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Asymptotic giant branch (AGB) stars are luminous cool giants of low to intermediate mass that
are strongly pulsating and non-spherical, with heavy mass loss through a stellar wind. The mass
loss makes these stars important for galactic chemistry, as the wind enriches the interstellar
medium with new elements and dust, and it determines the final fate of these stars.
The winds of AGB stars are believed to be driven by a combination of pulsation-induced
shocks and radiation pressure on dust grains, which form in the atmospheres. The two processes,
pulsation and mass loss, are usually simulated using different computational codes, as the
physical environment of the atmosphere, where the wind is driven, is vastly different from the
interior, where the pulsations originate. In this work we try to bridge this gap.
The dynamical atmosphere and wind code DARWIN is used to study dust driven winds. An
extensive grid of DARWIN models is constructed to investigate how the mass-loss rates depend
on different stellar parameters. The models reproduce observed dynamical properties and we
find a strong correlation between mass-loss rates and luminosities.
The simplified description of stellar pulsation in standard DARWIN models, however,
introduces free parameters that need to be constrained. The atmosphere models are highly nonlinear and even moderate changes to the pulsation properties may have significant impact on
the mass-loss rate and wind velocity.
To self-consistently model the pulsation process, and to study atmospheric structures caused
by the convection, the radiation hydrodynamical code CO5BOLD is used to produce an
exploratory grid of 3D star-in-a-box models. The resulting models have realistic radii and
periods, and give important insights into the complex non-spherical structure of AGB stars.
Pulsation properties are derived from the CO5BOLD models and used as input in the DARWIN
models. Average wind properties from models with CO5BOLD input agree with the standard
DARWIN models, however the winds show large density variations with time, which may affect
comparisons with observations.
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1. Introduction

The asymptotic giant branch (AGB) is a late evolutionary region for low to intermediate mass stars. AGB stars are luminous, cool giants, with non-spherical
morphology and substantial mass loss. All the helium in the core has been exhausted, leaving a degenerate C-O core (a pre-white dwarf) in the centre, with
nuclear burning taking place in shells around the core. The compact core is
surrounded by an extended convective envelope, which during the AGB phase
is blown off by the considerable stellar wind, effectively ending the life of the
star. AGB stars are also intrinsic pulsators, with periods of 100 − 1000 days.
The brightness variation during a pulsation cycle can be very large, with the
most evolved AGB stars varying several magnitudes in the visible band.
The most common classes of pulsating stars are illustrated in the HertzsprungRussell (H-R) diagram in Fig. 1.1, with the AGB stars to the far right. Most
variable stars are located on the so-called instability strip. Knowing that some
pulsating stars inhabit a special area on the H-R diagram tells us two things;
ﬁrstly that the pulsation behaviour is a transient phenomenon compared to
the lifespan of the star, and secondly that these stars probably share a driving
mechanism for their pulsations. In contrast to the stars on the instability strip,
where the so-called κ-mechanism is the accepted scenario for the stellar variations, the pulsation in AGB stars originates in the convective envelope and is
not well understood.
Maybe the most distinct feature of AGB stars, other than their variability, is
the presence a of a stellar wind which causes very large mass-loss rates (typically Ṁ ∼ 10−7 − 10−4 M yr−1 ). The mechanism behind the mass loss is
closely related to the stellar pulsations. Radial movement of the upper stellar
layers triggers shock waves in the stellar atmosphere which lift gas to distances
where the temperature is low enough for dust to condense. While the gas at
these distances is rather transparent leading to low radiative pressure, dust particle have a high cross-section and is radiatively accelerated by absorption or
scattering of stellar photons, depending on the dust type. Collisional coupling
between dust and gas particles then triggers a general outﬂow of matter, resulting in the star losing mass.
The stellar wind and mass loss makes AGB stars interesting for the cosmic
matter cycle, as the wind spreads dust and elements created in the interior of
the star into the surrounding interstellar medium (ISM). The chemical yields
of several elements, such as He, Li, C, N, O, Ne, Na, Mg, Al, and the so called
s-process elements (elements created in the slow neutron capture process),
depend on the mass-loss and production rate (Busso et al., 1999). AGB stars
9

Figure 1.1. Schematic drawing of the H-R diagram, showing the position of various
regular pulsators. Note that most of them populate the instability strip, which supports
a common mechanism behind the variability.

are also signiﬁcant dust donors to the interstellar dust clouds (see e.g. Gehrz,
1989; Battinelli & Demers, 2004; Valiante et al., 2009; Dwek & Cherchneff,
2011). While dust can grow in giant molecular clouds (GMC) in the ISM,
no new dust is expected to form in this environment. Dust seeds are instead
formed in AGB stars, and probably in the wake of supernovae explosions. The
presence of dust in the ISM is the cause of interstellar extinction and important
for the processes surrounding star formation, as it effectively cools the gas.
Mass loss on the AGB has important consequences for the evolution of
stars. It is thought that stars shed a signiﬁcant part of their mass during the
AGB phase, and stars with initial mass up to 8M end their life as white dwarfs
(M < 1.4M ). Knowing the mass-loss rate of AGB stars, and how it relates to
initial mass and metallicity, gives constraints on the total amount of mass lost
during the AGB phase, and in the end allows for better modelling of the initialﬁnal mass relation (see e.g. Salaris et al. 2009 for observations, Weidemann
2000 and Weiss & Ferguson 2009 for modelling).
10

It is therefore important to fully understand the mechanism behind both
the variability and mass loss of AGB stars, and detailed modelling of this
phenomenon will be important to several different ﬁelds of Astronomy. The
relationship between the pulsations and the structure of the atmosphere, where
wind and mass loss originate, is however complex.
The purpose of this thesis is to further explore the mass-loss mechanism
in AGB stars by connecting the pulsation of the stellar interior, which sets
the scene for mass loss, with models of the stellar atmosphere, where wind
driving occurs. The atmosphere represents a vastly different physical regime
compared to the interior, and different models tend to focus on one or the other
region.
The dynamical atmospheres and wind driving are here described using the
DARWIN code, which features frequency-dependent (non-grey) radiation hydrodynamics and includes time-dependent non-equilibrium growth of dust.
The inner boundary of the DARWIN models is set just below the photosphere
at ∼ 0.9R and the outer boundary is typically located around ∼ 25R , where
the wind has reached its ﬁnal velocity v∞ . While wind acceleration and mass
loss are modelled self-consistently, the variability of the AGB star is an external input, simulated by variations of the luminosity and the gas velocity at the
inner boundary.
To more accurately describe the AGB star pulsations and to probe the region where this variability originates, the CO5 BOLD radiation hydrodynamical code is used to simulate the interior and the inner atmosphere. These
are 3D star-in-a-box models where the full star is described. Due to computational constraints the CO5 BOLD models use frequency-independent (grey)
radiative transfer. While some parts of the atmosphere are covered as the models reach as far as ∼ 2R , no dust-gas interaction is included in the code. So
even though the interior is very well modelled, the wind acceleration process
is not described.
The aim of this work is therefore twofold; we want to understand the connection between the variability and mass-loss mechanism of AGB stars. Secondly, we want to use this knowledge to further develop the dynamical atmosphere and wind models, and to investigate the inﬂuence of different stellar
parameters on the wind properties.
This thesis consists of the following parts:
Chapter 2 is a general introduction to properties of AGB stars and how they
are classiﬁed.
Chapter 3 explores the wind-driving scenario in AGB stars, and the dynamical atmosphere models used to simulate this process. The results of Paper V
are presented.
Chapter 4 discusses the connection between variability, dust-formation and
wind driving in AGB stars (Paper I and II). Different methods for interior
modelling are explored and the results from Paper III are presented.

11

In Chapter 5 the results from Chapters 3 and 4 are connected, and DARWIN
models using input from corresponding CO5 BOLD models are investigated.
This is a ﬁrst attempt to evaluate what the effects of the giant convection cells
and pulsation, as modelled by the CO5 BOLD code, might have on the wind
driving (Paper IV).
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2. Properties of AGB stars

AGB stars are commonly categorised after the chemical composition (spectra)
or variability (light curves). This chapter will introduce the different classes,
as well as giving an overview of the typical evolution and properties of AGB
stars.

2.1 Evolution and structure
AGB stars are evolved giants of low to intermediate initial mass (around 0.88M ). The lower limit of the initial mass for stars reaching the AGB is set
by the age of the universe, and can be estimated by the turn-off masses for
globular clusters (Salaris et al., 2009). The upper limit of the initial mass
range is deﬁned by the minimum mass required to start nuclear burning of C
and O. Stars with higher mass will instead evolve into supergiants.
In Fig. 2.1 a schematic evolutionary track for a 1M star is shown, with
the AGB phase indicated by the red area. For such a star, the vast majority
of its lifetime, of the order ten billion years, is spent on the main sequence
(MS, dark blue). The star then evolves onto the red giant branch (RGB, in
purple), horizontal branch (HB, in yellow) and then the AGB (red). A star will
start to ascend the AGB when hydrogen and helium have been exhausted in
the centre, creating a degenerate C-O core with a density comparable to that
of white dwarfs. At this point the star has increased several hundred times in
radius, and several thousand times in luminosity. While the smallest and least
evolved AGB stars have an average luminosity of around 1000L , a typical
AGB star usually has luminosities of L ∼ 5000 − 10000L . The most extreme
cases however, the so-called OH-IR stars, can have luminosities as high as
70000 L . The effective temperature of a typical star is low, with Teff ∼ 2000−
3500K.
Fig. 2.2 shows the structure of an AGB star, with the different areas plotted
against the mass-fraction (top) and against the radial distance (bottom). As
can be seen a large portion of the mass of the star is concentrated to the inert
C-O core, with nuclear fusion of He and H taking place in two surrounding
shells. While about 50% of the mass is concentrated to the core, it only extends
to about 0.01% of the stellar radius. The convective stellar envelope instead
makes up the majority of the volume of the star.
Initially, during the so-called early-AGB phase (E-AGB), He-burning (in
the inner shell) provides most of the luminosity. However, as the star moves
13

Figure 2.1. Schematic of a H-R diagram showing the complete evolutionary track of
a typical 1M star.

Figure 2.2. Cartoon of the interior structure of an AGB star. The top image shows
the different regions plotted against mass fraction, while the lower image shows the
regions plotted against radius.
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up the AGB, less material is available and the second shell, powered by Hburning, dominates. The star then enters the thermally pulsing AGB (TPAGB) phase, with thermal pulses causing eruptive increases in luminosity. A
thermal pulse occurs when helium produced by the hydrogen-burning shell
builds up, and the helium shell ignites explosively in a helium shell ﬂash. As
a consequence of the helium shell ﬂash newly formed material is dredged up,
changing the surface composition of the star. The helium burning produces
12 C and when material is mixed into the convective envelope, the 12 C to 16 O
mass ratio is changed. This is the reason for the different spectral types described in Sect. 2.2.1 (Herwig, 2005).
The time spent on the AGB is effectively limited by the substantial mass
loss, of order Ṁ ≈ 10−8 − 10−4 M yr−1 . The AGB phase only lasts for at
most some million years, a small fraction of the lifetime of the star. The stellar
wind will blow away the circumstellar envelope, leaving behind a naked core
that will move down the white dwarf cooling track, indicated by light blue in
Fig. 2.1 .

2.2 Classiﬁcation
AGB stars are often classiﬁed using two different criteria: spectral type or the
variability estimated from the V-band light curve.

