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Abstract

In this thesis | discuss the dust chemistry and growth in the circumstellar pege(€SES)
of Thermally Pulsing Asymptotic Giant Branch (TP-AGB) stars computed withCBidBRI
code at diferent initial metallicitiesZ = 0.001, 0.008 0.02, 0.04, 0.06) and stellar masses.

| adopt a formalism of dust growth coupled with a stationary wind for bothrid €-
stars CSEs. In the original version of this formalism, the mdistient destruction process
of silicate dust in M-giants is chemisputtering by kholecules. For these stars | find that
dust grains can only form at relatively large radial distances 6R.), where they cannot be
efficiently accelerated, in agreement with other investigations.

In the light of recent laboratory results, | also consider the alternatige that the con-
densation temperature of silicates is determined only by the competition betwaeth gnd
free evaporation processes (i.e. no chemisputtering). With this latter agpioobtain dust
condensation temperatures that are significantly higher (Tigst@a ~1400 K) than those found
when chemisputtering is included{ng ~900 K), and in better agreement with condensation
experiments. As a consequence, silicate grains remain stable closer tdldrepsigtosphere
(r ~ 2R.), where they rapidly grow and ard¢heiently accelerated. With this modification, the
models nicely reproduce the observed trend between terminal velocitienassdloss rates of
Galactic M-giants.

For C-stars the formalism is based on the homogeneous growth schenetivb&ey role
is played by the carbon over oxygen excess. The models reprodigevfall the terminal
velocities of Galactic stars and there is no need to invoke changes in tharst@sdumptions.
At decreasing metallicity the carbon excess becomes more pronounceleadticiency of
dust formation increases. This trend could be in tension with recent\@igsral evidence in
favour of a decreasindigciency, at decreasing metallicity. If confirmed by more observational
data, it would indicate that either the amount of the carbon excess, detdrivyre com-
plex interplay between mass loss, third dredge-up and hot bottom buorittge dust growth
scheme should be revised.

This comparison also shows that the properties of TP-AGB CSEs are impdiéggnostic
tools that may be profitably added to the traditional calibrators for settingdudbnstraints
on this complex phase of stellar evolution.

| first compute the dust ejecta integrated along the all TP-AGB phase absalaub-solar
metallicities £ = 0.001, 0.008 0.02) comparing the results obtained with the two formalisms
(with and without chemisputtering) and with other results in the literature. | fiat] i spite of
the diferences in the expected dust stratification, for a given set of TP-AGR:®ahe ejecta
are only weakly sensitive to the specific assumption. On the other handeshksrhighly
depend on the adopted TP-AGB models.

| thus extend this formalism to the case of super-solar metallicity stars comgjdée
preferred scheme for dust growth: for M-stars, | neglect chemisprgtéy H, molecules and,
for C-stars, | assume the homogeneous growth scheme.



At super-solar metallicity, dust forms moréieiently than in the solar and sub-solar cases
and silicates tend to form at significantly inner radii, and thus at higher teahpes and den-
sities, than at solar and sub-solar metallicity values.

In such conditions, the hypothesis of thermal decoupling between gagustdecomes
qguestionable and dust heating due to collisions become important. This heathgmisen
delays dust condensation to slightly outer regions in the circumstellar emvelop

By calculating the dust ejecta at super-solar metallicities | find that the mairpchdiicts
metallicities are silicates.

| finally present the total dust-to-gas ejecta fofelient values of the stellar initial masses
and for all the metallicity values considered:= 0.001, 0.008 0.02, 0.04, 0.06, finding that
the total dust-to-gas ejecta of intermediate-mass stars are much less demanithe metallic-
ity than what is usually assumed.
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Chapter 1

Introduction

1.1 The general framework

During the Thermally Pulsing Asymptotic Giant Branch (TP-AGB) phasesstath initial
masses in the range® < M, < 6 — 8 M lose their envelopes at typical rates between
108 M yr~! and few 10° Mg, yr~1, polluting the Interstellar Medium (ISM) with metals,
partially condensed into dust.

The term “dust” refers to small particles with size (radius) of the order.bfudn with
different chemical composition according to the initial abundances in the atrmespihine
star (Sargent et al., 2010; Norris et al., 2012). In this respect, TB-Atars are classified
on the basis of their surface/@ number ratio in two main classes. [f@< 1 the star is
classified as M-star while, if ©> 1, the star is classified as “Carbon-star” (C-star). In M-
stars (GO < 1) the main dust species are amorphous silicates, as well as forsterSil4y
and enstatite (MgSi¢), quartz (SiQ) and corundum (AIO3) (Tielens et al., 1998; Ossenkopf
etal., 1992). Amorphous silicates are particularly abundant and aiig@rs indicate that their
grains are Mg-rich with an Fe-content €f10%. On the other hand, in C-stars/GC> 1) the
dust produced is predominantly amorphous carbon and silicon carbi@g (Groenewegen
etal., 1998).

As it will be extensively explained in the following sections, th#Catio depends on
the physical processes experienced by the star during its evolution aradugsat the stellar
surface depends on the initial mass and composition.

Direct estimates of the amount of dust and its mineralogy are provided by madfaa-
infrared (MIR, FIR) observations of TP-AGB stars, both in our galard in the nearby ones
(Knapp, 1985; Matsuura et al., 2009, 2012).

Comparing the dust mass-loss rates derived from FIR observations wittahmass-loss
rates obtained from CO observations of Galactic TP-AGB stars, Kn&@@bjhave found typi-
cal dust-to-gas ratios 66 x 10~2 for oxygen-rich (M-stars), mainly in the form of amorphous
silicates, and-102 for carbon-rich (C-stars), mainly as amorphous carbon. In parti¢oéyr
have estimated that, at solar metallicity, a large fraction of the silicon shouletosadnto dust
in the circumstellar envelopes (CSESs) of these stars.

TP-AGB stars have soon been recognized as the main stellar dust predcempared to
other sources like Supernovae (SNe), Red Supergiant and Wo#tR&ys (Gehrz, 1989). This
picture becomes more complex considering that, once dust is injected intavhé iSsubject
to many processes that can significantly alter its abundance and compd3itime, 2003).

Moving beyond the Galactic context, it is now well established that the stekahds a far-
reaching relevance, being a critical element in the interpretation of eXicgaobservations
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1.1 The general framework

up to the far Universe. The study of the Spectral Energy DistributiorD}S# galaxies and
quasars at high redshifts shows that even very young objects pdaggsdust reservoirs (Lilly
et al., 1999; Eales et al., 2000; Bertoldi et al., 2003; Robson et al.,; B¥¥en et al., 2006;
Dwek & Cherchné, 2011). On the theoretical side, manffogts have been made in order
to model dust evolution in local galaxies (Dwek, 1998; Calura et al., 2088kdvska et al.,
2008; Piovan et al., 2011a,b), and to explain the presence of large snufutust at early
epochs, when the dust and chemical enrichment time-scale was onlyiarfraica Gyr (Dwek
et al., 2007; Valiante et al., 2009; Mattsson, 2011; Valiante et al., 201 &kBAvCherchn6,
2011; Gall et al., 2011; Pipino et al., 2011; Pipino & Matteucci, 2011; Mmhkski et al.,
2010,b; Yamasawa et al., 2011). Several authors suggest that aeligitifts the major dust
contributors should be SNe because of their short lifetimes with respecbse thf TP-AGB
stars (Maiolino et al., 2004; Marchenko, 2006). However, SNe play atsimportant role in
dust destruction since they produce shocks and high energy parsiclést their contribution
is still controversial (Todini & Ferrara, 2001; Nozawa et al., 2003g&wman et al., 2006). In
fact, recent studies have concluded that the observed dust at ¢uséefts should be ascribed
to the ejecta of TP-AGB stars more massive than 3 Mith SNe confined to a secondary
contribution (Dwek et al., 2007; Valiante et al., 2009; Dwek & Cherd¢hr2011). In this
framework, it is therefore crucial to know how stellar dust ejecta, andantiqular those of
intermediate-mass stars, depend on metallicity since, at least in the earlys miagaaxy
evolution, the environmental conditions were rathefadent from those of the present local
Universe. Once the dust is injected in the ISM it can subsequently evoti/dwst accretion in
the ISM can also be relevant (Draine, 2009).

Another important fect of dusty CSEs is that theyfact the MIR colours of TP-AGB stars
and thus the interpretation of their colour-magnitude diagrams. This is particutgortant
for the calibration of the uncertain parameters that are commonly used in stedhution
calculations, such as théieiency of mass-loss. It is now well established that the MIR colours
of TP-AGB stars critically depend on the mass-loss rates and, while steltdorastes in MIR
bands have already been obtained (Bressan et al., 1998; Marigo24G8), these studies do
not rely on direct calculations of dust properties in the CSEs. The aimsobrk is to predict
all the basic quantities needed for stellar population studies in the MIR, i.¢ efhesa, dust-
to-gas ratio, composition, and outflow velocity, as a function of stellar paeas)dor the sets
of TP-AGB presented by our group (Marigo et al., 2013).

Detailed modeling of dust formation within CSEs of TP-AGB stars has alreaely barried
out by several authors. The most advanced models describe the camtplaction between
radiation and dust grains by means of full hydrodynamical computatiangliong radiative
transfer with pulsations-induced shocks (Bowen & Willson, 1991; Fleisehal., 1991; Lod-
ders & Fegley, 1999; Cherchfie2000; Winters et al., 2000; Elitzur & Ivezi 2001; Jeong
et al., 2003; Hfner et al., 2003; Efner, 2008b). These models require a significant compu-
tational d@fort and are not yet applicable to the analysis of large data sets. A simpleyaah
is that of describing the dust growth in an expanding envelope, undatadtienary-wind ap-
proximation, as done by Ferrarotti & Gail (2006)(hereafter FG06)@aill & Sedimayr (1999)
(GS99). The latter approach is not as fully self-consistent as the faomersince, for ex-
ample, it cannot predict the mass-loss rate as a function of stellar paramétewever, at
the present time this simplified method is the only feasible way to couple dust fomveitio
stellar evolution calculations that, especially for the TP-AGB phase, involareya number of
models. Moreover, this method can be useful for testing fieets of some critical assumptions
discussed later.

As a matter of fact, there are still several uncertainties tfacathe theory of dust for-
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Figure 1.1: Evolutionary tracks for stars witd = 0.001 and initial massedl, = 1, 1.5, 2,

3, 4, 5 My. The tracks are computed by meansPaRSEC code up to the TP-AGB phase, and
by means ofCOLIBRI until the entire envelope of the star is lost by stellar win@ise thermal
pulses developed whery@< 1 are plotted with blue lines. On the other hand, the thermal
pulses plotted in red correspond tgaC> 1. The He-burning phase of low-mass stars is plotted
in green color.

mation. In particular the dust condensation temperature of silicates obtagmedie original
and widely used models by GS99 and FGUg,ng < 1000 K, is significantly lower than the
one measured in more recent laboratory experimditsg ~ 1350 K (Nagahara et al., 2009)
which depends, moreover, on the gas pressure. This fii@gt @ignificantly the results of the
dust formation models.

In this work | will opt for the more agile approach of FG06 because the\GB-tracks by
Marigo et al. (2013) span a wide range of masses and metallicities and demgdrthousands
of models. The flexibility of this method also allows a thorough investigation of ffects
of changing some of the basic assumptions of the dust formation schembyu§&D6. In
particular, 1 will compare my predictions with the expansion velocities obsenvesalactic
TP-AGB stars outflows, and analyze the impact of th&edent assumptions on the resulting
dust ejecta.

1.2 Stellar evolution

1.2.1 Stellar evolution overview

In this section | briefly summarize the main properties of low- and intermediate-siass,
from the beginning of the hydrogen-burning phases to the end of thaG@®phase, which
can be considered as the end of their nuclear life.

Examples of stellar evolutionary tracks of low- and intermediate-mass s&hawn in
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Figs. 1.1, 1.2 and 1.3, for filerent choices of the initial metallicitg = 0.001, Q008 and 02
adopting solar-scaled chemical composition and the He over Z enrichmeivt a®.2485+
1.78Z, derived inPARSEC. The evolutionary tracks are computed by meanBAKSEC code,
from the pre-main sequence phase (not shown in figures) up to theGB’phase. The TP-
AGB phase is instead followed by means of @@.IBRI code until the entire envelope is lost
by stellar winds. The characteristic quantities at the first thermal pulsenedttomPARSEC,
are fed as initial conditions intOOLIBRI.

The main characteristics of these two codes will be outlined in Sections 1.2228d

If I exclude the low temperature (and generally less energetically importeadtjions that
happen during the pre-main sequence (PMS) phase, the nuclear lifstaf Begins when
hydrogen is stably converted into helium, in its core. This phase is the loagesh the star
life, lasting until the hydrogen fuel in the core is completely exhausted.

Stars with initial masseM. < 1 Mg burn hydrogen through the P-P cycle, in a radiative
core, as depicted in Fig. 1.4. Hydrogen is not burnt homogeneously iithinore, because
the thermonuclear reactions are mofagent in the central regions, where the temperature is
higher. In these conditions, hydrogen diminishes more rapidly in the cqrdrtd leaving a
composition profile toward the more external regions. during this phasethesmoothly con-
tracts and the star moves towards higher luminosities #iedteze temperatures, maintaining
almost the same radius (Figs. 1.1, 1.2 and 1.3).

On the other hand in stars more massive than aboug tHd CNO cycle is moref&cient
than the P-P one and, because of the much more concentrated nuclggrgareeration rate,
the stars develop a convective core, Fig. 1.4. The hydrogen abcmdéthin the core is kept
constant by convective mixing. In stars less massive than adout 10 M, the convective
core recedes during the evolution in such a way that they also develogeanaihchemical
profile. Actually the existence of a larger homogenous core from the biegjrof H-burning,
makes the star to evolve at decreasing temperature (Figs. 1.1, 1.2 anddwgver the struc-
ture at the end of central H-burning phase is not veffedént from that of the less massive
stars without central convection.

When central hydrogen is exhausted the thermonuclear reactions goovate the pres-
sure gradient needed in order to sustain the star against gravity. ld¢baditions the stellar
core contracts (more markedly in stars with convective cores), andrirAguproceeds in a
nearby shell, in this case always through the CNO cycle. When the stetlaicoatracts the
stars move rapidly towards higher luminosities and lowféective temperatures, approaching
the Hayashi track, where a deep convective envelope develops.

Stars with initial mass below a critical valuklyer that depends on the chemical composi-
tion and on the ficiency of the central mixing (overshoot or rotation) undergo centratiela
degeneracy, their contraction becomes very slow and, on nuclear ti@gsteey climb the so
called Red Giant Branch (RGB) as shown in Figs. 1.1, 1.2 and 1.3. These called low-
mass stars, will ignite helium in a strongly electron degenerate core, prizdthe so called
“helium-flash” that corresponds to the most luminous point of the RGB. Tih@f Myer as a
function of the metallicity and for dierent d€ficiencies of core convective mixing into the un-
derlying stable regions, arffect called convective overshoot, is shown in Fig. 1.4. The RGB
phase is characterized by the conversion of hydrogen into heliumrnogum a circumnuclear
shell. During this phase, the star moves towards higher luminosity and the fthssore pro-
gressively accretes the newly-produced helium. As the mass of the coeages, its central
temperature also rises, until it is high enough to ignite helium.

Stars more massive thdhyer, Named intermediate-mass stars, ignite central helium before
encountering the strong electron degeneracy. A noticealilereince in this case is that the
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Figure 1.4: The behaviour of a few critical masses as a function of miei3ll From bottom

to top: the minimum mass that maintains a persistent coiwegecbre during H-burningMos;

the mass above which core overshoot is taken at the maxinfiicreacy Moy; the minimum
mass for a model to ignite central helium non degeneratdjyr for both the overshoot and
the no-overshoot cases; finally, in the upper panel, thermim mass of the stars that ignite
C in a non electron degenerate cokdy,. The typical resolution in determining these mass
limits is 0.05 M, for Mp; andMyer, and 0.2 M, for M. The curves are polynomial fits to the
corresponding values. The figure is taken from Bressan €2@12).
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contraction toward central helium ignition is relatively rapid, the typical lifetirean Kelvin-
Helmholtz timescale. The star does not posses a real RGB but only a red tip.

In both cases, the convective envelope can reach previously peatesgions deep in the
star, dredging the products up to the surface. This process is knotfirsadredge-up”.

After the He-flash, the evolution of low-mass stars continues with the cemdtalm-
burning. During the RGB phase low-mass stars may experience a sighificess-loss at a
rate of about 103-10- M, yr1. As a consequence, these stars lose part of their envelopes and
their mass may be even significantly less than the initial mass (by even aboyut Phétcore
is no more degenerate and the star sits on the so called Horizontal Brapich) tf Globular
Clusters, or in a red luminous clump, typical of younger/angnore metal rich systems like
Old Open Clusters or metal rich Globular Clusters.

In Figs. 1.1, 1.2 and 1.3, the He-burning phase of low-mass stars is plotieelan color.
The He-flash is not followed in these stars. Instead the models are evoiwved Zero Age
Horizontal Branch sequence representing the initial steady He-buphiaige.

After quiescent helium ignition, intermediate-mass stars descend theiraeduntil con-
traction moves them away from the Hayashi track, where they describsotcalled “blue
loop”. By comparing Figs. 1.1, 1.2 and 1.3 it is clear that the blue loop is p&atlguvell
developed at low metallicity for stars with initial masses between 3 and.5Ad initial metal-
licity increases, the blue loop amplitude is reduced.

The burning of the helium in the core of low and intermediate-mass stars gesticC,
160 and alsd°Ne, through the @ ande-capture reactions. A core mainly made of C and O is
built up during central He-burning.

After central helium exhaustion, the evolution of both low- and intermediatssiva stars
is the same. The star begins to burn helium in a shell that surrounds thedteGard the
energy released by this process makes the envelope expand andwaollthe hydrogen shell
is switched & and the envelope becomes convective again. The star again moves lmwerd
effective temperatures and higher luminosities as shown in Figs. 1.1, 1.2 andvas@l tine
RGB phase, but never reaching it (or its prolongation in intermediate-n@s3.sThis phase
of the stellar evolution is known as “Asymptotic Giant Branch” (AGB) phase.

If the star is massive enough, the convective envelope can possibly regions in which
hydrogen has already been exhausted, dredging up previously @dé@gsed material. The
process is known as “second dredge-up”. In this first phase in wh&helium-shell provides
most of the stellar luminosity, the AGB phase is named “Early AGB” (EAGB).iDyithis
phase neutrino production increases and actually may becomes so imploatathie neutrino
luminosity may balance the gravitational energy release due to the contratticn@-O core.
Lacking this only heating engine, the temperature rise becomes much lessaigrifian the
density rise and the star enters again the region of strong electron daggnét this stage
the core contraction stops and the He-burning shell moves rapidly towardytirogen dis-
continuity. When the latter is reached, the H-shell re-ignites and the stas&ht&edouble
shell phase better known as the Thermally Pulsing AGB (TP-AGB) phasayise of periodic
thermal pulses (nuclear flashes) of the He-burning shell. At this pointitkkell produces
newly synthesized helium that accumulates above the degenerate C-O\dwe this helium
pocket reaches a critical mass of about®Bl,, for a C-O core mass of 0.8 M helium ignites
and a thermonuclear runaway occurs, producing a helium-flash. Mdsé @nergy released
by the He-flash heats up the above layers, expanding them and swit¢hthg él-shell. The
huge amount of energy suddenly released produces an intermediggeitom zone extending
from the He-burning shell up to the hydrogen-helium discontinuity, a&/sho Fig. 1.5. Con-
vection can pollute the intermediate regions with elements processed in the stelliarims
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carbon. Moreover, due to the expansion, the stellar envelope bectareglyg convective, and
the H-burning shell quenchegtoln suficiently massive intermediate-mass stars the external
convection can penetrate regions already polluted by the intermediatectionviaitiated by
the helium-flash. This process is known as “third-dredge up” and itleesithe photosphere of
the star with newly produced elements such as helium and carbon. Aftetrtng £xpansion,
the H-burning shell ignites again and a quiescent phase of H-burninigjisgged until another
pocket of helium is built up again for another helium-flash to occur. Thél&sh occurs cycli-
cally every time that the critical mass is reached. This cycle is known as “theufse”.
The amplitude of the pulse progressively increases at each cycle uatiliyamptotic regime is
reached. During the inter-pulse period, tifeéaéency of the H-shell is essentially determined
by the mass of the helium-exhausted core. Therefore, a relation betweara#is of this core
and the luminosity holds (core-mass luminosity relation, CMLR).

At each thermal pulse a new third dredge-up episode can occur emyittarstellar atmo-
sphere with the products of the nuclear burning inside the star. This sgat®nges abun-
dances of the stellar atmosphere at each episode. In particular/@hautnber ratio may
even become greater than one and the TP-AGB stars show typical phetesgbundances of
C-stars.

The dficiency of the third-dredge up is determined by various factors. Thergketmend
is that the dredge-upfiéciency increases at decreasing metallicities and at increasing stellar
masses. During the TP-AGB phase, tfigcgency rises until it reaches a maximum value after
a certain number of thermal pulses. Below a critical envelope mass of §tBéthird dredge-
up does not occur. Both the maximuifieiency value of the third dredge-up and the number
of pulses after which this value is reached, depends on the stellar massrapdsition.

In more massive TP-AGB stars, witfl, > 4 M, another physical process can occur. At
the bottom of the convective envelope the temperature can be sohigh§ x10’ K) that
significant H-burning through the CNO cycle can occur (Renzini & Vo3i81; Boothroyd &
Sackmann, 1992). This process is known as “hot-bottom burning” (HBBe consequences
of this nuclear burning are basically two. First of all, the surface luminositygher than ex-
pected from the CMLR. In addition, the carbon that has been previoustigdd-up is partially
converted into nitrogen through the CNO cycle and the formation of C-starbe prevented.
As a consequence of a vergfieient HBB, the @O ratio may become larger than unity because
of the activation of the ON cycle that causes the destruction of oxygenauifaf nitrogen.

In Figs. 1.1, 1.2 and 1.3 the thermal pulses developed wh@nrQ are plotted with blue
lines. On the other hand, the thermal pulses plotted in red corresponds phdkes with
C/O> 1. From these figures one can see thaZ, at0.001, all the stars considered experience
many more thermal pulses as C-stars, than at higher metallicities.

This depends on fterent factors. First of all, consider that the oxygen in the stellar at-
mosphere has approximately the same partition (number or mass ratio betwesanteat
and the metallicity) at the beginning of the TP-AGB phase. As a consequthieciower the
metallicity is, the lower will be the abundance of oxygen in the atmosphere andatherc
needed to have thayO> 1. Furthermore, the third dredge-up tends to be mdieient at low
metallicity, favoring even more the production of C-stars.ZA& 0.008 and 02, stars with
masses above M, tend to develop only few pulses as C-stars.

The complex interplay between the dredge-up and HBB ffiedint initial stellar masses
and metallicity values will be discussed in Section 1.3.

As already mentioned, during the TP-AGB phase, the star increasingbyroasss. Though
the details of the mass-loss mechanism are still unknown, there is a gemieaireent on the
fact that the strong pulsations experienced by the star in this phase, |¢héajas up to a few
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Figure 1.5: Evolution of the inner layers of a TP-AGB star during and besgw two consecutive
thermal pulses. Mass boundaries and relevant quantitesndicated. Note that mass and
time coordinates are not on real scales, for graphicaltglafihe hatched areas over the later
pulse-driven convective zone (PDCZ) correspond to thestlzane stratification of the material,
containing from top to bottom: the ashes left by the H-bugrshell, the products of the previous
PDCZ and the ashes left by the He-burning shell. On the adesdise lifetime of the convective
pulserppcz and the quenching time,. The figure is taken from Marigo et al. (2013).

stellar radii, where dust is able to condense and may produce a radiaitien-aind, triggered
by the interaction between the photons coming from the stellar surface awdishearticles
(see Chapter 2).

The evolution of the star proceeds from semiregular (SR) to Mira andesiynto IR star,
with mass-loss rates increasing from 8, yr-! for Miras, to about 10* M, yr! for IR
stars (Zijlstra et al., 2009). The latter class of stars is characterizeddrgsself-obscuration
by the dust produced in the CSE. If the star is O-rich and OH maser emisdileteisted the
star is classified as QHR. The details of the computation of the mass-loss rate are explained
in Section 1.3.

1.2.2 PARSEC: stellar tracks with the PAdova and TRieste Stellar EvolutionCode

The stellar evolutionary cod®ARSEC computes the stellar tracks in a range of masses between
0.1 and 12 M, with a resolution of 0.05 M in the range of low-mass stars and of 0.2 M
for intermediate-mass stars. The evolutionary tracks follow the evolutioreaftdrs from the
pre-main sequence up to the first well developed thermal pulses of the AGB

The basic assumptions of the input physics of the stellar evolutionary cedemmarized
below.

e The solar distribution of the heavy elements.

For each element heavier th8He, a fractional abundance relative to the solar metallicity is
specified as a reference distributio {/Z,). The solar distribution is assigned for 90 chemi-
cal elements from Li to U with abundances from Grevesse & SauvaB)1®&ept for a subset
of species for which the revised abundances dfdleet al. (2011) are adopted. According to
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these abundances the present-day metallicity of the Stin+4s0.01524.

e Opacities.

The absorption properties of the matter in the gas phase are evaluatedrs/ahpee-computed
Rosseland mean opacitieg(o, T). The opacity is a function of the temperature and density,
and has been computed for combinations of temperatures and densitiesstidbe diferent
conditions of the matter in the stellar structure.

In addition to that, the opacity also depends on the gas chemical compositmfiesbly
the hydrogen and helium abundan¢éandY and by the distribution of the heavy elements.
Different programmes have been used in tifiedint temperature ranges for the computations
of the opacity tables.

At high temperatures,.2 < log(T/K) < 8.7, the opacities adopted are the ones provided
by the Opacity Project At Livermore (OPAL) (lglesias & Rogers, 199B)e computation in
this case is performed after specifying the abundances of 19 heavyrgte(@e N, O, Ne, Na,
Mg, Al, Si, P, S, Cl, Ar, K, Ca, Ti, Cr, Mn, Fe and Ni).

At low temperatures, .2 < log(T/K) < 4.1, opacities have been evaluatedAspPUsS for
any set of chemical abundances for 92 elements from H to U (Marigo &g&rir2009). The
opacity computations performed BgOPUS account for many continuum and discrete sources,
including atomic opacities, molecular absorption and collision-induced ati@orp

In the transition region of temperatures betweeh<log(T/K) < 4.2 alinear interpolation
between the opacities obtained by OPAL a&s$9PUS is adopted.

Given the distribution of the heavy elements, two distinct sets of tables aegajed: the
H-rich and H-free oneX = 0). This second set is generated to specifically describe the opaci-
ties for the He-burning regions.

e Convection.

Extended mixingacrossa convective border (overshoot) is formalized in two distinct ways,
for the convective core and the external convective shell(s), by snefathe mean free-path of
fluid elements (mixing length) which is set proportional to the local pressiaie fieightHj:

_ Pr?
- Gmyp’

where P is the pressurer the distance from the centre of the st@r,the gravitational
constantm, the mass within the radiusandp the density.

The dficiency of convection is still uncertain and the mixing length is current calitrae
the Sun.

p (1.1)

e Convective core.
In the convective core the value of the overshoot paramatgrjs chosen accordingly
to the stellar mass.

A variable overshoot parameter is adopted to describe the transition betinestars
with radiative and convective cores:

1. Acis zero below a threshold mab4os;

2. alinear increase of the overshoffi@ency with the mass is adopted betweédp;
and Moz up to a maximum valuémax = 0.5 (Bertelli et al., 1994; Girardi et al.,
2000).

3. for stars more massive thavip, the overshoot is assumed to be fullffigient
AC = Amax-

10



1 Introduction

The stellar massed¥p1 andMg> are not fixed, but are assumed to depend on the initial
chemical composition (Fig. 1.4). For the He-burning phases, the owvarghalways
fully efficient.

e Overshoot of the convective envelope
The original prescriptions for the overshodtieiency in the convective envelope by
Alongi et al. (1991) and Bressan et al. (1993) are adopted. Thewvaasumed are
Ae = 0.05 in the envelope of stars M. < Mo1 andAe = 0.7 for M, > Mop. A smooth
transition between the twdfeciencies is adopted similarly to the case of the convective
core.

The overshoot parameterac and A¢ are determined on the base of some observational
proprierties of the Hertzsprung-Russel diagram.

1.2.3 Evolution of Thermally Pulsing Asymptotic Giant Branch Sars. The COLIBRI
Code.

The TP-AGB evolutionary models are computed wi@L. IBRI code, described in Marigo et al.
(2013) to which the reader should refer for all the details. For each c@tibn of initial stellar
mass M.) and initial metallicity &), the characteristic quantities at the first thermal pulse,
obtained from thePARSEC database of full stellar models (Bressan et al., 2012), summarized
in Section 1.2.2, are fed as initial conditions it@LIBRI, that calculates the whole TP-AGB
evolution until the entire envelope is lost by stellar winds.

It is worth emphasizing that, compared to purely synthetic TP-AGB caU#s[BRI re-
laxes a significant part of their previous analytic formalism in favour déifled physics ap-
plied to a complete envelope model, in which the stellar structure equations ayatatefrom
the atmosphere down to the bottom of the H-burning shell. As a consequmibehe HBB
energetics and nucleosynthesis, as well as the basic changes in erstlagure, including
effective temperature and radius, can be followed with the same richnessadfatein full
models, and even more accurately. The initial mass of the H-exhaustet$ ¢aken from the
stellar model obtained bRARSEC and its growth is followed by evaluating the H-burning rate
of the radiative part of the H-shell.

A unique feature ofCOLIBRI, which is of particular importance for the present work, is
the firston-the-flycomputation ever with thSOPUS code (Marigo & Aringer, 2009) of: i) the
chemistry for roughly 300 atoms and 500 molecular species and ii) gas opdlciteighout the
atmosphere and the deep envelope at each time step during the TP-AGB phiagechnique
assures a consistent coupling of the envelope structure with its chemicpbsdion, that may
significantly change due to the third dredge-up and HBB processes.

In particular, withCOLIBRI it is possible to follow in detail the evolution of the surface
C/O ratio, which is known to produce a dramatic impact on molecular chemistrgitgpa
and dfective temperature every time it crosses the critical region around unityig®&002;
Marigo & Aringer, 2009). In turn, the © ratio plays a paramount role in determining the
chemical and physical properties of the dust, as will be discussed in this.the

The TP-AGB models used are based on specific prescriptions for theltkeilde-up, HBB
and mass-loss rate which are outlined below.

e The third dredge-up.

The occurrence of the third dredge-up during the TP-AGB phase ikiksitie@d as explained in
Wood & Zarro (1981); Marigo et al. (1999) and is a function of the entimass and chemical
composition of the star.

11



1.2 Stellar evolution

After the He-flash the He-shell is pushed out and it cools down to its minimumeiertype
over the flashcyclem“”. “As the thermal pulses reach the full-amplitude regime, a limiting
characteristic value of " is approached, log{("") = 6.5 — 6.7 (Boothroyd & Sackmann,
1992; Karakas et al., 2002). The exact valuer§f" is only weakly dependent on chemical
composition and core mass. At the same time at which post-flash luminosity maximum is
reached, the envelope convection extends to its maximum inward penetmatioags fraction)
and the maximum base temperatquggan. Hence, it is reasonable to assume that the third
dredge-up takes place if, at the stage of post-flash luminosity maximum, td#ion (22X >
TNm'” is satisfied. In particular, in theOLIBRI code the condition for the onset of the third
dredge-up is established to B’@;%X > Tqup, WhereTqyp is assumed to be a free parameter
(log Tqup = 6.4 for the present calculations). The rather low value of the temperatunengéer
favours an earlier occurrence of the third dredge-up episodes.

The third dredge-up is instead modeled by means of two characteristic quantitie

° Mg"i”: the minimum core mass for the occurrence of the third dredge-up;
o the dredge-upféciency described byqy:

AMdup

Adu = ,
"7 AMggpe

(1.2)

whereAMqyp is the dredged-up mass at a given thermal pulse/ividy,. is the core
mass growth over one interpulse period.

The dficiency 14, is expected to increase with stellar mads, such that TP-AGB stars
with initial massedMl. > 3 M, are predicted to reachy, ~ 1, which implies no, or very little,
core mass growth. For lower values of the metallicity an earlier onset of the drédge-up
and a larger fiiciency is favoured. This implies that low-mass carbon stars are more easily
formed as shown in Figs. 1.1, 1.2 and 1.3.

The determination of the paramet«hﬂ%‘i” andAg, is still affected by uncertainties and their
values vary considerably from author to author for the same combinatimitiaf stellar mass
and metallicity. The adopted approach in tted.IBRI code is that of takinggy, and Mg“” as
free parameters, and to calibrate them with the largest possible set oVatises.

The chemical composition of the dredged-up material (mainly in ternf$ief 12C, 160,
22Ne and?3Na) is obtained with the aid of a full nuclear network applied to a model for the
pulse-driven convection zone.

e Hot bottom burning

Both the break-down of the CMLR and the rich nucleosynthesis of HBBtfidaCNO, NeNa
and MgAl cycles) are followed in detail, solving a complete nuclear networtkpled to a
diffusive description of mixing, at each mesh throughout the convectivelare.

The occurrence of HBB is expected to produce the break-down of kieRC(Renzini &
\Voli, 1981; Bloecker & Schoenberner, 1991; Karakas et al., 200@)COLIBRI sequences
with M, > 4 M exhibit a steep luminosity increase at almost constant core makg asl.
After reaching a maximum, the luminosity starts to decline quickly from pulse to pulgk
the CMLR is recovered again. This is due to the fact that flieiency of the HBB, and there-
fore the excess in luminosity with respect to the CMLR, depends on the @evelass that
is rapidly reduced by the onset of the super-wind phase. The peceliasiaped luminosity
evolution of massive TP-AGB stars with HBB is shown in Figs. 1.6, 1.7 and 1.8.
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1 Introduction

e Mass-loss.

It has been included under the hypothesis that it is driven by two main mischs, dominating
at different stages. Initially, before radiation pressure on dust graingescthe main agent
of stellar winds, mass-loss is described with the semi-empirical relation by&esh& Cuntz
(2005), which essentially assumes that the stellar wind originates from meagoeustic waves
operating below the stellar chromosphere. The corresponding masstessare indicated
with Mpre_dust

Later on the TP-AGB the star enters the dust-driven wind regime, whichasetatewith
an approach similar to that developed by Bedijn (1988), and recentlytedioy Girardi et al.
(2010).

