered or absorbed with a proballity
given by the albedo. If the random number RAN2 decides that
the photon is scattered, then a random scattering angle is
obtained from the scattering phase function and the photon
continues to a new interaction place. If instead the photon is
absorbed, its energy is added to the envelope, raising the local
temperature. To conserve energy the photon is reemited at a new
frequency. These reemited photons are the diffuse radiation
field. This is where most of the execution time is spent during
CSRE run.
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