2.2.1 The spectral type
AGB stars can be divided into three major groups on the basis of their spectra,
which in turn highlight the differences in chemical composition.
• M-stars - Stars where oxygen-bearing molecules are abundant, e.g H2 O,
SiO and TiO, and the visual spectrum is dominated by TiO bands. These
AGB stars have oxygen-dominated molecular chemistry in their atmosphere (C/O< 1) with nearly all carbon locked into CO-molecules.
• S-stars - In addition to TiO bands, these stars have characteristic ZrO
bands. When carbon produced in the CNO-cycle is dredged up the atmospheric the C/O-ratio will increase. The S-stars are thought to be stars
with C/O∼ 1.
• C-star - Carbonaceous molecules such as C2 , CN, HCN and C2 H2 , are
abundant in the C-star spectra. As more carbon has been dredged up,
C/O-ratio larger than unity and the molecular chemistry becomes carbon
dominated .
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Figure 2.3. Examples of three different visual light curves for AGB stars. The x-axis
zero-point is arbitrarily set, and the pink line is a running mean to guide the eyes.
The upper panel is the light curve of o Ceti (also know as Mira, the prototype of
this class) with very regular variability. The middle panel shows RU Cyg, a SRa
AGB star. The lower light curve is from R Dor, a SRb AGB. (Observations from the
AAVSO International Database, http://www.aavso.org)

2.2.2 Variability
Another way to classify AGB stars is by looking at their light curves, both the
amplitude and regularity. The four groups are:
• Mira Variables - AGB stars with large amplitudes, > 2.5 mag in V, and
with regular periods.
• Semi-regular Variables - type a (SRa) - AGB stars with smaller amplitudes, < 2.5 mag in V, however still with mostly regular light curves.
• Semi-regular Variables - type b (SRb) - AGB stars with smaller amplitudes, < 2.5 mag in V, with poor regularity.
• Irregular Variables (IRs) - AGB stars with no clear periodicity and
small amplitudes.
Fig. 2.3 shows examples of three different light curves, for a Mira, a SRa and
a SRb. During the AGB phase, it is thought that stars start out as IRs, and then
evolve into SRs and ﬁnally into Miras, which are the most evolved stars near
the top of the AGB.
16

Figure 2.4. Radial modes of pulsation, where the top row represents an open-ended
pipe and the lower row corresponds to a star. Left - Fundamental mode. Middle First overtone. Right - Second overtone.

2.3 Period-Luminosity relationships
AGB stars are long period variables (LPVs), with pulsation periods of typically ∼ 100 − 1000 days. In a pulsation cycle, the luminosity of a single star
can vary several magnitudes in the visual bands, during which the radius of
the star will also vary signiﬁcantly. This behaviour is thought to be caused by
radial pulsations, which probably originate in the convective stellar envelope.
Radial pulsations in variable stars are essentially standing acoustic waves in
the stellar interior, and therefore analogous to standing waves in an open-ended
pipe. In Fig. 2.4 the movement of the gas (indicated with arrows) as well as
the locations of the nodes (dashed lines) for different cases can be seen. In the
fundamental mode all matter moves in the same direction, at the same time,
as seen to the left. If there are nodes between the closed end and the open end
of the pipe, or similarly between the centre and surface of the star, overtones
are created. For the ﬁrst overtone there is one node between the centre and the
surface (middle panel), with matter moving in opposite directions on either
side of the nodes. More nodes correspond to higher overtones. Which mode is
dominant depends on where the driving mechanism of the pulsation is located,
and the structure of the star itself.
The pulsation period of a star will depend on the distance that the standing
wave has to travel, i.e. the size, which in turn depends on the mass. Generally if you increase the mass of a star the luminosity will also increase, which
means that the period and luminosity have a linear relationship for some variable stars. The most noteworthy class of such pulsating stars is the Cepheids
(yellow giants), where a tight PL relationship makes it possible to use these
stars as standard candles for measuring distances (e.g. Persson et al., 2004).
17

Figure 2.5. Figure from Whitelock et al. (2008). The K-magnitude is plotted against
the log of the period, for Mira variables (O-rich are solid symbols, and C-rich are open
symbols), from the LMC. The two lines are ﬁts to to either the O-star sample (dashed)
or the C-star sample (dotted)

Figure 2.6. Figure from Wood (2000), showing P-L relationships for a full sample
of AGB stars in the LMC, with C-stars represented by the solid symbols. The lines
are K-log(P) relationships from Feast et al. (1989)(dashed line) and Hughes & Wood
(1990)(solid line), analogous to the ones in Fig. 2.5. Different sequences (A-E) are
identiﬁed.
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Similar studies have been done for Mira stars, (e.g. Feast et al., 1989; Hughes
& Wood, 1990; Whitelock et al., 2008), which also show a similar relationship. An example from Whitelock et al. (2008), using Mira stars from the
LMC where distances, and therefore the luminosities, are well-known can be
seen in Fig. 2.5.
Wood (2000) also studied AGB stars in the LMC, but included less evolved
AGB stars as well as Mira stars in the sample. In Fig. 2.6 the full AGB star
sample is plotted in the P-L plane. As can be seen the stars do not follow
one linear relationship but fall onto into several branches. These branches are
thought to represent different modes of pulsations, and the division suggests
that the AGB stars pulsate in different modes depending on their basic stellar
parameters and how evolved they are. The SRVs and IRs, the less evolved
AGB stars, populate the B and A sequence corresponding to stars pulsating
in the ﬁrst and higher overtones. Mira variables, the most evolved AGB stars,
populate the upper part of the C sequence and are fundamental mode pulsators.
Sequence D and E are peculiar cases. Sequence E consists most likely stars
in close binaries with mass transfer through a common envelope. Sequence
D are stars with long secondary periods (LSPs), and their origin is still unexplained (Wood et al., 2004).

2.4 Dynamical properties
One of the most distinct features of AGB stars is their signiﬁcant mass loss
caused by stellar winds. Fig. 2.7 shows wind velocity and mass-loss rates of a
reasonably complete sample of AGB stars, within 1kpc. The colours indicate
different spectral type (blue for M-type, green for S-type and red for C-type).
From this plot one can conclude that all chemical types of AGB stars have
mass-loss rates ranging between 10−8 to 10−5 M yr−1 , with typical velocities
of 2-20 kms−1 . Further, there seem to be no drastic differences between the
different types of AGB stars. While there are some indications of structures,
with the C-stars seemingly separating into two branches at higher mass-loss
rates, a vast majority of the observed stars have typical mass-loss rates and
wind velocities of the order of a few times 10−7 M yr−1 and about 10 kms−1 .
The mass-loss rates have a positive trend with pulsation period for lower
periods, as seen in Fig. 2.8. After around 1000 days this trend levels out, and
the stars enters a so called super wind phase, as the mass-loss rates no longer
increases with pulsation period (Vassiliadis & Wood, 1993; De Beck et al.,
2010). Vassiliadis & Wood (1993) propose that the upper limit of the AGB
mass-loss rates are set by a limit in radiation pressure L/cv∞ , which results in
the plateau.
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Figure 2.7. Figure from Ramstedt et al. (2009), showing the dynamical properties for
M-type (blue squares), S-type (green dots) and C-type (red triangles) AGB stars.

Figure 2.8. The mass-loss rates against the pulsation periods for M-stars (blue), S-stars
(green) and C-stars (red). The different symbols indicate SRVs (diamonds), Miras
(circles) and OH-IR stars (circles). The data is from He & Chen (2001); Schöier &
Olofsson (2001); Olofsson et al. (2002); González Delgado et al. (2003); Ramstedt
et al. (2009); De Beck et al. (2010). Figure from Höfner & Olofsson (2018).
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3. Wind driving in AGB stars

The mass loss on the AGB is thought to originate in the extended stellar atmosphere, which is a complex and dynamical region with shock waves and dust
formation. This chapter discusses the mass-loss mechanism for AGB stars
and the dynamical models of the atmosphere and wind used to simulate this
process.

3.1 The pulsation-induced dust-driven wind scenario
The dynamics in the atmosphere, where the wind driving of AGB stars occurs,
is very much determined by the variability of the star. The pulsation results
in both signiﬁcant variations of the luminosity and of the radius, as the surface layers expand and contract during a pulsation cycle. This expansion and
contraction induces acoustic waves that propagate outward, and develop into
shock waves when they propagate out through the atmosphere and experience
a sharp decrease in density. Through the shocks waves, material will intermittently be levitated to distances of up to a few stellar radii. In the absence
of other signiﬁcant forces, the material will start to fall back toward the star
due to gravity after some time, in a more or less ballistic trajectory, as the
velocities reached through pulsation only are smaller than the escape velocity.
Therefore pulsation cannot be the sole driving mechanism behind the stellar
wind; if that would be the case, the stellar envelope would be blown off in a
short time, much quicker than what is known about the life-time of AGB stars
(Wood, 1979).
There needs to be some additional process that accelerates the levitated
material outwards, creating a wind. It is reasonable to assume that the radiative pressure resulting from the very high luminosities of the AGB stars is
the source of the momentum. Such a scenario requires a way of transferring
momentum from the photons to the gas, i.e, a source of high opacity. In hot,
luminous stars the opacity is provided by atomic lines, with strong Dopplerbroadening due to the acceleration of the high outﬂow velocities. These effects are however negligible in AGB stars. The ﬂux mean opacities of lines
in molecules, which are abundant in the cool atmosphere, are also too small.
There is however a third option as AGB stars are surrounded by dust grains
(Gehrz & Woolf, 1971). The presence of dust is inferred from enhanced infrared ﬂuxes, due to thermal emission from dust grains which are heated by the
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Figure 3.1. Cartoon of the different stages involved in the wind driving of AGB stars.
Upper left - During expansion the pulsation of the star evolves into shock waves in the
atmosphere, and this intermittently levitates gas molecules (green dots). Upper right The conditions for dust (blue dots) forming, with cool temperatures and high densities,
are met for some of the levitated material. Lower left - The dust will interact with the
radiation ﬁeld, and be accelerating outwards. Lower right - Collisions between the
dust and the gas will induce a wind.
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absorption of stellar photons. Characteristic mid-IR features allow the determination of the chemical composition of the grains (see e.g. Lorenz-Martins
& Pompeia, 2000; Karovicova et al., 2013) and scattered light at visual and
near-IR wavelengths provides information about grain sizes (e.g. Norris et al.,
2012; Ohnaka et al., 2016).
The wind-driving mechanism in AGB stars is therefore often described as
a two-step process, which is outlined in Fig. 3.1. In the ﬁrst step, stellar pulsations give rise to atmospheric shock waves (upper left panel). In the wakes
of the pulsation-induced shock waves are layers of cool gas (T ≈ 1000K) with
comparably high densities. These conditions, combined with the time scale
of the pulsations, lead to intermittent dust formation in the second step of this
process (upper right panel). If dust grains with the right properties are abundant in the outer layers of the atmosphere, they will provide a sufﬁcient source
of radiative acceleration due to absorption and scattering of stellar photons,
and overcome the pull of gravity (lower left panel). The dust interacts with
the gas through collisions, which transfer momentum to the gas, and trigger
an outﬂow (lower right panel). This scenario is sometimes referred to as the
Pulsations-Enhanced Dust-DRiven Outﬂow (PEDDRO) scenario.
In order for this to work, dust species that generate sufﬁcient radiative acceleration have to be able to form. The types of dust that can condense depend
on the chemical composition of the atmosphere. For C-stars, the main wind
driver is thought to be amorphous carbon, which forms at distances around
2 − 3R . This is close enough that material levitated by shock waves will
reach the dust formation zone. Amorphous carbon grains also possess high
enough opacities to drive the wind. Models using amorphous carbon as the
main wind driver have been successful in recreating observed wind velocities
and mass-loss rates (discussed in Sect. 3.2.5).
For M-stars the picture is not as straight forward. With C/O< 1, nearly
all the carbon in locked in CO. Dust species that can form close to the star,
i.e. Fe-free silicates and corundum, are too transparent drive an outﬂow by
radiation pressure through absorption. Silicates including by Fe are less transparent, but the condensation distances of these dust types are too large for
them to be possible wind-drivers (Woitke, 2006). A solution to this problem was suggested in Höfner (2008), where its proposed that photon scatter,
rather than photon absorption, on transparent Fe-free silicates (that can form
close to the star) drives the wind. For scattering to be an efﬁcient source of
radiative pressure the Fe-free silicate grains must grow to sizes of 0.1-1 μm,
comparable to the wavelength of the stellar ﬂux maximum. Such grain sizes
have recently been detected around M-type AGB stars by Norris et al. (2012);
Ohnaka et al. (2016, 2017), and models that assume scattering as the winddriving mechanism have successfully reproduced observed properties of such
stars (see Bladh et al., 2013, 2015).
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3.2 Dynamical atmospheres and winds - DARWIN
models
To explore the wind driving mechanism in AGB stars, we use the DARWIN
code (Dynamical Atmospheres and Radiation-driven Wind models with Implicit Numerics, see Höfner et al. 2016). The DARWIN code can model both
M-type and C-type AGB stars with pulsation properties similar to Mira stars
or SRa type variables.