Assuming that the wind mechanism is the combinééa of two processes, i.e., radial
pulsation and radiation pressure on the dust grains in the outermost atmosgyers, a func-
tional form of the kindM o exp(M?R’), as a function of the current stellar mass and radius,
is adopted. This expression synthesizes the results of numerical compsitattiperiodically-
shocked atmospheres (Bedijn, 1988). The free parametarsds have been calibrated on
a sample of Galactic long-period variables with measured mass-loss ral&stjqruperiods,
stellar masses, radii, anffective temperatures. The corresponding mass-loss rates are denoted
with Mgust At any time during the TP-AGB calculations the actual mass-loss rate is taken a
the maximum betweeMpre_dustand Mayst

The sample used for the calibration of the mass-loss is composed of abOutidid Mira
stars with pulsation periods (fundamental modes) betweril00 andP ~800 days. The
stellar luminosities are derived from the period-luminosity relation. The radiiiaferred
from interferometric measures, when available, or from the Stephan+Baita relation if the
luminosity and &ective temperature are known. The stellar masses are calculated using the
relation between pulsation, mass and radius (Wood, 1990). Data of the ptatteneters are
taken from Le Bertre & Winters (1998) and the mass-loss rates are takenlfoup et al.
(1993). The results of the current calibration are preliminary and wilbdereled to C-stars
when the relation between the pulsation period, mass and radius will be v ailsd for these
objects.

The key feature of this formalism is that it predicts an exponential increbfee mass-
loss rates as the evolution proceeds along the TP-AGB, until typical\wsupkvalues, around
107° — 107* Muyr1, are eventually reached (see bottom panels of Figs. 1.6, 1.7 and 1.8).

Following the results of Marigo et al. (2013) the evolution of the surfat@ f@tio is es-
sentially governed by the competition between the third dredge-up occatrthgrmal pulses,
and HBB taking place during the quiescent interpulse periods. Of grearianze are also the
stages of onset and quenching of the two processes, that normally doincide.

The resulting picture is quite complex as transitions throuD-€1 may happen at tter-
ent stages during the TP-AGB evolution and witffelient characteristics.

1.3 TP-AGB models adopted in this thesis

Figures 1.6, 1.7 and 1.8 show the time evolution @ Eatio, dfective temperature, luminosity,
and mass-loss rate for a few TP-AGB stellar models with selected values wofitiaRbmass
M, = 1,2 3,45 Mg) and metallicity Z = 0.001, 0.008 0.02). Together with the ©
ratio the carbon excess, defined as th€edénce between the number of carbon and oxygen
atoms, normalized to that of hydrogen atoras,eo=Nc/Ny — No/Ny, is also plotted. This
guantity is even more meaningful than thgOQatio, as it defines approximately the number
of carbon atoms not locked into the CO molecule, and thus available for thfion of the
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Figure 1.6: Evolution of surface @, carbon excessc-¢o (only when positive), fective
temperature, luminosity, and mass-loss rate during thdevhB-AGB phase of a few selected
models with initial metallicityZ = 0.001, computed with th€OLIBRI code (Marigo et al.,
2013). These quantities are the key input stellar paraméderthe dust growth model. Time
is counted from the first thermal pulse. Note th&eetive temperature and luminosity are
obtained from the solution of the full set of the stellar sture equations, and not from fitting
relations as usually done in synthetic TP-AGB models. Téeds of the @O ratio and carbon
excess reflect the occurrence of the third dredge-up and HBBP+AGB stars with dierent
masses and metallicities. Particularly interesting isdase of theM, = 4 My, Z = 0.001
model, that undergoes several crossings throy@h=C1. See the text for more details.
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1.3 TP-AGB models adopted in this thesis

carbonaceous dust. From inspection of Figs. 1.6, 1.7 and 1.8 a feesespative cases of the
C/O evolution during the TP-AGB phase, that are relevant for the intefprataf the results
presented in this work, are extracted.

a) GO< 1 during the whole TP-AGB evolution. This is typical of low-mass stafs ¢
1 Mp), but the actual minimum mass for a star to become a carborMft, is expected
to depend critically on the metallicity, increasing at larger

b) CJO< 1 — C/O> 1 as a consequence of the carbon enrichment due to the third dredge-
up at thermal pulses. This explains the existence of carbon stars with ltypasses
of ~ 2 — 3M depending on metallicity and model details. In these models the rise of
the QO ratio begins at the beginning of the third dredge-up and it is not inhibited by
the HBB. Notice that, in these cases, the excess carbon becomes ladgarger at
decreasing initial metallicity. Thus at decreasing metallicity, not only the cazbon-
dance reaches the oxygen abundance more easily but also the amoiimizoy garbon
production is larger. The transition tg@> 1 may be also experienced by the brightest
mass-losing objects (e.dM.. > 5My andZ = 0.008), that become carbon rich in their
last evolutionary stages when HBB is extinguished, while a few more thirdigerep
episodes may still take place.

c) CO< 1 - C/O> 1 as a consequence of a veffi@ent HBB, mainly in quite massive
TP-AGB starsM. = 5Mg, at very low metallicitiesZ = 0.001. Diferently from the
standard channel of carbon star formation, illustrated in the former exampliis case
the QO ratio becomes larger than unity because of the activation of the ON cytle tha
causes the destruction of oxygen in favour of nitrogen.

d) ¢O> 1 — C/O< 1 may take place in relatively massive TP-AGB stars in which HBB
develops after the transition to the carbon star regime. In these cases tlogc@N
becomes ficient enough to bring the star back to the M spectral type (see the crossing
of C/O in the model of 4 M andZ = 0.001, at timettp_ace =~ 1.2x 10° yr).

e) JO< 12 C/O> 1: multiple transitions across/O = 1 may take place under particular
conditions. The sawtooth trend of th¢(@ratio around unity occurs for a significant part
of the TP-AGB evolution of theVl, = 4 My, Z = 0.001 model. This peculiar phase is
characterized by quasi-periodic transitions acro£3€ 1 from both below and above
unity, caused by the alternatingfects of the third dredge-up (O 1) and HBB (GO |),
so that two crossings may be experienced within a single thermal pulse cycle.

Various tests indicate that the present version of TP-AGB models alrdaftis\a fairly
good description of the TP-AGB phase. Compared to previously calibsstesd(Marigo &
Girardi, 2007; Marigo et al., 2008; Girardi et al., 2010) the TP-AGB nt®deeld some-
what shorter, but still comparable, TP-AGB lifetimes, and they succesgktigver various
observational constraints dealing with e.g. the Galactic initial-final mass relatpmctro-
interferometric determinations of TP-AGB stellar parameters (Klotz et al., 2@i& correla-
tions between mass-loss rates and pulsation periods, and the trendsfédthtieestemperature
with the QO ratio observed in Galactic M, S and C-stars.

As it will be discussed in this thesis, further important support comes framwedbults of
the dust growth model applied to the TP-AGB tracks, which are found tdynieproduce
other independent sets of observations, i.e. the correlation betweansiap velocities and
mass-loss rates of Galactic AGB stars (see Chapter 6).
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Chapter 2

Dust-driven wind model

Stellar winds are a phenomenon that induces mass-loss during the lifetimeaof &cr TP-
AGB stars the characteristic mass-loss rates caused by the wind carveeatiigh values, up
to 104 My, yr—1, compared with the typical present mass-loss rate of the sut2* Mg, yr.

Stellar winds can be distinguished on the basis of their driving mechanisprasstre-
driven wind” and “radiation-driven wind”. In the former case, the wiscdtaused by the dis-
sipation of mechanical energy provided by the convection zones, stelgatipn, and shock
waves in the outer regions of the stellar atmosphere. In the radiation dvineh the accelera-
tion is caused by the transfer of the radiative momentum to dust particlessonitwt massive
stars. The momentum acquired by the dust grains or ions from the photamalgtransferred
to the gas by collisions.

In particular, the wind in TP-AGB stars is generated by a combination of therech-
anisms and can be ideally divided in two phases. First, shock wavesatgmhdry pulsations
are able to lift the gas up to the dust condensation zone, then, when dustdensed, the
outflow is accelerated by the radiation-driven mechanisififelr, 2009). The first mechanism
has a crucial role, because the temperatures at the photosphereA@B Btars are typically
between 2000 and 3000 K, by far too high for the condensation of eeemdst refractory
dust species. Therefore, a mechanism able to lift the gas in regions ef temperatures is
necessary for the onset of a dust-driven wind. The schematic viewsdffdrmation and wind
acceleration in TP-AGB is shown in Fig. 2.1.

In this thesis, only the mechanism of dust-driven wind is modeled, assumira.tlsations
can levitate the gas up to a few stellar radii. Before the dust condensagjiom iis reached, |
assume that the gas moves outwards at fixed initial velocity.

In the models considered in this thesis, the input parameters of TP-AGBtieviy mod-
els necessary to determine the structure of the expanding CSE at each praeestemputed
with COLIBRI code. In particularCOLIBRI provides the ffective temperatureltg), luminos-
ity (L.), current massNl, ), mass-loss rateM{) and photospheric mass fraction of the element
I X;.

In the following, the set of dierential equations adopted to study the dust formation cou-
pled with a stationary and spherically symmetric wind is summarized. Some of tit@adt
equations needed in the computations are also described.

2.1 Wind dynamics

The initial abundance in the gas phase of a certain atomic or molecular sfggecasulated
starting from the quantity;. It is convenient to express the abundances as the number of
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2.1 Wind dynamics
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Figure 2.1: A schematic picture of dust-driven wind initiated by shocawes that lift the gas
up to the condensation radius (few stellar radii).

atoms or molecules over the number of hydrogen atem§,he number of hydrogen atoms is
calculated starting from the quanti¥ provided by theCOLIBRI code. The quantity; along
the TP-AGB track is therefore computed as

_ X X

= (2.1)

€]
wherem; andmy are the mass of the speciggnd of hydrogen, respectively. The quantity
Xj/m; is the number of the gas specigper gram. Therefore, by dividing by the tety /my
the quantity obtained is a pure number that gives the ratio between the nuertsitydf the
species) normalized by the number density of hydrogen.
Following FG06, the momentum equation of a stationary and spherically symmaetric o

flow is
dv 1dP GM.,

V— = ——— — ——
dr p dr r2
wherep is the gas densityy is the gas pressurd).. is the actual mass of the star afds
the ratio between the radiative and the gravitational accelerations:

(1-1), (2.2)

L.

I = mK, (23)

where L, is the actual stellar luminosity; is the speed of light is the gravitational
constant ana is an average quantity expressed as mean absorptidhoco@a per unit mass
[cm? g1]. The mean opacity is thus assumed to be independent of the wavelength (grey
atmophere approximation). Equation 2.2 is valid for both the dust and theogagonents
if they are coupled, which means that all the momentum that dust grainveeiteim the
radiation field is rapidly transmitted to the gas. Under this approximation, gaslastdare
treated as one-fluid component with no drift velocity between them.

Equation 2.2 has a critical point when the velocity of The sonic radius is ldgasébefore
I' becomes larger than one. At this point, the wind becomes supersonic arwhthibution of
the pressure becomes negligible. As the quaiititgpidly increases after that dust is formed,
it is possible to assume that the dust condensation radius is approximatealyt@tjue sonic
radius (Lamers & Cassinelli, 1999).
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2 Dust-driven wind model

In the following | consider the approximation introduced by Lamers & Cadisi{i®99)
that considered only the supersonic portion of the outflow in the momentuatiequin such
approximation the pressure of the gas is neglected and the momentum equation is

Vdv_ GM.
dr r2

(1-T). (2.4)

Note thatl' is a function of the stellar parameters which change along the TP-AGB phase
The outflow is more easily accelerated for high luminodity,and low stellar masseb).., for
which the gravitational pull is lower, and large valuesofThe initial velocity of the outflow
is kept constant up to the point in whi¢h> 1 and its initial value is chosen to be lower than
the speed of sound computed along the CSE.

As previously mentioned, the sonic radius approximately coincides with théipairhich
the outflow is accelerated. The speed of sound at the sonic point is lmetdgeand~2.5 km st
and thus it is safely assumed that the initial velocity of the outflow5Ssken s,

From Egs. 2.4 and 2.3 it follows that the outflow is accelerated if the opadighes a
certain critical value such that the conditibn> 1 is satisfied. This value corresponds to

4ncG M,
L.

Ker > . (2.5)

In addition to that, from Eq. 2.4 it turns out that the acceleration is higher i€dmelition
I > 1is satisfied at shorter radial distances, as it is proportionai%o

The condition for whicli” > 1 is necessary but noticient in order to produce arfient
outflow. In fact, the expansion velocity should be larger than the esedpeity at some radial
distance.

The escape velocity profile is given by

2G M,
Vesc = PR (2.6)

The proportionality between the escape velocity and the actual stellarvhagsdicates that
the dust-driven wind tends to be morffigient in the final phases of TP-AGB as the stellar
mass progressively decreases because of mass-loss.

The final fate of the outflows can always be distinguished in three cBléésdr, 2009):

1. not being accelerated at all. This happenscfarxc,, or equivalentiyl” < 1;

2. first accelerate, but then decelerate again at some radial distahthappens when
k > Ker, but the acceleration term is notffaiently high to get thaveyp > Vesc

3. being accelerated away from the star. This happens wheky andveyp > Veso

The quantityx is provided by the sum of the gas opacityss plus all the opacities of the
various dust species (see Chapter 3).

Briefly, the opacity of each dust species is computed for a given gragndsstribution in
a range of dust sizes betweeagi, andamax and averaged over the incident radiation energy
density. This last computation is performed by first considering two limiting regjintiee
optically thin one, when only a tiny amount of dust is formed, and the opticallk tme, that
holds when the bulk of dust has been produced.

In the optically thick regime the local thermodynamical equilibrium (LTE) and tfesion
approximation (DA) of the radiative transport equation are valid. Indbeth the LTE and the
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2.1 Wind dynamics

DA are met when the photon mean free path is is much shorter than the typidallascgth
(R.). In these conditions, for the grey atmosphere approximation, the freguedependent
opacity is suitable described by the Rosseland mean opagity

On the other hand, when the medium is optically thin, the photon mean free patloiggs
that the DA breaks down and the Rosseland mean opacity approximation isges l@lid. In
these conditions, the most suitable approximation is the Planck mean opacitséadiyxp; .
Both«gr; andkp; vary along the CSE.

The computation is performed for a complete condensation of the key-elefiertsl)
of the various dust species. The key-elements for the solar partitiordaboes are listed
in Table 2.1. Following FGO06, the key-element of a given dust species igalsé abundant
element among those involved in its formation:

i = min{ej-,i}, (2.7)

where | indicate withe;j; the quantities defined by Eq. 2.1 involved in the formation of the
dust species

The final opacities are proportional to the condensation fractions ofeelements into
the dust grains of the species under consideratiorfherefore, each opaciip; or kgj com-
puted for the complete condensatidhn € 1), has to be multiplied by the fractiorfectively
condensed into dust.

The condensation fraction can be written as,

4n(ad - ad)pdi

fi = N
T 3My,i €k

€s, (2.8)
whereny; is the number of atoms of the key-element present in one monomer of the dust
species; my; is the mass of the monomes; denotes the grain size (radius) aagithe initial
grain size;pqy; is the dust density of the graim;, €5 are the number densities of the key-
element, and of the initial number of dust grains (seed nuclei) normalized tuthber density
of Hydrogen, respectively.
The total Rosselandg, and Planckgp, opacities are obtained by summing the contribution
of all the dust specieg; and«p;.
The final opacity is evaluated by weighting the two contributions,

Kay = Kgas+ kp €XP(=7g) + kr(1 — exp(=7q)]. (2.9)

The quantityry is a suitable weighting factor, computed by integrating from the dust conden-
sation radius (B outwards

r
T4 = f Pradr’. (2.10)
Re

The quantitykay is finally used in Eq. 2.3 in the presented calculations.

The density profile(r) is determined by the continuity equation:

(2.11)

This quantity is directly proportional to the mass-loss rate, that can varngdlen TP-AGB

by more than three orders of magnitude (fronT8 >10° My, yr1). For a constant initial
velocity, the density profile initially decreases with the distance«(8) but, when the outflow
is accelerated, the density drops more steeply.
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2 Dust-driven wind model

A useful quantity is the number density of Hydrogen atois, hydrogen is not present
in form of single atoms at the typical temperatures of the CSEs, hovives computed as if
all the hydrogen present in the gas phase were present in this form.

Ny is directly provided by Eq. 2.11 assuming that the gas is made up by hydmogleoules
(H2) and helium atoms (He)

o
NH= —m—. 2.12
"7 (@ denemy (2.12)

The temperature structuiigr) is described by means of the approximation for a grey and
spherically symmetric extended atmosphere in radiative equilibdus B, whereJ is the
integrated mean intensity ar8l = o Tes? /7 is the integrated Planck function (Lucy, 1971,
1976)

T()* = Tea®|W(r) + gr], (2.13)

W(r) = %[1 _yJ1- (%)z] (2.14)

is the dilution factorR, is the photospheric radius, ands the optical depth that obeys the
differential equation
dr R?

=L k2,
dr P2

where

(2.15)

with the boundary condition
limr=0. (2.16)

r—oo

For each dust specieghe growth of dust grains is assumed to start from first refractory
and stable compounds, called seed nuclei, not necessary of the samieattmmposition
as the final fully-grown grains. The subsequent addition of moleculesaons on these first
aggregates is called “accretion” (see Chapter 4).

The accretion rate of dust grains is described by a specffierdntial equation which takes
into account the balance between the growth rﬁfeand the decomposition ratt}‘?eC of the
grain. The diferential equation describing the dust growth is usually expressed in téiims o
variation of the grain radius;, which is obtained from the variation of the grain volurive,

% = 4raVo; (I — 399, (2.17)

WhereJigr andJidec are the growth and decomposition rates expressed per unit time and per
unit surface, and/; is the volume of the nominal monomer of dust, obtained by the relation

Voj = a1 (2.18)

pdi
By differentiatingV; = (4/3)71313 in Eq. 2.17 one finally obtains

T

dt ~ \dt dt

The dust species assumed to form in CSEs of M- and C-stars and tesmandent abbrevia-
tions used in the text are listed in Table 2.1. For each dust spemiesdiferential equation of
the form 2.19 is integrated.

Here | briefly remind that the terrﬂ|gr is essentially evaluated by computing the minimum
between the fluxes of the incident molecules or atoms needed to form thepewestsi:

= Vo, (32" - Jde9), (2.19)

‘]S} = aiNjgVth j(Tgad. (2.20)
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2.2 Method of solution and initial conditions

wheren; 4 is the number density of the particjevin j(Tgag is the mean velocity of the par-
ticles moving towards the surface of the grain and anid the so called “sticking cdicient”
that takes into account the probability for a particle to stick on the grainsrfa

The initial abundances of the molecules and atoms in the gas phase ard tgfiag. 2.1
and they change along the CSE because they are depleted from theagaswdien dust is
formed. The actual abundances in the gas phase are indicatgd as

The corresponding number densities of the molecules and atoms in the gasphare
computed as the product betwegg andNy (given by Eq. 2.12):

This means that the number density of the spefiesffected by the variation dfly that
changes with the density profile (Eq. 2.12). In particular, the densitifestad by the velocity
and therefore by the wind dynamics (Eq. 2.11). Moreover, the densiydaisends directly on
the mass-loss rate, which changes by orders of magnitude during th&BReyolution (from
10810 10°° Mg yr1).

For olivine and pyroxene there are twdtdrential equations describing the fractional con-
tent of magnesium in grain and Xy, respectively. In the corresponding stoichiometric
formulae these two quantities are the number of sites occupied by Mg atomshevimtal
number of sites occupied by Mg plus Fe atoms.

The fractional abundanceg andxy range from 0 to 1, where 1 corresponds to the case
known as “iron-free” silicates. In all the intermediate cases the silicatasaaned “dirty”.

For the case; = 1 olivine dust species is known &msterite(fo) and pyroxene asnstatite
(en), on the other hand fo¢ = O the two species are callédyalite (fa) andferrosilite (fer),
respectively.

The quantitiestg andxpy change with time according to two distincti@irential equations
describing the variation of the fractional abundance of magnesium duestilgle exchange
with Fe atoms in the gas phase and due to the dust growth process.

¢ Olivine.

dxo 3V7|

T = 209 - xo) I+ (3% - 3% 2.22)
e Pyroxene.

d 3V,

%_ py[(xg Xoy)Jgy + (3Z5, — 3% (2.23)

where the quantltlesiex are the exchange rates between Mg atoms in the dust grain and Fe
atoms in the gas phase, aﬂ?j‘ are the correspondent inverse rates. These quantities will be

specified in Chapter 4. Here I just remind that the téﬁ’hls evaluated similarly to]gr taking
into account the flux of incident Mg atoms multiplied by a factor that takes mtoumothe
probability that an exchange between Mg and Fe can occur.

2.2 Method of solution and initial conditions

The system of dferential equations describing the dust evolution is given by Egs. 2.4, 2.15
and an equation like 2.19 for each dust species listed in Table 2.1.
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2 Dust-driven wind model

Table 2.1: Chemical composition of the dust species in CSEs for M- arstaE-CSEs. The
corresponding molecules and atoms in the gas phase invsiubeé formation of the specific
dust species and the key-element are also listed. The keyeeit is selected for each model
along the TP-AGB evolution. | here indicate the usual keyrednt for the solar partition of the
metallicity (See Table 2.2).

Species Abbreviation Stoichiometric formula key-element
M-stars

Olivine ol Moy, FE2(1-x,) S04 Si
Pyroxene py MgpyFe(l_xpy)Si03 Si
Quartz qu SiQ Si
Periclase pe MgO Mg
Corundum co AlO3 Al
Iron ir Fe Fe
C-stars

Amorphous Carbon C(s) C C
Silicon Carbide SiC SiC Si
Iron Fe(s) Fe Fe

Table 2.2: Abundances of various elements provided by Anders & Gre/gs389).

Element €

He 977x 1072
C 363x 10
0 851x 1074
Mg 3.80x10°
Fe 468x 10°°
Si 355x 10°°
S 162x 10°°
Al 2.95% 1076
Ti 9.77x 108
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2.2 Method of solution and initial conditions

Finally | add the Eqg. 2.10 to compute the weighting factor for the opacity. Thepiedent
variable of the system is the radial distam¢ce/hereas the dependent variables are the velocity,
v, the optical depthz, the grain size for each dust specias the quantities, andxpy and the
radial optical depthzy. The quantities that determine the wind structure are the gas temperature
and the density profile§;(r) andp(r), the total opacityk, the dust condensation fractiofy,
andrl'.

Since the boundary condition an(Eq. 2.16) is at infinity, but all the other conditions are
at the inner radius, | solve the system by means of the following shooting thethioegin
the integration with a guess value gfat a suitable inner radius > R, chosen so that the
gas temperature is high enough to inhibit the formation of any type of dust.nlithegrate
outward all the equations until = 1000R.. The latter condition is set because, at these
large distances from the photosphere, the density is so low that dusitagnow any more
and the acceleration term is negligible. As the integration moves outward, alkfendent
variables but are reset to their initial values, until dust begins to condense. In this wagyid
that, for example, the velocity drops to zero before dust condenseésh wbrresponds to the
assumption that pulsations are able to drive the medium into the condensgimm lgterate
on; until the conditionr < € x 7j is met at the end of the integration. This condition actually
replaces Eq. 2.16 and the accuracy has been chosenete:t#® in order to provide stable
solutions and to avoid excessive computational time, at once.

The value of initial velocity of the wind is chosen to be lower than the speedwid
0.5 km s, If the outflow is not finally accelerated, | assume that it proceeds atdetss ini-
tial velocity. This assumption tends to overestimate the fraction of dust thatoratense but,
since it corresponds to phases where the mass-loss rate is relativellydoas not significantly
affect the total dust ejecta.

The initial grain size is assumed to be the one of the first stable seed ragclelL0~2 um
corresponding to clusters of about 100 atoms.

The reactions assumed for dust formation are discussed in Chaptes 4d®hted opacities
are described in Chapter 3.
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Chapter 3
Opacity

As mentioned in Chapter 2, dust opacity is a crucial ingredient as far asititedynamics is
concerned because it provides the momentum coupling between radiadiomedier.

In this Chapter | describe the details of the opacity calculations used in this,thizen by
Eq. 2.9.

3.1 Dust opacities from the scattering, absorption and radiation
pressure cross sections

When a light ray passes through a medium, it is partially scattered and parbalyteed. In
this process, part of its momentum is transferred to the medium.

In the case of a single dust grain of sgghe momentum transmitted to the dust particle by
the incident light is evaluated from its radiation pressure cross-sectiam) Cip, thatis a
function of the grain size and of the wavelength of the incident radiatiors. t€hm is evaluated
from the scattering and the absorption cross-sections of the dust gralitated respectively
by CscaandCaps (Hoyle & Wickramasinghe, 1991).

The relation linkingCyp to CscaandCapsis

Cip(4, @) = CapdA, @) + Cscd4, @)(1- < cosf >), (3.2)

whered is the scattering angle shown in Fig. 3.1 andcosf > is the average value of the
scattered light component with the same direction of the incoming light beam.

Another useful quantity is the extinction cross-sectifg, that is a measure of how much
light has been subtracted from the incident beam after it has passedithaanedium:

Cext = Caps+ Csca (3.2)
Scattered Light
Incoming
Light Scattering Angle
N |
7 Particle

Figure 3.1: Schematic representation of the scattering process.
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3.1 Dust opacities from the scattering, absorption and radiation pessure cross sections

For the computations that follow, it is useful to define the adimensional qu&mniiyn as

“radiation-pressuref&ciency”, Qrp
Q= 2
P ra?

Similarly, it is possible to define the absorption, the scattering and the extin¢licieecies as

(3.3)

Qabs = ?, (3-4)

sca= — 5 (3-5)

and
Qext = —- (3.6)
T

For an ideal ensemble of dust grains of the same size, the total radiatEsuprepacity
(in cn? g71) is obtained by multiplying the cross-section of a single grain by the total number
of dust grains per unit of mass. i, is the number density of the grains andhe medium
average density, for each dust speéiene gets

n
Kig = %crp(a, ), (3.7)

whereng,/p gives the total number of grains per unit mass.
By expressing Eq. 3.7 in terms &y, by means of Eq. 3.3, and after multiplying and
dividing by a, one gets

n a Al

(3.8)

From this equation, it follows immediately that, is proportional to the volume occupied
by all the dust grainsx ngrna3) that depends essentially on the abundance of the key-element.
Therefore, the behaviour of the opacity, given the initial gas aburejatepends on the term
Qrp/a

As this term is a function of the incident radiation, the opacity will be mostly infieen
by those wavelengths at which the stellar radiation peaks. The stellar emissianfirst
approximation, the one of a Black Body at the staffeetive temperature. The radiative power
density of black body emission in [esy? cm™? sr? um~] is expressed as a function of the
wavelength as
2hnc? 1

A5 explhc/(1k,T)] - 1°
whereh is the Planck constank;, the Boltzmann constang, the wavelength and the
black body temperature. For TP-AGB stars tlteetive temperatures are typically between
Ter = 2000 and 3000 K. As the temperature decreases, the peak in the emisdiiftets s
toward longer wavelengths. Note that, at these temperatures, the peakstéitar radiation is
around um.

For the cases in which the incident radiation peaks at wavelength much lgragethe
typical grain size { >> a) the evaluation of the quantitied;,/a, Qaps/a and Qscs/a can be
performed by means of the Rayleigh limit approximation and the qua@fjfja is independent
of the grain size. However, at the typical wavelengtluifi) at which the stellar energy density
peaks, this approximation is not valid, becausanda are comparable. In this regime, the
quantityQrp/a critically depends on the grain size, and the computation needs to be pedforme

Bi(T) = (3.9)
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3 Opacity

by means of the Mie theory starting from the complex refractive indexn — ik, wheren and
k are the refractive and absorptive indexes, respectively.

In the Mie theory, the basic assumption is that the particles have a reguiaricg shape,
so that the problem of studying the interaction between dust particles amtettieomagnetic
waves is reduced to the classical problem of finding the solution for theMdllig equations
with the boundary condition for a sphere.

The solutions of this problem are implemented in numerical form in severaldek# |
use here the formulae implemented by Christiaatillet for MATLAB. These routines make it
possible to evaluate the quantiti®s.,; Qsca< 0S8 >, Qex: from the optical constants(k) as
follows:

2 X 2 2
Quca= n;(Zn + 1)(anl? + [bnl?), (3.10)
4 on(n+2) i . — 2n+1
Qsca< COSH >= ﬁ{ 2 g ReE@nay, 1 + bubj,) + n; 77 DR L (311)
2 o0
Qo= — ;Qn + 1)Re(an + by). (3.12)

From Egs. 3.10 and 3.12 it is possible to compQigs by using Egs. 3.2, 3.4, 3.5 and 3.6.
From Egs. 3.10 and 3.11 and fra@xyps| can compute)y, by using Egs. 3.1, 3.3, 3.4 and 3.5.
The quantities, andb,, are given by

_ MPa(mXj(X)] = jn(Y[mXp(mx]’
M2 jn(MR[Xh (X)) — hP()[mxjp(mx]””

_ _in(m3XinOI" = Jn()mXjy(m) (3.14)
In(MAXHP (17 = KD () [mx p(mx)’

where jn(2), hgl) = |n(2) + iyn(2) are spherical Bessel functions of orde(nh = 1,2,...) and
arguments = x or mx, wherex = 2ra/A and primes mean derivatives with respect to the
argument.

Figure 3.2 shows the behaviour Qf,/a (black line), Qaps/a (red line) andQsca/a (blue
line) as a function of the wavelength of the incident radiation for thréi@mint amorphous
dust species: carbon (Hanner, 1988) (upper panel), iron-lgeédirty) oxygen-rich silicates
(Ossenkopf et al., 1992) (middle panel) and iron-free silicat&ggiet al., 2003) (lower panel).
The lines are drawn for éierent choices of the grain size (0.01, 0.05, 0.1 andutn3. The
range of wavelength shown is between 0.5 angi®0

For all the species considereQyp/a, Qaps/a, Qsca/a show a dramatic rise in the region
around the peak of the stellar radiation{fn) for increasing grain sizes, while far >> a
Qrp/aandQaps/a show the same asymptotic behaviour for all the grain sizes. Also the relative
contribution of absorption and scattering to the radiation pressure terngebaccording to
the grain size.

When initially dust starts to form, the grains are small<{ 0.01 um), Q/a is almost
entirely provided by the absorption term, and scattering is negligible. Onahutdnas grown
significantly, the term),/a, Qans/a, Qsca/a increase and become strongly dependent on the

(3.13)

1The routine is available at htfgomlc.ogi.edysoftwargmie/
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3.1 Dust opacities from the scattering, absorption and radiation pessure cross sections
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Figure 3.2: Q/a (black lines),Qsca/a (blue lines) andQaws/a (red lines) as a function of

the wavelength for amorphous carbon (Hanner, 1988) (upgeelp, dirty silicates (Ossenkopf

et al., 1992) (middle panel) and iron-free silicatelg@r et al., 2003) (lower panel). The lines

drawn correspond to fferent grain sizes: 0.01 (solid), 0.05 (dotted), 0.1 (dashad 0.3um
28 (dotted-dashed).



3 Opacity

size in a way that varies with the dust species. For amorphous carbodothieant term is
absorption for all the sizes considered in the plotted range of waveleRrgthdirty silicates,
the scattering term becomes dominantdor 0.1 um belowA ~ 1 um. For iron-free silicates,
Qrp/ais very low for grain sizes below ~ 0.01 um and it is relevant only when the scattering
becomes dominana(> 0.05um belowA ~ 2 um).

At fixed grain size, the three dust species shoftiedént behaviours: around dm the
radiation pressure opacity of carbon dust is always higher than thsiticdtes because this
species is more opaque to the stellar radiation at those wavelengths (thptialbsterm is
higher). Iron-free silicates are always less opaque than the dirty sdlichate to their high
transparency to radiation (lo®a,s/@) and the value 0Q,,/a becomes comparable to the one
of dirty silicates only for large grain sizea ~ 0.3 um), when the scattering is by far dominant
compared to absorption.

Silicates also show the characteristic absorption double peaks at 9.8 ama fb8 which
their absorption is greater than the one of amorphous carbon.

3.2 The opacity for a grain size distribution

In the general case the opacity is computed by integrating the radiationupressss-section
over a grain size distribution, for each species. This corresponds éatansion of the rela-
tion 3.8 under the assumption that the grains formed are not of the same sird€ring for
example the average Qfp/a computed over the grain size distribution one gets

b4 max 2 Qrp(ae A) %

kg = 2 da (3.15)
l @min a da

wherede /da perum is normalized for the number density of the hydrogeng,is the Hy-
drogen mass anahax, amin are the maximum and the minimum grain size of the distribution,
respectively.
To start with, | consider the power-law grain size distribution assumed &iSM (Mathis
et al., 1977) for each dust species
dg
rrte
where the size is normalized to Jum, A; is the normalization constant and the slogg,
is assumed to be the same for all the dust species. The quAntitigomputed for the case of
complete condensation of the key-element into the dust spedies evaluated by considering
that the total mass of dust can be expressed either as

Aa, (3.16)

M; = &md,i N, (3.17)
Nk,i

or, after integrating the grain size distribution, as

amax ArraB de;
M; = paiNH f == Zda (3.18)
I I Amin 3 da

The quantitiesy; andmy; have been introduced in Chapter 2. By means of Eq. 3.16 | get

Amax 4 3
Mi = pd, NHf ﬂ—aAia‘XGda (3.19)
min
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3.2 The opacity for a grain size distribution
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Figure 3.3: Opacities of diferent dust species (Carbon, solid line; dirty silicatedtetbline
and iron-free silicates, dashed line) as a function of thealeangth, averaged over the grain size
distribution given by Eq. 3.16 ana,, = 0.005 andamax = 0.25um. The normalizations are
the ones for the abundances of Anders & Grevesse (1989) armbarputed through Eq. 3.20.

By equating Egs. 3.17 and 3.19 the normalization constant reads

A - 3eimy,i (4 — Xg)

_ . (3.20)
. .
N 4704 (Bmay. — Byin’)

This quantity, and therefore the total opacity, scales with the abundarice kéy-element
(proportional to the metallicity).

Figure 3.3 shows the radiation pressure opacity obtained by integrating Exjover the
grain size distribution 3.16 for the three dust species considered in thi®psesection (car-
bon, dirty and iron-free silicates). The resulting opacity provides the twtals-section of a
grain distribution. The total mass of dust is fixed by the abundance of thelkenent,e;,
according to Eq. 3.17. The key-elements are assumed to be the ones liseadr2TL and
their abundances, taken from Anders & Grevesse (1989) can b faurable 2.2.