3.2.1 Model Setup
The wind driving mechanism in AGB stars is an intricate process, with many
different complicated physical processes playing a role (pulsation, radiation,
formation and destruction of dust). We use the 1D spherically symmetric
radiation-hydrodynamical code DARWIN to investigate the complex dynamics of the atmosphere, resulting from the time-dependent interactions between
these processes. The DARWIN models describe the time-dependent radial
structure of the stellar atmosphere, by modelling the temperature, density,
pressure, velocity and dust growth and destruction as a function of both time
and distance from the stellar centre.
The presence of dust strongly inﬂuences the structure and dynamics of the
atmosphere by its interaction with the radiation ﬁeld. For dust to form two
main conditions need to be satisﬁed: the densities have to be relatively high,
and the temperatures have to be low. There is therefore a delicate interplay
between the shocks that compress and levitate material in the atmosphere, the
temperature structure, which decides how close to the star dust can condense.
The DARWIN code uses frequency-dependent radiative transfer to simulate
the heating and cooling of gas and dust by the radiation ﬁeld. This is essential
to achieve realistic density and temperature structures, which in turn is important for modelling the dust formation correctly. The main wind driving dust
species depends on the chemical type; for DARWIN models of C-type stars,
where the atmospheric chemistry is dominated by carbon, it is amorphous
carbon, and for the M-type AGB stars, where the atmospheric chemistry is
dominated by oxygen, it is Fe-free silicates.
The DARWIN code solves a system of partial differential equations (PDEs),
which includes the equations of hydrodynamics, frequency-dependent radiative transfer and a time-dependent dust description, in order to simulate the
dynamical structure of the atmospheres and wind of AGB stars. The models
are spherically symmetric (1D), and cover a region from below the photosphere, where the inner boundary is placed, to above the wind driving region
where a stable outﬂow has developed. The system of equations is solved with
implicit numerical methods. For more details, see Höfner et al. (2003), Bladh
& Höfner (2012), Eriksson et al. (2014) and Höfner et al. (2016).
24

The conservation laws for mass, momentum and energy of the gas can be
expressed as
∂
ρ + ∇(ρu) = 0
∂t

(3.1)

∂
Gmr
4π
(ρu) + ∇(ρuu) = −∇Pg − 2 ρ + ρ(κHg + κHd )H
∂t
r
c

(3.2)

∂
(ρe) + ∇(ρeu) = −Pg ∇u − 4πρ(κJg J − κSg Sg )
(3.3)
∂t
where ρ is the gas density, u is the gas velocity, Pg is the gas pressure, mr is
the mass contained below radius r, e is the speciﬁc internal gas energy and Sg
is the source function of the gas. The coupling to the radiation ﬁeld is done by
solving the zeroth and ﬁrst moment of the radiative equation for wavelengthintegrated moments of the intensity, J, H and K, as
∇H + ρ(κJg J − κSg Sg ) = 0
∇K +

3K − J
+ ρ(κHg + κHd )H = 0
r

(3.4)
(3.5)

where κ g and κ d are the absorption coefﬁcients of gas and dust, and the subscripts J, H and Kdenote different frequency means, weighted with J, H and
K, respectively. While the gas temperature may deviate from radiative thermal
equilibrium due to compression on expansion (see Eq. 3.3) the dust temperature is assumed to be set by an equilibrium between radiative heating and
cooling (see Appendix B in Bladh & Höfner 2012 for detailed discussion).
It is further assumed that there is no drift between dust and gas, and that all
momentum gained by dust is transferred to the gas. The system of non-linear
PDEs is discretised in implicit form on an adaptive grid and solved using a
Newton-Raphson scheme for each time step.
The typical modelling time is several hundreds of years. If a wind develops,
the typical model range is from ∼ 1R , which is typically 1 AU, to 25R .

3.2.2 Dust description
The grain growth in an AGB star atmosphere usually takes place far from
chemical equilibrium. The dust temperatures will differ from the gas temperature, and be highly dependent the composition of the dust and the resulting
optical properties. Further, at the distances where the dust condenses, the low
densities lead to slow dust grain growth, on time-scales that are comparable to
the pulsation period. To account for this process, a time-dependent description
of the dust grain growth and destruction is included in the DARWIN models.
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In the C-models, the nucleation, growth and evaporation is described selfconsistently following the methods in Gail & Sedlmayr (1988) and Gauger
et al. (1990). The wind-driving dust species in C-models is amorphous carbon
(amC), which grows through reactions involving C, C2 , C2 H and C2 H2 . As
amorphous carbon is very opaque, the dust is accelerated outward through
photon absorption, which induces a wind. The overall elemental abundances
for these models are assumed to be solar, except for a carbon excess, due to
dredged up material, which is speciﬁed through the carbon to oxygen ratio
εC /εO (ε is the element abundance relative to H, by number).
The description of dust growth in M-models follows the method of Gail
& Sedlmayr (1999). Here the molecular and dust chemistry is oxygen dominated, with Fe-free silicates forming close to the star. In the M-models, the
wind-driving dust species is Mg2 SiO4 , which grows due to additions of Mg,
SiO and H2 O molecules. In contrast to the case for amorphous carbon, the
nucleation process for silicate dust is not well understood. In the models seed
particles, consisting of 1000 monomers, are therefore assumed to exist in the
models before the silicate grains start growing. The seed particle abundance
ngr /nH is a free parameter in the M-models, and deﬁned as the number density
of the dust seeds, ngr , divided by the number density of hydrogen, nH . The
forsterite dust grains can grow large, up to μm-sized, and are accelerated outwards through photon scattering. The elemental abundances are assumed to
be solar for the M-models.

3.2.3 Pulsation description
The DARWIN models do not include a description of the convective stellar
interior, where the driving of the pulsation occurs. As the pulsations are vital
for the dynamics of the atmosphere, their effects are instead included in the
form of a variable inner boundary, which is located below the photosphere.
A piston at the inner boundary simulates the periodic expansion and contraction of the star, and variation of the luminosity. The velocity of the gas
(uin ) and the luminosity (Lin ) are varied, an approach based on the methods
described in Bowen (1988). Usually, the shape of this variations is sinusoidal,
and the luminosity and radial variation are locked in phase. The gas velocity
at the inner boundary has the form


2π
t
uin (t) = Δu p cos
P


(3.6)

which corresponds to a variation of the location of the innermost gas layer as
Rin (t) = R0 +
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Δu p P
2π
sin
t
2π
P

(3.7)

If a constant radiative ﬂux is assumed for this innermost layer, the radial
variation can be connected to a luminosity variation as Lin ∝ R2in (t). However, for typical velocity amplitudes used in the models, this tends to produce
unrealistically small bolometric variations. To better match observations of
ﬂux variations, a free parameter, fL , was introduced in Gautschy-Loidl et al.
(2004). The form of the luminosity variation is then
 2

Rin (t) − R20
ΔLin (t) = Lin − L0 = fL
(3.8)
× L0
R20
where the case fL = 1 corresponds to constant radiative ﬂux at the inner boundary.

3.2.4 General properties of DARWIN models
DARWIN models can be divided into three major categories, depending on
their dynamical properties:
• Models with continuous wind - Models that form dust in the atmosphere, inducing a stellar wind. Dust formation is effective in the wake
of the shock waves and sufﬁcient radiation pressure is exerted on the
dust particles to accelerate both dust and gas outwards.
• Models with episodic wind - These models do not uphold a stable wind,
however will intermittently form enough dust for temporary outﬂows.
• Models with no wind - When the combination of the stellar parameters
and pulsation properties are such that insufﬁcient amounts of dust form.
The output from the DARWIN models are time-dependent radial structures of
the atmosphere. Each snapshot of such a radial structure contains information
about the gas velocity, gas density, dust density and grain sizes, temperature,
and pressure as a function of the radial distance from the centre of the star.
From this, properties such as the ﬁnal wind velocities, the mass-loss rates and
the dust yields can be extracted. Examples of such atmospheric structures
for a standard C-rich DARWIN model can be seen in Fig. 3.2, where different quantities are shown as a function of radial distance and time. Here, the
time is expressed in bolometric phase φbol , which is deﬁned so that maximum
luminosity occurs at φbol = 0, 1, 2... . The top panel shows the temperature
structure, the middle panel shows the density, and the lower panel shows the
Lagrangian mass shells, with each line enclosing the same amount of mass,
and with pink indicating the presence of dust.
From the mass shells (lower panel), the dynamics of the models can be
explained. Each mass shell corresponds to the motion of a test particle in
the atmosphere, and essentially outlines the path of the gas. When in-falling
matter collides with the outﬂowing gas, shock waves develop and propagate
outwards. These shock waves appear as sudden changes in direction of the
mass-shells. As can be seen, initially when matter is accelerated outwards, it
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Temperature

Density

Mass shell

Figure 3.2. Three different quantities of a C-model, with stellar parameters L =
7000L , M = 1.5M and T=2600K. Upper panel - Temperature structure during
3 consecutive pulsation cycles. The contours are isocurves for the temperature ([K]).
Middle panel - Density structure, with isocurves for the density in logarithmic scale
([g cm−3 ]). Lower panel - Movement of mass shells. Pink indicates where >10% of
the carbon has condensed into dust.
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follows a mostly ballistic trajectory, and most of the gas affected by the shock
wave will start to fall back onto the star. However, as dust forms (indicated
by pink) and interacts with the radiation ﬁeld, material is instead accelerated
outwards.
The density (second panel) will reﬂect the effects of the shock waves. In
the wake of a shock wave the density is several orders of magnitude higher
than outside the wake. This is in contrast to the temperature structure (top
panel), which instead mirrors the luminosity variation. At φbol = 0, 1, 2, when
the luminosity has its maxima the temperature in the layers at R ∼ 2 − 3R are
highest. Similarly, the temperature minima occur close to φbol = 0.5, 1.5, 2.5,
at luminosity minima. The dust formation are connected to the temperature
minima, which can be seen in the lower panel. Dust will condense closest to
the star, in the wake of the shock wave and at minimum temperature, which
coincides with the luminosity minimum.
The dust-driven winds in AGB stars are complex, with several different processes interacting. The efﬁciency of the driving depends on both the temperature structure, set by the luminosity, and the shock wave propagation, which
depends on the radial variation of the gas layers close to the star. In the DARWIN models, this is ultimately determined by the inner boundary conditions,
explained in Sect. 3.2.3. There is a delicate balance: the shock should ideally
pass at R ∼ 2R as close as possible to the temperature minimum for efﬁcient
wind driving. What happens when this is not the case is explored in Sect. 4.1,
and in Paper I and Paper II, where different versions of the inner boundary
conditions are tested.

3.2.5 Comparison to observations
Two different kinds of results are available from the DARWIN models: (i)
direct output, derived from the snapshots, such as wind velocities, mass-loss
rates and dust yields and (ii) synthetic spectra, light-curves and interferometric
visibilities modelled a posteriori from the DARWIN radial snapshots, using
the COMA code (Aringer et al., 2016).
The wind velocities and mass-loss rates can be directly compared to wind
properties derived from observations, and serve as an important check of the
validity of the models. This has been done for both C-stars, e.g., in Eriksson
et al. (2014), and M-stars, e.g., in Bladh et al. (2015), and in Paper V. Individual comparisons between single star observations and models are tricky,
due to uncertainties in both the models and in the observations. The results
from the models, using grids with typical stellar parameters for AGB stars, do
however cover a similar range in wind velocities and mass-loss rates as the
observations for both C-stars and M-stars.
Using the a posteriori approach with COMA, the time evolution of both
the spectra and the photometry during a pulsation cycle can be studied. While
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the wind velocities and mass-loss rates measures the ﬁnal outcome of the wind
simulations, the colours derived from the synthetic photometry provides a way
to constrain the energy balance of the models with observations. Recent examples of photometry calculations can be found in Eriksson et al. (2014), where
the authors used a grid of C-star models to calculate photometric colours (in
the wavelength range 0.35-25 μm), for a large range of stellar parameters.
When comparing observables, e.g. mass-loss rates vs. (J − K) colours or K
magnitudes vs. (J − K) colours, they ﬁnd good agreement. Similar photometric studies for M-stars are presented in Bladh et al. (2013, 2015) and in Höfner
et al. (2016), also with good agreement.
Further, by examining the Doppler-shifted proﬁles of molecular lines originating at different altitudes in the stellar atmosphere, the radial velocities
of these layers can be probed (see e.g. Fig. 3 in Paper II). Nowotny et al.
(2010) presented spectral analyses of CN and CO-lines, which form at different depths, from the photosphere (∼ 1R ) up to cooler outﬂows (> 8R ),
for C-type models. When comparing an observed radial velocity (RV) curve,
derived from second overtone vibration-rotation CO lines in FTS spectra of a
large sample of Miras, with RV curves derived from synthetic CO lines they
ﬁnd good agreement. However, while the radial velocities are found to be
comparable with observations, the shapes of the lines are generally not well
re-produced. This might be a result of the spherical symmetry assumption in
the DARWIN models (discussed in paper IV and in Chapter 5). Further, an
additional phase shift had to be added in Nowotny et al. (2010) when comparing the synthetic RV curves to observations, an issue which spurred the
investigations in Paper I and II (see also Sect. 4.1).

3.3 Grid of M-star models
The parameter dependence of the dynamical properties of AGB stars can be
probed by creating grids of DARWIN models with different stellar parameters.
This is done in Paper V, for DARWIN M-star models.

3.3.1 Overview of the grid
A ﬁrst M-model grid was introduced in Bladh et al. (2015), however in Paper
V this grid is extended signiﬁcantly to include more luminosities, effective
temperatures and several different stellar masses. An overview is given in Fig.
3.3, which shows extent of the old and the new grid.
For the ﬁrst time the inﬂuence of mass on the wind properties is investigated
for M-type models, as six different masses (M =0.75, 1, 1.5, 2, 2.5, 3 M ) are
included in the grid in Paper V. The lowest luminosity that can produce an
outﬂow differs for different masses, as wind driving highly depends on the
ratio between the luminosity, which effects the radiation pressure exerted, and
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Figure 3.3. Top - Parameter space of the previous grid of M-models (Bladh et al.,
2015), each dot represent a model. Bottom - Parameter space of the new M-model
grid, presented in Paper V.
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the mass, which sets the gravitational pull. The lowest luminosity for each
mass in the model grid is then set to one step below the lowest luminosity
where its possible to drive a wind.
The highest luminosity included for each mass varies between 14000L and
40000L , and is limited by the convergence of starting models. It is easier
to construct models with higher luminosities if the masses are also higher,
as an increased gravitational potential makes the atmospheres more compact.
Luminosities up to 40000L were included to open up for the possibility to
model the winds of OH/IR stars (extreme AGB stars).
The effective temperatures were chosen based on both results from stellar
evolution models (Marigo et al., 2017) and observations (Ramstedt & Olofsson, 2014), with Teff = 2200, 2300, ..., 3200 K.
An overview of the full parameter space covered is given in Table 1, in
Paper V. It is important to note that not all parameter combinations included
in the grid are equal probable or even realistic. The parameter selection is
instead done for completion, and in order to facilitate interpolation between
the grid points for simple use in stellar evolution codes. A extended model
grid is also important as the use of mass-loss rates derived from DARWIN
models in stellar evolution simulations might change the relevant parameter
space.

3.3.2 Trends in mass-loss rates vs. stellar parameters
With a grid of models it is possible to investigate both how the resulting massloss rates depend on different stellar parameters for the DARWIN models, and
how this compares to observations.
The models show a strong correlation between luminosity and mass-loss
rates, as seen in the upper left panel in Fig. 3.4. Here models are colour-coded
according to mass, where the linked dots are the average mass-loss rate for
one luminosity and one mass. As seen, for masses of 0.75-2 M , a the mean
mass-loss rate correlate linearly with the luminosity in the log-log plane. For
the higher masses there is a tendency for the mass-loss rates to level out with
higher luminosity, which might indicate that the models enter a super-wind
regime.
There is however no correlation between mass-loss rate and effective temperature, as seen in the upper right panel in Fig. 3.4. This is in contrast to
DARWIN C-star models, that show an increase in mass-loss rates with decreasing effective temperature (see e.g. Eriksson et al., 2014).
The two lower panels of Fig. 3.4 show pulsation periods against mass-loss
rates for the DARWIN models, compared to observations and ﬁts to observations. The lower left panel includes individual observations of pulsation
periods and mass-loss rates for Mira and SRVs (from Olofsson et al., 2002;
González Delgado et al., 2003), and OH-IR stars (from De Beck et al., 2010;
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Figure 3.4. Results from the grid. The model results are colour-coded after mass according to the stellar mass of the models, with the linked dots showing the average
mass-loss rate for the individual luminosity, effective temperature and pulsation period. Upper left - The mass-loss rate as a function of luminosity, for the models in
the grid. Upper right - The model mass-loss rate plotted against the effective temperature. Lower left - The mass-loss rate against the log of the period, with both model
results and observations (from Olofsson et al., 2002; González Delgado et al., 2003;
De Beck et al., 2010; He & Chen, 2001). Lower right - The mass-loss rates against
log of the period, showing model results and ﬁts (from Vassiliadis & Wood, 1993;
Groenewegen et al., 1998; De Beck et al., 2010).
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He & Chen, 2001). The Mira and SRVs form two sequences. The stars with
the lower pulsation periods are most likely ﬁrst overtone pulsators, and therefore not represented in the grid. The pulsation periods and mass-loss rates for
the branch with higher pulsation period are however well represented by the
grid. Most OH-IR stars also overlap with the results from the grid, however
the DARWIN models have difﬁculties reproducing the stars with the highest
mass-loss rates. This could be a consequence of the choice of amplitudes for
the inner boundary condition (Δu p and fl ), which have been tuned for Mira
stars, and might not be representative for the OH-IR stars.
The lower right panel of Fig. 3.4 shows the Ṁ − P plane, with the results
from the grid, and observational and theoretical ﬁts, from Vassiliadis & Wood
(1993), Groenewegen et al. (1998) and De Beck et al. (2010). The models and
the observations seem to cover the same region of the diagram.

3.3.3 Dust grain properties
Dust properties are also a result of the models. Fig. 3.5 shows the histograms
of the condensation degree of silicon (top) and the dust to gas ratio (bottom).
The degree of condensation of silicon ranges between 0.1 and 0.4, which is
consisted with observations by e.g. Khouri et al. (2014), who found that
around one third of the silicon in the circumstellar envelope of W Hya had
condensed into dust grains.
This degree of condensation of silicon corresponds to a dust-to-gas ratio
(ρd /ρg ) of 0.25-1.25×10−3 . As can be seen in the lower panel, the models also
seem to divide into two populations; the models with log(ngr /nH ) = −15.0
typically have a lower dust-to-gas ratio than the models with log(ngr /nH ) =
−14.5.
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Figure 3.5. Degree of condensed Si (top panel) and dust-to-gas ratios (lower panel)
averaged over time, for all models that develop a wind. The bottom panel is colourcoded according to different seed particle abundance.
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4. Stellar winds and pulsation

The driving of stellar winds of AGB stars is closely connected to the variations
in both the stellar near-surface layers and the luminosity. The assumptions
made about these variations, which are parameterised in the DARWIN models,
have turned out to be of importance for observable properties such as massloss rates, wind velocity, photometry and shapes of line proﬁles. To reach
a more realistic description of the pulsation properties, and therefore better
mass-loss and wind velocity predictions, the AGB star variation should be
modelled in a self-consistent way. This is explored using 3D star-in-a-box
models, simulated with the CO5 BOLD code.

4.1 The role of pulsation in wind modelling
In the models the effects of pulsation, i.e. the expansion and contraction of
the star and the variation of the luminosity, is typically described by a piston
placed underneath the stellar photosphere. The piston used in the DARWIN
models (described in Sect. 3.2.3) is an essential ingredient in the wind driving,
as the shock waves it triggers levitate material in the atmosphere. The standard form (Eq. 3.6 and Eq. 3.7) is, however, a known simpliﬁcation and was
introduced to keep the amount of free parameters to a minimum (ΔuP , P and
fL ). While the amplitude can be changed, the standard boundary condition for
the DARWIN models assumes radial and luminosity variations that are sinusoidal (symmetric shape) and locked in phase (i.e. maximum luminosity and
maximum expansion of the radius occurs at the same time).
Such variations are not representative of what is known about AGB star pulsations, both from observations and from theoretical pulsation modelling. The
reality is more complex, with phase shifts between the luminosity variation
and radius variation, as well as asymmetric shapes of the luminosity variation.
A phase shift (a shift between maximum luminosity and maximum expansion of the star) is predicted by 1D pulsation models (Ireland et al., 2008)
and indicated by observations (Nowotny et al., 2010). Looking at photometry for C-rich LPVs from e.g. Whitelock et al. (2006), and assuming that
the K-band is representative of the bolometric ﬂux, some light curves show
non-sinusoidal shapes as well as secondary maxima. Lebzelter (2011) further
found that around 30% of Mira light curves differ signiﬁcantly from a symmetric sinusoidal curve, with deviating shapes and secondary maxima. An
example of such a non-symmetrical light curve can be seen in the top panel
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of Fig. 2.3, which shows the visual light curve of Mira. While periodic, the
light curve is clearly skewed. The visual light curve is not necessarily representative of the luminosity variation of a star, however, for Mira several other
photometric bands show similar skewed shape.
Even though the DARWIN models overall show good agreement with observations, there are some discrepancies, that where suspected to be due to the
inner boundary condition used. In Nowotny et al. (2010) observed radial velocity curves were compared to synthetic velocity curved derived from DARWIN models. The amplitude and shape of the synthetic velocity curves closely
matched the observed velocity curves, however, an arbitrary phase shift had to
be added for the timing of the features to agree. Further in the synthetic colourcolour loops of these models, which trace the variation during a pulsation period in different photometric colours, it was found that the models loop in the
opposite direction from observations (see e.g. Nowotny et al., 2011; Lebzelter
et al., 2010). An investigation into the effects of more complex inner boundary
was therefore warranted.