The normalization constant is computed according to the Eq. 3.20 for theadnladances
of Anders & Grevesse (1989) and the range of grain sizes is betayggs 0.005 andamax =
0.25um.

Carbon dust (solid line) shows the highest opacity in the range of waytbldrom 0.5
up to 8um. Above these wavelengths, the silicate features at 9.8 andufriiBcrease their
opacities above the carbon one. Iron-free silicates show the lowestypp to 8um, whereas
the presence of iron in silicate dust more than doubles its opacity aroumd This fact points
out the critical dependence of the opacity on the chemical composition ofittztes.

From Egs. 3.8 and 3.15 it follows that the total opacity depends on the@gga as a
function of the grain size once the key-element abundance is fixed.rtiouar, if the grain
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3 Opacity

size distribution is shifted toward large grains, the final opacity is expectee karger than the
one obtained from a size distribution in which most of the grains are small.

In this regard it is important to remember that it is established from obsersgatian dust
grains formed in the CSEs of TP-AGB stars tend to be larger than the ortbe observed
distribution in the ISM. This is mainly due to the fact that dust grains prodircte CSEs can
undergo a subsequent evolution in the ISM once they are injected in ttoeisding medium
(Draine, 2003).

Since the size distribution of dust grains formed in the CSEs is not easiljctablk and
tends to be higher than the one found in the ISM, it is worth testing how thetpgha@anges
for different choices of the grain size distributions and fdfedent ranges of grain sizes.

In Fig. 3.4 the &ects of the variation in the grain size distribution are shown for the cases
of C(s) (blue lines), dirty silicates (black lines) and iron-free silicated (imees). The solid
lines show the opacities for the grain size distribution of the ISM in its standagkrof values
(stnd in the figure):xg = 3.5, amin = 0.005 andamax = 0.25um. The case of an almost
flat distribution,xy = 0.1, is illustrated for three choices of the minimum and maximum grain
sizes:amin = 0.1 andamax = 0.15 um (dotted line),amin = 0.2 andamax = 0.25 um (dashed
line), amin = 0.3 andamax = 0.35 um (dashed-dotted line). The total mass of dust is fixed by
the abundance of the key-elemes;, according to Eq. 3.17. The key-element is assumed to
be completely condensed in the dust specids= 1). Notice that, under this hypothesis, the
total volume occupied by the grains forfidirent choices of the grain-size distribution remains
the same. In other words, the smaller are the grains, the higher is their number

For the flat grain-size distribution, the opacity aroungrh tends to become flatter for
increasing values of the grain-sizes. Even if the maximum peak of the opaditgher for
distributions with a prevalence of small grains (stnd case), for largéngythe opacity remains
higher in a broader range of wavelength.

For wavelength between 0.5 angi the opacity of iron-free silicates becomes compara-
ble to the dirty silicate one for the flat grain size distribution peaked aroundrid20.3um,
whereas it deviates from the dirty silicate one arounah8

3.3 Opacity average over the incident radiation field

As already anticipated in Chapter 2 the dynamical model adopted is basedray atmo-
sphere computed by means of suitable frequency averaged opaciti®ngbeland and Planck
opacities.

In order to compute these mean opacities for each dust spettiesvavelength-dependent
opacity obtained from Eq. 3.15 is averaged over the wavelength-depemtident radiation
energy density approximated by a black body.

The final opacities are thus expressed as a function of the temperatiire lofack body
that provides the incident radiation field.

Following Lamers & Cassinelli (1999) | consider two limiting cases, the opticaltydhd
the optically thick regimes.

The first regime is typically valid at the very beginning of dust condensatidren the
condensed fraction of dust is very low. In fact, before dust is forntlee opacity, entirely
provided by gas, is very low, according to Bell & Lin (1994),

Kgas= 1078p?/3T3, (3.21)

wherep isin g cnt® andT is in K.
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3.3 Opacity average over the incident radiation field
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Figure 3.4: Opacities of various dust species: C(s) (blue lines), diitfigates (black lines) and
iron-free silicates (red lines) as a function of the wavgténfor different grain size distributions
given by Eq. 3.16%g = 3.5, amin = 0.005 andamax = 0.25 um (stnd-solid lines), or for almost
flat grain size distributionXg = 0.1) with amin = 0.1 andamax = 0.15um (0.1um-dotted lines),
amin = 0.2 andamay = 0.25 um (0.2um dashed linesBmin = 0.3 andamnax = 0.35um (0.3um
dashed-dotted lines). For each of the choices, the noratiaizis computed for the abundances
of the key-elemeng; taken from Anders & Grevesse (1989) and computed througi3 2§.

Dust Free

Zone
Lip=Ls

Figure 3.5: Schematic view of optically thin and optically thick regimébefore and after
the dust formation zone). When dust is not yet formed the gmidadiation is the one of a
black body at the fective temperature, outside of the dust formation shellitiie is heavily
absorbed and the incident radiation field corresponds taeklidody at the local temperature.
The figure is taken from Lamers & Cassinelli (1999).
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3 Opacity

As can be seen by comparing the above formula with the dust opacities shéign 3.3,
kgasis several orders of magnitude lower than the value of the dust opacitiesdaf.:m.

Already when the first dust grains condense (e.g3lin M-stars) the opacity gets much
larger and, as soon as dust is formed, the medium becomes optically thi¢tkeaddst ther-
malizes at local temperature.

A schematic representation is sketched in Fig. 3.5. When the optically thin regilte h
the radiation energy density perceived by a shell around the star isfthdilack body at the
effective temperature of the star. On the other hand, when the dust sheliiedand the
optically thick regime is dominant, the external shells perceive the radiatiagyedensity of
a black body at the local temperature. In the two regimes the opacity is evilwdtetwo
different methods.

As long as the medium remains optically thin, the photon mean-free path is so king th
the difusion approximation of photons is not valid. In these circumstances, atdteaith-
metic average of the monochromatic absorptionfitccient, designated witkp; for each dust
species, over a black body at thefective temperature of the stdiy, is suitable to represent
the absorption properties of the gas in a simplified version of the radiatiogpmainequation
(Helling et al., 2000). This average is known as “Planck mean opacity”:

(Ter) o kB0 (3.22)
K i = DO—' .
Pi\ ! eff fo BVdV

In the optically thick regime, local thermal equilibrium and thé&usion approximation
of the radiative transport equation are valid, because photons mesupdth is much shorter
than the typical scale lengtiR() and collisions dominate the thermodynamic state of matter.
In such conditions the black body distribution is computed at the local gas tatope T,
assuming local thermal equilibrium. In thefldision approximation the frequency-independent
Rosseland mean opacit; turns out to be the harmonic average over the frequencies:

1 6B
1 f o e dv
2 3.23
w® [ By (829

This average emphasizes spectral regions of weak absorptions adnah the energy flux
is most éficiently transported.

Both Rosseland and Planck opacities are frequency-integrated asgsaghat they finally
depend on the temperature, density and chemical composition of the gas.

Figure 3.6 shows the comparison between Planck (black lines) and Rubgedd lines)
mean opacities as a function of the black body temperature in the range heb@@eand
3000 K for the most relevant dust species present in the CSEs: olagfid (ine), iron (dotted),
amorphous carbon (dashed) and SiC (dashed-dotted). The compusgapieriormed for the
maximum of dust fractional condensation and for the standard ISM gemistribution &g =
3.5, @min = 0.005um andamax = 0.25um in Eq. 3.16).

For the Planck average, the most opaque species above 700 K is dadipwhereas, for
temperatures between 150 and 700 K, corresponding to a range dewngtles betweer4.4
and~20 um, both dirty and iron-free olivine opacities are higher than the carbon lorthis
range of wavelengths, in fact, the characteristic double peak of silicatéespat 9.8 and 18n
tends to increase the opacity.

For the Rosseland average, the dirty olivine opacity is comparable to th@howsrcarbon
one above 200 K.
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3.4 Average opacity for the computations of wind models
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Figure 3.6: Planck mean opacities (black lines) are compared with Raxsd®nes for dierent
dust species (witlay; values taken from Anders & Grevesse, 1989). Olivine (satidd), py-
roxene (dotted lines) and iron (dashed line). The comprias performed assuming = 3.5
andamin = 0.005um andamax = 0.25um in Eq. 3.16 for all the dust species considered.

The comparison between the dirty silicate and iron-free opacities showsghthd&lanck
averages of the two sets are comparable between 150 and 700 K, whildivbege at higher
temperatures. The range of temperatures in which the two Planck opacéiesmparable
corresponds to wavelengths betweeh4 and~20 um. From the comparison in Fig. 3.3, it
follows that the two opacities are very similar abovem, while below 7um the iron-free
opacity is much lower than the one of dirty silicates. The Planck averagesiraimalar up
to 20um because the average computed in this way weights more those regions Imxywhic
is higher (Eg. 3.22). Thus, the Planck averages of the tiferént sets remain similar up to
700 K.

On the other hand, the Rosseland averages of dirty and iron-free slagesimilar only
below 200 K, whereas above this temperature the iron-free opacity is hiigplisessed with
respect to the dirty one. The reason why this happens is that the Rakseknage weights
more those regions in which the tewpis lower, as shown in Eq. 3.23. As a consequence, it
is heavily dfected by the large fference between iron-free and dirty silicates opacities below
7 pm.

3.4 Average opacity for the computations of wind models
As already stated in Section 3.2 the opacity is computed for each dust spederghe hypoth-
esis of complete condensation of the key-element for the dust compoded consideration.

In particular, the resulting averaged opacitigs andkr; are proportional to its abundance.
However, to obtain the current dust opacities, the quantiiesndx«gr; are multiplied by
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3 Opacity

the fraction of dust ectively condensed;, defined by Eq. 2.8. The corresponding opacities
for eachi are proportional to the amount of key-elemefieetively condensed in that specific
dust species.

The total Planck opacity is therefore,

ke =) fikei, (3.24)
i

and the correspondent Rosseland one is

KR = Z fikRr;i. (3.25)
i

As discussed in GS99, this approximation is accurate enough if the opaatyeaddf the
dust species is dominant. In M-stars the opacity is dominated by silicate diilst, wiC-stars,
most of the opacity is provided by amorphous carbon.

To account for the transition from the optically thin to the optically thick regime hiagt
pens when dust is forming, | use a combination of the Planck and Rossapeauities, by
means of an appropriate weighting factor related to the vertical optical adptie layers
where dust is forming):

Kav = KgadT) + kp(Ter) €XPETa) + kr(T)(1 - €xp(-7q)]. (3.26)

The quantityry is computed integrating from the dust condensation radigsq&wards

I
Tq = f pkadr’. (3.27)
Re

3.5 Different opacity sets for silicates

In the literature diferent data sets for silicate opacity are adopted.

As the opacity is a critical quantity thaffacts the wind structure and dynamics, it is worth
investigating the properties of thefiirent data sets, listed in Table 3.1. The abbreviations used
in the figures are also given.

They are described briefly in the following.

e Oxygen-rich and oxygen-deficient dirty silicates (Ossenkopf et &2)19
In these two data sets, the constamendk are estimated through observations of cir-
cumstellar silicates relative to the peak value negurhO This evaluation is based on the
following assumptions. The grain size distribution is a power-law witk- 3.5 and the
grains form a continuous distribution of ellipsoidal shape in the Rayleigh limies&h
data sets include in silicates some impurities. In particular, silicates have 6.384@f F
and 3.1% of Fe. The oxygen-deficient set is representative of waygen-deficient cir-
cumstellar silicate dust, if silicates have not yet reached their stoichiometpoian.
On the other hand, the second set is representative gfRO$tars and the diuse ISM.
As pointed out by the authors, the optical constants of the two sets of this mixter
nearly independent of the type of silicate (oxygen-deficient or oxyam).

e Olivine with % = 0.5 (Dorschner et al., 1995)
This data set is derived from the study of the optical properties of silidasses prepared
in laboratory. Glasses of olivine have stoichiometric formulas)y|&e>1-x,)SiOs and
with %o = 0.5.
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3.5 Different opacity sets for silicates

Table 3.1: Different data sets for silicate dust.

Silicate Reference Abbreviation
Dirty O-rich Ossenkopf et al. (1992); Le Sidaner & Le Bertre (1996) ricly LL

Dirty O-deficient Ossenkopf et al. (1992) Odef
Olivine X = 0.5 Dorschner et al. (1995) GS99 Dorsch, GS99
Iron-free olivine Ager et al. (2003) iron-free

e Dirty silicates (Le Sidaneé Le Bertre, 1996)
In this opacity set the silicates cross-section is derived by selected staliaes with
energy distribution between 1 and 2. The resulting spectra are interpreted by means
of a radiative transfer model applied to each object. The range of tetupewet grain
formation is assumed to be between 800-950 K, depending on the prettheeegion
of dust formation and thefkective temperature iBeg ~ 1800-2800 K. The condensation
radius, outflow expansion velocity and drift velocity are assumed. Togsesections are
recovered under the assumption that the grains have all the same sizeunf.0.1

e Olivine (GS99)
In GS99 an analytic fit of the opacity of amorphous olivine as a function eftéim-
perature is computed. The authors evaluated the Rosseland average2@drom the
data set by Dorschner et al. (1995) under the assumption that the medilways opti-
cally thick. The analytic fit as a function of the temperature is provided bydhading
formula

Ko(T) = [(6.147x 107 T2 4 ((6.957x 10°T 23292 + (3.28)

-14-1/2
+ \/(3.505>< 10-4TO759)4 4 (1.043x 10-9T2523)4) | 2 (3.29)

o Iron-free olivine (forsterite) (Jager et al., 2003)
This set of optical constants are derived from transmission measureimeheswave-
length range between 0.2 and 5@ for pure amorphous forsterite prepared in labora-
tory.

The diferent approaches by which the silicate optical constants are deritied, the final
opacities, and therefore the wind dynamics.

In the upper panel of Fig. 3.7 theftirent data sets are plotted as a function of the wave-
length. In particular, the radiation pressure cross-section is avemgedn almost flat grain
size distribution for whichxg = 0.1, amin = 0.005,amax = 0.18 um. The only exception is the
set of data by Le Sidaner & Le Bertre (1996) in which the authors asstiméthe grains have
all the same size (04m).

For this latter data set, | compute the normalization constant starting from a gjz&in
distribution of Dirac delta function:

desil

g = Asio(@—ao). (3.30)
and finally using Eq. 3.18 | get
3eiMyj
Nk 4mpd,idg
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3 Opacity

In the lower panel of Fig. 3.7 the opacities averaged over the black [zatigtion energy
density are plotted against temperature, for the Planck (black) andIRodgeed) averages.

The behaviours of the oxygen-deficient and the oxygen-rich dat&regisOssenkopf et al.
(1992) and Le Sidaner & Le Bertre (1996) are very similar for both theéNand Rosseland
averages.

In the data set from Dorschner et al. (1995) the Planck opacity of eligrsimilar to the
previous quoted data sets, but it diverges in the Rosseland average.

This trend can be understood by looking at the upper panel of Fig. 3. hichvopacities
as a function of the wavelength are compared. For the three data setygd#nedeficient
(Ossenkopf et al., 1992) and oxygen-rich (Ossenkopf et al., 1199Bidaner & Le Bertre,
1996) silicates, the behaviour of the opacity as a function of the wavelengtiny similar, and
therefore this is reflected in the final mean opacities.

On the other hand, both the data set by Dorschner et al. (1995agedét al. (2003) show
a minimum in the opacity as a function of the wavelength around 7 angr;4espectively.
These two wavelengths correspond to temperaturegl00 K and~700-1000 K, respectively.

In the case of the Planck mean opacities the corresponding averages greatly #fected
by these two minima and the resulting curves are quite similar to the other datarsést, |
the Planck average weights more the regions where thedgersrhigh than the regions of low
absorption.

On the other hand, the correspondent Rosseland mean opacities abelawlthe results
obtained from the other data sets. The Rosseland average, in factisueigte the regions in
which the opacity is low than the ones of high absorption.

Finally, the fitting formula for olivine Rosseland opacity provided by GS9%&nth with
the thick solid line. As this formula is based on the data set from Dorschrar €1995)
the resulting curve has the same shape as | obtain from the data but with tiy slifierent
normalization constant.

Some caution is necessary in the use of this fitting formula. In fact, if the opatityned is
used as it is given, the results can be velffedent from the one obtained by using the average
opacity provided by Eq. 3.26. In particular, between 1000 and 2000 Kotrasity is about
one-third with respect to the other data sets.

The usually adopted data set, that is the one | chose for the computationsiltHze
presented in the following chapters, is the oxygen-rich data set by Kgsiest al. (1992). This
data set is representative of the chemical composition of silicates (olivihpyaoxene) in the
CSEs of M-stars which are mostly amorphous and might include iron impuritieged¥er,
differently from the data set by Le Sidaner & Le Bertre (1996), which is limitedugi grains
of 0.1 um, the selected data set allows the computation of the opacities in the rangesof size
adopted for the grain size distribution.
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3.5 Different opacity sets for silicates
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Figure 3.7: Upper panel opacities as a function of the wavelength computed for griae
distribution withxg = 0.1, amin = 0.005 andamax = 0.18 um. The opacities are computed for
different data sets: oxygen-rich (thin-solid lines) and oxydeficient silicates opacities (dotted
lines) from Ossenkopf et al. (1992), from Dorschner et 898) (dashed lines) and data from
Le Sidaner & Le Bertre (1996) (dot-dashed lineshwer panel Planck and Rosseland mean
opacities (black and red lines, respectively) as a funatiiothe temperature of the black body
radiation computed for the same data sets.



Chapter 4

Dust growth

From a microscopic point of view, dust formation is an extension of the pasgchemistry
from the first critical clusters of molecules up to fully-grown grains. Thestrgeneral de-
scription of this process consists of following the network of the relevhetrical reactions
including, at the same time, molecules, clusters and dust grains.

Another kind of approach describes dust growth in relatively simpler tessd on the
fact that the proprieties of molecules and dust grains are quitereint. In the molecular
domain, in fact, the chemical reactions between molecules critically depeneiositte. On
the other hand, in the macroscopic regime, typical of seed nuclei angrairss, the description
of the reactions between molecules and grains can be treated in an appeakinas.

In particular, dust formation in the expanding CSE of a TP-AGB star candwdeled as a
two-step process. After the so-called “nucleation process” from wthieffirst, most refractory,
stable compounds (seed nuclei) are formed, accretion of dust graioequls by addition of
other molecules from the gas phase through a given chemical reaction.

The seed nuclei are usually defined as aggregates of about 100 atmnesponding to
cluster sizes of 10 cm.

From the seeds, dust grains can grow ifietent ways:

e homogeneous growth of homogeneous grains. In this case in each gravwess the
same identical monomer is added to the grain;

e growth of the grain by a variety of molecules.

Nucleation and accretion are processes that occur far from chergigigibeum condition.
However, before describing the detailed dust growth based on naitibeigim chemistry, it is
useful to investigate equilibrium chemistry for two reasons. First of all, éselts of equilib-
rium chemistry provide an interesting insight about which are the mosictefsadust species
that firstly form in CSE. Second, destruction rates are determined bydesimg that their
values are, by definition, equal to their growth rates, in chemical equilibciomditions.

The equilibrium chemistry is described in the following section.

4.1 Equilibrium chemistry in Circumstellar envelopes

In the two diferent classes of TP-AGB stars (C- and M-type) the molecules obsiertleelgas
phase are very flierent. In C-stars, the carbon over oxygen ratio/©€ 1 and all the oxygen
atoms are locked into the very stable CO molecules. In this condition, the moslaiiuree
element in the gas phase able to form molecules is usually carbon. The clyevhiGhstars
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Figure 4.1: Partial pressures of a subset of atomic and molecular speomputed with the
ESOPUS code (Marigo & Aringer, 2009) according to the temperatpressure stratification of a
complete envelope-atmosphere model with Teg) = 3.45, logL/Ley) = 3.7, M, = 2 Mg, and
solar metallicityZ = Z, = 0.0152 following the revision by QEau et al. (2011). Two values
of the QO ratio have been considered, i.e/Gz= 0.5 (left panel) and @O = 1.5 (right panel).
Note the abrupt change in the molecular equilibria of thedaring (blue) and C-bearing (red)
molecules between the two cases, as well as the almostaneariof the abundance of the
highly stable CO molecule.

dust is therefore based on carbon chemistry and it is mainly composed oiStarbide (SiC),
amorphous carbon and iron.

On the other hand, in M-stars the chemistry of dust grains is determined pyebence of
oxygen excess in the gas phas¢@& 1) and the dust species formed are mainly amorphous
silicates, quartz (Si@), periclase (MgO), corundum (40D3) and iron.

The intermediate case of S-stars witfO5- 1 is not here considered as these objects are
rare and their contribution to the total dust production is very low. Thus,igtltesis | assume
that, when @O > 1, the dust species formed are the ones typical of C-stars CSEs,ashere
when GO < 1, the dust species produced are the ones of M-stars CSEs.

The relative abundances of thdfdrent molecules in the gas phase in stellar atmospheres
are plotted in Fig. 4.1 where their partial pressures over the total gasypeeare shown as a
function of the temperature for two values of th&3C 0.5 (left panel), and 1.5 (right panel).

The partial pressures correspond to the equilibrium abundances ofidlexules in the
stellar atmosphere according to the temperature-pressure stratificaticowidete envelope-
atmosphere model with lo@gs) = 3.45, loglL/Ls) = 3.7, M, = 2 Mg, and solar metallicity
Z = Z, = 0.0152, following the revision by Gkau et al. (2011). Of course at the highest
abundances in the atmosphere, correspond the highest values ofrtiaé grassures in the
plot.

For M-stars in the range of temperature between 2000 and 4000 K thd pagsaure of
oxygen-bearing molecules such as SIQCH OH and TiO are several orders of magnitude
larger than the carbon-based molecules such as HCN,aDd CN. The opposite occurs for
C-stars for which CH, CN and HCN are much more abundant than SigQrnd OH.

Notwithstanding the complexity of the starting molecular chemistry in the gas phas&s
in Fig. 4.1, not all the molecules are able to stick on the grain surface. Tible st@lecule CO
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4 Dust growth

Table 4.1: Dust formation reactions for M- and C-stars. The starting ig@lecules and atoms
from which each dust species is formed are also given.

Species Reactions Molecules

M-stars dust formation

ol 2%IMg + 2(1 — Xo))Fe+ SiO + 3H,0 Mg, Fe, SiO, HO
N M92x0| Fer(1-x,)SiO4(s) + 3H2

py XpyMg + (1 - Xpy)Fe+ SiO + 2H,0 Mg, Fe, SIiO, HO
— Mg, Feu-x,)SiOs(s) + 2H;

qu SiO+ H20 — SiOy(s) + Haz SiO, H,O

pe Mg+ H,O — MgO(s)+ Hp Mg, H,O

co Al>O + 2H,0 — Al,03(s) + 2H, Al,O, H,O

Fe(s) Fe— Fe(s) Fe

M-stars cation exchange

ol Fe,SiO4(s) + 2Mg(g) — Mg2SiO4(s) + 2Fe(qg) Mg, Fe

py FeSiQ(s) + Mg(g) — MgSiOs(s) + Fe(g) Mg, Fe

C-stars dust formation

C(S) C2H2 - 2C(S)+ H» C2H2

SiC 2Si+ C2H2 - 28IC(S)+ H2 C2H2, Si

Fe(s) Fe— Fe(s) Fe

is not chemically active, as its high bond dissociation energy (10//i@d) prevents the chem-
ical reaction at the dust grain surface for which the bond breakingeofrtblecule is required.
In addition to that, some molecules are not abundant enough to form a emtdzlamount of
dust. In fact, the molecular abundances are limited by the initial atmosphericredrabun-
dances in the stellar atmosphere and by the complexity of the molecules that mnigjfiidult
to form.

In the dust formation scheme here adopted, only the most abundant meléctte gas
phase are assumed to form and dust growth is assumed to proceeditignaafdmolecules
in the gas phase on the starting seeds through a given chemical reactiatiodust species.
The reactions of dust formation are listed in Table 4.1 and are taken frddé F&cepting for
corundum (Gail & Sedlmayr, 1998).

By definition, a reaction is in chemical equilibrium when the rate at which prtsdare
formed equals the rate at which they are destroyed through the inverst@ore In this status
the net variation of the products (that in the specific case is dust) is zero.

Let us consider a generic formation reaction of the solid dust specied & gas species D
from the starting molecules and atoms A, B, C in the gas phase

aA+ bB+ cC— sS+dD. (4.2)

At a given temperature and pressure, the reaction considered is spontaf the variation
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4.1 Equilibrium chemistry in Circumstellar envelopes

of the free energy per mole (Gibbs energy) is negati@gp, T) < 0 (Atkins & de Paula, 2010).
The free energy changes during the reaction until a minimum value is r@aétiehis point,
no more reactants can be converted into products and the reactiongaagabeuilibrium.

| indicate WithG]’(T) the free energy of formation of the species A, B,C, S, D formed
from their free gaseous atoms at the temperafuirethe standard state pressurgpdf= 1 bar:
G}’(T) = Gj(p°, T). In other words, the quantil@]’(T) is the free energy variation between the
free atoms and the moleculg,

At a given temperature, for any of the specjebe free energy changes if the pressure is
different fromp°. At a pressure op, the correspondent molar free ene@)y(p, T) is

Gj(p.T) = G(T) +RTInp, (4.2)

whereRis the ideal gas constant. If the considered species is solid (S), as irsthefaust
formation, the variation of free energy due to the change of pressuerésandGs(p, T) =
Gg(T).

Finally, the variation of the free energy of formatiak(3, for the generic reactionin Eq. 4.1
at a given temperature and pressure is

AG = sG+dGp +dRTInpp +
— aG, —aRTIn pa — bGg — bRTIn pg — ¢G¢ — cRTIn pc, (4.3)
(4.4)

and finally,

P
PAPBRE
whereAG? is the variation of free energy of the reaction at presqirand is a function

of the temperature. If the reaction is at its equilibrium point, th&h = 0 and the relation
between the free energy of formatiakG°, and the equilibrium partial pressures is,

AG = AG° + RTIn (4.5)

o

pd
D.eq = exp( ~RT ) = Kp. (4.6)

a b C
pA,eqr:)B,eqr:)C,eq

The quantityK,, is the constant for the formation reaction and it is computed for each dust
species by means oAG; that is a function of the gas temperature.

The ratio between the product of the partial pressures of productshanoroduct of re-
actants is called “mass-action ratio” and it equ&jsonly if the partial pressures are obtained
when the reaction is at its equilibrium.

The law of mass action says that, a system with certain initial partial pressetesnined
by the abundances of the gas species, reacts in such a way that thaatiasgatio tends
to approach the constant valkg. In other words, this means that the system tends to its
equilibrium condition.

Consequently, the products of a chemical reaction are produced tooyss$ if the mass-
action ratio is smaller or greater th&ip, respectively. In the former case, the system tends to
produce more products in order to enhance the mass-action ratio, while lettédrecase, the
system tends to destroy the products in favour of the reactants in ordectease the ratio.

If some of the partial pressures of the species in the chemical reacti@aggthe system
tend to re-balance in order to restore the equilibrium so that the mass-aatioequals again
Kp. If the concentrations, and therefore the partial pressures, of tdwargs increase, the
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4 Dust growth

chemical reaction moves from reactants to products (from left to right) te@se the pressures
of the products. Conversely, if the partial pressures of productsaser, the chemical reaction
moves in the opposite direction, from the products to the reactants (frotrteiggit) increasing
the pressures of the reactants.

Without taking into account for now the kinetics of the reactions, | can singdyime that
dust is produced or destroyed accordingly to the law of mass action.

For each dust specieshe quantityAG? is computed by means of the fitting formulae
provided by Sharp & Huebner (1990),

AG, = aT 4+ B8 +9yT + 6T + €T3, (4.7)

whereT is the temperature and the dbeientse, 3, v, 6 ande are determined by fitting the
data in JANAF table (Chase, 1986) by Duschl et al. (1996). For theshesies not available
in this latter reference, | fitted the data from Barin & Platzki (1995) with E@.fthding the
correspondent cdigcients. In the range of temperatures considered the species included in my
model never undergo a phase transition and therefore the tabulated padwaled by Barin &
Platzki (1995) are smooth and regular without the typical discontinuitiesaltnee occurrence
of a phase transition.

If the abundances of the species in the gas phase are fixed by the irgtiailozth composi-
tion, the correspondent partial pressunes,are determined by, ; through the relation

Pj = €g,jNHKgT. (4.8)

The partial pressure of a given gas spediean be expressed in terms of the partial pressure
that the hydrogen molecules would have if they were present as free aidires gas phase,
PH = NHkBTZ

Pj = €Ph. (4.9)

Assuming that the total pressute, is entirely provided by K molecules and He atoms, one
gets

2
Py = . 4.10
H 1 + 2€He ( )
Therefore, Eq. 4.9 becomes
2
i =€eg——FP. 411
P = T ek (4.11)
By substituting 4.11 in 4.6 | finally obtain
€8 b € 71/(d-a-b—c)
p L¥ 2Hel, A%B C] (4.12)
2 eg

This general relation provides, for each dust species, the locus pbthts in the pressure-
temperature (P-T) diagram for which the chemical reaction of dust formaiat its equilib-
rium given the abundances, wherej = A, B, C,D. The dependence of total pressure on the
gas temperature is in the terp.

These loci are denominated “stability curves” and divide the P-T plane irégions for
each chemical reaction: below the curve the dust species grows, #imeerve the inverse
reaction is so icient that the specific dust species cannot be formed.

The resulting curve depends on the chemical reaction consideredivasdg indication of
which dust species form first, given the formation reactions. This studyatul, for example,
in order to investigate which species are good candidates to form thecdisiclei.
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4.1 Equilibrium chemistry in Circumstellar envelopes

In the following section, | will explicitly provide the quantitiesg, whereg refers to the
actual abundance in the gas phase. This computation takes into accdiawt that the starting
abundance; is in general dierent from the actual abundance in the gas phagas | is
progressively depleted from the gas phase to form dust. As, by definttie condensation
fraction of an element into a certain dust species is the ratio between thersatinumber of
atoms and the total initial one, then, the number of condensed atoms of tkmlmgnt,fé?”d,
is

feond = figg;. (4.13)

In order to compute how many atoms of a generic elemané condensed into the dust species

i f.fiond, one needs to muItipr{qu’”d by the ratio between the number of atoms of the considered
element,n;;, within a monomer of dust, and the number of atoms of the key-element in that
monomerfy;:

d d
feond — o ficen (4.14)

The condensation fraction is defined by Eq. 2.8. The explicit relationsl@ 4.2 will be also
provided for each dust species considered in M- and C-stars.

The considered molecules and atoms are listed in Table 4.1 and their abesdatite gas
phase are computed as follows.

4.1.1 M-stars

For the most abundant gas species present in the CSEs of M-stalG@HSiO, Mg, Fe, HO,
and AbO), | assume that:

¢ all the available hydrogen is present asiHolecules;

e magnesium and iron are present in the gas phase only as free atoms;

e silicon is present in the gas phase only as SiO, and the small fraction of Si§lected;
e aluminium is present as A0D;

e oxygen is present in the gas phase as CO, SigQAInd HO.

The explicit form ofej 4 are given in the following.

L] H2
As almost all the hydrogen available is in the form of Hyet by definition that
€, = %H - 05 (4.15)

e SiO
The abundance of SiO molecules is limited by the number of silicon atoms initially
available in the gas phase which is usually lower than the oxygen one dsegaimple,
Table 2.2). In this case, from the initial abundance of silicon, | need ttramththe
number of silicon atoms locked into dust grains of Si-bearing species (@lipyroxene
and quartz). For these species, silicon is the key-element, and the seddeaction is
computed through Eq. 4.13.

€siog = (1-fo— fpy - fqu)fSi, (4.16)
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e AlLO
The abundance of these molecules is limited by the initial abundance of alumitdom a
that are much less abundant than oxygen (Table 2.2). Aluminium can nesreepar-
tially condensed in corundum dust. As aluminium is the key-element for domnthe
fraction condensed is given by Eq. 4.13. The abundance of free dlumatoms in the
gas phase is finally converted into,& abundance dividing by two, as two aluminium
atoms are needed for onex& molecule:

1
€AlLOg = 5(1 — feo)eal, (4.17)

e HO

This molecule forms from the oxygen that remains available from the formafi@Q®©o

SiO and AbO which are limited by the less abundant carbon, silicon and aluminium.
From the initially available abundance of oxygen atoms | first have to subbabun-
dances of carbon, needed to form CO, the abundance of SiO (Eq, drich similarly,

the abundance of AD (Eq. 4.17) molecules. The available humber of oxygen atoms
obtained can be partially condensed into the oxygen-bearing dust spédi¢he dust
species considered for M-stars with the exception of iron dust contgigerxatoms.

In this regard | have that:

— For periclase: for each magnesium atom condensed, where magnesherkéy-
element, one atom of oxygen is consumed. Therefore the total numbey@émmx
atoms locked into periclase is, according to Eq. 4.14:

FE! = foeemg. (4.18)

— For corundum: for every two aluminium atoms condensed, where aluminiura is th
key-element, three atoms of oxygen are consumed. The total number géroxy
atoms locked into corundum is, from Eq. 4.14:

fcond _

3
O,co — E fco€A| . (419)

— For olivine, pyroxene and quartz: if the key-element is silicon, for esittbon
atom condensed, the number of oxygen atoms condensed into olivirexepgr
and quartz are four, three and two, respectively. Thus, the total nuofloeygen
atoms locked into olivine, pyroxene and quartz are, according to Eq. 4.14

fS o yqu = (4for + 3foy + 2fqu)esi. (4.20)

Combining Eqgs. 4.18, 4.19 and 4.20 | finally get

1
€H20’g = 60 - GC - (E - fco)EA| - fpeEMg - (1 + 3f0| + 2fpy + fqu)fsi, (421)

e Mg
The amount of free magnesium available in the gas phase is conditioned toyrtiter
of atoms locked into olivine, pyroxene and periclase monomers.
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4.1 Equilibrium chemistry in Circumstellar envelopes

— For periclase: as magnesium is the key-element the number of atoms locked into
this dust species is, according to Eq. 4.13:

forse = foeemg. (4.22)

— For olivine and pyroxene: for each silicon atom condensed, wher@msili the
key-element, the number of magnesium atoms condensed into olivine anxepgro
are o andxpy respectively. Thus, the total number of magnesium atoms locked
into these dust species are, according to Eq. 4.14:

fl\?l%r,]c()jl,py,qu = (2%l for + Xpy fpy)GSi- (4.23)

By combining Egs. 4.22 and 4.23, it follows that

e Fe
All the iron atoms not locked into iron dust grains or olivine and pyroxertaéform of
impurities remain in the form of free iron atoms.