4.1.1 Changing the inner boundary
By changing the inner boundary condition the effects of more complex pulsation descriptions can be explored, and the interaction between pulsation, dust
and wind driving investigated. Two changes to the standard boundary condition in the DARWIN models, to closer imitate what is known about AGB star
pulsation, are:
• Phase - A phase shift between the maximum expansion and maximum
luminosity at the inner boundary. An example can be seen in middle
panel of Fig. 4.1.
• Shape - Skewing the shape of the luminosity variation, instead of the
sinusoidal shape used in standard DARWIN models. This is shown in
the lower panel of Fig. 4.1.
Both schemes essentially introduce a phase shift Δφ between the maximum
expansion of the star and the maximum luminosity. To keep track of which
inner boundary is used, Δφ p denotes the phase shift due to the luminosity
variation being translated but the shape sinusoidal (middle panel), and Δφs
indicates when the phase shift is due to skewed shape (lower panel).
The difference between the standard models, using Eq. 3.7 and 3.8, and
models with more complex inner boundary conditions, as described above, can
be used to evaluate the importance of the pulsation properties for the DARWIN
models. More complex pulsation properties could also solve some of the discrepancies between the standard DARWIN models and observations, outlined
in Sect. 3.2.5.
The effects of changing the inner boundary condition are investigated for
C-models in Paper I, and for M-models in Paper II.
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Figure 4.1. Upper panel - The standard boundary condition used in DARWIN models. The shape is sinusoidal and the maximum expansion of the star coincide with the
maximum luminosity. Middle panel - The maximum expansion occurs later than the
maximum luminosity, which introduces a phase shift. Lower panel - The shape of the
luminosity is skewed.
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4.1.2 Dynamical results
When introducing a phase shift at the inner boundary the timing of the luminosity minimum, which effectively sets the temperature minimum, changes
relative to the propagation of the shock wave through the lower atmosphere.
This has signiﬁcant effects on the wind properties of the models, as density and
temperature have strong impact on dust formation. Even though the modelled
dust species are different for C-star models, investigated in Paper I, and M-star
models, investigated in Paper II, the consequences of changing the timing of
the temperature variation in the atmosphere are similar for both cases.
Different boundary conditions can be either beneﬁcial or detrimental for the
wind-driving mechanism. Examples of models with the same stellar parameters but with different boundary conditions can be seen Fig. 4.2, which shows
the mass-shell plots (similar to lower panel in Fig. 3.2, further explained in
Sect. 3.2.4) for the three cases. Here the luminosity variation Lin (t) is phase
shifted by an amount Δphi p , in comparison to the radial variation Rin (t) (middle case in Fig. 4.1). The blue arrows indicate the maximum luminosity, the
red arrows indicate minimum luminosity and the green arrows show the maximum radial expansion. The inner mass-shell is representative of the radial
inner boundary condition Rin (t), described by Eq. 3.7. The upper panel shows
a model with the standard boundary condition. As explained in Sect. 3.2.4,
the shock waves form due to the star’s expansion, described by Rin (t). Shock
waves levitate material to distances with cooler temperatures, and dust (indicated by pink in the ﬁgure) forms at minimum temperature, which is more or
less concurrent with minimum luminosity (φbol ∼ 0.5). In the standard case
dust formation occurs in the wake of the shock wave. Radiation pressure on
the newly formed dust then induces the wind.
The middle panel shows a model with a phase shift Δφ p = 0.1, meaning
the maximum expansion (green arrow) of the star will occur 0.1φbol after the
maximum luminosity (blue arrow), at φbol = 0.1, 1.1, 2.1, etc. Here the minimum luminosity, and thus minimum temperature (red arrow), occurs earlier
in the propagation of the shock wave, in comparison to the standard boundary
conditions. Dust will start to form in higher density material with a higher
outwards velocity, compared to the standard model. The dust driven wind is
in this case more effective, leading to larger mass-loss rate.
The lower panel in Fig. 4.2 shows a destructive case, where the phase shift
(Δφ p = 0.4) is such that the temperature minimum occurs out of phase with
the propagation of the shock wave. Dust condenses when material is already
falling back towards the star, and the wind driving is less effective.
The effects of changing the inner boundary can be signiﬁcant. Moderate
changes to the inner boundary, with Δφ p ± 0.1 or Δφs ± 0.1, result in a change
of ∼ 40% for mass loss rates, for C-star models (Paper I). In Paper II it is found
that using the standard boundary condition result in realistic mass-loss rates
and wind velocities, for M-models. With larger phase shifts, however, when
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Figure 4.2. Three different boundary conditions applied to a C-model, with stellar
parameters L = 7000L , M = 1.5M and T=2600K. Upper panel - Mass-shell plot
for the standard case. Dust (indicated by pink) forms in the wake of the outgoing
shock, and material is accelerated outwards. Middle panel - Constructive case, the
phase shift is such that dust forms early in the shock wave and the wind driving is
effective. Lower panel - Destructive case, dust forms when material is already falling
back onto the star and the wind driving is ineffective.
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dust no longer forms in the wake of the shock wave but rather in the backfalling material, the effects are very large, with up to several orders of magnitudes lower mass-loss rates. Such boundary conditions are however deemed
to be not realistic as neither the dynamical properties nor the photometric variations of the resulting models match observations.

4.1.3 Comparison to observations
The different inner boundary conditions are also imprinted on other observational properties. Introducing a phase shift, by either changing the shape
or translating the sinusoidal luminosity variation compared to the radial variation, effects the spectral line proﬁles. Observed RV curves for a sample of
Mira stars, derived from second overtone vibration-rotation CO-lines, trace the
dynamics of the inner atmosphere. Several observed Mira stars show a uniform behaviour: the shape of the RV curve has a characteristic S shape, with
line doubling at visual phase φv = 0 (see e.g. Fig. 14 in Nowotny et al. 2010
or Fig. 10 in Paper II). Earlier DARWIN models could produce the correct
S-shape but the timing of the line doubling was wrong. Models with a phase
shift Δφ = 0.2 reproduce both the correct shape and the correct timing (see
Fig. 10 in Paper II). This indicates that AGB stars inherently have a luminosity maximum occurring earlier than maximum expansion of the star. However
no distinction can be made between Δφs and Δφ p , as there is no information
available about the shape of the luminosity variation.
The assumptions made about the inner boundary can have large effects on
dynamical properties and on derived observables. The pulsation properties
used in the DARWIN models should ideally be modelled with boundary conditions derived from self-consistent pulsation models, for better constrained
mass-loss estimates and wind velocities.

4.2 Classic stellar pulsation models
As mentioned before, AGB stars differ from other variable stars as they do
not populate the classical instability strip. For these stars the physical regime
that needs to be modelled is different from that of e.g. a Cepheid star. The
interior structure of AGB stars is complex, with a small, compact core that is
surrounded by an extended convective envelope (see Sect. 2.1 and Fig. 2.2 for
a schematic image). It is believed that the pulsations of AGB stars originate
from the latter region, where the thermal energy transportation is predominantly done by the convection, i.e, gas movement.
To fully understand AGB star pulsations it is therefore necessary to construct realistic models of the interior. Due to computer limitations spherical
symmetry of the star was initially assumed in pulsation models, with purely
radial motion. This however meant that the energy transport needed to be
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described in a parameterised fashion, using mixing-length theory to model
the convection. Furthermore, early interior pulsation models, by, e.g., Wood
(1974), Tuchman et al. (1979), Keeley (1970), also assumed small amplitude
variations to be able to use linearised equations. These models produced the
general pulsation characteristics of the star such as the eigenmodes and estimations of the radius and period. The simpliﬁed description of the system proved
to be problematic, however, as these models predicted unrealistic results, e.g.,
that Mira variables are ﬁrst overtone pulsators.
During the following decades great effort was put into improving the 1D interior models. Some examples are Fox & Wood (1982), Ostlie & Cox (1986),
Perl & Tuchman (1990) and Balmforth et al. (1990). However the results were
often contradictory with no general agreement on the dominant mode for Mira
stars. Observational uncertainties of especially the radii for AGB stars at the
time meant observations were of little help to settle these questions. There
was also a concern that the different methods of handling non-linear effects,
boundary conditions (e.g. the coupling with the stellar atmosphere), turbulent
pressure, the mixing-length parameter and the coupling between the convection and the pulsation make it difﬁcult to disentangle physical interpretations.
In Ya’Ari & Tuchman (1996) it was shown that non-linear effects had strong
impact on the pulsation period, indicating that the periods derived from linear
models are not realistic. There were however issues when implementing nonlinear models, as they tended to overestimate the growth rate, which resulted in
instabilities tearing apart the pulsation models (Wood, 1974; Tuchman et al.,
1979). This was solved by either tweaking the stellar parameters, by artiﬁcially dampening the amplitude (Bessell et al., 1996) or letting the model
relax for a considerable time (T ∼ 500P ) (Ya’Ari & Tuchman, 1996). Different ways of damping the growth rate lead to different results. Ya’Ari &
Tuchman (1996) and Wood (1995) both performed similar non-linear hydrodynamical calculations for comparable stellar parameters, letting the models
relax on thermal time scales. In both studies the radius of the star grew, however for Ya’Ari & Tuchman (1996) the pulsation period decreased compared
to linear models, while it was the opposite for Wood (1995). It should be noted
that the convective description differed between the two simulations, however
this indicates that there is no easy way to simulate non-linear effects in the
linear models.
Contemporary 1D pulsation models (see Ireland et al., 2008, 2011) add a
model atmosphere above the interior pulsation models, which naturally damps
the amplitude. These models can predict spectral features of Mira variables to
satisfactory accuracy and lead to Mira variables pulsating in the fundamental
mode, however, the mixing length and the turbulent viscosity parameter need
to be calibrated to reproduce the correct periods and amplitudes.
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4.2.1 Convection and Pulsation
The difﬁculties in developing consistent 1D interior pulsation models for AGB
stars have largely been blamed on the lack of a proper description of convection (Bessell et al., 1996; Barthes, 1998). Convection, the transportation of
energy through turbulent gas motion in dynamically unstable regions, is an
inherently 3-dimensional phenomenon. Mixing length theory (MLT) is the
attempt to describe this effect in a 1D formalism, modelling convection as a
series of eddies moving vertically in a static background medium (for a discussion about the 1D vs the 3D picture of convection see Trampedach, 2010).
In hydrodynamical 3D simulations it has turned out that the conceptual picture of the MLT is not true. One example is the sun; convection seems to consist of laminar up-ﬂows with turbulent, fast, funnel-like downdrafts between
the convection cells, rather than discrete blobs moving up and down. When
comparing results from MLT to 3D simulations, it has however been shown
that MLT does reproduce the overall effects of convection on stellar structure
to a satisfactory degree, at least for stars up to the start of the RGB (Magic
et al., 2015).
There are several problems when trying to apply MLT in 1D pulsation models for AGB stars. Firstly the mixing length is a free parameter and the chosen
value has strong implications for the resulting behaviour. Different studies use
different approaches, e.g. Fox & Wood (1982) used values from the red giant
branch while e.g. Ireland et al. (2008) ﬁtted the parameters to achieve correct
periods of the models. The methods used are not consistent with each other,
and implications for the results are not clear.
Further, as pulsation is a dynamical process, typical time scales of convection need to be considered. If one can assume that the eddy lifetime τ
is very long compared to the period of the star P, τ  P, convection may
be considered to be frozen in. This is assumed in Cox & Ostlie (1993). On
the other hand if the convection time-scale is very quick compared to the period, P  τ, convection will instantly adjust itself between the time-steps in a
simulation, which is assumed in Tuchman et al. (1979) and Perl & Tuchman
(1990). The mean life-time of an eddy can be estimated by τ ∼ tff (tff /tK )−1/3 ,
where tff ∼ G−0.5 ρ −0.5 is the free fall time and tK ∼ GM 2 L−1 R−1 is the Kelvin
time (Prialnik, 2000). For a typical Mira variable the life-time of the eddy
is of the order of the period, τ ∼ P, which means that convection is directly
coupled with pulsation. This has been addressed by e.g. Keeley (1970), Wood
(1974), Fox & Wood (1982), Cox & Ostlie (1993) and Ireland et al. (2008), by
using different time-dependent implementations of the MLT. Such formalism
is a step away from the well-tested, standard MLT, and there is however no
consensus on which version of time-dependent MLT is more realistic.
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4.3 Towards better pulsation models
One way to avoid the pitfalls of using MLT, or other parasitised descriptions,
is to perform realistic 3D hydrodynamical simulations. The reason that this
has not been done on AGB stars to any considerable extent is simple; to calculate such models is very costly, as the computing time needed for just one
model is very large (of the order of months), and a specialised code is needed.
A ﬁrst effort to model the interior convective envelope, as well as the atmosphere of an AGB stars, using 3D models was made by Freytag & Höfner
(2008), where star-in-a-box simulations were calculated for a small set of different stellar parameters. This was done using the CO5 BOLD code, which
is a radiation-magneto-hydrodynamics code (see Freytag et al., 2012, for an
outline of numerics). The resulting model departed strongly from spherical
symmetry, with the surface layers dominated by giant convective cells. Atmospheric shock waves created by the movement of the convective cells were
therefore irregular and the dust formed in clumps around the star.
To further explore the parameter space and the inﬂuence of rotation, a grid
of 3D AGB models has been calculated in Paper III, building on the work done
by Freytag & Höfner (2008). With this code it is possible to do star-in-a-box
simulations that model the whole stellar envelope including the atmosphere,
in 3D.

4.3.1 3D star-in-a-box models - CO5 BOLD models
The CO5 BOLD code solves the compressible hydrodynamics equations, which
describe conservation of mass, momentum and energy respectively as
∂
ρ + ∇(ρu) = 0
∂t

(4.1)

∂
(ρu) + ∇(ρuu + P) = ρg
∂t

(4.2)

∂
(4.3)
(ρetot ) + ∇((ρetot + P)u) = −∇Frad
∂t
where ρ is the density, u is the velocity vector, P is the gas pressure, g is the
gravitational acceleration, etot is the total energy density (sum of the internal,
kinetic and gravitational energy density) and Frad is the radiative energy ﬂux.
A Roe-type solver is used, which is modiﬁed to account for a realistic equation
of state, where effects of ionization are taken into account. The computational
grid is Cartesian.
The radiative energy is calculated by solving the equation of radiative transfer, which is
dI
+I = S
dτ

(4.4)
45

t = 2.85 yr

500

0

0

−500

−500

500

t = 3.07 yr

500
−7

0

0

16

−8
−500

12

−500
−9
−10

0

−11
−12

−500
500

8
500

−13

t = 3.50 yr

log of ρ [g cm−3 ]

500

t = 3.28 yr

4
0

0
−4

−500

−8

500

−12

−14
0

0

−16

−15
−500

y [R ]

500

vradial [km s−1 ]

500

−500
t = 3.71 yr

500

0

0

−500

−500
−500

0
x [R ]

500

−500

0

500

Figure 4.3. Snapshots of density and radial velocity slices through the stellar centre,
spanning a year, for an AGB star model simulated with CO5 BOLD.
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The radiative energy ﬂux is
Frad =


4π

In × dΦ

(4.5)

where I is the intensity, S is the source function, n the norma vector and dΦ
the solid angle. The radiative transfer is solved using a short characteristics
scheme with grey opacities for the models in the grid, presented in Paper III.
Gravity is described by a ﬁxed external potential of the form 1/r. This
represents a central point mass, which is a good approximation for the outer
layers of giants, as the structure is a compact core with an extended envelope.
The central part is smoothed to avoid a singularity near the centre. Gas motion
around the core is dampened to suppress dipolar ﬂows through the pre-white
dwarf centre, as such motions are most likely not realistic.
The grid used is too coarse to resolve the zone where nuclear reactions take
place in the core of an AGB star. Instead there is an inner “boundary” at
R0 = 78R . Within the boundary energy is fed into the system by a source
term, corresponding to the luminosity. The outer boundary is open and it is
possible for matter to both escape and enter the system.
It should be emphasised that the pulsations found in these models are selfexcited. This indicates that the driving of the pulsations for AGB stars takes
place in the convective envelope, and can be studied using global 3D radiationhydrodynamical models. An example of a series of snapshots, showing the
radial velocity and the density of a 3D AGB star model produced with the
CO5 BOLD code, can be seen in Fig. 4.3.
Fig. 4.3 also shows the very pronounced non-spherical morphology of the
models, another important reason for developing 3D models. An example of
the anisotropic behaviour is shown in the three upper panels, were the propagation of a shock wave on the left side of the star can be seen without any
corresponding shock moving in the opposite direction.

4.3.2 Pulsation properties of 3D models
While the 3D models will periodically produce global-scale atmospheric shock
waves, as seen in Fig. 4.3, the nature of the stellar variability is harder to deduce. From series of snapshots, such as the one seen in Fig. 4.3, it is unclear
if the stars have periodic pulsations or if the movement seen is dominated by
convective up-ﬂows and downdrafts. To investigate if each model has a welldeﬁned pulsation period, the radial motion of the gas is examined in Paper III.
By averaging the radial velocity for spherical shells in 3D snap-shots, the average radial velocity for different distances is found. This is done for a series
of snap-shots at different times and from this a radial velocity ﬁeld, describing
the radial velocity at different radii and times can be found. Such a velocity
ﬁeld can be seen in Fig. 4.4, for a model with M = 1M , L = 4982L and
T = 2610K (model st27gm06n001 from Table 1, Paper III).
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Figure 4.4. Top - The radial velocity ﬁeld, average for spherical shells at different
radial distances, for the full run time. The different colours indicate the radial velocity.
Bottom - Part of the velocity ﬁeld from left image, marked with the rectangle, with
mass-shell movement over-plotted.
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Figure 4.5. Power spectrum of the velocity ﬁeld of the star shown in the bottom panel
of Fig. 4.4.

Looking at Fig. 4.4 it is clear that the dynamics of the gas has a periodicity,
as the layers move outwards and inwards periodically. In the lower panel
of Fig. 4.4 a close-up of part of the velocity ﬁeld is shown, with the massshells plotted. This plot is analogous to the mass-shell plots for the DARWIN
models, e.g. seen in the lower panel of Fig. 3.2 and Fig. 4.2.
As seen in Fig. 4.4 there are two different regimes of dynamics. Below
around 350 R the pulsation are regular, similar to that of a standing wave. The
average stellar radius of this model is R = 345R , so this region corresponds to
the interior of the star. In the atmospheric layers the dynamics are dominated
by shock waves that propagate outwards and collide, and the velocity ﬁeld is
more irregular.
To quantify this behaviour a Fourier analysis is done on the velocity ﬁeld
seen in Fig. 4.4. The resulting power spectrum map is shown in Fig. 4.5 and
shows two interesting results. Firstly, there is clearly a dominant frequency for
the velocity ﬁeld in the stellar interior. Secondly, the outer layers above around
R = 600R no longer necessarily pulsate at the same period as the interior of
the star. This again shows that the atmosphere dynamics has different timescales from the regularly pulsating interior. To ﬁnd the stellar pulsation period,
the signal from radial distances R = 0.5 − 1R is used. In this example this
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corresponds to radial points in the range R = 173.5 − 347R . To ﬁnd the
dominant frequency, as well as the spread of the frequencies, a Gaussian is
ﬁtted to the peak of the combined power spectrum, summed over the range
R = 0.5 − 1R . Fdom is set to the maximum of the Gaussian, and from this the
period is found as
P=

1
Fdom

(4.6)

The grid of 3D models calculated in Paper III can be used to investigate the
inﬂuence of different stellar parameters on the pulsation properties. The 3D
grid was constructed to cover a similar parameter space as the grid of 1D DARWIN models in Bladh et al. (2015), with L = [5000L , 7000L , 10000L ]
and Teff = [2500K, 2600K, 2700K, 2800K] (see Fig. 1 of Paper III).

4.3.3 Comparison to observations
With the period derived, it is possible to examine the trends for different stellar
parameters as well as to compare with other work.
As has been pointed out previously (e.g. Wood, 1990; Fox & Wood, 1982),
AGB stars do not seem to follow the period-mean-density relationship, P ×
(ρ̄/ρ̄ ) = Q, where Q is usually called the pulsation constant. This is not
very suprising as the derivation of a period-mean density relationship relies on
movement being adiabatic and non-linear effects being small, both probably
not true for AGB stars. Instead these studies, using 1D pulsation models,
ﬁnd that P ∝ Rα M −β , with α ∼ 1.5 − 2 and β ∼ 0.5 − 1. While the effect
of different masses is not studied here, the period-radius relationship can be
compared to earlier 1D models (see left panel in Fig. 4.6).
In this work we ﬁnd log(P) = 1.39 × log(R) − 0.90. As seen in the top
panel of Fig. 4.6 the 3D models have a larger radius, for a speciﬁc period,
than the 1D models. The slope found, α = 1.39, is lower than the one derived from 1D pulsation models, and there are also an offsets between the
different ﬁts. It is unclear how signiﬁcant this difference is, as the radius
is not well constrained by observations. These differences could stem from
a number of reasons. The mean structures in the 3D models are not in hydrostatic equilibrium, but are affected by the convective dynamical pressure,
which could potentially expand the radius. Effects of small-scale structures,
such as convection-generated shocks, may affect the the slope in Fig. 4.6. As
mentioned before, linear pulsation models are not reliable for reproducing the
radius or the period (Ya’Ari & Tuchman, 1996; Wood, 1995).
A quantity which is better constrained by observations is the period-luminosity relationship, which has been extensively studied. A comparison between
results from the 3D models and the observed P-L relation derived by Whitelock et al. (2009) can be seen in the lower panel of Fig. 4.6. The models from
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Figure 4.6. Comparison between the 3D models, and 1D models and observations.
The squares represent the 3D models, larger size is a higher luminosity and the colour
indicate the temperature (warm is yellow, and cool is red), with the error bars showing
the spread in the frequencies around the dominant frequency. Top - The log of the
period of the models plotted against log of the resulting radius together with the found
ﬁt, and similar relationships from 1D pulsation models by Wood (1990) and Fox &
Wood (1982). Bottom - The absolute magnitude against the log of the period for the
grid models. The line is a observational period-luminosity relationship, derived by
Whitelock et al. (2009). It is ﬁtted for Mira AGB stars in the LMC, with the grey area
being the uncertainty of the observations.
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the grid follow a trend of larger absolute magnitude with larger period, which
is qualitatively similar to that of the observations. There is however a spread
in the periods at a given luminosity, due to the different effective temperatures
of the 3D models.
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5. Pulsation, morphology and the wind driving
mechanism

Both observations and 3D interior models suggest that AGB stars have nonspherical morphology. While there are no 3D wind models (yet), attempts
to evaluate the effects of a non-spherical star on the stellar wind are outlined
in this chapter. The atmospheric dynamics of the 3D CO5 BOLD models is
compared to that of the 1D DARWIN models. Further, pulsation properties
are derived from the interior 3D models and used as a more consistent inner
boundary condition in the DARWIN wind models.

5.1 Anisotropic morphology and stellar wind
From high-angular observations it has become increasingly obvious that AGB
stars are not only highly variable, but they also have a complex non-spherical
morphology. Near-IR interferometric imaging of the surface layers shows
variable bright spots, and inhomogeneous distributions of molecules (Haubois
et al., 2015; Kamiński et al., 2016; Wittkowski et al., 2017), which indicates
the presence of giant convection cells. As mentioned by Kamiński et al.
(2016), such inhomogeneous distribution of molecules should inﬂuence the
dust formation around AGB stars. At distances of 2-3R dust forms intermittently in clumpy clouds, instead of in spherical shells (Khouri et al., 2016;
Ohnaka et al., 2016, 2017).
Such non-spherical structures in both the surface layers and in the inner
atmosphere also arise in the 3D models, as described in the previous chapter
(see in Fig. 4.3). The large convection cells in the interior of the star develop
into anisotropic shock waves when the stellar surface layers expand into the
atmosphere. The impact of the non-spherical morphology on dust formation
has been investigate for 3D CO5 BOLD models by Freytag & Höfner (2008),
where the formation of amorphous carbon grains was included, but without
taking the related effects on the radiation ﬁeld or the gas dynamics into account. They found that when the shock waves reached dust condensation distances, dust forms non-spherical clouds around the star, as conﬁrmed by the
observations. Since the models did not include radiation pressure on the dust,
no wind was induced.
It is unknown how the deviation from spherical symmetry, which is a core
assumption in the DARWIN models, will affect the mass-loss rate predictions.
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Figure 5.1. Cartoon of the range covered by CO5 BOLD and DARWIN models, with
the overlap region indicated.