— Foriron dust: as iron is the key-element the number of atoms locked into this dus
species is, from Eq. 4.13:
féggg(s)= fFe(s)‘fFe- (4.25)

— For olivine and pyroxene: for each silicon atom condensed, wheremsilk the
key-element, the number of iron atoms condensed into olivine and pyrarene
2(1 - Xo1) and (1- Xuy) respectively. Thus, the total number of magnesium atoms
locked into these dust species are, from Eq. 4.13:

fEQnty = [2(1 = Xo) for + (1 = Xpy) foy)] s (4.26)
From Eqgs. 4.25 and 4.26 one gets,
€Feg = erel(1 - fFe(s)) = 2(1— Xo) for + (1 = Xpy) 1:py]- (4.27)

By explicitly expressing the law of mass action in Eq. 4.6 for the reactions listd@-in
ble 4.1, | obtain the following stability curves from relation 4.12.

e Olivine

3
p AG?
. Ho _ exp( _ ol
Xol 32(1~Xo1) RT
ng pFe

where Ky(ol) is the constant of the reaction of olivine formation ax@, is

- ) = Ky(ol), (4.28)
PsioPy,0

AGS' - ZXOIGKAQ]zSiOA +2(1- X°|)Glc;egsi04 + SGOHZ + G?)I,mix + (4.29)
2X0|GK/|g - 2(1 - XO|)GC|;e - Ggio - 3GOH20’

where it is assumed that olivine can be imagined as composed,ahdles of forsterite
and 2(1- X)) moles of fayalite. The mixing terrs;, . is added to the free energy
variation. For olivine the mixing term is

Gomix = 2RT[Xol In Xo1 + (1 = Xo1) IN(1 = Xa1)], (4.30)
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4 Dust growth

because the Mg and F&* ions are distributed over two moles of cation sites.

From Eqg. 4.12, the final P-T relation is

3 1/3
1+ 26 €H, !

2 2%01 2(1~Xo1)

3 (4.31)
Mo.g€Feg ESngEHZO,ng(OI)

whereey,, emg,g, €reg, €siog anNden,0,g are given by Eqgs. 4.15, 4.24, 4.27, 4.16 and 4.21,
respectively.

Pyroxene
2
Ph,

1_
Py P ™ PsioP?,o

AGy
= exp(~ —1) = Kp(Py). (4.32)

whereKp(py) is the constant of the formation reaction of pyroxene and similarly to the
previous case

AGpy = XpyGygsio, + (1 = Xpy)Gresiq + 2Gh, + Gp + (4.33)

py,mix

XpyGg — (1 = Xpy)Gre — Ggjo, — 2Gy,00

where pyroxene can be imagined as formedgymoles of enstatite and (dx,,) moles
of ferrosilite. Also in this case the adequate mixing term has to be added:

G;y,mlx = RT[Xpy In Xpy + (1 - Xpy) In(l - Xpy)] (434)
because the Mgand Fé ions are distributed over one mole of cation sites.

The final P-T relation is

_ 1+ 2€He

€
P— 2
2

Xy _(1-Xpy) (4.35)

2 1/2
) 2 }
eMg,gEFeg ESIO,gEHZO’gKp(py)

whereey,, emg.g, €reg, €siog aNder,0,g are given by Eqgs. 4.15, 4.24, 4.27, 4.16 and 4.21,
respectively.

Quartz

PH, AGgy
— =X - = K u 436
PsioPH,0 p( RT ) p(au) (4.38)

whereK(qu) is the constant of the reaction of formation for quartz and
AGg = Ggip, + G}i, — Gsi0 — Gh,0 (4.37)

The final P-T relation is

_ 1+ 2eqe €H,
2 €siogeH,o0gKp(qu)

P (4.38)

whereey,, esiog andeq,0,g are given by Egs. 4.15, 4.16 and 4.21, respectively.
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4.1 Equilibrium chemistry in Circumstellar envelopes

e Periclase

o

_Pra (= 25 _ ey (4.39)

Pmg PH,0 - RT
where Ky(pe) is the constant for the formation reaction of periclase and

AGje = Giygo + Gy, — Gipo — G- (4.40)

The final P-T relation is

_ 1 + 2€He EHZ
2  emggeH,0gKp(pe)

P

whereey,, emg,g anden,o0g are given by Eqgs. 4.15, 4.24 and 4.21, respectively.

e Corundum

2 o
p;zz = exp( - ARGTCO) = Kp(co) (4.42)
PAI,0Ph,0

whereKp(co) is the constant for the formation reaction of corundum and

(4.41)

AG¢o = G0, + 28h, ~ 26,0 ~ G0 (4.43)

The final P-T relation is

2
1+ 2eqe €H,

P 2 6A|Zo,geﬁ20’ng(CO)
whereea,0,g andeq,0,g are given by 4.17 and 4.21, respectively.
e [ron AGres)
o exp( - = ) = KplFe(s)] (4.45)

(4.44)

whereKp[Fe(s)] is the constant of the formation reaction of iron and the corredat
variation in the free energy is given by the transition between the vappanfiithe solid

phase(s):

A°Gres)= G°(Fe s)- G°(Fe V). (4.46)

Finally, the P-T relation is

14 266 1

P= (4.47)

2 eregKplFe(s)]

whereereg is given by Eq. 4.27.

4.1.2 C-stars

In C-stars the gas contains carbon-rich elements and the most abuadaoni-bearing species
in the gas phase besides CO isHz. On the other hand, silicon atoms are bound in SiS
molecules and any excess of silicon is present in the form of free atomser Gtfbearing

species like Sighave small abundances and are neglected in this calculation.
The explicit form of the abundanceg; are listed in the following
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4 Dust growth

e Si
From the initial abundance of silicon atoms | subtract the abundance of& a#king

into account the formation of SiS molecules. In addition to that, silicon atoms can be

locked into SiC dust. As silicon is the key-element of SiC, the number of silicansato
condensed in this dust species is given by Eq. 4.13.

The final abundance of silicon in the gas phase is
esig = (1 - fsic)esi — es. (4.48)

o CoH>
In this case the carbon atoms can be locked in CO molecules or in carbonGddss.
The fraction of carbon condensed in amorphous carbon is given b4.[E8, whereas in
SiC, for each atom of silicon condensed, a carbon atom is consumedemetbtie the
fraction of condensed carbon is provided by Eqg. 4.14.

The final abundance of £, is obtained by dividing the abundance of the available
carbon atoms in the gas phase by the number of atoms needed to form tidecehs
molecule:

1
€CoHzg = 5(1 = To)ec — €0 — sices (4.49)

e Fe
Iron atoms are depleted from the gas phase only because of the formation dust.
The number of condensed iron atoms is given by Eq. 4.13, and finally tiredlabhce in
the gas phase is:
€Feg = EFe(l - fFe(s))- (4-50)

As for M-stars, | express the explicit form for the locus of the points inRHE diagram for
which the formation reaction of each dust species is at its equilibrium

e Amorphous carbon
The formation of carbon dust is assumed to proceed just in one direction becertain
critical threshold temperature without considering the backward reaciitre. reason
of this will be fully explained in Section 4.2. The equilibrium curve of this spedge
therefore not illustrated in the P-T diagram. For the purposes of this firesiigation,
it is suficient to know that the condensation gas temperature assumed for thissspecie
between 1100 and 1300 K.

e For SiC | obtain
PH,

2
psipCsz

= Kp(SiC) (4.51)

whereK(SiC) is the constant for the formation reaction of silicon carbide and
AGgc = 2Gg;c + Gy, — Ge,p, — 2Gg;- (4.52)

The final P-T relation is therefore
1/2

— 1+2€He €H2 (4 53)

P .
2 €§i’g€C2H2’g Kp(SlC)

whereey, esig andec,n, g are given by 4.15, 4.48 and 4.49, respectively.
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4.1 Equilibrium chemistry in Circumstellar envelopes

e Foriron dust | obtain

1 A°Gre(s) _
E_exp( = ) = Ko[Fe(s)} (4.54)

where Ky[Fe(s)] is the constant for the formation reaction of iron, and the cpardent
variation in the free energy is given by the transition between the vapalithensolid
phase:

A°Gre(s)= G°[Fe(s)]- G°[Fe(v)]. (4.55)

P _ l + 2€He 1
2 Kp[Fe(s)kreg’

(4.56)
whereereg is given by Eq. 4.50.

4.1.3 Condensation sequence

The stability curves for M- and C-stars dust species are drawn in FicatiZefine the so-
called “condensation sequence”, starting from the most refractoityspesies, formed at the
highest temperatures, to the ones formed at lower temperatures. As thisisfuelformed
when dust is not yet formed, the condensation fractions of all the gestes,f;, are set equal
to zero. Data of the abundances of the elements are taken from Andemv&<se (1989) and
are listed in Table 2.2. However, for SiC | assumed= 2 x 1072 in order to havec/2 > o
as required in the computation &f,H, g computed by Eq. 4.49.

For the two dfferent starting chemical compositions (oxygen- or carbon-rich) thdtsesu
can be summarized as follows.

e M-stars

In the considered range of pressures, corundum is the first agjgrétat forms. At the
characteristic gas pressures of CFEs 103 - 1072 dyne cn7?, the typical temperature
is about 1500 K. This value is well above the temperatures of olivine anukege,

between 900 and 1100 K, according to the fraction of iron present in uke gfain.

In particular, the higher the iron content is, the lower the typical tempeatreshich

silicate dust is expected to form are. An intermediate caseor 0.5 is shown in

Fig. 4.2. The stability curves of olivine and pyroxene are very closalse the gas
species needed for their formation are the same, and the final dust cheomgositions

are very similar.

As far as iron, periclase and quartz are concerned, their typicalecwadion tempera-
tures are around 1000 K, close to the condensation temperature of@é®silicates.

e C-stars
The condensation temperature of SiC is well above the condensation tennpavéa
iron dust and is around 1200 K for pressures betweer 40d 102 dyne cnt?. The
formation of SiC is expected to occur before the formation of carbon dubisiflatter
species condenses at 1100 K. On the other hand, the condensatienseds reversed
for these two species if the condensation of amorphous carbon is assumagpen at
1300 K.
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Figure 4.2: Stability curves for the various dust species. The reastmfrformation are listed
in Table 4.1. The curves are drawn when the condensatiotidreis still zero for all the dust
compounds {; = 0).

4.2 Seed nuclei

As already anticipated, the growth of dust grains is assumed to proceedjththe addition of
molecules and atoms from the gas phase on the first aggregates.

The theoretical treatment of the initial cluster formation requires data abeuh#&imody-
namic and the energetic properties of the chemical reactions involved. iEq@uitpose, some
fundamental pieces of information are the Gibbs free energy of formatidntize binding
energies of the clusters in the gas phase that are often not providegéymeental data.

There have been several attempts to model the formation of these firegatgs in order
to determine both their chemical composition and their initial number.

In spite of these attempts the nucleation process remains still unknown aadthgeneral
agreement on the fact that the first seed nuclei should be formed athigieratures and need
to be made up of elements abundant enough to form a certain number of ilisirs.

Thus, because of the uncertainties thdée the computations of the nucleation process
(Goumans & Bromley, 2012), it is reasonable to keep the number of sseas adjustable
parameter.

In the following | summarize the current picture for M- and C-stars.

42.1 M-stars

In M-stars, the formation of critical clusters occurs at a high superstbm; defined as the ratio
between the growth and destruction rat8s;> 1, whereas the accretion proceeds already at
S> 1.
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Figure 4.3: Left panel a) graphite with SiC positions indicated (white dots) amgkit of faceted
SiCs; b) graphite with small internal SiC; and c) graphitevgimg twinned TiC and SiC (white
arrows indicate separate twin domains). The figure is takem fHynes et al. (2007)Right
panel images of ultrathin sections of selected circumstellapgite spherules with internal
crystals. (a) Spherule with a large (100 nm) central irafrerystal (iron or iron carbide).
(b) Spherule, with a central cluster of 4 (Ti, Zr, Mo)C cryjsta(c) Spherule with a 50 nm
noncentral TiC crystal with minor Zr and Mo, and a core of nametalline carbon just interior
to this crystal; this spherule section contains nine otmealker crystals that are not visible
in this orientation. (d) Spherule with two noncentral Rur;,Zand Mo-bearing TiC internal
crystals. The figure is taken from Bernatowicz et al. (1996).



4 Dust growth

According to the elemental abundances in CSEs and to the expected satioietemper-
atures, possible seed candidates are SiO2, 390, Fe, AbOs, TiO, and TiQ.

For silicates, a rough estimate of the abundance of seeds can be obtaigeatimjeEq. 3.16,
assuming the number of seeds to be equal to the number of fully-growrsgraéded to re-
produce the observed local ISM extinction.

Adopting an exponenty = 3.5, logAq = —15.21, suitable for olivine (Mathis et al., 1977),
and integrating betweeggy,i, = 0.005um andamax = 0.25um, one gets

Amax
€s = Aga35da~ 10710, (4.57)
Amin

In preliminary investigations, made adopting this initial number of seeds, | ogtain
sizes of aboua ~0.01um, never succeeding in reproducing the largest observed grain size
a>0.1um (Sargent et al., 2010; Norris et al., 2012).

On the other hand, assuming that the number of seeds is the number ofrwig-grains
needed to reproduce the total dust mass observed (Eq. 3.17), | get:

€s= —— ~ 10713, (4.58)

where the fully-grown grains have typical siae= 0.1 um and massry = (4/3)rapq
(Jones & Merrill, 1976).

The quantityM; /Ny = Mg/Ny is derived assumingqo = 3.75 9 cnts, Nsiol = 1, €sj0l =
3.55-107° (Table 2.2), anding o = 17223 my

The seeds abundance obtained is much lower than that of Eq. 4.57, anldgtsame as
the one assumed by GS99. This value appears also to be consistent wildddaialeation
computations by Jeong et al. (2003), as well as in very good agreentarithesvalue inferred
by Knapp (1985) for a sample of Galactic M-giants. Adoptigg= 1012 in the models, the
grains reach typical sizes e0.15um, in agreement with the observations and consistent with
the value of the grain size used to compute the seed number.

At varying metallicity it is natural to expect that the number of seeds depamtise abun-
dance of the elements forming them. Because of the uncertainties on thegafceeed
formation | assume that in M-giants the number of seeds scales with the gas nttallic

€M = es(ZéM), (4.59)

whereZsy = 0.017 is the local metallicity of the ISM.

4.2.2 C-stars

As far as C-stars are concerned, the formation of the first aggrebatefeen extensively
studied by Cherchrif&(2000). In this scenario the formation of carbonaceous dust starts with
the formation of the polycyclic aromatic hydrocarbons (PAHs) from thendbnt acetylene,
C,H>, which is able to react with hydrogen atoms and start an active hydmcatemistry.

In particular, the growth of aromatic rings needed to form PAHSs is desthlyehree reac-
tions: addition of acetylene, H abstraction to form a radical and secatitladof acetylene
followed by the ring closure (Cherchfiet al., 1992).

This chain of reactions isfigcient at gas temperatures between 900 and 1100 K and nu-
cleation is active in this temperature window. The further growth of the anoarplearbon
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4.2 Seed nuclei

dust grain therefore proceeds through the subsequent depositianboin atoms via acetylene
surface reaction and the coagulation of PAH products.

Assuming that the mentioned process is the one through which carbonsseddsmed, |
compute the number of seeds for C-stars in analogy of M-stars, scalimgntimber with the
abundance of carbon not locked into CO molecudgso) = ec — eo (Cherchné, 2006)

[ €c-9)
€(C-O)ism

The present value ofic-o)g, is less than one (Table 2.2), but now an extinction that is
produced by carbon grains is observed. Therefore, | can coathatec-_o)s, > 0 when
carbon grains formed.

The value ofc-o)s, atthe moment of carbon grains formation is evaluated from Eq. 3.20.
The obtained value gives the C-excess that formed the total mass ohagdins, needed to
reproduce the extinction now observed.

For this computation | assume 18g ) = —1524 (Mathis et al., 1977)pqcs) = 22 ¢
cm3, Macs) = 12011 my, X3=3.5 andamin = 0.005um, amax = 0.25um. Note thafoqcs)
needs to be converted from g cito g um~2 because the grain sizes are giveruin. The
value obtained is

(4.60)

GSC = €g|

€C-Opey ~ 3.8x 1074, (4.61)

This value is very similar to the solar abundance presently obsegved.63-10~* (Table 2.2).

The quantityes is estimated, similarly to the M-stars case, from Eq. 3.17 witgrdNy =
Mc(sy/Nu, With N c(s) = 1 andexc(s) = €c-oyey- The value ofesc is finally es ~ 10713, very
close to the one obtained for M-stars and in agreement with the value adppk«8i06.

On the other hand, the study of pre-solar graphitic spherules, whage @ attributed to
C-stars in the TP-AGB, can give important insight about the condensptaness of amor-
phous carbon dust. One fraction of the studied pre-solar graphiticinsntaernal crystals of
metal carbides with composition from nearly pure TiC to nearly pure Zr-Mbida (Berna-
towicz et al., 1996) and only rarely SiC (Hynes et al., 2007). An image @fspfar grains is
shown in Fig. 4.3.

These carbides, with the exception of SiC that is assumed to condensatskgpanight
have served as heterogeneous nucleation centers for condendai@gwhan, opening an alter-
native path with respect to the homogeneous accretion described &roat ¢t al., 2005).

In this scenario, the number of seeds is estimated iffardnt way.

Let us first assume that the typical seed observed in pre-solar graimedis up with TiC
monomers and that it has a typical size of abmyt 50- 10~ cm. If Mg is the correspondent
mass of the seed nuclei andigE59.88my is the mass of one monomer of TiC, the number
of monomers in the seed nuclei is

Ms
ic = = 1.67x 10%, (4.62)
where the mass of the monomer is givenMy = 4ﬂ/3a§pTic andpTic = 0.08 g cn13.

For solar abundances partition and solar metallicity, the abundance of tHartitatoms
overNy iser = 9.77x 1078 (Table 2.2). Therefore, the number of seed nuclei given this initial
elemental abundance is o

€= — ~6x 10712 (4.63)
nric

Since this is just a rough estimation and the observed valag fafr metal carbides is in
the range 5- 200- 10~/ cm, | consider values of the number of seeds betweel?Ehd 1011
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4 Dust growth

at solar metallicity. However, preliminary analysis witHfdrent values o&s shows that the
produced final grain size reaches values abol@m only fores < 10~2 which is the standard
adopted value. This value has to be scaled with the metallicity in analogy to M-stars

z
EsCTIC = € . 4.64
sC,TiC s( ZlSM ) ( )

In this thesis | will consider the homogeneous growth as the main mechanisrarfion
dust formation.

4.3 Accretion of dust grains

The second step considered in the process of dust formation is the additioslecules and
atoms from the gas phase to the dust grain.

The particles impinging onto a solid surface may experience chemical bongtion
called chemisorption (Ertl, 2010). This bond formation may keep the molecotéy en-
tact (nondissociative chemisorption) or it may be associated with bonkibgeand separation
of the fragments on the surface (dissociative chemisorption). The swemxess is called
desorption.

The addition of the molecules and atoms from the gas phase goes throudhetheal
reactions listed in Table 4.1. They provide important pieces of informationtdimv the dust
formation proceeds (i.e. how many molecules or atoms from the gas phaseeated to form
one monomer of dust).

The computation of the variation of the grain size is performed by explicitly evalg the
sticking rate of molecules or atoms impinging on the grain surface and theiomtagm rate
due to the destruction processes.

The accretion of dust grains, and their final sizes, depends on the@®Hions such as
the density and the temperature profile, and on the adopted assumptionsustteosv model
(e.g. the evaporation process at work).

It is possible to define a generic equation describing the variation of tire gjize. The in-
crease or decrease of the dust sizes occur, respectively, wbieriac or destruction processes
dominate.

The diferential equation governing the variation of the grain volume per unit time ean b
written as .

4ra
Vimd%Ta‘ = 4ra2(I%" — 399, (4.65)
hereVj; is the volume of the monomer in the solal,is the size of the grain of species
andJ¥",J9c are the growth and destruction rates, respectively. can be expressed in terms
of the atomic weight of the monomés and of the mass density of the dust speciesg;.
Voj = Aimh. (4.66)
Pd.i

The quantityJ?' is derived as described in Section 4.3.1, wher&#$ depends on the
dominant destruction processed described in the following sections.
The variation of the the grain siz¢ comes naturally by dierentiating Eq. 4.65

d ,
d—? = Vs (39" — gde9) (4.67)
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In the context of TP-AGB stars, | am interested in the dust growth psoo&isthe beginning,
the condition in the CSE prevents dust from growing, because the d&straerm remains
dominant within few stellar radii (depending on the destruction processrassto be at work).
Therefore, the numerical integration of Eq. 4.67 starts when the condi.lﬁSr—r(Jideﬁ >0is
satisfied, whereas the derivative is kept equal to zero \Mﬁ@h:iominates.

The dust condensation radilg; is the distance from the star at which the condition
da/dt > 0 is verified. The dust condensation radius is in generdéint for the diferent
dust species and depends on the decomposition process assumed to be at work.

In the following section | will describe how the growth terdi?,r, is derived.

4.3.1 The growth rate

The rate at which the reaction proceeds is determined by the flux of molesmd¢sms in the
gas phase per unit time, able to stick on the dust grain. Each dust grainsisleced to be at
rest and the flux of incident particles collides on its surface.

The total rate of collisions of each gas species is given by the prodivetee their number
density, given by Eq. 2.21, and their mean thermal velouity(T4ag, Where the gas tempera-
ture Tgasis given by Eq. 2.13. More specifically, the quantity(Tgad is the mean velocity of
the particles moving towards the grain surface and it is given by

kT
Vinj = | > niTS (4.68)

wherekg is the Boltzmann constant, ang the mass of the particle in the gas phase.

The final rate of molecules or atoms that are adsorbed by the dust graamjzuted by
multiplying the flux of particles per unit time by the so-called “sticking ffimgent”. This
quantity, generally provided by experimental determinations, is by definiteretiio between
the number of the particles adsorbed by the grain surfhgeover the total number of incident
particles,Ji; (MacNaught et al., 1997)

@ = @ (4.69)
Jin
Finally, the rate of the sticking particleiﬁ}, for each of the gas specig¢sis
‘Jig,]} = aiNjgVin j(Tgas- (4.70)

The sticking coficient, «;, is assumed to be the same for all the particles forming the
dust species. This quantity is a function of surface temperature (dust temperatunéicsu
coverage and structural details. The stickingfiioent provides an indirect measure of the
degree of the kinetic barrier or thehieiency of condensation. Its value is between 0 to 1,
zero implying infinite kinetic barrier and no condensation, and unity repteggno kinetic
barrier where all the impinging gas atoms or molecules are incorporated indolilésee also
Chapter 5).

The quantityJﬁ; is expected to decrease along the CSE. First of all, the gas density de-
creases as 2 and is even more diluted because of the outflow acceleration. Seopni
depleted from the gas phase because of dust condensation.

Once the rate of féective collisions for all the gas specig¢dnvolved in the formation
reaction is given by Eq. 4.70, it is possible to derive the growth rate ofdlsegtain by taking
into account the following considerations:
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4 Dust growth

e Inorderto forms monomers of the dust specigshe number of gas particles that should
stick on the grain surface is equal to their stoichiometricidgcients;. The values of
ands; are given by the specific formation reaction.

e The rate at which new monomers of dust are formed, and therefore that ratech the
dust grain is accreted, is determined by the rate at which the parfistask on the dust

grain,\]i@’jr and on the stoichiometric cicient,s;. For each dust specigghe gas species

for which the quantityJﬁ}/sj is the lowest determines how fast the chemical reaction
of dust accretion proceeds. This computation relies on the assumption e, the
slowest step of the chemical reaction occurs, the number of the othgre@esthat have
stuck on the grain is already equal to their ogn The atom or molecule determining
the slowest step in the dust formation reaction is called “rate-determiningespec

o Ifthe addition ofs; molecules or atoms of the rate-determining species fermenomers
of dust (withs > 1) the growth rate needs to be multiplied §y

The growth rate for each dust speciél%r, therefore reads
o (S qor
I = mm{ngi,j}. (4.71)

The gas species corresponding to this minimum is, by definition, the ratevdeitey
species. It could change during the dust formation process within the &3Be abundances
of the starting molecules and atoms change along the CSE.

The growth rate of the dust species listed in Table 4.1 are explicitly given ifoliogving.

4.3.2 M-stars

e Olivine
In order to form one monomer of olivine, two atoms of either magnesium or ooa of
SiO and three of KO are needed.

1 1
ar _ i ar gr ar gr
Joi = mln{E(JoI,Mg + ‘]oI,Fe)’ :_J)JOI,HZO’ ‘]oI,SiO} (4.72)
Since olivine can be conceived as an ideal solution of forsterite 8i@,) and fayalite
(Fe;Si0,), each site for a cation can either be occupied by & BeMg?* ion. For this
reason the growth rates of iron and magnesium atoms are added, ratneoiisadered
separately in the computation of the growth.

e Pyroxene
One monomer of pyroxene needs one atom of either magnesium or iroof 8i@ and
two of H,0.

1
ar mi ar ar ar ar
pr =min {pr,Mg pr,Fe’ 2‘pr,HzO’ ‘]py,SiO}' (4.73)

Analogously to olivine dust, pyroxene can be considered as an ideibsoof enstatite
(MgSiOs) and ferrosilite (FeSig). Each cation site can either be occupied by ah ére

Mg™ ion.
e Quartz
To form one monomer of quartz dust, one molecule of SiO and oneOf&te needed.
ar _ e[ 19" ar
g0 = min{I% 1 o Bsio) (4.74)
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4.3 Accretion of dust grains

e Periclase
To form one monomer of periclase, one atom of magnesium and one molddd}€o
are needed.
gr _ i [ 197 gr
Jpe=min{I% 0. o) (4.75)

e Corundum

For one monomer of corundum, one molecule of@knd two of HO need to be added.

1
gr _ i [ 97 or
3 =min{I% .0 chaHzo}- (4.76)

e [ron

Iron dust directly condenses from the gas phase. Therefore onemmesrof dust, corre-

sponds to one atom of iron.

gr _ q9r
‘]Fe(s)_ ‘]Fe(s)Fe (4.77)

4.3.3 C-stars

e Amorphous carbon

For this dust species, just one molecule of acetylen¢l,Cis needed to produce two

monomers of dust.

gr _ oq0r
JC(S) = ZJC(s)csz- (4.78)

e Silicon carbide

In order to form two monomers of SiC, two atoms of silicon and one moleculeld;C

are needed

1
gr _ . gr gr
Jsic = mm{é‘]SiC,Si’ JSic,csz}- (4.79)
e [ron

The formation of iron dust is treated with the same formalism of M-stars.

4.3.4 The destruction rate

As already mentioned, the dust grain growth is calculated from the balateeén the growth
and the destruction rates in Eqg. 4.67. The destruction process goeglilinguinverse process
of the molecules or atom absorption namely the desorption. As for any reacttso des-
orption is characterized by its own activation energy. This is particularly rapbdin order to
determine which destruction processes dfieient in the typical conditions of CSE and it will
be treated extensively in Chapter 5.

In the typical conditions of CSEs two main destruction mechanisms can be distiadu
pure sublimation, due to dust heating by stellar radiation and, for dustespinat can react
with H, molecules, such as olivine and pyroxene, the inverse reaction of thmafion ones,
listed in Table 4.1, occurring at the grain surface (Helling & Woitke, 2006).

The latter process is a reduction reaction and it is sometimes named chemisg@&sa9).

In the former case the desorption reaction is activated by the energiglpdoby the stellar
heating and depends on the equilibrium temperature reached by the dirssgrface (see
Eqg. 4.83). On the other hand, as far as chemisputtering is concerneckati@®n can be
triggered by the kinetic energy ofHnolecules, if they are energetic enough to break the bond
Si-O or Mg-O. In this kind of reaction, Himolecules destroy the structure of an oxide to form
H>O molecules that are released in the gas phase (Nagahara & Ozawg, 1996
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4 Dust growth

The total destruction rate is given by the sum the two contributions
Jaec = gsub gos, (4.80)
The two destruction mechanisms are separately discussed in the following.

e Destruction by sublimation
Sublimation is the natural evaporation process of molecules from the swfabe dust
grain. The evaporation rate is a function of the temperature reached byatinesurface.

It is also known that the sublimation process does not always work in a singyleln

the case of silicate dust the nominal molecule that evaporates does nasaisingle
entity in the gas phase and does not vaporize in the usual sense. lieahdt grain
decomposes into molecules that exist in the gas phase (incongruentai@pdDuschl
etal., 1996). The way in which the molecules desorb determines the rapidiity gfain
decomposition.

The evaporation rate]iS“b, is determined by considering that, in chemical equilibrium,
it must equal the growth rate. Then, since the sublimation process depelydsn the
specific properties of the grain under consideration, the rate determirleid imay must
hold also outside equilibrium. I thus obtain from Eq. 4.70, after eliminatiggvith the
partial pressure and the temperature,

p(Tdust)

Jsub
! kBTdust

= aVih,j(Tdus) (4.81)

where Tqust is the dust equilibrium temperature (see Eq. 4.88)j(Tqusp is the ther-
mal velocity of the molecule ejected from the grain surface. The quap(yys) is
the saturated vapour pressure at the dust temperature, that canrbesexpwith the
Clausius-Clapeyron equation

C
P(Taus) = exp( — =

+C), (4.82)
)
dust

wherec; andc; are sublimation constants, characteristics of the species under consid-
eration. The constary contains the latent heat of sublimation of the dust species and
the constant, actually is slightly dependent on the temperature. Both quantities may be
obtained either directly from thermodynamical data (Duschl et al., 199&)y ditting

with Eq. 4.82 the results of sublimation experiments (Kimura et al., 2002; Ksbaya
etal., 2009, 2011).

The dust equilibrium temperature in Eq. 4.81 is evaluated in the following wéne T
radiation field is able to heat the dust up to a certain equilibrium temperatungyat a
distances from the photosphere. Absorption and re-emission of phbtotfse dust
particles is proportional to the absorption @dent Q,ps defined in Chapter 3, which
in turn is a function of the grain size and of the wavelength of the incideratiad.

Initially, when dust is not yet formed or the opacity is negligible, the mediumbzan
approximated as optically thin and the equation describing the energy bdlatveeen
the radiation absorbed by the dust grains and the one which is re-irrddsate

T4, Qabsp(@ Taus) = Ter* Qabsp(@, Ter)W(r). (4.83)
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4.3 Accretion of dust grains

Qabsp is the Planck averaged absorption fimgent, computed analogously to Eq. 3.22.
This quantity is explicitly expressed as a function of the temperature andgjrainand

the dilution factoW(r) is defined in Eq. 2.14. The dust equilibrium temperature depends
on optical properties and, therefore, on the chemical composition.

The dust condensation temperatulrg,ng is defined as the dust equilibrium temperature
at the point where dust of a given typfestively condenses. The dust equilibrium

temperatureTqusy computed through Eq. 4.83 is only a virtual quantity, i.e. it is the
temperature that the dust would have if it could begin to form at a givaalrdigtance.

e Destruction by chemisputtering
The H, molecules in the gas phase may be adsorbed by the solid surface and mlay acc
erate the evaporation with respect to pure sublimation. In particular, tisemqece of H
molecules changes the destruction reaction with respect to free evapdratineans of
a process that, as already anticipated, is given by the inverse reactioresgict to the
formation one (Table 4.1).

The chemisputtering destruction ra&?, is determined in an analogous way, assuming
that the growth and destruction rates at equilibrium must balance, andthsitaw of
mass action to determine the partial equilibrium pressure of the rate-deternmjpeicigs,
Pjeq (EQ. 4.85), determined as described in Duschl et al. (1996). In an&ddgq. 4.67
the destruction rate is finally expressed by

3s= g aVihj(Tgad Piieq ‘
Sj I(BTgas

(4.84)

where j is the rate-determining species of each dust spdcieNdote that | replaced
NjiVinj = Pji/KeTgas(for the equilibrium abundances).

In Section 4.3.1 the partial pressure of the rate-determining species iselynidgter-
mined by the partial pressures of the other species in the gas phasearlibegressures
change along the CSE according to the variations;p{Eqgs. from 4.16 to 4.27 for M-
stars and from 4.48 to 4.50 for C-stars). If the rate determining species gathspecies
A, | obtain that the correspondent equilibrium partial pressure is

d 1/a
Po AG°
= ex 4.85
Phcg [ p'é p(c; p( RTgas ( )

The thermodynamical data for the computation of chemisputtering rates areftake
Sharp & Huebner (1990) with the exception of FeS@hd SiC for which | adopt the
data taken by Barin & Platzki (1995).

The explicit form of the ternpa eq, for the diferent dust species, is provided as follows.

4.3.5 M-stars
e Olivine: assuming that the rate-determining species of olivine is SiO, | obtain
Py,

2 2(1- ’
P pes ) B, oK p(ol)

pSiO,eq = (4-86)
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4 Dust growth

Pyroxene: assuming that its rate-determining species to be SiO, | finally have

PE,
pSiO,eq = 1- s (4-87)
P Pee ™ 7, oKp(PY)
e Quartz: analogously to the previous two cases,
sz
i0eq= ————— 4.88
S0 = DroKp(QU) (4:89)
e Periclase: if its rate-determining species is magnesium
sz
Mg.eqd = 1 7 4.89
PMG2a = oK p(Pe) (489

Corundum. If the rate-determining species is@lthe correspondent partial pressure is

P2 1/2
PAI,0.eq = —2] (4.90)
T LR 0Kp(c0)
e Iron. As this species is directly formed from iron atoms | get
Preeq = Kp[Fe(s)I™ (4.91)

4.3.6 C-stars

Analogously to M-stars, | list in the following the explicit forms of the partis@gsures of the
rate-determining species of C-stars.

e Amorphous carbon. As already mentioned, for this species | do not takadeount the
backward reaction because carbon dust is assumed to form belowgladltréeemperature
(1200 or 1300 K according to the model adopted in Section 5).

e Silicon carbide. If the rate determining species is Si one has

Py __ 2

I 4.92
barKo(SiC) (4.92)

Psieq = (
¢ lron. This dust species is treated with the same formalism adopted for Bl-star

4.3.7 Modification in the composition of Olivine and Pyroxem

In this final subsection the possible modification of the magnesium over irempaignusium
fraction of olivine and pyroxene composition is discussed.