In Paper IV possible effects on both the atmospheric structures and on the
wind properties are investigated.
A cartoon of DARWIN and CO5 BOLD model domains can be seen in Fig.
5.1. There is a region of the innermost atmosphere, at distances of R ∼ 1 − 2R
that is covered by both the DARWIN and the CO5 BOLD models. In this lower
atmosphere region, before much dust has condensed, the pulsations and the
ballistic motions of the gas dominate the dynamics. In the DARWIN models
the behaviour at these distances is very much a consequence of the choice
of inner boundary conditions. The atmospheric dynamics of the CO5 BOLD
models, however, depend on shock waves triggered by pulsations that emerge
in the simulations. The strength, timing and velocity of the shock waves will
affect how much matter is levitated to distances where dust can condense, and
therefore how much dust forms and how effective the wind acceleration is.
This overlap region can be used to compare the two model approaches, to try
to deduce what impact the 3D effects present in the CO5 BOLD models might
have on the wind driving.
Inner boundary conditions for the DARWIN models are extracted from
CO5 BOLD models, to try to emulate the effects of giant convection cells and
pulsation. The variation at the inner boundary is derived from independent
modelling of the pulsations, in contrast to the parameterised standard boundary condition described in Sect. 3.2.3. The mass-loss rates and wind velocities
of models with such inner boundary conditions can then be compared to the
standard models, to investigate possible systematic effects.
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Figure 5.2. A snapshot of the cross-section of a CO5 BOLD model (top) and a DARWIN model (bottom), with the colour indicating the radial velocity. The black circles
are situated at R = 1.1R and R = 1.9R , and the crosses trace the shock waves of
the models. The snapshots have been chosen so that the shock wave has propagated a
similar distance into the atmosphere. Beyond ∼ 1.9R the DARWIN model shows the
onset of a wind (positive velocities), in contrast to the windless CO5 BOLD model.
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5.2 Morphology of the lower atmosphere
Figure 5.2 shows a snapshot of the radial velocity for a cross-section of a
DARWIN model and a CO5 BOLD model (both have stellar parameters L ∼
7000L , Teff ∼ 2700K and M ∼ 1M ). The black rings are situated at distances
of R = 1.1R and R = 1.9R , the blue regions indicate gas moving outwards
and the red regions indicate in-falling gas. The shock front is marked by a
sharp velocity inversion, outlined by the black crosses.
There are some clear similarities between the two models; the resulting
shock waves cover a large portion of the surface of the star and the velocity
amplitudes are comparable (5-10 kms−1 ). In the 1D models the shock wave
global scale coverage is due to the assumption of spherical symmetry, while
the 3D models indicate that this might be an inherent feature of the radial
pulsations in AGB stars.
The velocities of the shocks in the inner atmosphere of Mira AGB stars are
well known from observations. The passing shock waves result in large velocity differences in the gas, which in turn are imprinted as Doppler shifts on
the spectral lines formed in this region (see e.g. Hinkle et al., 1982; Scholz
& Wood, 2000; Nowotny et al., 2010). In the DARWIN models, the gas velocities in the inner atmosphere depend on the amplitude of the radial inner
boundary Rin . This inner boundary condition is calibrated to replicate correct
shock velocities. In the CO5 BOLD models the shock waves and gas velocities
are results of the simulations, without any such calibration.
In contrast to the 1D models, the shock fronts in the 3D models display
non-spherical structures, as indicated by the black crosses in Fig. 5.2. Due to
the inherent anisotropy the maximum velocities in the shock front, indicated
by the crosses in Fig. 5.2, depend on direction (see left panel of Fig. 3 in Paper
IV). The DARWIN models try to emulate the mean of this, but the velocity of
the gas in the shock wave can locally be higher the than the mean. This could
have consequences for modelling less evolved AGB stars. Combinations of
stellar parameters that do not lead to a wind with the current DARWIN models
might in reality locally create pockets of dust that result in a weak and possibly
intermittent dust-driven wind. This is, however, still speculative, and both
CO5 BOLD models and DARWIN models in this parameter space are needed
to investigate this.
The anisotropy present in the 3D models also means that while the shock
waves are of global scale they do not cover the full surface, which is clearly
seen in Fig. 4.3. On average the shock waves cover around 70% of the surface
of the 3D models. If 1D wind models are constructed from 3D input this could
be of importance as the mass-loss rates derived could be overestimated.
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Figure 5.3. Top - The time variation of the luminosity, over 5 periods, for two different
DARWIN models (grey) and a CO5 BOLD model, either in the x-direction (green) or
averaged over all directions (orange). The zero-point of phase is picked at maximum
luminosity for all cases. Bottom - The radial variation of the inner boundary condition
of the DARWIN models (grey) and a mass-shell at the corresponding radial distance
for the CO5 BOLD model.
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5.3 Time variation
In addition to the inherent non-spherical morphology of the lower atmosphere,
demonstrated by the 3D models, there are cycle-to-cycle variation present in
the CO5 BOLD models. In the top panel of Fig. 5.3 the luminosity variations
and the radial variations for different cases are shown over 5 periods. The
models used are the same as in the previous section, with stellar parameters
L ∼ 7000L , Teff ∼ 2700K and M ∼ 1M . The DARWIN models have two
different velocity amplitudes at the inner boundary, Δu p = 2 kms−1 or Δu p = 4
kms−1 in Eq. 3.6 and Eq. 3.7 in Sect. 3.2.3 (labeled sin u2 BC and sin u4 BC).
For the CO5 BOLD model the luminosity variations in the x-direction (green),
and averaged over all sides of the box (orange) are shown.
As seen in the upper panel of Fig. 5.3, all luminosity variations have a
clear periodicity, with similar amplitudes. The amplitudes of the CO5 BOLD
light curves do however vary from cycle to cycle, indicating a more sporadic
behaviour when compared to the very regular DARWIN models. The change
in amplitude can be very large, as seen for the CO5 BOLD luminosity variation
in x-direction. At time 1 the amplitude is almost equal to the u4 DARWIN
model, however for the next cycle it has decreased by almost 50%.
The bottom panel of Fig. 5.3 shows the radial position of the inner boundary
for the two DARWIN models, and the mass shell for the CO5 BOLD model (as
seen in the lower panel of Fig. 4.4) at the corresponding radial distance, for the
same time interval as the luminosity variations. Again clear periodicity is seen,
however with cycle-to-cycle variations in the amplitude for the CO5 BOLD
mass shell.
Further, the DARWIN models (grey lines) have maximum luminosity and
maximum expansion occurring at the same time, a consequence of the chosen
boundary condition. The maximum mean expansion of the CO5 BOLD model
(orange) however does not occur at maximum luminosity. Instead it consistently occurs after maximum mean luminosity, corresponding to a phase shift
analogous to what is described in Sect. 4.1.1, and investigated in Paper I and
II. When investigating the 3D models in the grid from Paper III, we ﬁnd that
the maximum expansion of the radius occurs around 0.1-0.3 periods after the
luminosity maximum. This is consistent with the phase shift needed to reproduce RV curves, described in Sect. 4.1.3 and in Paper II.

5.4 DARWIN models with boundary conditions from
CO5 BOLD
By using the light curves from the CO5 BOLD models combined with derived
radial motions, the impact of the non-spherical structures and irregular behaviour on the wind properties can be studied. Two different schemes are
used to derive boundary conditions; one where the mean motion is used (in58

Figure 5.4. Overview of the star (in light red) and the two different methods to derive time-dependent radial velocities and luminosities from the CO5 BOLD models, by
either considering the mean quantities (orange) or only the x-direction (green).

dicated by orange in Fig. 5.3 and Fig. 5.4) and one where the motion in only
the x-direction is considered (indicated by green in Fig. 5.3 and Fig. 5.4). The
mean boundary condition derived from CO5 BOLD should reﬂect the average
movement of the gas, while considering only one direction should mirror a
more local behaviour. In Paper IV all models in the grid from Paper III are
investigated, and compared to standard DARWIN models with either Δu p = 2
kms−1 or Δu p = 4 kms−1 (u2 or u4 models). Here the results from models
with L ∼ 7000L , Teff ∼ 2700K and M ∼ 1M (model l70t27), same stellar
parameters as used the previous sections of this chapter, are presented as an
example of the typical behaviour.

5.4.1 Evolution of the wind properties
When the time-averaged wind properties of DARWIN models with CO5 BOLD
input are compared with standard DARWIN models, no strong systematic
trends are found. Rather, the standard u2 DARWIN models reproduces massloss rates of the DARWIN models with CO5 BOLD input with within a factor 2
(see Fig. and 11, 12 and 13 in Paper III). The wind velocity and mass-loss rate
for model l70t27 with different boundary conditions can be seen in Fig. 5.5.
The averaged mass-loss rates and wind velocities, represented by the dots, are
shown for three different inner boundary conditions (standard u2 BC in grey,
mean CO5 BOLD BC in orange and x-direction CO5 BOLD BC in green). The
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Figure 5.5. Mass-loss rate plotted against the wind velocity, for model l70t28 with
three different boundary conditions: grey for the standard u2 boundary condition,
orange for CO5 BOLD mean and green for CO5 BOLD in the x-direction. The dots
represent the time averaged quantities, while the lines show the time evolution of the
different models.

models with boundary conditions derived from the CO5 BOLD models have
both similar mass-loss rates and wind velocities to the standard u2 case.
There is however a large difference when looking at the time evolution
of the wind properties, which is represented by the lines for the different
cases in Fig. 5.5. The standards u2 model and the CO5 BOLD-derived mean
model change relatively little with time, indicating a steady wind. However
CO5 BOLD-derived model considering the x-direction has drastic variations
in both wind velocity and mass-loss rates over the simulation period. The
anisotropy of the stellar interior and the atmosphere, which is most evident in
the local CO5 BOLD-derived model, is imprinted on the outgoing wind. It is
possible that these differences are large enough to create observable structures
in the circumstellar envelope, however modelling with wind-wind interaction
models is needed for any decisive conclusions.
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6. Conclusion and outlook

In this thesis different methods for modelling AGB stars have been applied,
with the aim to further explore the mass-loss mechanism on the AGB. Being
able to accurately model the wind hinges on the understanding of the two main
components: the pulsation of the star and the dust growth and evaporation in
the atmosphere. These two processes originate in vastly different physical
regions. The pulsations are excited in the optically thick convective stellar
envelope (0.001-1 R , with 1 R ∼1 AU), where convection is the main energy
transport mechanism, while the dust condenses in the optically thin stellar
atmosphere (1- 10 R ), where radiative effects dominate. This is reﬂected in a
tendency of models to focus on one or the other region, i.e. on pulsation and
convection, or the wind mechanism.
In Paper I, II and V we use the 1D spherically symmetric dynamical atmosphere and wind models produced with the DARWIN code to investigate the
dynamical atmosphere and the wind-driving region. In Paper V an extensive
grid of M-type AGB star models is presented, to investigate how the wind
properties change with stellar parameters. The grid includes ∼ 4000 models,
with luminosities from L = 900L to L = 40000L and effective temperatures from 2200 to 3400K. We ﬁnd that the mass-loss rate correlates strongly
with both luminosity and the ratio L∗ /M∗ . Further, the mass-loss rates of the
models level off at higher luminosities, and consequently, at longer pulsation
periods. This indicates that the models represent a super-wind regime at high
luminosities.
The relationship between pulsation, dust formation and the mass-loss mechanism is investigated in Paper I and II. As the DARWIN models do not include
the deeper layers where stellar pulsation is excited, the pulsation is instead described in a parameterised way, with a variable inner boundary placed just below the stellar photosphere. We experimented with the inner boundary condition to investigate the connection between the pulsations of AGB stars, which
set the scene for a stellar wind, and the stellar atmosphere, where the wind
driving occurs. It is found that moderate changes to the pulsation properties
may have signiﬁcant effects on both the mass-loss rates and wind velocities.
Comparisons with observations indicate that the maximum expansion of the
star occurs ∼ 0.2 periods after maximum luminosity, in contrast to the standard boundary condition where the two occur simultaneously.
To further investigate AGB star variability, and how the pulsation properties change with different stellar parameters, the CO5 BOLD radiation hydrodynamics code was used to produce 3D AGB star interior models, presented
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in Paper III. These models, in contrast to the DARWIN models, include the
layers where the pulsation is excited, but not the wind-driving region. The resulting models are non-spherical with self-excited pulsations, and the derived
pulsation periods are comparable to observations.
In Paper IV we combine the results from Papers I-III, and try to estimate the
effects of an anisotropic star, as predicted by the CO5 BOLD interior models,
on the dynamical properties calculated with the spherically symmetric DARWIN code. It is found that DARWIN models where we imitate the CO5 BOLD
model behaviour by deriving new inner boundary conditions, have averaged
dynamical properties similar to those of the standard DARWIN models. The
less regular behaviour of the 3D CO5 BOLD models will however also be reﬂected in the time-evolution of the wind, and might cause small-scale structures in the circumstellar envelope. Further, the gas velocities in a shock-front
in CO5 BOLD models are not uniform, depending on the direction. This might
be important for the wind-driving in less evolved AGB stars and could potentially lead to a weak dust-driven wind earlier on the AGB than predicted by
the current DARWIN models.