Following FGO6, the probabilitx that a surface site for a magnesium or iron atom during
particle growth is occupied by magnesium is given by the ratio of the deposities from the
gas phase (wheiie= ol, py)

(4.93)
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4.3 Accretion of dust grains

Xgi is in general dierent from the abundance in the grain.

Following GS99 | will denote witiNg; the number of silicon atoms within a silicate grain,
and withM the number of sites occupied by Kfg(for olivine) and Mg (for pyroxene). The
aim is to study how the fraction

X = Mg/(Mg + Fe) (4.94)

changes in the grain. Ns; sites are occupied by silicon atoms, a number equblic= 2Ng;
andNpy = Ng; sites will be occupied by MgFe atoms, for olivine and pyroxene, respectively.
The change of the quantity is

dx dM
T - @GN (4.95)
MdN 1dM
= Nea TNaU (4.99)
(4.97)
and finally by means of the definition given by Eq. 4.94:
dx __xdN 1dM (4.98)

dt T Ndt T Ndt
The termdM/dt, is given by the sum of two terms. One describes the variation of the
number of sites occupied by magnesium atoms, newly created in the growspptMyg; /dt.
The other, describes the variationMfdue to a possible exchange between a magnesium atom,
in the grain, and a iron atom, in the gas phalée,;/dt (cation exchange):

dM 3 dngi dMgy;
at T dt o dt
The quantitydN/dt is the variation of the total number of sites newly created in the growth
process, that can be occupied by either magnesium or iron.
I will consider the termslN/dt andd M/dt separately.

(4.99)

4.3.8 Variation of the total number sites N=Mg+Fe

The number of silicon sites gl changes with time because of the dust growth. Considering
that in each monomer of silicate dust there is one silicon atom, the number vanatighis

dNs;  d4ra]  4ral da

= — = . 4.100
dt dt3Vo, Vo, dt ( )
By means of Eq. 4.67 one finally gets
dNs;
0 tS' = 47a?(3%" - 30e9, (4.101)
Moreover, the volume of a grain of radiascan be expressed as a functiorMgf as
4radpqy;
me = NsiVo,, (4.102)
so that Ve
4ra? = Ng%, (4.103)

therefore, by eliminating from Eq. 4.101 the tervra]ﬁ through 4.103, one gets

dNSi 3V0,i gr d
= N (-39, (4.104)
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4 Dust growth

4.3.9 \Variation of sites occupied by magnesium

As already mentioned, the variation f can occur through two processes. On the other hand,
a newly created site can be occupied by magnesium with a certain probabhilitieather
hand, some direct exchanges between magnesium on the grain and maiatihe gas can
occur. This process is described through a chemical reaction giveabile #.1. This means
that if a magnesium atom collides on the surface of a grain at a site whichupieddy an iron
cation, the particles may exchange. This process is regulated by thegcegj the exchange
reaction, as it will be outlined in the following.

The variation ofM due to the first mechanism is expressed by

dMyg;
dt

This relation takes into account the fact that for each monomer of dusefhra number
equal tos; yg of magnesium atoms are added to the grain.
In analogy to Eqg. 4.101 one gets

dMgq; 3V,
df | = Ng; a,-o’l (xgid%" — %399, (4.106)

= 4ra’s mg(xgidY — %37 (4.105)

The cation exchange is expressed by an analogous equation:

dM 3V,
% = NS.J(JEX— J#9), (4.107)

whereJ$¥is the rate of exchange between an iron atom in the grain and a magnesium atom
in the gas, and®* is the correspondent rate of exchange between a magnesium atom in the
grain and an iron atom in the gas and will be specified later. Therefoliasbkyting Egs. 4.101,
4.106 and 4.107, whemdsj = Ngi/2, for olivine, and withNs; = Npy, one gets

e Olivine.
dxo 3V
%: :0'[(xg_x0.)3 + (J+0, 31 (4.108)
e Pyroxene.
d Vo,
%= appy[( Xg = Xoy) 38 + (3%, — 3%)]. (4.109)
y

While the termJgr has already been defined, the terdff$ and J* need to be specified.

The rate of coII|S|ons of magnesium atoms is defined S|m|IarIy to the growth rate (ED).
The flux of the colliding magnesium atoms that succeed in the exchange withesmonding
iron atom is given, per unit time, by

IT) = iexvg gVinmg, (4.110)

where the cofficiente; ey is the probability of exchange of a magnesium atom with an iron
one.

The rate of the inverse reactiod$*, is given by the iron atoms able to exchange with a
magnesium one. Therefore one has that

J?f(i = Bi.exFegVihFe (4.112)
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4.3 Accretion of dust grains

whereg; ex is the probability of exchange of an iron atom with a magnesium one.

The codficientp ex is related taw; ex. This relation can be determined by considering the
cation exchange reactions at their chemical equilibrium. For a given ppréakure of iron
atoms, determined by its abundance, the correspondent Mg partialiegshe equilibrium
is determined, by the law of mass action, in analogy to Eq. 4.85

Puvgeq = [PReKp(T, )]V, (4.112)

where g and g, are the stoichiometric cdiécients of magnesium and iron, respectively,
andK,(T, x) is the constant of the exchange reaction. In particular, at the chemigiéibeium
JP =32, and thus

Vih,Mg NMg,
Bolex = @olex 9 =94 (4.113)
VthFe Nre
Through Eq. 4.113 it is possible to exprel§ in Eq. 4.111 as
Jff(i = @ exNMg,eqVth,Mg> (4.114)
and therefore, after eliminating the partial pressures in Eq. 4.112,
I% = @i e NEEKp(T, %) *9Vih mig, (4.115)
The rate of exchange of cations in Egs. 4.108 and 4.109 is therefore
I — J%% = Vinmg@exilMMg.eq — NFeKp(T, %)Y/ %] (4.116)

According to the reactions listed in Table 4.1, the constants of the reactiookvioe and
pyroxene are computed as follows

e Olivine

AG?a B AG?O Ggl,mix ] (4.117)

Kp(ol) = eXp[ T T ORT 2(1-xg)RT

AG;, andAGg, are the free energies of formation of fayalite and forsterite from the free

atoms, andagl,mix is the entropy of mixing for two moles of cations specified in Eq. 4.30.

e Pyroxene
AGg,— AG?

G
fer py,mix
- 4.11
RT 1- xpy)RT] ( 8)

Kp(py) = eXp[ -

AGgnandAGg, are the free energies of formation of enstatite and ferrosilite, respbgtive
from the free atoms arﬂ; is the entropy of mixing for one mole of cations specified
in Eq. 4.34.

Y,mix
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Chapter 5

Circumstellar Envelopes Models

In this Chapter | present the basic assumptions underlying the dust ggoladimes. Section 5.1

is devoted to the case of M-stars while, in Section 5.2 | consider the casstwi€ In Sec-
tion 5.3, | outline the ffects brought by changing the main assumptions of the dust growth
schemes by comparing a few models of both M-giant CSEs and C-star CSEs.

5.1 M-stars CSE models

In Chapter 4 | discussed how the growth of silicate dust grains is deterrhindte balance
between their accretion and their destruction rates. Two destructiongz@xean be at work:
pure sublimation and chemisputtering. From the standard computations, drasieel calcu-
lation of the Gibbs energies, it follows that chemisputtering rates are mucérltirgn the
sublimation ones. Therefore, many authors assume that the former priscé®e one that
inhibits the growth of dust grains (GS99, FG06).

However, these computations are only based on energetics consideratidomiss the
important role of the activation energies in chemical reactions. This is the faghemnical
kinetics that should be preferred in the analysis of the chemisputtefficgeacy.

In this respect experimental studies are fundamental to quantify the kinétieactions.
Indeed, experimental measurements of the evaporation rates in pregéficmolecules pro-
vide important results in order to determine if, at the typical conditions ofspiresand temper-
ature characterizing the CSEs, chemisputteringdfisient.

Some basic definitions of chemical kinetics are briefly recalled in Section GdlHelp
the reader to interpret the experimental results outlined in Section 5.1.2. Bordensation
experiments are briefly reviewed in Section 5.1.3. The comparison betwe&oidensation
temperatures obtained when chemisputtering is included and the onegidehiga only pure
sublimation is at work, is performed in Section 5.1.4.

5.1.1 Chemical kinetics

Given the simple reaction
A > B, (5.2)

an infinitesimal increase in the produBt= dé¢ corresponds to a decrease in the reactast
—d¢. The quantityt is know as “extent of reaction”.
For a more general chemical reaction,

SpaA + 5B — scC + spD, (5.2)
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5.1 M-stars CSE models

the extent of reaction is defined in such a way that, if it changeséhyhen the change in
the amount of any specieszjA, B, C,D, is sjA¢, for the products, ands;A¢ for the reactants.
It is now possible to define the “rate of reactiom;,as the rate of change of the extent of
reaction
d¢
=—. 5.3
T (®-3)
The quantityé is related to the variation of the amount of the substances involved in the
reaction. Ifdj is the infinitesimal variation of the specig¢sone gets by definition that

5,0¢ = dj. (5.4)

Therefore, by dierentiating, from Eq. 5.3 it follows that

1dj
= —— 55
v S dt (5.5)
The rate of reaction is often found to be proportional to the concentratitiie reactants
raised to a certain power. Considering reactions of the form 5.2 one &fas th

v = KAJA[B]°, (5.6)

where the square brackets indicate the molar concentration of the spedikssacalled
“rate constant” of the reaction. The rate constant does not depen@ @oticentrations, but is
a function of the temperature, wheremandb are experimentally determined for the specific
reaction considered. Equation 5.6 is called “rate law” of the reaction. dhepat which the
concentration of a species is raised in the rate law istder of the reaction with respect to
that species. Theverall orderof a reaction is the sum of the individual orders{&®). The
rate constant is governed by the Arrhenius equation

Ea
k = koexp( - R_T) (5.7)

wherekgp is a constant andt, is the activation energy of the reaction. To activate the
reaction, the reactants need to have a minimum kinetic energy, eqaainarder to form the
products. The exponential factor in Eq. 5.7 can be interpreted as tt@fraf collisions with
enough kinetic energy to lead to the reaction. In fact, the number of gaslesN;, that have
energy in excess di, is given by the Boltzmann distribution

N; =N exp—(E—jaI_), (5.8)

whereN is the total number of particles.
If the gas temperature is much lower than

T = ﬁ, (59)

the reaction slows down, because only a tiny fraction of the particles are emargetic
thanE,.
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Figure 5.1: Evaporation rate as a function of the total pressure at tre=l fbemperature of
2000 K. The figure is taken from Nagahara & Ozawa (1996).

5.1.2 Laboratory experiments of silicates evaporation

The experiments by Nagahara & Ozawa (1996) consider the evapoohtamystal of forsterite
(Mg»SiOy) in presence of blat temperature of about 2000 K. The evaporation fraction is de-
fined as the dference between the initial and the final weights, divided by the initial one. Th
evaporation rate is fitted by the formula

J=172P1%94+987x 10 [g-cm2s7Y], (5.10)

wherePy is given in bar. The data fit is shown in Fig. 5.1. When the pressure is lew, le
than 10° bar (1 dyne cm?) the first term of the right hand side is negligible, the evaporation
rate is independent of the pressure and it is the same as the one meastaeguim. On the
other hand, for pressures above 40ar, the evaporation rate depends linearly on the pressure.
At the typical pressure of the CSE (Fodyne cnt? = 1078 bar) the relation is independent of
the pressure and the sublimation rate is the same as in vacuum. The evapatationfact, is
almost constant for total pressures between 0.1 and 1 dyn& evhere the partial pressure of
H»> molecules is too low toféect the evaporation rate significantly.

From this kind of experiment the authors were also able to determine the vathe o
sticking codficient for olivineag that varies from 0.06 (in the vacuum) up to 0.2 at pressures
of 107 dyne cnt?. This quantity is estimated by dividing the maximum theoretical evaporation
rate (obtained witlwy = 1) to the measured one. This corresponds to Eq. 4.69.

Another experiment in which quartz glass (g)@rosion in presence of hydrogen gas is
studied, was performed by Tso & Pask (1982) in the range of tempeitagtnecen 1500 and
1700 K. In patrticular, they determined the activation energy barrier ofdhetion

SiOy(s) + Ha(g) — SIO(g)+ H20(9). (5.11)

from the relation between the sublimation rates and the tefim dbtaining a value of
343+33 kJ mot™.
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An analogous experiment was performed by Gardner (1974) for the shemical reaction
(Section 5.11) in the range of temperatures betwedd00 and 1900 K finding an activation
energy barrier of about 355 kJ nél

In the work of Massieon et al. (1993) the experiment of the olivine redndoy H,
molecules was performed in the range of pressure betw&en#0* and 14 x 10° dyne cn1?
and for temperatures between 1070 and 1370 K. They considered te® ¢§solid olivine,
pure fayalite (FeSiO4) and olivine that includes a fraction of magnesium in place of iron,
called Fa93 (FessMdo.14Si04). The kinetics of the reaction that was studied is

2H; + FeSiOs — 2H20 + 2Fe+ SIO; (5.12)

They found that the activation energy barrier of the Fa93 compound5s2@not?! and
that of FeSiO; is equal to 260 kJ mot.

The results of all these experiments can be interpreted in the following way.

First of all, in order to activate chemisputtering, the kinetic energy pitblecules has
to be high. The lowest measured value of the activation energy is the drezofompound
and is 205 kJ molt (Gardner, 1974), corresponding to a kinetic temperatufgé ef 25000 K
(Eqg. 5.9). This means that, at the temperature at which Nagahara & O188@)(performed
their experiment, 2000 K, the reaction is slowed down by a factér 8&cond, the chemis-
puttering dficiency depends on the total pressure. In fact, the decomposition ratenecay
Nagahara & Ozawa (1996) is found to be the same as in vacuum at thd fyaissures found
in CSEs (102 dyne cn1?), while the pressure-dependent regime isfor 10?7 dyne cnm?.
The increase in the decomposition rate at higher pressures, can bimedig the fact that the
fraction of particles more energetic than the activation energy increaspsrionally to their
total number, according to Eq. 5.8.

In conclusion, the critical dependence of the chemisputtering on the tetugesaad pres-
sure and the key-role played by the chemical kinetics, indicate that the gheteitng de-
struction rate cannot be simply evaluated on the basis of energetic reqnteebezause the
chemisputtering reaction rate is likely to be highly suppressed in the typicditams of the
CSEs.

5.1.3 Laboratory experiments of silicates condensation

In another important experiment, Nagahara et al. (2009) performedogalainy study of the
inverse process of evaporation: condensation. The insights déywmds study, as for instance
the typical condensation temperature of silicates, are of great importanteef purposes of
this thesis.

The experiments were performed in an evacuated tube in which a gas smara substrate
are set up. The gas source is a synthesized single crystal of forgtdgisSiO,), which is
heated from the outside. Forsterite evaporates to generate gas spédgesiO, and O with
the ratio of 2:1:3. The species in the gas phase move downward along thé&rnabeg hitting
the substrate surface.

The substrate is either AD3 or Mo, both of which are highly refractory, and no reaction
between impinging gas is expected at any temperature. The heating systeruoritials the
temperature of the substrate is independent of the one that generatesaatbmelecules.

In this particular case, the substrate temperature is lower than the gashuiaeomdition
is of particular interest because it resembles the conditions of dust gra@SEs. While
the temperature of the substrate changeemint dust species can form from the initial gas
composition. In this way, the condensation temperature can be controlldthbgiag that of
the substrate, because the gas particles instantaneously acquire thaaterape
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Figure 5.2: Mg/(Mg+Si) ratio as a function of the condensation temperature. fithee is
taken from Nagahara et al. (2009).

Mutual interactions among gas atoms and molecules are negligible becausedaeifree
path is larger than the size of the tube.

Two types of experiments were performed, thafetionly in the final flux of gas particles
hitting the substrate surface.

The so called “type 1 experiments” were performed in a silica glass tubeinfibewall is
characterized by a temperature lower than that of the gas particles. Faab@m, the particles
that hit the tube surface remain attached to it and there is no reflection. eftefect of this
process is that the particle flux hitting the substrate is much lower than the iniiadhing
from the source. The pressure during experiments is as low dsdy@e cnt2.

On the other hand, the so-called “type 2 experiment” was performed inLawachamber
with a vertical alumina tube in the center. The gas source is set at the botthentabe, and the
substrate is inserted from the top. In this experimental set up, a fractgasgiarticles directly
arrives at the substrate, whereas the fraction that collides with the alunfiea&n either be
reflected and thus attach to the substrate, or can react with alumina to foAt®lg(spinel)
due to the high temperature of the tube. The formation of spinel results in chieinaiction-
ation of gas. The condensation flux of gas onto the substrate is calculdbedMg:Si1:1.
The main diference with respect to type 1 experiment is that the gas atoms and molectiles tha
collide with the tube can be reflected maintaining approximately the original fllig pfessure
measured at a port attached to the vacuum chamber is aboll@% dyne cn1?.

As shown in Fig. 5.2, the results of the two experiments can be summarizelibagsfo

In type 1 experiment dust does not condense above 1270 K, wlrareager temperatures
(720 K), amorphous Mg-silicates are formed. The chemical compositioneddilicates ob-
tained is Mg:St1:1 which means that about one half of magnesium was lost from the bulk
source composition (Mg:SR:1).

During type 2 experiment the gas flow was fractionated from forsteriteddmposition
(Mg:Si =2:1) to close to enstatite-like composition (Mg=2il) due to the reaction with the
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alumina tube.

The highest condensation temperature is found for crystalline forsterité>® K, while
the condensation of amorphous forsterite and enstatite is around 1320 K.

A significant diterence between type 1 and type 2 experiments is that in the latter case the
gas pressure is higher and with a larger flux than the former. Thus, thi# i an indication
of the fact that the final condensation temperature of amorphous siliexfescted to be the
most abundant one in the CSEs of M-stars, depends on the flux of tidgsarThis fact can
be interpreted thinking about the condensation process in terms of the tiompeetween
the growth and destruction rates and that dfisiently high growth rates condensation tem-
peratures of silicates can be as highTas- 1400 K. This will be discussed in the following
section.

5.1.4 Evaluation of the condensation temperature of silicats in CSEs

The condensation temperature is defined to be the temperature at whicimttigooa g /dt =
0is met. From Eq. 2.19 this means that at this padat/dt)?" = (da/dt)%¢ In particular, from
Eqg. 4.80, it follows that, if chemisputtering is at wo¥' = J° and the condensation temper-
ature Tqonq refers to thegastemperature; on the other hand, if only sublimation is included,
J" = JsWb and the condensation temperature refers taitistemperature.

The condensation temperatures of silicates is here studied as a functitzydf)¢" and the
destruction by sublimation and chemisputtering are considered separaleycondensation
temperatures are shown in Fig. 5.3. The solid and dotted lines refer to thefdae olivine and
pyroxene, respectively, witﬂf“b computed following the method by Kimura et al. (2002) (see
also Kobayashi et al., 2011). For olivine, Kimura et al. (2002) deterniinen experimental
results,c; = 6.56 x 10* K and exp¢€,) = 6.72 x 10 dyne cn12. With these values | obtain
condensation temperatures between 1200 K and 1400 K.

The olivine curve obtained with this approach can be compared with thatedefor
forsterite (dashed line) using, instead, the analytical fits to theoreticallatitms ofc; andc;
provided by Duschl et al. (1996), from calculations of decompositiailiégia. The two meth-
ods give comparable condensation temperatures for olivine-type silicbesvalues shown
in the figure are also consistent with those derived by Kobayashi 2G19] and Kobayashi
et al. (2011), in the dierent context of sublimation of dust grains in comets.

Furthermore, this method provides condensation temperature for olivirgyrgeod agree-
ment with the recent experimental values by Nagahara et al. (2009 havsdfoundT ¢ongfrom
~1350 K (amorphous silicates) Taong ~1450 K (crystalline silicates).

For the evaporation of pyroxene some authors have considered timefbeential mode is
through SiQ molecules (Tachibana et al., 2002) and have empirically dedved.99x 10* K
and expé>)=3.13x 10 dyne cnt2. With these values | obtain condensation temperatures that
lie between 1500 K and 1600 K. However, the result for pyroxene isemtreliable and must
be considered only as un upper limit for the following reason. It is assuimegdpyroxene
evaporates preferentially incongruently through SBDt without taking into account that this
incongruent sublimation is followed by the production of forsterite (Taahdbat al., 2002)
which, at these temperatures, immediately evaporates. Moreover, agpminia the work by
Nagahara et al. (2009), forsterite is the phase that condensesdirsgfs at a wide range of
Mg/Si ratios diterent from 1.

Thus, in the following, | will consider the condensation temperature of thaelas rep-
resentative of all other silicates, when just sublimation is considered.

The condensation temperatures derived if just pure sublimation is at Wgyls, are com-
pared with the gas temperatures at which olivine and pyroxene are tegpcform when
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Figure 5.3: Condensation temperatures of olivine and pyroxene as aifumof the growth
rate given by Eq. 2.19 witkiideC = 0. For the pure sublimation casé® = 0) the curves for
olivine (black solid and dashed lines) are obtained fromrtiaglels of Kimura et al. (2002)
and Duschl et al. (1996) respectively, while pyroxene cisvieom Kimura et al. (2002) (black
dotted line). For the pure chemisputtering ca.q‘{i#t(: 0) the curves from olivine (red solid
line) and pyroxene (red dotted line) are obtained from EQ&3 4nd 4.32 respectively, for the
abundances given by Anders & Grevesse (1989).
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chemisputtering is included (red lines). These latter temperatures areleseyto each other,
and are significantly lower (by about 200 K) than the condensation tempesaiidong, Ob-
tained when only sublimation is considered. In fact, silicate destruction hyispeattering
is very dficient aboveTlgas ~1100 K (see also Fig. 4.2), also in agreement with other authors
(Gail & Sedlmayr, 1999; Helling & Woitke, 2006; Gail, 2010). Note that this latizlue
refers to thegastemperature, and it is improperly referred by some authors as the cadens
tion temperature of silicates, that, on the other hand, regarddustéemperature Tgong). The
corresponding value Offcong When chemisputtering is included can be significantly lower than
the gas temperatur@ong ~900 K.

In conclusion, the experimental measurements of the high activation erezygiyed for
chemisputtering reaction support a scenario in which this mechanism is colypiétieited
in the conditions of pressure and temperatures characterizing the CSfasthér support of
this scenario, comes from the determination of the condensation tempeaftsiésates, that
are in agreement with the ones found in condensation experiments wheisphéering is
neglected and only sublimation is at work.

For these reasons, two classes of models are presented in the followtianse In the
first one chemisputtering is included, as normally considered in the modelS@8 @&d FGO6,
in the second, chemisputtering is neglected, and only pure sublimation dusttbediing is
taken into account.

5.1.5 M-star models with dficient chemisputtering

From the analysis of experimental results by Nagahara & Ozawa (1€36),& Sedlmayr
(1999) concluded that the chemisputtering process should be fiitjeat within the CSEs of
TP-AGB stars. They have shown that, in this case, the destruction rateelyisputtering is
always much larger than that of sublimation, so that one can assuml??ﬁat JE%. The term
Jis given by Eq. 4.84.

I thus assume that chemisputtering is fullffi@ent for the species that can react with
hydrogen molecules. For the species that do not react with hydrogecuedesuch as iron, |
consider only the sublimation rate.

In the following | will refer to this scheme dew-condensation temperature (LCT) scheme
because, as already pointed out in Section 5.1.4 the condensation temgefailicates is
lower than the one obtained by only including pure sublimation.

5.1.6 M-star models with inhibited chemisputtering

In this class of models chemisputtering is completely inhibited for silicates and suiolimis
the only destruction process at work. For the computation of these modaés aoproxima-
tions are needed.

First of all, in these models | neglect the chemisputtering process at asgupeg Kobayashi
et al., 2011) on the basis of the discussion in Section 5.1.4. Thus, the emabfitibe grain
size is described by Eq. 2.19, with the destruction rate given only by thersilon term,
Jdec = Jsub computed from Eq. 4.81.

Second, the condensation temperature found by this method for olivinasglened to be
representative also for pyroxene, for which the condensation temupe@omputed isféected
by uncertainties (Section 5.1.4).

Third, the sublimation rate depends on the dust equilibrium temperatse(Eq. 4.83)
which assumes that the medium is optically thin. In principle, one should take ¢otuat
that, if different dust species form atfidirent radial distances, Eq. 4.83 should hold only for
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that species which forms first because thereafter the medium might be ecopiacally thin.
However, this approximation is applied only to the silicate dust, that is by far tiseimportant
opacity source in the CSEs of M-stars and for which it has been assuatdtiélcondensation
temperature is independent of composition (olivine or pyroxene).

Thus, instead of integrating the full Eq. 2.19, | first determine the coradiemspoint within
the CSE by comparing the growth rate with the maximum sublimation rate, i.e. the subtimatio
rate obtained by setting; = 1 in Eq. 4.81. This point is defined by the conditidfﬁ = JS%‘;X
and provides also the condensation temperature. Beyond this point, | tothguevolution
of the grain size by assuming that the sublimation process is negligible in thehagltside
of Eq. 2.19. In this way, the condensation temperature depends, ondheaaod, on the dust
species which determinéﬁg‘;x and, on the other, on the physical conditions of the CSE, which
determineJigr. Since the real sublimation rate is onlytimes the maximum sublimation rate,
the above condition implies that condensation begins when the growth ratd /s; (~10
for silicates) the real sublimation rate. The corresponding super-tiaturatio is also~1/«;
(~10 for silicates). Considering also that, beyond the condensation poingutiignation
rate decreases almost exponentially with the temperature, retaining onlyalwthgerm in
Eq. 2.19 does notfeect the accuracy of the results. This method is similar to the procedure
usually followed in the literature, but for the fact that, instead of assuminged imndensation
temperature, | derive it from the comparison of the growth and destrucdies.

In the following | will refer to this scheme akigh-condensation temperature (HCT) mod-
els

5.2 C-stars CSE models

5.2.1 Low temperature models

For amorphous carbon, | take into account that its growth can initially pebterough com-
plex reactions of gH, addition, forming isolated chains that subsequently coalesce into larger
cores. Further growth of carbon mantles on these initial seeds can centiraugh vapor
condensation (GS99). This homogeneous accretion is consistent with treangtyses of
pre-solar graphitic spherules extracted from meteorites, revealing dsemee of nanocrys-
talline carbon cores consisting of randomly oriented graphene shestsPiH-sized units up
to sheets 3-4 nm in diameter (Bernatowicz et al., 1996). According to @hefet al. (1992),
the chain of GH, addition reactions have a bottleneck in the formation of the benzene because
it becomes fective only when thgastemperature is beloWgyas=1100 K. Therefore, while the
sublimation temperature of solid carbon can exce&@00 K, its growth should be inhibited
aboveTyas=1100 K. Thus, following FGO6, | do not consider any destruction readtidhe
case of amorphous carbon, but | assume that it can grow only Whes1100 K.

In analogy to the case of M-star models witffi@ent chemisputtering, | will also refer to
these C-star models &swv-condensation temperature (LCT) models

5.2.2 C-star models with modified condensation temperature

For the amorphous carbon | have already explained that the growth iegolated by its
sublimation temperature~(500 K), but by the gas temperature window (900-1100 K) that
allows an dicient chain of GH, addition reactions (Cherchfiest al., 1992). However, recent
hydrodynamical investigations indicate that, during a pulsation cycle, gasstiatially at
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temperatures well above 1100 K, after being shocked may cool dowrearain inside the ef-
fective temperature window long enough to enhance the rate of additiotiores (Cherchné,
2011). In the detailed model of IR10216 this process allows the formation of amorphous
carbon in inner regions of the CSE where the pre-shock gas tempeistigaificantly above
the dfective window,Tgas = 1300 K (Cherchni, 2012). As a consequence, the growth rate
of amorphous carbon can be significantly enhanced. To investigate thetiorpthe predicted
ejecta of carbon dust, | explore the case of a higher temperature witidibowing the de-
tailed results of Cherchifie(2012). In this case | simply assume that the amorphous carbon
can condense beloly,s = 1300 K, which should set a fairly upper limit to the growth rate of
amorphous carbon.

In the following | will refer to this scheme asgh-condensation temperature (HCT) mod-
els

5.3 Comparisons between selected models

5.3.1 M-stars

As already discussed in Chapter 2 the CSE structure, i.e. density, tempeaatii velocity
profiles, is tightly coupled with the input parameters provided by the TP-AGBu&onary
models. In this section | compare some selected models fterelint choices of the input
parametersil,, L., M, Teg, €siol-py) that change simultaneously during the TP-AGB phase.
The models are selected infldirent phases along the TP-AGB track. The results are for both
the LCT and the HCT models, and for M- and C-stars.

The input parameters of the selected models are summarized in Table 5.k aistassed
below.

e Model 1(M1).
This model is at the beginning of the TP-AGB of a star with an initial mass of 1, ail
Z = 0.02. Therefore, its stellar mass is close to its initial value. The low mass-loss rate
is characteristic of this initial phase, as the highest mass-loss rates amltymached
during the final phase of the TP-AGB.

e Model 2(M2).
With respect to M1, M2 is characterized by an intermediate value of the msssdte.
The actual stellar mass is slightly lower but it is still close to the starting value.

e Model 3(M3).
This model is representative of the final phase of the TP-AGB of the stane Bhe
actual stellar mass is only 40% of the initial stellar mass because almost all the stella
envelope has been ejected. The mass-loss rate is high as expected findietages.
Note that the ffective temperature of this model is higher than the ones in M1 and M2
because, at this stage, the star has already lost part of its envelopgnghegions at
higher temperature.

The CSE structure of the above models (M1 to M3 from the left to the right3laoan in
Fig. 5.4, 5.5 and 5.6.

In the three top panels of Fig. 5.4 | plot the condensation degrees of dlliftspecies that
are formed in the CSE of M-stars. In the second row the contributions tausteogacities due
to the diterent dust species are illustrated. The opacity of each species ishyitba product
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r./rstar I"/rstar r./rstar

Figure 5.4: Some of the quantities characterizing M-star CSEs define@hapter 2 and 3
computed for the two dlierent formalisms: HCT (red) and LCT (black). From left tohid
consider from M1 to M3 listed in Table 5.First row: condensation fractions of the various
dust species formed in M-star CSEs (Eq. 2.8). Thedént dust species are plotted with
different linestyles specified in the pl&econd rowRosseland (solid thick) and Planck (solid
thin) opacities for the same dust species (Egs. 3.23 and.3e total average opacity for
each model is computed according to Eq. 2.9 (dash-dott&adiyd row: I" (solid), expansion
velocity (dotted) and escape velocity (dashed) profiles(Bq3, 2.4 and 2.6)Fourth row.
(solid) andry (dotted) profiles (Eq. 2.15 and 2.10). 75



5.3 Comparisons between selected models

76

0.100¢

= 1500¢

1000t
1.00

T

0.95

T

x 0.90

T

0.85

0.80¢
10719

1072 ¢
10—13 [
10—14 [
10715t

p [g em™]

-17
107} T

-18
10 I I I I I I L L L

I"/rstar I"/rstar I"/rstar

Figure 5.5: Some of the quantities characterizing M-star CSEs defin€&hapter 2 computed
for the two diferent formalisms: HCT (red) and LCT (black). From left tohid consider from

M1 to M3 listed in Table 5.1First row: sizes of the various dust species formed in M-star CSEs
(Eqg. 2.19). The dferent dust species are plotted witlifdient linestyles specified in the plot.
Second rowgas (solid) and silicate dust (dotted) temperature pofitay. 2.13 and 4.83). The
condensation radii of silicates are indicated with a crd$srd row: variation of the fractional
abundance of magnesium within olivine (solid) and pyrox@fwted) (Eq. 2.22 and 2.23).
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Figure 5.6: Number density profiles of the various molecules and atontkeérgas phase in-
volved in the formation of the various dust species, lisiedable 2.1 (Eq. 2.21). [erent
colours are used for the twoftirent schemes: HCT (red) and LCT (black). From left to right
| plot from M1 to M3 listed in Table 5.1. The fierent gas species are plotted wittifelient
linestyles specified in the plot. The condensation radiihef diferent dust species are also
indicated with dfferent symbols.

Table 5.1: Input parameters M-stars CSE models.

Model M.i[Mo] Z M. [Mg] L. [Le] M[Moyri] Ter [K] €Si.0l-py

1
2
3

1.7 0.02 1.62 x10° 4% 1077 2900 51x10°
1.7 0.02 1.45 A5x10° 15x10°6 2800 51x10°
1.7 0.02 0.63 B5x 10° 10° 3100 51x10°
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between its condensation fraction and its opacity computed as if all the avdiabklement
is locked into that dust species. The opacities are plotted both for the Pdaeckge (thin
lines) and for the Rosseland one (thick lines). In the third row | plot thetijyd", the velocity
profiles and the escape velocity, given by Eq. 2.6. In the fourth line thatgiesr andry are
shown.

In Fig. 5.5 | plot, for the same models, the radius of thi#éedent dust species (first row),
the dust and gas temperatures profiles (second row), the variationvofeoind pyroxene
compositionsxy andxpy (third row) and finally the density profiles (fourth row).

In Fig. 5.6 | show the number density profiles of the molecules and atomsahé&ztam
the dust species. The condensation radii at which the various spemiesife indicated with
different symbols. | remind that the condensation radius is defined, foldeatBpecies, as the
radius for whichdg /dt = 0, and depends on the destruction processes assumed to be at work.

From these figures | can sketch the following picture.

e Condensation fractions

In HCT scheme the only two relevant species able to condense are silicatdsthe
models listed in 5.1. The values of the condensation fractio®)%, is the same for all
the models. The silicate condensations show a rapid increase around Z8rR13 the
condensation fraction of silicates obtained with the LCT scheme is lower thamtse
obtained in M1 and M2. The reason why this happens is that in M3 the aatefeof
the outflow is slighly higher than in the previous cases and, as a consayties density
drops faster inhibiting the condensation.

In LCT models, the bulk of the condensation for silicates occurs at laaghir(~7-8 R,)
than in the HCT models whereas corundum dust is able to condense abetaaen-1-
2 R.. In agreement with the discussion in Chapter 4 this dust species is higtdgtafy
and it is able to condense already around 1500 K (see Fig. 4.2).

e Opacities
In all models considered, the contribution to the total opacity of both HCT aid L
models, is essentially provided by silicates. Even for the case with a higleneation
fraction of corundum, this dust species is too transparent to stellar radiatiprovide
an essential contribution to the total opacity.

By construction the weighted opacities are between the Planck and Rakaetanage.

| remind that in Chapter 3 the Rosseland mean opacity is computed at the lecal ga
temperature, which, at each radius, is given by Eq. 2.13. On the othdr tiee Planck
mean opacity is always computed at the stelfigaive temperaturel,g.