6.1 Outlook
While several questions have been answered there are still remaining aspects
that need to be addressed in future works. Ideally, 3D models that also include
winds accelerated by radiation-pressure on dust should be used for studying
the mass loss of AGB stars. Such models however are not available yet. The
computation time needed to calculate these models would also be several orders of magnitudes higher than for the current spherical models, making them
impractical for the construction of extensive wind model grids.
Rather, both the DARWIN code and the CO5 BOLD code will be needed
to study dynamical processes in AGB stars from ﬁrst principles. As shown
in this thesis, there is a constructive interplay between these two modelling
approaches. The parameter space of the computationally intensive 3D model
grid in Paper III was deﬁned based on the dynamical properties of the DARWIN models in Bladh et al. (2015). Further, the methods developed in this
work, i.e. deriving pulsation properties from the CO5BOLD models, can be
used to mimic the effects of the pulsations and giant convection cells, and to
avoid free parameters in DARWIN models. The development of both codes is
thus of great importance for the continued theoretical exploration of the massloss mechanism, the wind properties, the variability and morphology of AGB
stars.
There are several future projects planned for both the DARWIN models and
for the CO5 BOLD models:
• The grid from Paper V can be used for further investigating different
properties of the M-models. With the grid it will be possible to de62

rive mass-loss descriptions, which can be used in e.g. evolution models.
Photometry for a wide range of stellar parameters of M-models can be
calculated.
• Development of other DARWIN models are also on the way. An extensive grid of C-models, similar to that in Paper V is currently being
constructed. We are also trying to model more extreme AGB stars (so
called OH-IR star) with the DARWIN code, to study their mass-loss
rates.
• The current parameter space of the CO5 BOLD models should be expanded to include more masses and luminosities. Such models would
have a wide range of uses, both for examining how convection, pulsations and small-scale structures develop with different stellar parameters
and to derive independent inner boundary conditions for DARWIN models.
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7. Contribution to the included papers

Paper I
Liljegren, S., Höfner, S., Nowotny, W. & Eriksson, K., (2016)
Dust-driven winds of AGB stars: The critical interplay of atmospheric shocks
and luminosity variations
Astronomy & Astrophysics, 589, A130
The project was developed in collaboration with Susanne Höfner, who also
implemented the new boundary conditions in the DARWIN code. I ran all the
dynamical models in the paper, and did the analysis of the result. The synthetic
spectroscopy of the models was performed by Walter Nowotony and by Kjell
Eriksson. I wrote the most of the article, with input from the co-authors.

Paper II
Liljegren, S., Höfner, S., Eriksson, K. & Nowotny, W., (2017)
Pulsation-induced atmospheric dynamics in M-type AGB stars. Effects on
wind properties, photometric variations and near-IR CO line proﬁles
Astronomy & Astrophysics, 606, A6
This article builds on the ﬁndings of Paper I, and the scope was deﬁned in
collaboration with Susanne Höfner. I developed the combination of boundary
conditions tested, built a pipe-line to handle the results and the tools to perform
the analysis. I performed both the synthetic spectroscopy and the synthetic
photometry of the models, with help by Kjell Eriksson, and did the comparison
between the model results and the observations. The article was written by me,
with input from the co-authors.

Paper III
Freytag, B., Liljegren, S. & Höfner, S., (2017)
Global 3D radiation-hydrodynamics models of AGB stars. Effects of convection and radial pulsations on atmospheric structures
Astronomy & Astrophysics, 600, A137
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This project was a continuation of the work done in Freytag & Höfner (2008),
with models developed by Bernd Freytag and Susanne Höfner. Bernd Freytag
developed and ran the 3D models included. The pulsation analysis was developed and performed by me. I wrote parts of the article that described the
pulsation analysis and the results.

Paper IV
Liljegren, S., Höfner, S. Freytag, B. & Bladh, S., (2018)
Atmospheres and wind properties of non-spherical AGB stars
Submitted to Astronomy & Astrophysics
I developed this project, building on the ﬁndings from Paper I, Paper II and
Paper III, with input from Bernd Freytag and Susanne Höfner. The 3D models
were calculated by Bernd Freytag, and the 1D models were based on starting
models of Sara Bladh. I did the analysis of the inner atmosphere, and derived
new inner boundary conditions for the DARWIN models. I then calculated
both the standard 1D models and the DARWIN models with 3D input, and
performed the analysis of the result. I wrote the article, with input from the
co-authors.

Paper V
Bladh, S., Liljegren, S., Höfner, S., Aringer, B. & Marigo, P., (2018)
An extensive grid of DARWIN models for M-type AGB stars I. Mass loss and
the properties of wind and dust
To be submitted to Astronomy & Astrophysics
This project was developed by Sara Bladh and Susanne Höfner. The starting
models were constructed by Sara Bladh, and the grid of dynamical models was
calculated by Sara Bladh and I. I developed the pipe-line to process the results
from the model run, the plotting routines and wrote the modelling part of the
article.
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8. Svensk sammanfattning

8.1 Svala, röda jättar
Stjärnor som en gång var lika vår sol kommer i slutet av sina liv att utvecklas till en sorts röda jättar som kallas AGB-stjärnor (från engelska asymptotic
giant branch). Då har stjärnorna svällt hundra gånger i storlek och ökat ﬂera
tusen gånger i luminositet. Ingen fusion pågår längre i stjärnans centrum, som
nu består av kol och syre. Helium och väte förbränns istället i tunna koncentriska skal kring kärnan. Medan en stor del av stjärnans massa är koncentrerad
till kärnan, består en majoritet av stjärnans volym av gigantiska konvektionsceller, vilket leder till en icke-sfärisk form.
AGB-stjärnor är så kallade långperiodiska variabler, med pulsationsperioder
på typiskt 100-1000 dagar. Under en pulsationscykel expanderar och kontrakterar stjärnans radie, medan luminositeten ökar och minskar.
AGB-stjärnor har en långsam stjärnvind (2-20 kms−1 ) som leder till en mycket kraftig massförlust (10−8 to 10−5 M yr−1 ), vilket leder till att stjärnor kan
förlora upp mot 80% av sin massa under denna fas. Massförlusten får stora
konsekvenser: vinden avslutar effektivt stjärnans liv då en stor del av stjärnhöljet vräks bort. Samtidigt sprids nybildat material från stjärnans fusionsprocesser till det runtomkring liggande interstellära mediet (ISM). Att förstå
de fysikaliska processer som pågår under AGB-fasen, även om denna bara
varar en mycket kort del av stjärnans livslängd, är av stor vikt för vår förståelse
för både stjärnors utveckling samt för galaxernas kemiska kretslopp.

8.2 Pulsation och stoft-drivna stjärnvindar
AGB-stjärnors massförlust tros bero på en tvåstegsprocess. Först bildas chockvågor i stjärnans atmosfär på grund av de pulserande ytlagren. Komprimerat
material slungas ut från stjärnan upp i atmosfären, där temperaturerna är betydligt lägre. Omständigheterna för att skapa stoft, det vill säga hög densitet och
låg temperatur, uppfylls således. I det andra steget interagerar de nybildade
stoftkornen med stjärnans strålningsfält och accelereras utåt. Genom kollisioner överförs sedan rörelsemängd även till gasen, vilket startar ett utﬂöde.
AGB-stjärnor delas ofta in i tre olika kategorier, beroende på vilken kemisk
sammansättning deras atmosfärer har: syrerik (typ M), ungefär lika delar syre
och kol (typ S) och kolrik (typ C). Vilken sorts stoft som kan bildas i atmosfären beror på vilken kemi som dominerar. I kolrika stjärnor (typ C) bildas
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kolstoft, som accelereras utåt genom att absorbera ljus. Om där är mer syre
än kol i atmosfären (typ M) bildas istället silikatstoft. Silikater är genomskinliga och absorberar till skillnad från kolstoft mycket litet ljus. Denna sortens
stoft kan däremot växa sig relativt stora, med radier i μm-storlek, vilket är
samma storleksordning som stjärnans ﬂuxmaximums-våglängd. Stoft kan då
accelereras utåt genom att effektivt sprida stjärnans ljus.

8.3 Modeller av AGB-stjärnor
I denna avhandling undersöker jag olika sätt att modellera AGB-stjärnor. De
två olika processer som är grundläggande för att beskriva stjärnvinden är dels
pulsationerna, som inducerar chockvågorna i atmosfären, dels stoftbildningen.
Pulsationerna härrör från stjärnornas inre regioner som domineras av konvektion som energitransports-mekanism. Stoftet skapas och accelereras däremot i
stjärnatmosfären, som är optiskt tunn och domineras av energitransport genom
strålning. Modeller har en tendens att fokusera på en av dessa regioner, det vill
säga antingen beskriva pulsationerna och konvektionen, eller att beskriva atmosfären och den stoftdrivna vinden.
I detta arbete beskrivs stjärnatmosfären med DARWIN, en 1D dynamisk
atmosfär och vind kod. En stor grid av DARWIN-modeller utforskas i Paper
V. Det visar sig att stjärnors massförluster korrelerar starkt med luminositet.
Modellerna utvecklar också en "supervind" vid pulsationsperioder över 1000
dagar, vilket stämmer överens med observationer.
Eftersom DARWIN inte inkluderar de djupare lagren i stjärnan, som pulsationerna kommer ifrån, är effekterna av pulsation beskrivna med en pistong
vid den inre randen av modellerna. I Paper I och Paper II undersöker vi hur
antaganden man gör angående pistongen inﬂuerar vindprocessen. Det visade
sig att måttfulla förändringar på formen av pistongens tidsvariation hade signiﬁkanta effekter på både vindhastigheterna och på massförlusterna.
För att komma ifrån den parameteriserade beskrivningen av pulsationen utformades 3D modeller, som inkluderar stjärnors inre, med CO5 BOLD-koden
i Paper III. CO5 BOLD använder de hydrodynamiska ekvationerna kombinerat
med strålningstransport för att beskriva hela stjärnan i simuleringar. Dessa
modeller utvecklar pulsationer av sig själva, utan några antaganden liknande
de i DARWIN-modellerna. Genom CO5 BOLD-modellerna kan vi då får oberoende uppskattningar av både pulsationsperioden samt av pulsationsamplituder.
I Paper IV kombineras resultaten från Paper III med DARWIN-modeller.
DARWIN-modeller som använder pulsationsperioden samt pulsationsamplituder från CO5 BOLD-modeller har liknande dynamiska egenskaper som standard DARWIN-modeller. Det mer slumpmässiga beteendet som uppvisas i
CO5 BOLD-modellerna ger däremot avtryck på den resulterande vinden, med
variationer i vinddensiteten över tid. Detta kan visa sig som småskaliga strukturer i vindhöljet kring stjärnan.
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Framtida planer är att både fortsätta att undersöka sambandet mellan pulsation och vinddrivning. Vidare ﬁnns det planer för att utveckla 3D vindmodeller
med CO5 BOLD, samt att fortsätta arbetet med DARWIN-griden.
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