As shown in the plots, the Planck average, after the first strong rise jmeroanstant
throughout the CSE, because thg is fixed for a given TP-AGB model. On the other
hand, the Rosseland opacity changes as a function of the distance &q@hdtosphere
because of the change in the local temperature.

In the HCT scheme, the condensation fractions of silicates are almost theirsdmee
different models, but the Rosseland mean opacity at the condensation ratazsas
from M1 to M3. The reason of this is that the gas temperature at the caatitemsadius
increases from M1 to M3. The gas temperature at the condensation ragiasted in
the second row of Fig. 5.5, whereas the opacity as a function of the temapeishown
in Fig. 3.7.
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In the LCT scheme, the situation is complicated by the slightffedént condensation
fractions and radii of the models and thdtdiences between the Rosseland opacities
from M1 to M3, are due to the combination of these tviieets.

Within a single model, the ffierences between LCT and HCT for the Planck mean opaci-
ties are determined only by thefftirent condensation fractions of silicatesTasis fixed

by the TP-AGB model considered. For the Rosseland mean opacity the mastantp
difference between the LCT and HCT schemes is given by ffereint gas temperatures
at the condensation radius. The latter value is much lower in the LCT casandse
seen in the temperature profiles.

The weighted opacities tend to reach a maximum value when the silicates arelforme
and then they decrease. In fact, the rapid formation of silicate dust sesdhe value of

74 and, when it reaches values around 1, the opacity approaches thel&wsaverage
according to Eq. 2.9. This behaviour is particularly evident in M3 for thel@se and

it is due to the larger value (above 1) reachedpythan in the other models considered.

The quantityrq is integrated, according to Eg. 2.10 from the condensation radius of the
first species formed, outwards. As can be seen from this equatjas proportional to
the density and to the opacity. As a consequence, this quantity increasesnaas the
most opaque dust species are formed, and then tend to stabilize aroomstant value.

For a fixed opacity, the higher the gas density at the condensation radibe isigher

will be the value ofry. As a consequence, within the same scheme (either LCT or HCT),
and with comparable silicate condensation fractiagsends to increase from M1 to M3
because of the increasing values of the mass-loss rates (a@r4to ~ 10° Mg yr2).

The correspondingg are, 0.25, 0.55 and 1.23, for the LCT case, and 0.33, 0.64 and 1.83,
for the HCT one.

The values ofry reached in the HCT scheme tend to be slightly higher than those ob-
tained adopting the LCT scheme. The integration in the two schemes starts atmost a
the same radius (and therefore density), as the condensation of norundhe LCT
scheme occurs almost at the same radius of silicates in the HCT one. Hpimetrer
former case the opacity of corundum dust is much lower with respect tdliteges one.

As the values oty are similar in the LCT and HCT models, the corresponding opacities
behave very similarly when silicates are condensed.

Wind dynamics

The first general consideration regarding all the models is that, as theofiaity in-
creases] increases as well, as expected from Eq. 2.3, and the outflow is accedlerate
according to Eq. 2.4. As expected, the tdrmpresents the same functional shape as
which it depends linearly according to Eq. 2.3.

— Comparison between HCT and LCT models.
In all the models considered, silicates condense at about the same ist@iatds
that is around~2-3 R. for HCT models and-7-8 R, for LCT ones. The earlier
condensation in HCT models directlyfects the outflow velocity because of the
r—2 dependence of the acceleration in Eq. 2.4.
Condensation of silicate dust occurs at a distance that is a factor 2.5dessltlen
chemisputtering is included (~ R.) and consequently the acceleration term is
larger in HCT models, mainly because of the larger local acceleration oitgia
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the inner regions. This produces final velocities in HCT models which are more
than twice the terminal velocities reached in the LCT scheme.

As a consequence of the larger acceleration in the HCT models, the expansio
velocities reach the escape velocity closer to the stellar photosphere tharciorth
responding LCT models.

— Comparison between models affdrent evolutionary stages (from M1 to M3).
I' is proportional to the stellar luminositiz,., and inversely proportional to the cur-
rent stellar massiM.. Therefore, it naturally follows that the quantifytend to
reach higher and higher values from M1 to M3, both for tifie& of the higher
opacity and because of the increasing value of the luminosity coupled with a de
creasing value of the current stellar mass.
Therefore, from M1 to M3, | find increasing expansion velocities.

The escape velocity profiles show the behaviewy; o r=1, but are systematically
shifted toward lower escape velocities from M1 to M3. This is due to the fatt th
the escape velocity is proportional to the actual value of the stellar mass &t in
is about half the value it has in M1.

In all the models considered, the expansion velocity finally exceeds tlapesc
velocity, but at diferent distances from the stellar atmosphere.

M3 is the most favourable case for a dust-driven wind.

o Densities

The number density of molecules and atoms in the gas phase is particularly intporta
because it directlyféects the growth rate of theftierent dust species (see Chapter 4).

The initial density increases from M1 to M3, according to the fact that théstity is
directly proportional to the mass-loss rate (Eq. 2.11), and | assume &aonbmstial
velocity independent of the mass.

The acceleration of the outflowffacts the density profile of the CSE, as expected from
Eqg. 2.11. As can be seen from the plots in the fourth row of Fig. 5.5, thdeyasity first
decreases with the radius according to th&law and then it drops when the velocity
increases.

The number densities of the molecules and atoms in the gas phase decopasgqor-
ally. The ability of diferent dust species to condense dfedent distances from the
photosphere, combined with this drop of the density is what mostly determineslthe
ative final condensation fractions of the various species. The fuddgletion of the
molecules and atoms from the gas phase due to dust condensation is dasgedact,
as shown in Fig. 5.6.

As a consequence, when a certain dust species is able to form, the rilenbgy of the
molecules or atoms necessary to build it might be already too low if the wind aatiete
has already occurred.

In particular, because silicates form earlier in HCT models than in the LCT, ahest
species dterent from olivine and pyroxene cannot condense. On the othel, irathe
LCT scheme, various dust species can form. For example, in M1, iranstisle to con-
dense patrtially. In the LCT scheme, as quartz forms from the same moleSideaiid
H,0), its formation can be in competition with that of olivine and pyroxene. Hawnev
quartz finally condenses in negligible amounts because olivine and mgeoadense at
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slightly higher temperatures, depleting the gas from these molecules. Analggper-
iclase is not condensed because the species required for its formagoan@HO) are
depleted from the gas phase because of the formation of silicates at tagiperature.

Temperature

In the second row of Fig. 5.5 | plot the gas and dust temperature prafiiéisef HCT and
LCT models from M1 to M3. The crosses denote the points where silicatestiurit to
condense.

In the LCT scheme dust condensation startsgastemperature of abolifgas ~1100 K,
(see also Helling & Woitke, 2006) and in agreement with the condensatisasdrawn
in Fig. 4.2 (see also GS99). The corresponding dust condensationragames are be-
tweenTcong ~ 800 K, in M3, andT¢ong ~ 1000 K, in M1. As already mentioned in
Section 5.1.4 the condensation temperatures are generally lower than tteengesa-
tures.

In the HCT formalism, for M3, silicate dust begins to condense at a dust tatope of
Teond ~ 1350 K, well above the limit obtained with chemisputtering and in very good
agreement with experimental determinations (Nagahara et al., 2009)dstens.1.3).
The corresponding gas temperatufgss ~ 2000 K, is comparable with the one at which
Nagahara & Ozawa (1996) performed their experiments. The come§mp gas pres-
sure is relatively lowP ~ 5x 1072 dyne cn7?, and falls in the regime where the de-
composition rate measured by Nagahara & Ozawa (1996) is indeperfdbatgyessure
(Section 5.1.2).

For M1 in the HCT scheme the dust condensation temperatufgejg ~ 1300 K,
whereas the correspondent gas temperature is around 1400 K. frespomdent to-
tal pressure is lower than in M®, ~ 7 x 10-2 dyne cn72, again in the regime for which
the decomposition rate can be considered as given by pure sublimation.

Compositional variation of silicates

The variation of the fractional magnesium content of olivine and pyrexsriollowed
starting from an initial value oko = Xpy = 0.99, i.e. assuming that silicates are initially
iron-free. This choice is made to investigate the possibility that some iron atamiseca
included in initially iron-free silicate grains through cation-exchange meesg or during
the grain growth as expressed by Egs. 4.108, for olivine, and 4.209yfoxene. This
assumes that the chemical composition of silicates, initially iron-free, carabeanged
according to the energetics of the exchange reactions between magmésing) on the
grain surface, and iron atoms, in the gas phase, and according to thebjity that a
newly formed monomer of dust, through the accretion process, can cantaiatoms.

For all the models considered, the valuexgfandxy stabilizes around a value of&
These simulations show that a certain amount of iron can be included in theesilica
even if pure iron dust always condenses at temperatures lower thea tficilicates.
The percentage of iron atoms included is of the same order as the ongexbfBEelens
et al., 1998) and is in agreement with the adopted opacity data set (Op§etla.,
1992).

As | already discussed in Chapter 3, the inclusion of impurities in silicate dagig
has very important féects on the opacity and on the wind dynamics. In the light of
the above results, it is worth noticing that in models that need only iron-flieates
(Hofner, 2009), the exchange and capture processes responsithie foclusion of iron
atoms have to be fully inhibited.

81



5.3 Comparisons between selected models

The inclusion of iron in silicate dust can inhibit the formation of iron dust thahdsv-
ever, already limited by thefiects induced by the wind dynamics as the outflow is usu-
ally accelerated before iron dust is formed.

e Grain sizes
The final grain sizes for the various dust species are determined byitiabdbundances
of the key-element in the gas phase, by the number of the seed nucley dinel Wwind
dynamics.

Pyroxene and olivine are the dust species that reach the highessgmidimensions,
around 0.1um. The final grain sizes of pyroxene and olivine are almost indeperdent
the scheme adopted (LCT or HCT).

In the LCT scheme periclase and quartz dust grain are smaller thanut0@hereas
iron size is between 0.04 and 0.01 from M1 to M3. These grain sizes pomdsto
negligible condensation fractions.

In the HCT scheme the grain size of periclase, quartz and iron are alwaysmall and
their fraction is negligible.

In summary, in M-stars the bulk of condensation is made of silicate dust tntes most
of the opacity needed to accelerate the outflow.

The condensation of silicate dust occurs dfedent distances from the atmosphere, ac-
cording to the condensation scheme adopted (LCT or HCT). In spite oftleitcondensation
fractions and sizes are almost constant and do not greatly depend schigrae adopted and
on the variation of the various input parameters as the mass-loss rate, thediyithe éec-
tive temperature and the actual stellar mass that, on the other Héaxt,the wind dynamics.
The main reason why this happens, is that silicates are the only dust splelei¢s accelerate
the outflow and therefore the number densities of the atoms and molecule=drfeedheir
production do not drop significantly before their condensation. As ssatust is formed, the
opacity increases, the wind is triggered and then the density drops andghgrdwth stops.
This mechanism is “self-regulating” in such a way that the final condemsftotion reached
by silicates is almost constant.

On the other hand, the condensation fractions of all the other dust splectepend on the
underlying assumptions of the CSEs.

Also considering the dierent models, M1 M2 and M3, one sees that the condensation
fraction of silicates does not change significantly. Indeed in the casebiaithe formation
of silicates initially proceeds at low rates, as in M1, silicate dust has a longeratiaiable
to grow. On the other hand, in the models in which the densities are higherr{t3), the
formation of silicates is very rapid but this immediately produces a drop in detistyself
regulates the dust growth.

An important result is that iron-free silicates are likely to modify their initial chexhic
composition with the inclusion of iron atoms. This follows from the combinéelots of cation
exchange reactions and direct formation of monomers with iron atoms. Thigrportant
consequences for the opacity of the silicates and for wind dynamics as tevéktensively
discussed in Chapter 6.

5.3.2 C-stars

In analogy to M-stars, | select a few models of C-stars to study the relguamtities of their
CSEs. The input parameters of the selected models are summarized in Table 5.2
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Figure 5.7: The same as in Fig. 5.4 but from M4 to M6, listed in Table 5.2.
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Table 5.2: Input parameters C-stars CSE models.

Model M.jMo] Z M.[Mg] L.[Le] M[Meyr'] Ter[Kl (ec—eo)/ec (esi— es)/esi
4 2 0.02 1.8 F6x 10° ~ 1077 ~ 3100 0.46 0.15
5 2 0.02 1.7 D05x 10> ~6x107 ~2800 0.45 0.19
6 2 0.02 0.76 29x 10° ~107° ~ 2400 0.45 0.19
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5.3 Comparisons between selected models

In Figs. 5.7, 5.8 and 5.9 | show the relevant quantities that characterif&SBestructure.

In the mentioned figures, the plots refers to models from M4 to M6 from thedddimn to the
right one.

The quantities plotted are the same as in M-stars: in Fig. 5.7 | plotted the catidens
fractions in the first row, the opacities (second roli)the expansion velocities and the escape
velocities (third row) and, T4 (fourth row).

In Fig. 5.8 | draw the grain sizes (first row), the dust and gas temperatofiles (second
row) and the density profiles (third row).

Finally in Fig. 5.9 | plot the number densities of the molecules and atoms in the gas.ph

The models are representative oftdient phases along the TP-AGB tracks. The models
have similar values of the carbon excess, as its variation would complicatenawee the
interpretation of the results.

They are briefly described in the following.

e Model 4(M4).
This is a model at the beginning of the TP-AGB of a star of initial mdss= 2 Mg and
Z = 0.02. Therefore its stellar mass is close to its initial value. The low mass-loss rate is
characteristic of this initial phase.

e Model 5(M5).
With respect to M4, M5 is characterized by an intermediate value of the msssdte.
The actual stellar mass is lower than M4 but it is still close to the starting value.

o Model 6(M®6).
This model is representative of the final phase of the TP-AGB of the stane Bhe
actual stellar mass is only 40% of the initial stellar mass because almost all the stella
envelope has been ejected. The mass-loss rate is high as expected fimtiasages.

From these plots it is possible to get to the following conclusions in analogy wéth th
previous discussion for M-stars.

e Condensation fractions
With the HCT formalism, carbon dust condenses closer to the stary — 4 R,) than
the cases of LCTr(~ 4-5R.).

In M5 and M6, SiC shows the highest condensation fraction in both the HHATL&T
formalisms. M4 shows a similar behaviour in the LCT formalism, but, when the HCT
formalism is adopted, amorphous carbon has the highest condensatitarfr

I remind that, by definition, the condensation fraction of a given dustepé&computed
with respect to the initial abundance of the key-element, irrespectiveind partially
locked into gas molecules (Eg. 2.8).

Therefore, the reason why the condensation fraction of SiC is usualghigan that of
carbon, is that, in these models, most of the carbon atoms are locked into CQuias)e
while the condensation of silicon carbide is computed with respect to the abo@af
silicon. The condensation fraction of carbon is almost constaa0@6) from M4 to M6
and both in the HCT and LCT cases.

The condensation fraction of SiC is instead variable. In particular, in HCdletsats
value is lower than in LCT models. Thisftkrence is due to theftierent wind dynamics

in the two schemes whichffects the number densities of the species in the gas phase.
This will be extensively discussed in the Section dedicated to the densitieprofi
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5 Circumstellar Envelopes Models

e Opacities
In all the models considered, the opacity is essentially provided by carbsinathd
therefore the outflow is accelerated when it is formed. This is due to théhfatceven if
the condensation fraction of carbon is lower than that of SiC, the fornemiepis much
more opaque than the latter.

As discussed for M-stars, the Rosseland opacities shown for fiegetit models, from
M4 to M6, are shaped by the temperature at the condensation radius amtpénd on
the condensation fractions of carbon dust. The higher is the condemsatiperature,
the higher tends to be the Rosseland opacity, if the condensation fraatiokesea fixed.

As the dfective temperature is constant within a single model, tiferdinces between
LCT and HCT in the Planck opacities for a given dust species are jusiodine small
variation in the condensation fractions. Théfeliences in the Rosseland opacities be-
tween LCT and HCT schemes at the condensation radius are primarily due ¢ifth
ferent gas local temperatures more than thedénces in the condensation fractions. In
fact, the two curves get closer when the local gas temperature becomes.simila

The weighted opacities increase when amorphous carbon is formed hedryreach
values around 1, the opacities tend to approach the Rosseland mearBjEgh2 value

of 74 is higher when condensation happens in regions of highén M6 and with the
HCT formalism, this characteristic trend of the opacity is particularly pronedneafter

a peak the opacity decreases. The sudden increase in the opacitgt bsitke carbon
formation, in fact, is followed by an increase nf that reaches values that are higher
than those of all the other models.

In M5 and M6 the values ofy reached in the LCT scheme, encompass the ones reached
in the HCT case. This can be explained by the higher contribution by SiCirtise
former class of models than in the latter. In fact, in the HCT case the cordl&aston

of SiC is highly reduced.

Moreover, from M4 to M6 the values reached fyyare higher because of the larger gas
densities at the condensation radius due to the increasing value of théosmsste.

From M4 to M6 the values ofy are 0.37 , 0.51 and 2.18, for the LCT, and 0.25, 0.35
and 1.71 for the HCT.

Once carbon dust is formed, the opacity shows similar behaviour in HCTL&d
schemes. In fact, in both formalisms, the models reach very similar condengaiio
tions and, consequenthy.

e Wind dynamics
The comparison between the models obtained assuming the HCT or the LGWesche
shows that in the former case the outflow velocities are higher. Simeaches compa-
rable values in the two cases, it is possible to conclude that ffexetice in the velocity
profiles is mainly due to the higher local acceleration of gravity in the innepnsg
according to Eq. 2.4.

Similarly to the M-stars models, from M4 to MB increases because of the combined
effects of larger values of the opacityand of the decreasing values of the current stellar
mass, coupled with higher luminosities (see Eq. 2.3).

At the same time, the variation of the input parameters during the TP-AGB phase
the dfect of decreasing systematically the curves of the escape velocities fiotm M6
according to Eqg. 2.6.

87



5.3 Comparisons between selected models

From M4 to M6, for both formalisms, the outflows are finally accelerated upxpaue-
sion velocities that exceed the correspondent escape velocities. ticufzar the most
favourable case of arflicient dust-driven wind is M6.

e Densities
The density profiles behave as expected from Eq. 2.11. After the inifighey suddenly
drop as a consequence of the outflow acceleration.

The number densities of the molecules and atoms in the gas phase decwmgase pr
tionally. This drop #&ects the final condensation degrees of the various dust species
according to their condensation radii.

In LCT models carbon dust condenses after SiC and the number den€ifidefand of
silicon atoms remain high for long enough to form SiC. On the other hand, in @& H
models the condensation of SiC occurs after the acceleration of the oygfleventing
SiC from condensing in large fractions. The gap in the condensatiotidingcof SiC
between HCT and LCT is particularly exacerbated for low mass-loss ratélse HCT
model, the condensation fraction of SiC in M4 is lower than the ones obtaine8 amisl
M6 because of the lower number densities of silicon atoms aiith G-inally, iron dust
is never formed because it condenses when the number density of iras mstalready
much lower than the initial one.

e Temperature
In C-stars carbon dust reaches temperatures higher than the gabewmzse of the
high absorption capacity of carbon grains. However, the maximum dustetaiojpe
reached by carbon grains after the condensation radius is always belsublimation
temperature that is about 1500 K.

e Grain sizes
The highest value of the grain sizes is reached by amorphous carltoimboCT and
HCT schemes and has the same value from M4 to M6 aroungrd.1

Inthe LCT scheme, the size of SiC dust is constant from M4 to M6 and its iséweund

0.1 um. In the HCT scheme SiC grain sizes are generally smaller than those obtained
adopting the LCT scheme. In the former formalism, in fact, the wind acceleiaes
before SiC can form. The only exception in HCT models is for M6 in which Si&t @u
formed just before carbon dust (and therefore wind acceleration).

Carbon dust has larger grain sizes than SiC, but the condensatidiorira¢ SiC is
larger than the carbon one. The low condensation fraction of carbomeigadthe fact
that the key-element of carbon dust is C that is mostly condensed into COutesec
and the fraction of carbon initially available is onlyc(— €0)/ec. On the other hand,
the key-element of SiC is silicon and therefore the fraction of silicon availatiigher,
(esi — es)/esi. The values are shown in Table 5.2

Finally, the grain sizes reached by iron dust grains change from modeldelrand are
different in LCT and HCT formalisms within the same model. This again idfecteof
the wind dynamics.

In conclusion, in C-stars the carbon condensation fraction depenitie @vailable carbon
not locked into CO molecules. In the cases investigated, its condensatitiorires usually
below the one of SiC.
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5 Circumstellar Envelopes Models

However, carbon dust is the species that provides the needed opacitgdterate the
outflow.

The diferent temperatures assumed in the HCT and LCT schemes naturally imply that
the carbon condensation radii ardéfdient in the two classes of models. In LCT models the
typical condensation radius for carbon dust is between 4;5Rereas for HCT computations
it is between 3-4 R The diferent choice of the condensation temperatufecss the wind
dynamics (larger expansion velocities) and the condensation fracti@®i€@&nd iron dust.

As previously noticed for M-stars, the condensation fractions and fozesrbon dust are
almost constant also for theffBrent schemes adopted and it is always aroung®.1

Finally | remark that, for C-stars, the HCT scheme has been included onlystdhie
possible &ects of a higher gas condensation temperature and it will not be assuntieel as
preferred dust formation scheme.
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Chapter 6

AGB dust formation from low to solar
metallicity

With the formalism outlined in Chapter 5 | follow the growth and evolution of dughéCSEs
of selected evolutionary TP-AGB tracks, extracted from the set of Magical. (2013). This
chapter is based on the paper by Nanni et al. (2013).

| consider three values of the initial metallici®, = 0.001, 0.008 0.02, which are repre-
sentative of low, intermediate and solar metallicity, respectively, and a flagted values of
the initial stellar mass, between 1 \Mind 6 M,, as listed in Table 6.4.

| exclude from the calculations the models for mass-loss rates beldhM@yr~1, because
dust formation is already negligible at those values (FGO06).

The opacities adopted are listed in Table 6.1 and are computed as descritiempier 3.
For some dust species | use the fitting formula provided by GS99 (indicatéit @ the table).
| remind that these species are very transparent to the stellar radiatiatoaddnsed in very
low fractions (see Chapter 5) and therefore do rfegéa the wind dynamics. The references
are also shown in the table.

The properties of dust adopted in the computations of dust growth amatiearin the
chemistry of silicates (Egs. 2.19, 4.108 and 4.109), i.e. the mass nufbtire dust density,
pdi, the sticking cofficients,a;, and the cation exchange dbeients,aexi, are are specified in
Table 6.2.

Table 6.1: Data for the opacity and dust temperature calculations.

species opacity

M-stars

olivine O-rich (Ossenkopf et al., 1992)
pyroxene  O-rich (Ossenkopf et al., 1992)

iron (Leksina & Penkina, 1967)
periclase GS99 (fit)

quartz GS99 (fit)
corundum (Begemann et al., 1997)
C-stars

carbon (Hanner, 1988)

SiC (Pegourg, 1988)
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Table 6.2: Data used in the calculation of growth and vaporizationg#endpy; are taken
from Lide (1995).

species A Od.i a; Qexi

M-stars
corundum 101.961 3.97 1.0 (Nannietal., 2013)
iron 55.845 7.87 1.0 (Landoltdnstein, 1968)
quartz 60.085 2.196 0.01 (LandolBBstein, 1968), 0.1 (FGO06)
olivine  172.23 3.75 0.1 [LCT] (Nagahara & Ozawa, 1996), 0.1-0.2 [HC0.06 (GS99,FG06)

pyroxene 116.16 3.58 0.1[LCT](FGO06), 0.1-0.2 [HCT] 0.06 (FGO06)
periclase 40.304 3.6 0.2 (FGO06)
C-stars

carbon  12.011 2.2 1.0 (FGOB)
SiC  40.097 3.16 1.0 (Bback, 1999)

Table 6.3: Data for the opacity and condensation temperature caloakafor the LCT and
HCT schemes in M-stars.

€s 1053 Eq. 4.58, Ch. 4
Vo [km s71] 0.5 Eq. 2.4,Ch. 2
Xg 3.5[LCT],0.1[HCT] Eq.3.16,Ch.3
min [um] 0.005 Ch. 3
amax[um]  0.25[LCT], 0.18 [HCT] Ch.3

ag [um] 1078 Eq.2.19,Ch. 2
Xol 0.99 Eqg.2.22,Ch. 2
Xpy 0.99 Eqg.2.23,Ch. 2
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6 AGB dust formation from low to solar metallicity

The values of the sticking céiecients are taken from laboratory measurements, when avail-
able, or theoretical computations. For some of the dust species comkitsraot possible to
rely on experimental measurements of the stickindglocient and some assumption are needed.
For pyroxene | adopt the same value as that used for olivine. Fondar the maximum pos-
sible value, i.e.aco = 1 was chosen. Finally, for amorphous carbon the usual assumption is
to adoptac = 1 because, once theB, addition reactions are activated, the gas temperature
Tgas~ 1100 K is so much below the typical sublimation temperatufi600 K of carbon, that
the latter is supposed to grow at the maximufiiceency (Gail & Sedlmayr, 1988; Cherchifie
etal., 1992; Krueger et al., 1996). | thus adopt the standard assumptieri, but | also check
the dfects of adopting a lower sticking cieientac = 0.5 andac = 0.1. All the references
are also indicated in the table.

Finally the initial data, i.e. initial velocityyp, abundance of seeds, slope of the grain
size distributionxg, minimum and maximum grain dimensicyin andamay, initial grain size,
ag, and the fractions of magnesium over magnesium plus iron ateynand Xy, are provided
in Table 6.3. For these latter quantities | also recall the correspondingi@ggiand chapters
(“Ch.” in the table) in which they are first mentioned. fl2irent assumptions have been made
for the two schemes (LCT or HCT). In the LCT case, the values adoptetharsame as in
FGO06, Ventura et al. (2012a) and Ventura et al. (2012b). This clatioes a comparison with
the results of these authors, in which the standard LCT scheme is adaptéé. HICT case, |
assume an almost flat grain size distribution, in a range more suitable for ibeltfpal sizes
obtained in the computations, that predict a maximum grain size of abtbiuh.

6.1 Expansion velocities

A straightforward quantity predicted by these models is the terminal velocityeaxpanding
envelope. that can be compared with the observed values. Contrary éocsoyahisticated hy-
drodynamical models, the presented model does not provide the masat&sghich must be
assumed. The meaning of this comparison is thus to check whether, givirltheparameters
and the corresponding mass-loss rates, the model is able to reprodtesrthmal velocities of
the wind, over the entire range of observational data.

6.1.1 M-stars

For Galactic M-type TP-AGB stars the comparison is shown in Fig. 6.1. Nésssrates and
expansion velocities are taken from Loup et al. (1993) (black triang@shzAlez Delgado

et al. (2003) (black pentagons) and 8ir et al. (2013) (black squares). Data from Loup et al.
(1993) and Sobier et al. (2013) are derived from observations'820O and HCN rotational
transitions, whereas Goalez Delgado et al. (2003) obtained their values from the interpreta-
tion of SiO rotational transition lines. The mass-loss rates range fb@n’ Myyr—! to a few
107° Muyr1, including also dust-enshrouded TP-AGB stars, while the wind velocitiegera
from a few km st to 20 km st. For the models | adopt an initial metallici#/ = 0.02, as-
sumed to be typical of the solar environment (Lambert et al., 1986). | rethatdthough the
current solar metallicity is estimated to Eg ~0.0154 (C#&au et al., 2011) and its derived
initial metallicity is Z, ~0.017 (Bressan et al., 2012), Lambert et al. (1986) compared their
observations with model atmospheres based on the old (Lambert, 1978alsotatances for
whichZ; ~ 0.021. In Fig. 6.1, as well as in Figs. from 6.2 to 6.4 where | compare preditio
with observations, the evolutionary tracks of TP-AGB stars of variousegare represented
with a discrete number of points, selected from a randomly generated mndfistribution of
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6.1 Expansion velocities
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Figure 6.1: Expansion velocities of circumstellar outflows against sAlass rates of variable
M-stars. Observations of Galactic M-stars by Loup et al9@9black triangles), Goratez
Delgado et al. (2003) (black pentagons) andd@ehet al. (2013) (black squares) are compared
with predicted expansion velocities for a few selected TBBAiracks with Z= 0.02 for the
values of initial stellar masses listed in upper left of efighre. Left panel comparison with
simulations that assume fullyfficient chemisputteringRight panel comparison with HCT
models.

ages that samples the entire TP-AGB phase of each star. The numbéntsfipmot set equal
to the total number of observed objects because the aim of this comparigdy te bighlight
the regions where TP-AGB stars are expected to spend most of theitiemalty time, and not
that of performing a population synthesis analysis. This latter investigatiotdwequire the
convolution with the initial mass function and the star formation rate, which isrzbtize goal
of this thesis.

In the left panel of Fig. 6.1 | compare the data with the results obtained foptig
the LCT scheme while, in the right panel, | adopted the HCT scheme (seaeChdpFrom
this comparison, it immediately follows that the models withogent chemisputtering cannot
reproduce the observed velocities. Indeed, the predicted velocities aegeed 10 km's,
and, after an initial rise, they saturate or even decrease at increasgsglosa rate, failing to
reproduce the observed trend. This long-standing discrepancyhblsrgged many theoretical
investigations (Ireland & Scholz, 2006; Woitke, 2006, e.g.). As also dss by FGO6 this
problemis largely insensitive to the adopted opacities. Indeed, evendifiexgnt opacity data
set, (Jones & Merrill, 1976; Ossenkopf et al., 1992; Dorschner e1295) | cannot reproduce
the observed relation.

Recently a solution to this discrepancy has been advance@nekH2008a). In this model
the condensation temperature of silicates is fixegnq = 1000 K, which implies that dirty
silicates condense at abaut- 5 R,. In this case, the acceleration term (Eq. 2.2) is not large
enough to reproduce the observed expansion velocities. The solutipteado overcome this
impasse is to assume that large iron-free silicates are produced. lrdedtsady discussed in
Chapter 3, at the typical wavelengths at which stellar emission peakdr@&esilicate grains
are characterized by lower absorptidfigency than dirty silicate ones. This implies that, at a
given distance from the photosphere, the former species reachelguibrium temperature,
Tquss than the latter, and thus iron-free dust grains become thermally stable irégiens of
the CSE f ~ 2 R,). However, the opacity of iron-free silicates becomes comparable to the
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Figure 6.2: The same as in Fig. 6.1, but using HCT models and large iagdrains{£0.3um)
obtained by decreasing the number of seeds to 10714,

dirty silicates ones for grain sizes abovd @m. In particular, in Hbfner (2008a) the grain
size needed to produce the opacity required to accelerate the outflo&3s:m (Bladh et al.,
2013). A high sticking coicient @sj = 1) is also assumed in this model.

An alternative explanation of the discrepancy between observed aulicfad terminal
velocities is naturally provided by the HCT scheme, as can be seen in thpaiggitof Fig. 6.1.
With a higher condensation temperature for silicates, dust formation carpta&e in inner
regions of the CSE, where the acceleration term is larger, without the afeezbuming that
only iron-free grains are formed. The observed trend of velocity withsal@ss rate is now
satisfactorily reproduced, with the predicted values only slightly lower thHeewations. In
order to further improve the comparison, other important input parametetd be varied such
as, the average dust size and the stickingfoments. Moreover, the computations performed
in Chapter 5 indicate that iron can be included in silicates and therefore #ssmable to adopt
the dirty silicates opacities.

In order to investigate thefects of adopting large grains in the HCT scheme, | compute
a few models decreasing the number of seeds te 10714 for which the final grain size is
around 03 um. In these runs | adopt opacities suitable for iron-free silicates (faestand
enstatite) taken fromager et al. (2003). With a lower number of seeds | obtain grain sizes
larger than~ 0.3 um. The models are plotted in Fig. 6.2. The comparison with the observed
velocities is clearly improved with respect to the results shown in the right jpdufég. 6.1.

The dfects of changing only the sticking déieient are shown in Fig. 6.3. Here | use HCT
models with standard sizes and opacity but with a modest variation of the stimbéiirient,
from 0.1 to 02. This variation is reasonable given that the stickingitcients for circumstellar
conditions are not experimentally well constrained (Nagahara et al.,)200% agreement
with the data is also good, indicating that with a larger condensation tempeitatag not be
necessary to invoke iron-free grains.
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Figure 6.3: The same as in Fig. 6.1, but using HCT models and a stickingjicieat of silicates
of 0.2.
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Figure 6.4: Expansion velocities of circumstellar outflows against salass rates of variable
C-stars. Observations of Galactic C-stars by Loup et al98)9black triangles) and Sofer
etal. (2013) (black squares) are compared with predictpdmsion velocities for a few selected
TP-AGB tracks of diferent initial metallicityZ = 0.02, Z = 0.017 andZ = 0.014. The adopted
sticking codficient of amorphous carbon dust is specified in each panel.
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Figure 6.5: Impact of diferent laws of mass-loss rate on the expansion velocitie SSEIDf
C-stars. Observations of Galactic C-stars by Loup et al98) 9black triangles) and Sofrer

et al. (2013) (black squares) are compared with those pgestilly models oZ = 0.02 for two
other diferent mass-loss rate recipekeft panel the Vassiliadis & Wood (1993) mass-loss
law in its original formulation.Right panel the Vassiliadis & Wood (1993) mass-loss law but
delaying the onset of the super-wind to a pulsation peFee800 days (Kamath et al., 2011).

6.1.2 C-stars

The comparison with C-stars is shown in Fig. 6.4. Observed terminal veloaiésnass-
loss rates of Galactic C-giants are taken from Loup et al. (1993) (blaigles) and Sdbier
et al. (2013) (filled black squares). The observed velocities ramge & few km s to about
35 km s! for mass-loss rates betweei0~’ Myyr~t and~10> Mgyr—1. The results obtained
by adopting the LCT scheme of C-stars with initial mass between,zaml 3 M,, Z = 0.02,
and sticking cofficient of amorphous carban: = 1 (top left panel) reproduce fairly well the
observed diagram. This result is already known because the opacityoophous carbon is by
far larger than that of silicate dust (Chapter 3).

The other two upper panels in Fig. 6.4 show tlieets of lowering the initial metallicity
fromZ = 0.02toZ = 0.017 and taZ = 0.014. At a given mass-loss rate, the predicted terminal
velocities increase at decreasing metallicity and whiledef 0.02 the models perform fairly
well, at lower metallicity there is a tendency to run above the region occupi¢keblpulk of
the data.

In particular, forZ = 0.014 many models fall in a region with detectable mass-loss rates but
with velocities significantly higher than observed. Thieet can be explained by considering
that, as shown in Figs. 1.6, 1.7 and 1.8, at decreasing metallicity C-stars sanie mass
not only reach a higher /O ratio, but also a larger carbon excegg;eo. Indeed, for the
metallicities considered in Fig. 6.4, the maximunfOCattained in the models of 2 Mand
3 Mg are QO = 1.24 and 1.46 foZ = 0.02, GO= 1.52 and 1.70 foZ = 0.017, GO = 1.95
and 2.06 forZ = 0.014, while the maximum carbon excess is k90 * and 3.5% 10°*
for Z = 0.02, 3.6% 10% and 4.5% 10° for Z = 0.017 and 5.39 10 and 5.5& 10
for Z = 0.014, respectively. With a larger carbon excess, the amount of amasptarbon
that can be produced in the adopted scheme is also larger and the wintteges a higher
acceleration. To see how this result depends on the adopted value dickiegscodticient
of the amorphous carbon | have recomputed the above dust evolutioersas with both
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6.1 Expansion velocities

ac = 0.5andac = 0.1. With the latter value | could not reproduce realistic expansion velocities
in the range of @O ratios expected to accelerate the outflow (Mattsson et al., 2008, 2010).
With the intermediate valuec = 0.5 one can still get a good agreement with the data, as
shown by the lower panels of Fig. 6.4. Witlz = 0.5 the best agreement between data and
simulations is achieved fa = 0.017 and, as in the case with sticking fiog@entac = 1,

Z = 0.014 seems to be a too low metallicity for the Galactic C-stars. Clearly, there is a
degeneracy between the carbon excess and the stickifigcem®, so that | expect that even
for Z = 0.014 there will be a value of the sticking d@ieient, Q1 < ac < 0.5, that is able

to reproduce the observed data. Nevertheless, given that a metallicitgdretw= 0.02 and

Z = 0.017 is fairly representative of the possible values for C-stars of thecGaldisk and

in absence of more accurate experimental determinations, | consiiler @c < 1 the most
plausible range for the sticking cieient of amorphous carbon.

It is also interesting to see thdfects of adopting dierent mass-loss prescriptions, but
maintaining the same prescription for thi@ency of the third dredge-up (Karakas et al.,
2002). In the left panel of Fig. 6.5 | show thffects of adopting the mass-loss rate prescription
of Vassiliadis & Wood (1993) in its original formulation, with a superwind phatarting at a
pulsation period® = 500 days. The general agreement is satisfactory, similar to the results in
Fig. 6.4 (top panel).

Instead, delaying the onset of the superwin&@te 800 days as suggested by Kamath et al.
(2011) (right panel), | predict expansion velocities that are too highpaoed to the bulk of the
observed data, for 16 < M < 105 M, yr~L. In this case, TP-AGB models $ar more third
dredge-up events, which lead to larggOQratios, i.e. 1.77 and 2.47 for the 2.Mand 3 M,
models, respectively. Lower velocities may be obtained with models of hightadlivigy, but
this would conflict with the observed oxygen abundances of the Galactiar€-which are
slightly sub-solar. Within the adopted scheme for C-dust formation, a dikyger-wind can
still produce a reasonable agreement with observations, but invokingea &ficiency of the
third dredge-up at the same time.

It is also worth mentioning that there is observational evidence that Cisténg Small
Magellanic Cloud (SMC), despite having very similar moleculaHg and HCN NIR band
strengths compared to C-stars in the Large Magellanic Cloud (LMC), shiowex intrinsic
dust attenuation (van Loon et al., 2008). This would confirm earlier estigns that also for
C-stars the dust-to-gas ratio should decrease with the initial metallicity, andahid @irectly
affect the predicted velocities. In particular van Loon (2000), combininkjgckaws provided
by spherically symmetric stationary dusty winds with other observational ee@ealerived a
linear relation between the dust-to-gas ratio and the initial metallicity of C-stande\vi M-
giants a correlation with metallicity is naturally explained by the secondary nafuhe dust
key-elements such as silicon and magnesium, for C-stars this would meanetgidiency
of converting C-molecules into C-grains decreases with the initial metallicity l(ean et al.,
2008).

In summary, | can draw the following conclusions: expansion velocitiessfa@ depend
on the interplay between mass-loss and third dredge-up, andfactea by the uncertainties
in the sticking co#ficients and the details of the underlying nucleation process. As a result,
some degree of degeneradyegts the predictions. At the same time, the observed velocities
may dfer a powerful tool to calibrate the above processes, provided that iotthependent
observational constraints are considered jointly (e.g. measurement®afatos, dfective
temperatures, mass-loss rates, lifetimes from star counts, etc.).
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6 AGB dust formation from low to solar metallicity

6.2 Dust mass-loss rates, condensation fractions and sizes

Figures 6.6, 6.7 and 6.8 show the evolution of the dust mass-loss ratesstisizgs, the dust-
to-gas mass ratios and the condensation fractions of the thfeeedit metallicities considered
and of several initial masses. | only show the results of the HCT schemeutednwithasj =
0.2, which provides the best agreement with observations in terms of eérpavslocities
for M-stars. For sake of simplicity, the mass-loss rates and the dust-tatas are shown
only for silicates, amorphous carbon and SiC. As for grain sizes andecmation fractions, |
distinguish between pyroxene and olivine.

Referring back to Figs. 1.6, 1.7 and 1.8, it is clear that all these quantitemadulated
by the thermal pulse cycles, over which significant changés iffe;, andM are expected to
take place. The chemical type of the main dust species (either silicatesboheaeous dust)
is essentially controlled by the/O ratio, hence it depends on the interplay between the third
dredge-up, which tends to increase the carbon excess, and HBBotivatrts carbon, and even
oxygen at lower metallicities, into nitrogen. Stars with mb&s< 1.5 - 2 Mg, corresponding
to item a) in Chapter 1, will produce mainly olivine and pyroxene.

At the lower metallicity the condensation fractions are very low and these a&tarable
to give rise to a dust driven wind only during the peak luminosity associaitbdthe thermal
pulses. At increasing metallicity, the condensation fractions become langetha stars are
able to produce a dust driven wind also during the inter-pulse phaseddst composition of
the stars with masses ef2 — 3 Mg, whose evolution has been described in item b) in section
Chapter 1, is initially that of an M-giant, i.e. mainly composed of silicates. Durirggphase
the QO ratio increases because of the third dredge-up, while remaining beltw Tinerefore,
the excess of oxygered — ec), available to be locked into silicates progressively decreases.
However, since the key-element is silicon, the dust-to-gas ratio isffemttad by this variation
until eventually QO ~1. At this stage there is a visible drop in silicate production. Once the
C/O ratio becomes larger than 1, carbonaceous dust is produced, initiallg fortin of SiC.
In fact, SiC condenses at a higher gas temperature than amorphoas,daubits abundance
is limited either by the silicon abundance or by the carbon excessdd < es;. When this
latter condition is fulfilled, almost all the carbon available condenses into Sii€¢can be seen
at the first thermal pulse of the C-star phase of the2dvld 3 M, models at solar metallicity.
As soon asc — €0 > esj, amorphous carbon becomes the dominant species as the abundance
of the SiC is now controlled by the abundance of silicon. Note that the massdtesduring
the C-star phase is about two orders of magnitude larger than in the pseviiatiar phase, so
that the integrated dust ejecta are mainly in the form of amorphous carberdust evolution
of the more massive stars at low and intermediate metallicity is similar to the previeas ca
but, because of the venfiieient HBB, there is a rapid initial decrease of th&Qatio. Since
the key-element of silicate dust is silicon, the dust-to-gas ratio iffectad by this variation.
The stars evolve at higher luminosities and cooléeaive temperatures and the mass-loss
rates, in both gas and dust, increase significantly. In the case of intetmeutallicity the
star becomes carbon-rich in its last evolutionary stages when HBB is eiditeggl Since at
this stage only few more third dredge-up episodes may still take place, thiebation of
carbonaceous dust to the integrated ejecta is negligible compared to thiatatés. In the
case of the model oM, = 5 My andZ = 0.001, that may be considered representative of
the more massive TP-AGB stars of low metallicity corresponding to item c) in €hdpthe
HBB is so dficient that also the ON cycle is active, causing the partial conversionyaferx
into nitrogen. Thus, after an initial drop of both C and O, th®Catio quickly becomes larger
than unity. As a consequence, silicate dust production is negligible and tinepnaauct is
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Figure 6.6: Dust properties of selected models of initial metallicty= 0.001, for various
initial masses, as shown in the upper panels. From top totndttepict the dust mass-loss rates
in Moyr~?, the dust sizes ipm, the dust-to-gas ratiat and the dust condensation fractiohs
respectively. The main dust species are silicates (bl@s)iramorphous carbon (red lines) and
SiC (green lines). In some panels silicates are separatedlimine type dust (blue lines) and
pyroxene type dust (black lines) as indicated in the insets.

amorphous carbon. SiC dust is also minor in this model. Finally the modelMith 4 Mg
andZ = 0.001 presents several characteristics at a time. It begins as an M-gidtt &ilicate
condensation fraction is not high enough to power a dust driven wiitldeh becomes a C-star,
item b), but, after a while, the HBB idlicient enough to convert it back again into an M-giant,
this time with a dust driven wind, item d) in Chapter 1. After this stage its dudtiten is
characterized by the quasi-periodic transitions acrg§€3=C1 from both directions, caused
by the alternating féects of the third dredge-up (O 1) and HBB (QO |), corresponding to
item e). Accordingly, the main characteristics of this star are the concomitasepce of both
silicate and carbonaceous dust in the same thermal pulse cycle, becatise throssings are
experienced within the same cycle. During the C-star phase the main plisdarabrphous
carbon even if @ ~1, because of the very low silicon abundance.

In summary, on the basis of the above results, the emerging picture concdust pro-
duction in single stars is as follows. &t = 0.001 silicates dominate dust production only at
the lowest massesvl, ~ 1 Mg) where the third dredge-up process is absent. However the
corresponding dust mass-loss rates are very low. At larger massesplaous carbon is the
main dust species, though its amount may change depending on the refiitiemeies of the
third dredge-up and HBB. At increasing metallicity, the third dredge-uptBB combine in
such a way that the mass range for carbon dust production becomes/@arAt Z = 0.02,
carbon dust is produced between 2 ind 4 M, whereas, in all other masses, silicate dust is
the main product. This result is almost independent of whether chemispgtigiimcluded or
not but, obviously, in the case without chemisputtering, silicates tend to neadwore fi-
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Figure 6.8: The same as in Fig. 6.6, but for initial metalliciy= 0.02.
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6.3 Dust-to-gas ratios and composition

ciently. The diferences between the condensation fractions of silicates computed by the LC
and the HCT schemes are more pronounced at mass-loss rates befod 19r-1 while, at
higher mass-loss rates, the models reach approximately the same condetisgitees. These
are also the phases that dominate the total dust production.

The sizes of dust grains span a wide range of values during the TP-AGB evoldtimm,a
few hundredths of a micron up to a maximum, typically around @ui5 for all stellar masses
and metallicities, as shown in Figs. 6.6, 6.7 and 6.8. The broad rangepénned during
the TP-AGB phase depends mainly on tifigcency of mass-loss, as this latter determines the
volume density of the key-elements which, in turn, regulate the growth raitesestingly, the
maximum value of the size is almost independent from the metallicity of the starisTthige
to the fact that both the initial number of seeds and the total amount of dushaélyecondense,
scale linearly with the metallicity or with the carbon excess (Egs. 4.59 and 4i&dBed, by
decreasing the number of seedseto= 1074 in a few test models, | obtain a maximum size
> 0.3 um, as expected from the above simple scaling.

6.3 Dust-to-gas ratios and composition

The lower panels in Figs. 6.6, 6.7 and 6.8 show the dust-to-gas tatéosl the condensation
fractions f, respectively. The dust-to-gas ratios of CSE models can be comparedhgitn-
vations when independent data exist for both the dust mass-loss andstimeags-loss rates.
Unfortunately, the dust-to-gas ratio idfitult to measure mainly due to theflitulties of ob-
taining accurate measurements of the gas mass-loss rates. For examitie,driragalactic
C-stars, for which CO observations are challenging, the dust-gasisadilonost always as-
sumed and used to derive the total mass-loss rate from MIR observatiorisiportant issue
is whether and how this ratio depends on metallicity and chemistry. There acatiods that
for M-giants it decreases almost linearly with the metallicity (Marshall et al.4200hile for
the C-stars the situation is more intriguing because carbon is enhancedthirdrgredge-up,
and so dust production may not reflect the initial metallicity as in M- giants. & eégbon
formed from heterogenous nucleation on metal carbides, as sugggssede recent obser-
vations (van Loon et al., 2008), then a behaviour similar to that shown lgyaMits should
be expected. If a significant fraction of carbon formed from homogeseayrowth, as sug-
gested by the absence of metallic seeds in the nuclei of several meteoniGgtgrspherules
(Bernatowicz et al., 1996), then the behaviour of the dust-to-gas ratidomayore dependent
on the evolution along the TP-AGB. Typical values assumed for the CSEtalgss ratios
are /200 for the Galaxy, 1500 for the LMC and 11000 for the SMC (Groenewegen et al.,
1998; van Loon et al., 2005). Dust-to-gas ratios twice the quoted vateedsa quite common
(Groenewegen et al., 2009; Woods et al., 2012).

A noticeable &ect that can be already seen in Figs. 6.6, 6.7 and 6.8 is that in M-giants the
dust-to-gas ratiod&) shows only a mild dependence on the evolutionary status of the star. Of
course, there are strong variations near the peak luminosity after eantfattpilse but, during
the inter-pulse phase, its value is almost constant. In contrast, in the dasstars s generally
increases during the evolution both at the peak luminosity and at each insergqycle. This
may be an ffect of the choice of adopting a homogeneous growth process forrcarfioe
comparison with Galactic M-giants (right panel) and with LMC data (left paisethown in
Fig. 6.9. For Galactic M-stars | use the sample by Knapp (1985) providitty dust and gas
mass-loss rates. For LMC M-stars there exist only very few data in thetliteréhat can be
used to determiné. From OH observations of a small sample of M-giants by Marshall et al.
(2004), | derive the gas mass-loss rates using the prescription peddey van der Veen &
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Figure 6.9: Observed and predicted dust-to-gas ratios of Galactic i€ IM-stars. Left
panel LMC data from Marshall et al. (2004) are compared with medefiZ = 0.008 and
initial masses of 11.25, 5 M. The dashed line indicates the median value of the dafid),
whereas the dotted line represents the usually assumeslaftlne dust-to-gas rati/®00 (van
Loon et al., 2005)Right panel comparison between models of= 0.02 and initial masses of
1, 1.25, 1.7 My, with Galactic data from Knapp (1985). The dashed line ingisahe median
value of the data (1135), whereas the dotted line represents the usually assuahee of the
dust-to-gas ratio /200 (Groenewegen & de Jong, 1998). See text for detalils.

Rugers (1989) _
M = fon/fom, X 1.8 x 1077 y/FonVexpD (6.1)

whereD is the distance in kpc, assumBd= 50 for the LMC, oy is the OH 1612-MHz maser
peak intensity in Jy andwyp is the wind expansion velocity in knts The latter two quantities
are provided by Marshall et al. (2004) while the factgy, representing the conversion factor
from OH to H, abundances, is scaled with the metallicity, ifgn= 0.020.008x fon, (fon, =

1.6 x 104 in Eq. 6.1. The dust mass-loss rates are derived from the total massates
provided by van Loon et al. (2005) for common stars, which are basédIB spectral fitting.

| re-normalize the values to the velocities by Marshall et al. (2004) and multippe dust-
to-gas ratio assumed by van Loon et al. (2006} 1/500. These data are compared with
selected HCT models with = 0.02 andZ = 0.008 and initial stellar masses of 1.25, 1.7
and 5 M, the latter only for the lower metallicity. Like in the comparison with the velocities,
the models are drawn from a uniform randomly generated set of TP-AfeB, dor each mass.
Furthermore, | also take into account that thedthundance in the TP-AGB models considered
is ~75% of the total gas mass and, accordingly, | multiply the total mass-loss natie b
same factor. The dashed line in the right panel of Fig. 6.9 represents tharmalue for the
Knapp (1985) data; = 1/135. | adopt the median value of the data since, in the case of such a
range of values covering about one order of magnitude becaus@erkdit physical conditions,
the mean value would be biased toward the highest values1/106). The resulting value
is larger than that usually assumed= 1/200 shown by the dotted line. The models cluster
arounds = 1/200 and systematically underestimate the observed median vai08%. Note
that in these models the total fraction of silicon that is condensed into duseedglhigh,
typically ~0.7 (see also lower panels of Figs. 6.6, 6.7 and 6.8) and that, in orderrtmuee
the observed values at solar metallicity, all the silicon should be locked intotsilitest, as
already noticed by Knapp (1985), unless the adopted metallicity is too lowthdfarore,
as already anticipated, the models show only a small dependence on thgoeamjuphase
along the TP-AGB, represented here by the value of the total mass-tes€dancerning the
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Figure 6.10: Observed and predicted dust-to-gas ratios of C-stapper panels comparison
between models witZ = 0.001 and 008 and initial masses of.25, 1.5, 2, 3, 4 M, with
thick disk C-stars (filled triangles) and Galactic Halo @rst(filled circles) from Lagadec et al.
(2012). Empty thick triangles are obtained adopting a#Q® factor four times larger than
that used by Lagadec et al. (2012) for Halo C-stars. In thekafiel the dashed line represents
6 = 1/4000. In the right panel, the dotted line represeénts 1/200 and the dashed line is the
median value of stard.ower panels comparison between models of= 0.014 andZ = 0.02
and initial masses of 2 and 3 Mvith Galactic data from Knapp (1985) (open triangles) by
Groenewegen et al. (1998) (filled boxes) and Bergeat & Cliev§2005) (small dots). In these
panels the lines are best fits to the logarithmic values afid mass-loss rates. Short-dashed
line represents the fit for Groenewegen et al. (1998), dehed line is for Knapp (1985) and
long-dashed line for Bergeat & Chevallier (2005).
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Figure 6.11: Predicted expansion velocities of C-stars at low and inggliate metallicities for
selected models witd = 0.001 andZ = 0.008 and initial masses of 25, 1.5, 2, 3, 4 M.
Data for thick disk stars (filled triangles) and Galactic dlatars (filled circles), are taken from
Lagadec et al. (2012). At the lower metallicity | show theet of accounting for a JICO
conversion factor equal to four times that used by Lagadet é€2012) for the Halo stars. See
text for more details.

LMC (left panel), the median value of the data£ 1/194, dashed line) is40% lower than
that of Galactic M-giants. On the other hand, the presented models clusterdar= 1/500
(dotted line), the value usually adopted for the LMC. Marshall et al. (2@bdady noticed that,
in order to reproduce the total mass-loss rates derived from infraoedreations assuming
6 = 1/500 (van Loon et al., 2005), they had to use a conversion factor foL M@ stars
fon/fon, = 5. Had | used this higher conversion factor, the median of the data woukl ha
been very near te 1/500. However, unless the adopted metallicities for the Galactic and LMC
stars are grossly in error, my scaling seems more robust becausenasyaeery good tracer
of the metallicity, even for non standard elemental partition. | finally notice trettbdels
do not reproduce the highest observed mass-loss rates, in both GatattiéAC M-giants. In
the latter case, the mismatch is more evident because the observations argidigetytoward
the highest mass-loss rates. Because also at this metallicity the trend with thedetaloss
rate (if any) is modest, pushing the models toward higher mass-loss ratés$ natsolve the
discrepancy with the observed dust-to-gas ratios.

Predicted dust-to-gas ratios for C-stars are compared with the obssatedh Fig. 6.10.
Data for Galactic C-stars are shown in the lower two panels of Fig. 6.10n @j@gles refer
to the data by Knapp (1985) (median valy€d3, logs = —2.84), filled boxes to Groenewegen
et al. (1998) (median value/370, logs = —2.57), and small dots to the revised compilation
by Bergeat & Chevallier (2005) (median valug9D9, logé = —-2.96). C-stars LCT models
with initial masses of 2 and 3 Mare shown in the lower right panel f& = 0.02 and in
the lower left panel foZ = 0.014, respectively. In contrast with M-giants, the models show
a clear trend of increasing dust-to-gas ratio with mass-loss rate, thatbscmore evident
at decreasing metallicity. In order to judge whether this trend is real | hted fivith a least
square routine the logarithmic valuesicind mass-loss rates. Only the data from Groenewegen
et al. (1998) (short-dashed line) show a similar trend while in both the samgte Knapp
(1985) (dot-dashed line) and in that from Bergeat & Chevallier (2@QlaB)g-dashed line) this
trend is not observed. Overall the models are in fairly good agreementheithbservations of
Galactic C-stars though they cannot reproduce the highest obsetiesl mhe predictions of
the models at intermediate and low metallicities are shown in the upper right apeitefts of
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Fig. 6.10, respectively. At metallicities lower than those of the Galactic diskzdhgparison
with observations is challenged by the lack of gas mass-loss observatitypdal subsolar
environments rich in C-stars, such as the Magellanic Clouds. | plot in Fi§.dhlly the recent
observations of a few metal poor C-stars toward the Galactic Halo by leageidal. (2012).
From radial velocities, distances and Galactic coordinates (Lagadec 2082) place their
memberships in the thick disk (filled triangles in Fig. 6.10) or in the Halo (filled d@icl&éhe
nature of the Halo stars is still a matter of debate. In low metallicity models the minimum mass
for a star to become C-star M. ~ 1.2 M, while the typical turn-& mass for an old metal
poor population like that of the Halo M. ~0.9 M,. Since the lack of anficient third dredge-
up at low masses is a common feature of all the models of C-stars and assuatitigethare
correct, these stars do not belong to the Halo population and they cowdddraved either in
the thick disk or outside the Galaxy (e.g. in the Sagittarius dSph Galaxy). dforthe, the
Halo stars show strongzEl, molecular absorption bands, typical of low metallicity stars (van
Loon et al., 2008) and strong SiC emission, characteristic of more metaltach Since the
metallicity of these stars cannot be firmly constrained, | compare their dgsiseatios with
the predictions of both the intermediate and low metallicity models. The median vatleiof
dust-to-gas ratiosy = 1/456 (logs = —2.66), is very similar to that assumed for intermediate
metallicity stars,s = 1/500, which | show as a dashed line in the upper right panel. In the
same panel the dotted line represahnts 1/200, typical of solar metallicity but sometimes
taken as reference also for intermediate metallicities.Z=er0.008 | plot the models of initial
masses b, 2, 3 and 4 M,. ForZ = 0.001 the dashed line represents= 1/4000, obtained
by scaling theZ = 0.008 usual reference value linearly with the metallicity. Zoe 0.001 |
plot the models of 1.25, 2, 3 and 4JM At these metallicities the trend of increasisigvith
increasing mass-loss rate becomes more evident. Notice also that, asderreatallicity, the
dust-to-gas ratios at low mass-loss rates decreases while the maximumreakleed at the
highest mass-loss rates, increases with a global spread of aboutden@bmagnitude. Thus

a constant dust-to-gas ratio is not supported by the presented models.

Furthermore the simple random selection process adopted, indicatesltvanagtallicity
lower values ofs are preferred, but these values are still significantly higher than these p
dicted by a linear scaling with the metallicity. | also recall that at the lowest metallioty th
most massive TP-AGB stars undergo a veffyceent HBB which inhibits the growth of the
carbon excess to large values. This explains wh¥, at0.001, the maximum value reached by
the model of 4 M is significantly lower than those of less massive stars. If | assume an inter-
mediate metallicity for C-stars by Lagadec et al. (2012), | find that their uggas ratios can
be fairly well reproduced by the models though, for most of them, thereign#isant degen-
eracy with the initial mass. However at this same metallicity | cannot reproducestbeities
of the Halo stars, while thick disk stars could be compatible with the moddl.cf 1.5 M, as
shown in Fig. 6.11. Halo stars expansion velocities can be reprodutiee laver metallicity
only by those models in which the HBB is verffieient, such as that witM, = 4 Mg. At
this metallicity one should also correct for /80 conversion factor higher than that used by
Lagadec et al. (2012). This would shift the data toward higher gas lnessates and lower
values ofd as shown by the empty thick triangles in Figs. 6.10 and 6.11, obtained adopting
an H,/CO factor four times larger than that used by Lagadec et al. (2012). éNthtat with
this correction the Halo stars are fully compatible, in dust-to-gas ratio, velpeitid mass-loss
rates, with low metallicity models where the growth of carbon excess is inhibited kicient
HBB. Whether this is a realfkect or if it mimics a more general need of reducing thecency
of carbon dust formation at low metallicity, as suggested by other authost,bawanalyzed by
means of models that take fully into account the heterogeneous growth oplaous carbon
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6 AGB dust formation from low to solar metallicity

on metal seeds (van Loon et al., 2008).

The dust composition of the models can be derived from the condensataions plotted
in the lower panel of Figs. 6.6, 6.7 and 6.8. For amorphous silicates, thealastant dust
species in M-giants, | consider the two main components, olivine and pyeoxerystalline
silicates have also been detected from their MIR features but their abceslare by far less
than the corresponding amorphous phase. Though the condensatibarfs are plotted sep-
arately for olivine and pyroxene, it is not yet possible to quantify thdatiee abundances
observationally.

On the contrary, in the case of C-stars it is possible to derive the reldtivedances of the
two different main components, SiC an amorphous carbon. Fig. 6.12 shows thartsonp
between existing observations of the 8ldnass ratio and the predictions of models, for dif-
ferent metallicities. | plot the data for Galactic stars (filled squares) frooe@ewegen et al.
(1998) together with the models At= 0.02 in the lower right panel and @ = 0.014 in the
lower left panel, respectively. Data for LMC C-stars (filled small dots)rfrGroenewegen
et al. (2007) are compared with modelszat 0.008 in the upper right panel. Finally, the data
from Lagadec et al. (2012) (filled triangles for the Halo memberships agd fdled dots for
the thick disk memberships) are compared with models of low and intermediate metatlicity
the upper left and upper right panels, respectively. As can be seentfie figure the models
overestimate the observed $Cratios at solar metallicity. Galactic data are mostly concen-
trated around 0.05-0.1 while the models may reach als@CSiC, as shown by the dust-to-gas
ratios in Figs. 6.6, 1.7 and 6.8. Though the comparison improves if | coraisleghtly lower
metallicity for the Galactic dataZ = 0.014, there is an evident over-production of SiC. At
Z = 0.008 the agreement with the observations is only partially better. The majorityeof th
stars have Si@C = 0.02 but also a high uncertainty (Groenewegen et al., 2007). These data
are consistent with TP-AGB stars with initial malgk ~2 My. On the other hand data with
values larger than.02 are well reproduced by all the other models. In particular the putative
thick disk members in the sample from Lagadec et al. (2012) (large filled dsyell repro-
duced by stars with initial madel, = 1.5 My. At the lowest metallicity considered here the
predicted Si@C ratios become negligibly small. A decreasing &lCatio with metallicity is
indeed observed through the measure of the strength of the SiC speaetiaiels at 11.2m.
This feature decreases going from the Galaxy to the LMC and to the SM@thaedmetal poor
galaxies of the Local Group (Sloan et al., 2009). In this respect théidocaf the Halo stars
in theZ = 0.001 panel are surprising, as already noticed by Lagadec et al.}2012

A noticeable feature emerging from the Galactic sample is that, at increasirsglosas
rates, the SiC ratios decrease. This trend is also shown by the models. Their inspelstion a
highlights that while carbon dust-to-gas ratiég, continuously increases with the mass-loss
rate,dsic initially increases and then it remains constant or even decreases. imwtkethe
maximum value reached by the models decreases with the metallicity. While the fégtdr e
is expected if silicon is the key element for the formation of SiC, the globaledser with
the mass-loss rate is rather difieet of the internal structure and wind dynamics of the CSE.
This is even more evident if | increase the temperature of carbon dusth&®tCT models,
where carbon condensesTahs=1300 K, the picture becomes quitdfdrent, as can be seen in
Fig. 6.13. At low mass-loss rates the predicted/Si€atios are significantly lower than those of
LCT models while at high mass-loss rates the value remains almost unchdimjgetdehaviour
is due to the fact that, at low mass-loss rates, the condensation procesy iensitive to
the details of the internal structure, because the overall density is lowdeedl, the large
opacity rise due to the condensation of carbon is always accompaniestiong acceleration
of the wind and thus by a significant temperature and a density drop. At lowss-loss
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Figure 6.12: Observed and predicted SIC ratios as a function of the metallicityLower
panels data for Galactic stars (filled squares), from Groenewesgeal. (1998), are compared
to models of 2 and 3 Mfor Z = 0.02 (right) andZ = 0.014 (left), respectivelyUpper-right
panel LMC C-stars (filled small dots), from Groenewegen et al.Q20) and Halo stars (filled
triangles) and thick disk stars (large filled dots), from &adgc et al. (2012), are compared with
of Z = 0.008 and masses of of3, 2, 3 and 4 M,. Upper-left panel models of 125, 2, 3 and

4 M, andZ = 0.001 are compared with the data from Lagadec et al. (2012).

rates the global density is lower and an earlier condensation of carboougke to inhibit the
formation of SiC. On the contrary at high mass-loss rates the structure {igegelfting and
less dependent on the details of the condensation process. In thisi¢gaseease of the carbon
condensation temperature has an almost negligible impact on the &itos.

6.4 Dust ejecta

By integrating the dust mass-loss rate along the entire TP-AGB phase | tedysi ejecta for
the diterent masses and metallicities. The ejecta refer to individual stars and tlyayotnae
representative of the corresponding dust yields obtained after kdmgavith the initial mass
function. They are provided in Table 6.4 for both the LCT models and foHt8d@ models
(Chapter 5). The above integration is performed irrespective of the abflitiust to drive or
not the stellar wind. In fact, as already discussed, in M-stars, and ficylar in models with
chemisputtering, dust cannot always drive an outflow consistent witladbpted mass-loss
rate. In these cases | must assume that there exist other possible wagslayate the wind,
that may finally deliver the material into the ISM (Harper, 1996). Howellerse phases are
characterized by a low dust mass-loss rate so that they do not contrioticantly to the
total ejecta.

Figure 6.14 shows the total dust ejecta of the main condensed compoundsligaes,
amorphous carbon, iron and SiC, as a function of the initial stellar masscarttie three
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Figure 6.13: The same as in Fig. 6.12 fd@r= 0.008 andZ = 0.02, but for HCT models.

metallicities considered here.

| first compare the results of models, obtained with the twifedint formalisms (either
LCT or HCT). | remind that, in the case of C-stars, the chemisputtering psaseteglected
in both schemes (see also FG06) but, as a test case, | recompute the mittdelshigher
gas condensation temperatute {300 K instead of 1100 K) to check itsfect on the total
ejecta. These models are plotted as asterisks in the figure and ared-@ficfedle 6.4 as HCT
models. | notice also that, in the case of SiC and Fe, possifiegelices in the ejecta, between
LCT and HCT models, are only an indirect consequence of the variatfdhg @ondensation
temperatures of silicates and amorphous carbon, because their dwsih gahemes do not
change.

As for the C-stars, the final dust ejecta mainly consist of amorphousicg@in Table 6.4)
and there are no significantftirences between LCT and HCT models, at any metallicity. As
far as the variation ofic is concerned, its largestfect is on the ejecta of amorphous carbon
but the maximum variation between the models computed stk 1 andac = 0.5, at solar
metallicity, is only 5%.

Differently, in the case of M-stars, | find that the silicate ejecta of HCT modelbeas
much as 50% higher compared to the LCT ones. The$erdnces tend to vanish towards the
largest mass models, since the condensation fraction of silicates is quite Iigthiclasses of
models, mostly due to the large mass-loss rates.

Thus | may conclude that, in spite of thdfdrences in velocity, density and temperature
profiles brought about by the adoption of either of the two formalisms, tlfiEicieon the final
dust ejecta is, instead, rather weak.

In the same figure | also plot the results of FG06, Ventura et al. (20I#h)antura et
al. (2012b), that can be compared to the LCT scheme. | remark that TB°rA@glels by FG06
are based on a compilation of analytic relations partly taken from Marigo €&1296) while,
in Ventura et al. (2012a) and Ventura et al. (2012b) full numericalutalions along the AGB
are used. The latter models also include the super-AGB stars betweena®d/8 M,, that
have developed an electron-degenerate O-Ne core after the C-dppimase (Siess, 2010).

At low metallicity the results obtained are qualitatively in good agreement with thbse
FGO6, since both studies predict that the bulk of dust produced by ldvindermediate mass
stars is amorphous carbon. In the models presented the carbon distipra is even larger
than in FGOG6, by up to a factor of two in some cases.

| emphasize that the TP-AGB models computed by FG06 neglect two imporiaettas
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of stellar evolution, namely: the break-down of the core mass-luminosity reldtie to HBB

in stars with masseBl. > 4 M, and the drastic changes in molecular opacities, hence in the
effective temperatures, as soon as th@® €atio increases above unity as a consequence of the
third dredge-up. Both factors concur to a likely overestimation of the TB-Afétimes, hence

to an over-exposure of the stellar mantle to nucleosynthesis and mixingspesce

Therefore, the FG06 TP-AGB models are, by construction, quiferéint from the most
recent ones of Marigo et al. (2013). The latter models are based amaéeaumerical inte-
grations of a complete envelope model in which the HBB energetics and syoltbesis are
properly taken into account, the initial conditions at the first thermal pulsesracted from
the stellar evolutionary tracks (Bressan et al., 2012), and more importdryuse new and
accurate equation of state and molecular opacities that account for ttieuours changes in
the surface chemical composition (Marigo et al., 2013).

In the models of Ventura et al. (2012a)Zat 0.001, the dust production is about ten times
less than in the presented models. Furthermore, while Ventura et al. (20rE2#ct that the
dust ejecta are dominated by silicates for stars With> 3 M, in the presented models the
main dust species is amorphous carbon. This lattéerdince is likely due, from one side, to a
more dficient third dredge-up in the adopted TP-AGB models, and, on the othér tmthe
higher mass-loss rate in the models by Ventura et al. (2012a), wheregter Ghase is highly
reduced with respect Marigo et al. (2013) models.

At Z = 0.008 | am again in qualitatively good agreement with FG06 because bothstudie
predict that stars with mass below 1.5,Mroduce silicate dust, while at higher masses the
main dust species is amorphous carbon.

However, while in FG06 models for stars more massive than,5i carbonaceous and
silicate dust ejecta are comparable, in the presented models the ejecta aratddrnsili-
cates. This dference is likely due to a moréfeient HBB in the discussed models. | also note
that forM,. > 5 Mg, dust ejecta predicted by the presented models are roughly five times larger
than those of FGO06.

The comparison with Ventura et al. (2012b) shows again that, r<l M, < 4 Mg,
the presented models produce about ten times more dust. OnM.far 4.5 M, their dust
ejecta become comparable (and sometimes slightly higher) to those of our madédatura
et al. (2012b) silicate dust production becoméicent aboveM, = 3.5 My, whereas, in the
presented models this happens at abdut= 4.7 My. At solar metallicity | can compare my
results only with those of FG06. The production of carbon dust is limited to thes meange
between 2 M and 4 M,, with a peak at around 3 }) both in the presented models and in
those of FG06. The larger dust ejecta predicted by FGO06 are probablyodthe larger O
ratios reached by their TP-AGB models. In fact, FG06 do not accounhécooling &ect of
the TP-AGB tracks (for @ > 1), produced by the C-rich molecular opacities, with consequent
shortening of the C-star lifetimes (Marigo, 2002).

Moreover, forM,. > 5 Mg, silicate ejecta of the presented models are roughly a factor of
three larger than the ones obtained by FG06. This may be related to a flicikeneHBB in
the former models, that lowers significantly the carbon content in the CSEs.
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Figure 6.14: Total dust ejecta as a function of the initial stellar masd fm different initial
metallicity. For low-(LCT) and high-(HCT) condensationrperature models, | useftérent
symbols, as indicated in the upper panel. To facilitate tramarison with other authors, the
LCT scheme are connected with solid lines while, for the ntedéh chemisputtering by FG06
| use dashed lines and, for those of Ventura et al. (2012&)@.001) and Ventura et al. (2012b)
(Z = 0.008), | use dotted-dashed lines. For the HCT scheme | usetbalgorresponding
symbols.
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1.00 9.7 -653 -566 -6.48 -6.63 -744 -7.74 - - - -
1.25 9.5 - - -862 -8.87 - - -3.07 -3.08 - -
1.50 9.3 - - -8.03 -827 - - -256 -256 - -
1.70 9.1 - - -7.69 -7.92 - - -222 -222 - -
2.00 8.9 - - -757 -7.80 - - =212 -212 - -
3.00 8.5 - - -740 -7.62 - - -197 -196 -894 -901
4.00 8.2 -6.92 -465 -318 -323 -6.03 -629 -289 -289 - -855
5.00 8.0 - -575 -328 -337 - 722 -276 -276 - -8.45
Z =0.008 LCT HCT LCT HCT LCT HCT LCT HCT LCT HCT
1.00 9.9 -348 -328 -379 -401 -453 -524 - - - -
1.25 9.6 -323 -318 -348 -358 -428 -631 - - - -
1.50 9.4 -798 -734 -666 -703 -856 -874 -303 -3.05 -379 -4.00
1.70 9.3 - - -6.90 -7.64 - - -266 -267 -381 -4.03
2.00 9.1 - - -7.16 -750 - - -220 -220 -457 -6.99
3.00 8.6 -6.65 -595 -6.14 -6.37 -749 -791 -213 -214 -360 -3.88
4.00 8.3 -569 -466 -502 -513 -643 -6.60 -199 -201 -340 -3.66
5.00 8.0 -248 -239 -268 -324 -348 -548 -380 -375 -396 -4.90
5.60 7.9 -237 -232 -282 -338 -339 -573 -349 -349 -373 -391
Z=0.02 LCT HCT LCT HCT LCT HCT LCT HCT LCT HCT
1.00 10 -299 -280 -368 -542 -404 -523 - - - -
1.25 9.7 -273 -259 -355 -560 -380 -513 - - - -
1.50 9.5 -263 -248 -346 -533 -369 -506 - - - -
1.70 9.4 -254 -242 -340 -528 -360 -5.03 - - - -
2.00 9.2 -6.73 -437 -506 -456 -729 -6.07 -289 -292 -314 -320
3.00 8.7 -407 -337 -376 -434 -475 -506 -243 -244 -292 -298
4.00 8.3 -376 -340 -360 -436 -438 -494 -233 -234 -276 -280
5.00 8.1 -211 -203 -247 -369 -294 -4.76 - - - -
6.00 7.9 -186 -186 -370 -6.96 -284 -512 - - - -
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Chapter 7

Dust formation at super-solar
metallicity

7.1 The TP-AGB models

| extend the formalism presented in the previous chapters to the caseavfsalar metallic-
ity stars. The dust growth model (wind equations, method of solution and initiaés) has
been already described in Chapter 2. | consider here only the restdtsied with the pre-
ferred schemes of dust growth according to which in M-stars chemisjgjtef silicates by
H» molecules is neglected (HCT), whereas for C-stars the standard L@mgdl adopted (see
Chapter 5). The initial stellar masses are the same ones used in the lower metabeisy as
listed in Table 7.1.

Stellar evolution from the pre-main sequence up to the first thermal pulskidated with
thePARSEC code (Bressan et al., 2012), while the following evolution along the the vfidle
AGB phase is computed with ti@®LIBRI code (Marigo et al., 2013). The main features of
the stellar evolutionary tracks have been already discussed in Chap&amnie examples of
low- and intermediate-mass stars are shown in Figs. 7.1 and 7.2 fleredlit choices of the
initial metallicity, Z = 0.04 and 006, respectively. A first important flerence with respect to
the solar and sub-solar metallicity models is that, as shown in Figs. 7.3 and l[§.th@emodel
of M. = 5 Mg with Z = 0.04 is able to reach a/O ratio slightly larger than unity while, in
all other cases this ratio remains below the unity. Thus, at super-solar mgtathe C-star
phase is practically absent and | will focus the discussion on the M-ginst £oncerning the
M-giant stars | also notice that, as expected, th&gative temperatures decrease on average,
as the metallicity increases. On the other hand their predicted mass-losscatesachange
significantly with the metallicity.

7.1.1 The dust condensation temperature of silicate3 ;ong

A noticeable diterence in the physical prescription at super-solar metallicity concerm®the
putation of the dust equilibrium temperature of silicates (Eq. 4.83).

Preliminary computations show that silicates can form significantly closer taahendere
gas temperatures and densities are higher than in the models of solar ometadlicity, de-
scribed in Chapter 6. In such conditions, the hypothesis of thermal gieglbetween gas
and dust, which forms the basis of the simple treatment presented, becoesti®mable and
dust heating due to collisions may become important. To account for fiigistel need to
modify Eqg. 4.83, used to compute the dust equilibrium temperature, congidasga a col-
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7.1 The TP-AGB models
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Figure 7.1: Evolutionary tracks for stars witd = 0.04 and initial masseM, = 1, 1.5, 2

3, 4,5 M. The tracks are computed by meansPaRSEC code up to the TP-AGB phase, and
by means ofCOLIBRI until the entire envelope of the star is lost by stellar win@lke thermal
pulses developed whern/@<1 are plotted with blue lines. On the other hand, the thermal
pulses plotted in red correspond tgaC> 1. The He-burning phase of low-mass stars is plotted
in green color.
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Figure 7.2: The same as in Fig. 7.1, butAt= 0.06.

114



7 Dust formation at super-solar metallicity

10.0f 1.0Mg 2.0Mg 3.0Mg 4.0Mg 5.0Mg
L 10*x(ec—¢g)

1.0

|
|

0.1

3.6

f\MM\M\W J\““‘““\’W\M\MW\J _—

Log(Terr)

3.4

3.5

) MR

Log(L/Lo)

7Z=0.040

Log(dM/dt [My/yr])
|

2 4 6 8 10 2 4 6 8 1012 2 4 6 8 1 2 3 0.51.01.52.02.53.0
trpses [10° yr]

Figure 7.3: Evolution of surface @O, carbon exces&: — eo (only when positive), fective
temperature, luminosity, and mass-loss rate during thdeviiB-AGB phase of a few selected
models with initial metallicityZ = 0.04, computed with th&€0LIBRI code (Marigo et al.,
2013). These quantities are the key input stellar paramé&iethe presented dust growth model.
Time is counted from the first thermal pulse. Note th&etive temperature and luminosity are
obtained from the solution of the full set of the stellar sttre equations, and not from fitting
relations as usually done in synthetic TP-AGB models. THeevaf the QO ratio is always
below unity. See the text for more details.
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Figure 7.4: The same as in Fig. 7.3, but for initial metallicify= 0.06.

lisional heating term. The heating rate is computed by considering only colligithsH>
molecules, which are by far the most abundant species and, that at@hsion, the amount
of energy gained by a dust grain is equal tpq&s(Tgas— Tausy] (Lucy, 1976). Therefore, the
dust collisional heating rate (in erg’3 can be expressed as

3
|'|c0IIision = 47Taz§kB(Tgas_ Tdust) NHZVth,Hz (7-1)

Correspondingly, the energy balance Eqg. 4.83, becomes

Heollisi
o T(?UStQabSP(aﬂ Taus) = 0 Terr” Qansp(a, Ter) W(r) + Z;:zlon> (7.2)
whereNy, is the number density of Hmolecules that is approximately equalNp /2. It is
worth to remind here that thetect of heating by collisions is fierent from that of chemisput-
tering by H molecules, because the latter involve the activation of a chemical reaction.

7.2 Results

7.2.1 Expansion velocities

Before presenting the results of super-solar metallicity stars, | discusslehef the collision
heating term, Eqg. 7.1 and 7.2, in the models of solar and of lower metallicity. ticpiar,

to check whether thisfiect is important also at lower metallicity, | compute two sets of the
TP-AGB tracks ofZ = 0.02, one neglecting and the other taking into account the collisional
heating. The corresponding expansion velocities are plotted against gglosa rates in
Fig. 7.5. The case in which collisional heating is neglected is shown in theded pwhile the
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Figure 7.5: Expansion velocities of circumstellar outflows against sAlass rates of variable
M-stars. Observations of Galactic M-stars by Loup et al9@9(black triangles), Goratez
Delgado et al. (2003) (black pentagons) andd@ehet al. (2013) (black squares) are compared
with predicted expansion velocities for a few selected TBBAracks withZ = 0.02 for the
values of initial stellar masses listed in upper left of efighre. Left panel comparison with
simulations that do not include the heatirteet due to H collisions.Right panel comparison
with models that include thefect of the heating. For this metallicity the results do nat no
change significantly.

case that accounts for collisional heating is presented in the right pamlebth cases | show
TP-AGB tracks of masseldl, = 1, 1.25 1.5, 1.7 M, represented with a discrete number of
points selected from a randomly generated uniform distribution of agesdhatles the entire
TP-AGB phase. The models are compared with the velocities observed ictic Matype TP-
AGB stars. Mass-loss rates and expansion velocities are taken fromdtal. (1993) (black
triangles), Gonalez Delgado et al. (2003) (black pentagons) andectet al. (2013) (black
squares), as in Chapter 6. As can be seen, ffezts of collisions become important only
at the highest mass-loss rates, where the expansion velocities deayestseut 10%. Thus,
neglecting the collisional heating term at solar and sub-solar metallicity canrizdered a
fair approximation.

On the contrary, at super-solar metallicities, the models obtained neglectiisjooal
heating are often characterized by too large initial optical depths, in¢ensiwith the gray
atmosphere models adopted, and the corresponding results cannotsideced reliable. As
already anticipated, this is related to the condensation radii of these modiels, &hthese
high metallicities, are too close to the photospheres. This is likely caused bydke dggowth
rates that characterize more metal rich CSEs at the same mass-loss ratdlamdame time,
by the lower dust radiation heating due to the loweetive temperatures of more metal rich
M-giants. At these radii, the collisional heating rates turn out to be importadtjrecluding
this term into the energy balance equation rises the dust equilibrium tempgeastithe cor-
responding sublimation rate, at a given radius. As a consequence@rttiertsation points shift
outwards, at radii comparable to those of less metal rich stars of the saradonasates.

We stress that this term does ndteat significantly the dust condensation temperature,
which | obtain through the energy balance, but the radius at which thdetmation tempera-
ture is reached.

The expansion velocities of the super-metal rich models are plotted in Figwitt6the

117



7.2 Results

407\\\\\\\\\‘\\\\\\\\\ L L L L \\\\\\\\\7

r + 1.00Mg ]

L A i

L a ]

k ¢ 1.50M 1

30 @ L. N

B o 1.70M, Y :

— 7—-0.040 8
2 r heatin Y og&e 1
E 8 g A£ N ,
=, 20 y w*fﬁZ: e .
[ Y . O ]
N BN TEL UL
>® r A A ‘A& LIS B
L *AA& i

F ! fanta R

r Iy . Bia , . ]

r A‘A 2AA A ]

10F ka2 .

L £ 2 A il

L & 1

[ . a ]

Ol v v v v b v b ]

-8 -7 —6 -5 —4

Log(dM/dt) [Mg/yr]

407\\\\\\\\\‘\\\\\\\\\ \\\\\\\\\‘\\\\\\\\\7

+ 1.00Mq ]

L A i

i o 1

300 1.50Mg ]

r 0 1.70Mg 1
.t 7=0.060
Q r heating ]
S . ]
~ 20 fa2 & A N
L & . O ]

e | NN LU
> i B & ap™ s 1
F A *gﬁmmﬁn R

L o *g A a4 . i

3 % 28k 2 aa a8 i

10 s . ogam e B2 -

i 0 oi% . £ %m. s : a 1

L AA » il

L AR .A '!AA AA a i

r o & an s A " ]

L . s ]

-8 -7 —6 -9 —4

Log(dM/dt) [Me/yr]

Figure 7.6: The same as right panel of Fig. 7.5 o= 0.04 andZ = 0.06.
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Figure 7.7: Dust properties of selected models of initial metallicity- 0.04, for various initial
masses, as shown in the upper panels. From top to bottomdtdapidust mass-loss rates in
Moyr~t, the dust sizes imm, the dust-to-gas ratia$ and the dust condensation fractiofs
respectively. The main dust species are silicates (bles)irForM.. = 5 My amorphous carbon
(red lines) and SiC (green lines) are also produced. In samnelp silicates are separated into
olivine type dust (blue lines) and pyroxene type dust (blaws) as indicated in the insets.

same method adopted for Fig. 7.5. At increasing metallicity the velocity at a giaess-loss
rate are higher as a result of the larger opacity of the medium in CSEs (ea#eC 3). A few
observed M-type TP-AGB stars, along the highest envelope of the aatll be compatible
with low mass super-metal rich staiz ¢ 0.04).

7.2.2 Condensation fractions, composition, dust sizes amllist mass-loss rates

As already mentioned, super metal rich stars are dominated by silicate ddatfion as shown
in Fig. 7.7, forZ = 0.04, and in Fig. 7.8, foZ = 0.06.

The sizes of dust grains are typically betweea 0.1 um anda = 0.15um, for all the stellar
masses and metallicities. These values are similar to those obtained at solar megatticity
because of the assumptions of the presented models, the maximum value iné treargins
almost independent from the metallicity of the star up to the most metal rich cas&leced.
The reason is that both the initial number of seeds, given by Eq. 4.53hartdtal amount of
dust that may condense, scale linearly with the metallicity.

Old super metal rich stars of this kind could populate the nuclear regionsssively
evolved elliptical galaxies (Bertola et al., 1995) and it is interesting to notideathatypical
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7 Dust formation at super-solar metallicity

age of 10 Gyr, the turnf®d mass is slightly larger thaM,. = 1.1 Mg, (see Table 7.1). These
stars can reach high dust mass-loss rates ejecting silicate dust, whichbeasponsible of
the 9.7um silicate features discovered by Spitzer in the nuclear regions of nedlipgical
galaxies (Bressan et al., 2006). The observed MIR spectral fsasueaquite broad and could
be consistent with a size distribution peaked toward large grains, as thslooen in Figs. 7.7
and 7.8.

The lower panels in Figs. 7.7 and 7.8 show the dust-to-gas r&tiasd the condensation
fractions f, respectively. As discussed in Chapter 6, typical values of the silicatetdigas
ratios in the models of solar metallicity are around1/200-1300 while, aZ = 0.04,5 <1/200
and, atZ = 0.06, 6 <1/100. Thus the predicted dust-to-gas ratios do not increase linearly
with the metallicity. In agreement with this results, the condensation fractionseglm the
lowest panels of the figures, decreases at increasing metallicity. Cdngider comparison
the M, = 1 My model, the condensation fraction of olivine decreases ffgm 0.45-0.55, at
Z =0.02,tofy ~0.3-0.4, atZ = 0.04, and tofy ~ 0.2- 0.4, atZ = 0.06. A similar decrease
at increasingZ occurs for the condensation fraction of the pyroxene. This is likely dukeo
larger expansion velocity, at a given mass-loss rate, reached by tieemedal rich envelopes,
as a consequence of an initially larger dust opacity. For comparisomihdethat the average
value assumed for the CSE dust-to-gas ratios in Galactic M-giants 13200 (Groenewegen
et al., 1998; van Loon et al., 2005), but in some M-giants, it can exceedathe of 1100.

7.3 Dust ejecta

The integrated ejecta along the entire TP-AGB phase of the main condemrs@ounds, i.e.
silicates, amorphous carbon, iron and SiC, are plotted in Fig. 7.9 for fferatit masses and
metallicities, and are provided in Table 7.1. They refer to individual stad<staey may not be
representative of the corresponding dust yields obtained after bamgavith the initial mass
function.

I remind that the integration is performed irrespectively of the ability of dustrige or
not the stellar wind, similarly to Chapter 6, but, at super-solar metallicity, onlyfféanvamodels
the dust-driven wind is notfcient. For comparison, | plot in the same figure also the results
obtained in Chapter 6 fof = 0.02. At a given mass, the dust ejecta increase with the metal-
licity, albeit not linearly but proportionally t@%’ on average. The silicate ejecta at a given
metallicity increase with the mass, but tend to saturate at high masses or evesseédor the
case ofM. = 5 Mg atZ = 0.04. In the latter case the decrease is due tgar@tio that reaches
unity toward the end of the evolution (see Fig. 7.7).

The models presented here and in Chapter 6, make it possible to drawisteoingicture
of how dust production evolves over a wide range of metallicities. Partlguligeful are the
ratios between the total dust ejecta and the gas ejecta, which, after bevgvea with the
stellar initial mass function and the star formation rate, outline the theoreticai@iftgalactic
dust evolution (Dwek et al., 2007; Valiante et al., 2009; Dwek & Cherth@011). Often, in
such models the dust-to-mass ratio is scaled with the metallicity;(Z¢/6. = Z/Z, skipping
all the details of the dust production processes.

Different values o, can be found in the literature but the most common org4sl/200.
Avalued, = Z, is sometimes assumed as an extreme case, where all the metals are supposed
to condense into dusi(Z) = Z.

In Fig. 7.10 | compare the predictions of the integrated dust-to-gas ratiogheeratios
between the total dust and gas ejeMa/My after integration along the TP-AGB tracks of
several stellar masses, as a function of the metallicity. | show separatelynthef $he silicates
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7.3 Dust ejecta

Z 0.04 0.06

M. Age Sil Fe AbOs3 C SiC Age Sil Fe A}O3
[Mo] log (yr) log (M/Mo) log (yr) log (M/Mo)

1.00 10.136 -259 -641 -421 - - 10.095 -246 -7.08 -4.82
1.25 9.793 -239 -643 -4.13 - - 9.765 -225 -6.87 -4.62
1.50 9.551 -227 -6.26 -4.03 - - 9.528 -211 -6.69 -4.05
1.70 9.392 -219 -6.00 -394 - - 9.372 -2.07 -6.74 -3.87
2.00 9.226 -2.09 -6.20 -384 - - 9.188 -196 -6.63 -3.71
3.00 8.697 -192 -640 -3.75 - - 8.647 -171 -6.36 -3.89
4.00 8.323 -181 -6.05 -3.77 - - 8.273 -158 -6.23 -4.06

500 8.057 -217 -267 -372 -6.06 -2.77 8.001 -150 -6.09 -382

Table 7.1: Dust ejecta aZ = 0.04 andZ = 0.06.

plus the iron ejecta, and the sum of these ejecta plus the carbon ejecta {ihkgjbzta), all
normalized to the gas ejecta. This codification allows one to recognize atlemogerall dust
contribution and the main dust species. In the figure, the solid line repsaberextreme case,
for which 6, = Z; while, the dotted line, represents the standard assum@iiefy200.

A striking impression from this figure is that the global dust-to-gas ejectanaieh less
dependent from the metallicity than what is usually assumed. There is (fecaunodulation
with the initial mass but, considering for example the cases of the mod®ls ef1.5, 2, 3 Mo,
one can see that the ratitk/Mg, at super-solar metallicity are mainly composed by silicates
and that, after an initial decrease at decreasing metallicity, they rise agaitodhe over-
production of carbon at lower metallicities. The modelshf = 1, 4, 5 Mg show a simi-
lar behaviour down t& = 0.008 and they thereafter decline. In any case, in the models of
M. = 4,5 M, at the lowest metallicity considered, = 0.001, the ratios are slightly larger
than the extreme cas¢Z) = Z.

In summary, | can conclude that, at the lowest metallicity, the global dustgejgata
may reach, or even encompass by an order of magnitude, the extrem&zZatioZ, due to the
efficient carbon dust production while, at the highest metallicities, the ratiosasatpossibly
due to the abrupt decrease in density produced by the large accelsratidme dust-driven
winds.
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Chapter 8

Conclusions

In this thesis | investigate the evolution and mineralogy of the dust grains thaxpected
to form in the outflows of TP-AGB stars. For this purpose a dust-growthehoaupled to a
simplified description of the wind dynamics, is applied to a large set of TP-A@Rigonary
tracks computed by Marigo et al. (2013). These TP-AGB tracks relynoacaurate treatment
of the molecular chemistry and opacities across the stellar envelope and trephéarey which
are consistently linked to the changes in the chemical abundances caubedHird dredge-up
and HBB nucleosynthesis.

Using the formalism developed by FGO06, | find that the models of M-giantddaié-
produce the measured expansion velocities of the CSEs around Galastardyl-and their
correlations with the mass-loss rates.

The above discrepancy is independent of the adopted opacity sgit€@hd) because the
cause lies in the inability of iron-rich silicates to form and remain thermally stablesimtier
regions of the CSE, so that the acceleration imparted to the gas only stargeatdstances
and it is instficient to account for the observed expansion velocities. The disargbatween
predicted and measured expansion velocities for M-stars is a well-knagindnd it stems
from a more dramatic issue, inherent to the severe inability of detailed dynlamiighmodels
to even generate an outflow from O-rich TP-AGB stars, i.e. to reachrddisttive accelerations
larger than the gravitational one (Woitke, 2006).

This challenging problem has been more recently tackled binét (2008b) and Bladh
et al. (2013). These studies point out that the only possible way to pecalwind in M-stars
relies on photon scattering by large iron-free silicate grains. Since thieses@re transparent
to radiation at shorter wavelengths, they can survive in the inner zdi@&Sk, where they give
an dficient boost to the gas thanks to their high scattering opacity (Chapters&.and

From all these indications, it is clear that in any case, i.e. for any model,itt@ktprocess
that should be inhibited is dust destruction in the inner regions of the CSE.

Guided by this premise, | have revisited the two mechanisms that are alffeciendly de-
stroy dust grains, i.e. in order of importance, chemisputtering bynbllecules and sublimation
(Gail & Sedimayr, 1999).

Concerning chemisputtering, | take into account the suggestion of $auéhars that, con-
sidering the activation energy barrier of the reduction reaction of silidatét (Gardner 1974;
Tso & Pask 1982; Massieon et al. 1993; Tielens, private communicatiemrttess could be
strongly inhibited at the temperatures and pressures of the regions dihgres predicted to
form (Chapter 5).

There is also experimental evidence that, at the pressures typical & §f.GS10°2 dyne
cm~2), chemisputtering may not béfeient (Nagahara & Ozawa, 1996; Tachibana et al., 2002).
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Furthermore, in recent experiments condensation temperatures of asaergiicates as high
as 1350 K have been measured (Nagahara et al., 2009).

Therefore, | consider it instructive examining the case in which the evolafioust grains
is only determined by growth and free sublimation, hence switching chemigpgtt#f. The
rate of sublimation in vacuum, computed following Kobayashi et al. (2011jsésl to deter-
mine the critical temperature below which dust can grow, as explained int@hap In this
way, | am able to follow the evolution of the condensation temperature inmespo changes
in the physical properties of the CSEs.

A key point is that, without chemisputtering, the sublimation rates of silicatesedxteir
growth rates at dust equilibrium temperatures significantly higher thanqugy assumed. |
find that the condensation temperature of silicates is always between 1200 K400 K and
the corresponding gas pressure is always betviReeti0-*dyne cn? andP ~10-2dyne cn1?
(Chapter 5). These values are in very good agreement with the reqesriraental measure-
ments by Nagahara et al. (2009). Moreover the value of the pressuesponds to the condi-
tions where chemisputtering should not lieaent (Nagahara & Ozawa, 1996).

In Chapter 6 | compared the predictions of the models with the measuredséxpare-
locities and the dust-to-gas ratios of the expanding CSEs around Galadtiard)-and their
observed correlations with the mass-loss rates.

By neglecting chemisputtering and including a consistent determination of tliecsa-
tion temperature, | find that, even assuming an opacity typical of dirty silicgtais can
form and survive in the inner regions of the CSEs-@ R.). In these regions the grains quickly
grow to large sizes, and provide the gas with the needed acceleratiormddeds computed
adopting the HCT scheme are able to reproduce fairly well the trend of tbeityewith the
mass-loss rate observed in Galactic M-giants (Fig. 6.1).

At the lower mass-loss rates, a small mismatch remains that may require funbstiin
gation. A possibility is that those measured in laboratory evaporation expagmeay not
represent the féective sticking cofficients that regulate the dust growth in CSEs. For in-
stance, Nagahara & Ozawa (1996) noticed that the measured stickifiigiengs refer to the
crystalline structure used in the experiments, and thféemint structures could havefiidirent
energy barriers for the formation reactions, implyin@feient values of the sticking cfieient.
Other authors have investigated theeets of increasing this cfficient up to 6 (Ventura et
al. 2012a) for pyroxene, or evenQlfor olivine (Hofner, 2008a). | find that just increasing the
sticking codficient of silicates to @ is enough to eliminate the residual discrepancy between
observed and predicted terminal velocities of M-giants. Another possibiitydcbe that of
decreasing the number of initial seeds in order to reach larger graintbatgsrovide a higher
opacity. Lowering the seed number from®to 10714, the maximum grain sizes increase
from 0.1 um to 0.3um, succeeding in reproducing the observed terminal velocities also for
iron-free silicates, as shown in Fig. 6.2.

The predicted dust-to-gas ratios of M-giants are within the observecerahtpwever,
though the models cluster arouad= 1/200, which is the value usually adopted for Galac-
tic TP-AGB stars, the observed sample has a median value about 50% targed/135.
Furthermore the presented models never reach the highest measuesl Vidiay also follow
the usual linear scaling at decreasing metallicity, clustering aréund/500 forZ = 0.008 but
again, the few direct data available for LMC M-giants, indicate that theit clustent is more
than twice that the ones obtained from the models.

As far as C-star models are concerned, they reproduce fairly wellldbereed expansion
velocities of Galactic C-stars. In the homogeneous growth scheme, atdiseolbéhe adopted
carbon dust formation model, the key role is played by the carbon oveyeoxgxcessc — eo
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8 Conclusions

(Mattsson et al., 2010). This parameter is mainly determined by the compleXayégiween
mass-loss, third dredge-up and HBB. For example, | have shown tlagimigthe super-wind
phase without suitably lowering théfieiency of the third dredge-up, the carbon enrichment at
the surface would be larger, and consequently the terminal velocities Wweuligher. | have
also shown that varying the sticking dheient of carbon can induce some degeneracy with
the metallicity but, unless one assumes a very low vaiiel), the velocities of Galactic C-
stars can be well reproduced. | compare the dust-to-gas ratios of ster Grodels with three
different Galactic samples. Contrary to those of M-giant models which show liftendience
on the mass-loss rates, those of C-stars increase at increasing nzasstdgs This trend is
present only in one of the three samples (Groenewegen et al., 1998)iwkil@bsent in the
other two. At low mass-loss rates the median values of the three samples are aidithey
are reproduced by models. At the high mass-loss rates the models arglentd aeproduce
the largest observed values. | also notice that the maximum mass-loss taiteedkn the
presented models is about 2-3 times lower than the maximum observed one.

The coupling of the homogeneous growth scheme to TP-AGB models gieesorithe
following trends with decreasing metallicity. The velocities at a given massddssncrease,
the dependence of the dust-to-gas ratios on the mass-loss rate becomgarsbut their values
at low mass-loss rates decrease. Unfortunately, in spite of the huge lieem@tuC-stars at
metallicities lower than solar, there is a severe lacHiodct measurements of dust-to-gas ratio
and terminal velocities. The velocities of six C-stars toward the Galactic Halgadec et al.,
2012) are clearly significantly lower than those of the bulk of the models-20.001 and even
atZ = 0.008. However, for the three objects likely belonging to the thick disk, ladpce
dust-to-gas ratios and velocities with C-starsZof 0.008 andM. = 1.5 M. For the other
three stars, that were classified as Halo members, the data can be retwiittilnodels with
Z = 0.001 andM, ~4 Mg, where the carbon excess is lowered by fiitcient HBB. This value
for the mass is somewhat higher than that estimated by Lagadec et al.,(861Bg basis of
their luminosity M. ~2-3 My). Furthermore, and perhaps more important, the particularly
strong equivalent width of their 7 mm CyH, feature is dfficult to reconcile with a relatively
lower carbon excess. This could be an indication that fhieiency of carbon dust formation
decreases at decreasing metallicity as suggested by van Loon et &)).(200

For C-stars | also compared the predicted abundance ratios of SiC edlatarbon, with
the observations. At solar metallicity, the LCT scheme predicts values thaigarécantly
higher than those observed among Galactic C-stars while at intermediate mettlbcityree-
ment is fairly good. The three Halo stars at low metallicity have measurefCSgiios that
are too high compared to the ones obtained in the models. But this is more likelyigniimg
problem related to their origin because the mid infrared SiC feature is aixbéovdecrease
significantly at decreasing metallicity. In any case the/Si€atio may depend orfiects other
than the global metallicity or the carbon excess. For example, | have shawvimtneasing
the condensation temperature of carbon, lowers significantly th&CS#tios of models with
moderate and low mass-loss rates.

The models presented provide a powerful check of the internal pgesdbat regulate the
evolution of TP-AGB stars, that should be added to all other existing ehisker tests used to
calibrate this important phase of stellar evolution.

In Chapter 7 | applied the HCT scheme to the study of dust formation at-sofmrmetal-
licities, Z = 0.04, 0.06. In these models, it is hecessary to take into account the coupling
between dust and gas particles when computing the dust equilibrium temperktdact, at
these metallicities, dust can form in regions where the temperature and dmes#y high that
the collisional heating of dust grains produced by fdolecules can significantlyfiect the
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dust equilibrium temperature. At these high metallicities the expansion velociédarger

than those predicted by the models presented in Chapter 6. However,d ti@tcsome of the
Galactic stars with the largest observed velocities could be consistent witméseobtained
from the super metal-rich models.

In this thesis | also present dust ejecta of TP-AGB stars, computed frorolbigh metal-
licities, Z = 0.001, 0.008 0.02, 0.04, 0.06

At low metallicity, the bulk of the dust consists of amorphous carbon, wiseetancreasing
metallicity, the range of initial stellar masses producing this dust species is limiteedre
2 Mgy and 4 M, atZ = 0.02. Silicate dust production dominates at lower masses due to weak
or absent dredge-up and, at higher masses, becausioidére HBB. On the other hand, at
super-solar metallicity, the dust chemistry is essentially that of M-stars ardbsiesjecta are
mainly in the form of silicates.

| remark that the ejecta weakly depend on the details of the adopted catidenwescrip-
tions. This is true not only for silicate dust, but also for carbon dust asdstrated with the
aid of test calculations in which | artificially increased the gas temperaturshbiet for the
activation of the GH> chains.

At Z = 0.001, 0.008 0.02 the predicted dust ejecta were compared with the ones found
in the literature (FGO06; Ventura et al., 2012a; Ventura et al., 2012bynnés comparison it
emerged that the results do depend on the underlying TP-AGB evolutiomadgls. In par-
ticular, a sizeable discrepancytects the predictions for the carbon dust production at low
metallicity, between Ferrarotti & Gail (2006) the results based onCtiidBRI code on one
side, and the ones obtained by Ventura et al. (2012a), on the othefsidbermore, silicate
ejecta computed with theOLIBRI code are significantly larger than those of Ferrarotti & Galil
(2006) and Ventura et al. (2012a). For C-stars thefferdinces are related to our poor under-
standing of the mass-loss and third dredge-up processes, since theteitnihed #&iciency
affects dramatically the surface@ratio. Differences in silicate ejecta are more subtly related
also to initial metal partitions and adopted opacities, so that itflicdit to trace back their
origin.

In both full evolutionary TP-AGB models (Ventura et al., 2012a), andAlGB models
based on numerical envelope integrations (Marigo et al., 2013) masaridgbird dredge-up
are described by means of suitable parameters. For mass-loss, both osmletapirical laws
taken from the literature, while the third dredge-up is regulated by a parérestefticiency
of convective overshoot in full models, or directly described by fiicency parameter in
envelope-based models. How these parameters depend on the ambientitpésadine of the
far-reaching questions, that are crucial for the interpretation of gataatic observations up to
high redshift.

By dividing the dust ejecta by the total mass lost by the star during the TP-pizRe,
| obtain the total dust-to-gas ejecta ratios. The wide range of initial metallicityesalwom
Z = 0.001 to Q06, outlines the following striking picture. The total dust-to-gas ejecta of
intermediate mass stars are much less dependent on the metallicity than usuatigcsat the
lowest metallicity the total dust-to-gas ejecta may reach and even exceedibef/tne initial
metallicity by even an order of magnitude, due to tifieceent carbon dust production. At the
highest metallicities, the ratios saturate, possibly due to the abrupt deore&sesity produced
by the large accelerations of the dusty driven winds. While | do think thatitttere at the high
metallicities is correct, | warn the reader that the issue of the large cartsbphduction at the
lowest metallicities is still open and awaits for direct observational confirmsisrpreviously
mentioned.
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8 Conclusions

Finally | stress that the major aim of this work when coupled Wi@LIBRI code, is to
provide a fast and flexible tool able to pufférent observations inside a common interpretative
framework. In this respect, the dust formation scheme described herbenglbon applied to
study the emission properties of the circumstellar dusty envelopes.
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