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ABSTRACT
The dust formation process in the winds of asymptotic giant branch stars is discussed, based
on full evolutionary models of stars with mass in the range 1 ≤ M ≤ 8 M� and metallicities
0.001 < Z < 0.008. Dust grains are assumed to form in an isotropically expanding wind, by
growth of pre-existing seed nuclei. Convection, for what concerns the treatment of convective
borders and the efficiency of the schematization adopted, turns out to be the physical
ingredient used to calculate the evolutionary sequences with the highest impact on the results
obtained. Low-mass stars with M ≤ 3 M� produce carbon-type dust with also traces of silicon
carbide. The mass of solid carbon formed, fairly independently of metallicity, ranges from a
few 10−4 M�, for stars of initial mass 1–1.5 M�, to ∼10−2 M�, for M ∼ 2–2.5 M�; the size
of dust particles is in the range 0.1 ≤ aC ≤ 0.2 μm. On the contrary, the production of silicon
carbide (SiC) depends on metallicity. For 10−3 ≤ Z ≤ 8 × 10−3 the size of SiC grains varies in
the range 0.05 < aSiC < 0.1 μm, while the mass of SiC formed is 10−5 < MSiC < 10−3 M�.
Models of higher mass experience hot bottom burning, which prevents the formation of
carbon stars, and favours the formation of silicates and corundum. In this case the results scale
with metallicity, owing to the larger silicon and aluminium contained in higher Z models. At
Z = 8 × 10−3 we find that the most massive stars produce dust masses md ∼ 0.01 M�, whereas
models of smaller mass produce a dust mass 10 times smaller. The main component of dust is
silicates, although corundum is also formed, in not negligible quantities (∼10–20 per cent).

Key words: stars: abundances – stars: AGB and post-AGB – ISM: abundances – dust,
extinction.

1 IN T RO D U C T I O N

During the last years the evolution experienced by stars of inter-
mediate mass after the consumption of central helium has received
a growing interest by the astrophysical community. This phase,
known as asymptotic giant branch (AGB; Iben & Renzini 1983;
Lattanzio & Boothroyd 1987; Herwig 2005), is much shorter than
the previous stages of core hydrogen and helium burning, but is
extremely important for the role played by these sources in the
pollution of the interstellar medium. During the AGB evolution
the stars lose all their external mantle, returning into the interstel-
lar medium material whose chemical composition was altered by
internal nuclear processes.

� E-mail: paolo.ventura@oa-roma.inaf.it

AGBs have been suggested as the main contributors to the pol-
lution of the interstellar medium in globular clusters, giving rise to
the formation of multiple populations (Ventura et al. 2001). The gas
ejected by AGBs, possibly diluted with pristine gas, may stimulate
the formation of one or more additional stellar components, over-
lapped to the original population present in the cluster (D’Ercole
et al. 2008, 2010). This scenario can explain most of the observa-
tional data, such as the chemical anomalies involving light elements
(Gratton, Carretta & Bragaglia 2012) and the photometric features
of the main sequence and of the horizontal branch of globular clus-
ters (Piotto 2009).

The interest towards AGBs stems also from the physical condi-
tions of their circumstellar envelopes, particularly suitable to gas
condensation into dust grains. The surface layers of these stars
are sufficiently cool (Teff < 4000 K) to allow dust formation at
typical distances of 3–10 stellar radii from the surface, where the
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densities are still sufficiently large (ρ > 10−14 g cm−3; Gail & Sedl-
mayr 1985) to allow formation of meaningful quantities of dust.

Dust formation is a complex phenomenon, which is strongly
interfaced with the dynamical and thermal structure of the winds of
this class of objects (Wood 1979; Bertschinger & Chevalier 1985;
Bowen 1988). Stellar pulsation is known to trigger the formation
of periodic shocks that favour the increase in the local density,
thus stimulating gas condensation in cool regions in the stellar
surroundings. Radiation pressure on dust grains is currently believed
as the dominant mechanism triggering mass loss in these structures
(Fleischer, Gauger & Sedlmayr 1992).

A self-consistent description of the dust formation process would
require full coupling of results from stellar evolution modelling with
the description of the wind. A natural outcome of such a treatment
would be the outwards velocity of gas and dust particles leaving the
star, thus the mass-loss rate experienced. Because we are still far
from achieving this target, the few models available in the literature
treat the wind independently, based on the results coming from the
integration of the equations of stellar equilibrium, from which the
values of luminosity, effective temperature and mass-loss rate of the
star are obtained (Ferrarotti & Gail 2001, 2002, 2006). These studies
may be considered as a preliminary step towards a more complete
treatment, where central object and external wind are described
simultaneously.

The reliability of the results obtained, in terms of the amount
of dust formed, is hampered by the uncertainties associated with
the wind model, for what concerns, e.g. the initial velocity of gas
particles, the opacities relevant to determine the radiation pressure
on grains, the sticking coefficients of each dust species (Ferrarotti
& Gail 2006; Ventura et al. 2012a,b).

AGB modelling is also relevant for the results obtained. The
type of grains formed, either silicates or carbonaceous particles,
depends on the description of the processes able to alter the sur-
face chemistry of AGBs, i.e. third dredge-up (TDU) and hot bottom
burning (HBB). The efficiency of either mechanism is affected by
the modelling of convection and in particular by the treatment of the
convective/radiative interface (Herwig 2000, 2005) and of the tem-
perature gradient in regions unstable to convective motions (Ventura
& D’Antona 2005a). The description of mass loss is also extremely
relevant, because it has a direct impact on the AGB evolutionary
time-scale (Ventura & D’Antona 2005b); furthermore, the mass-
loss rate determines the density profile of the wind, thus the amount
of dust formed.

It is for all these reasons that results in the literature presented
by different research groups, though using the same description
of the wind and of the dust grains formation and growth, differ
considerably in the mass and composition of dust formed (Ferrarotti
& Gail 2006; Ventura et al. 2012a,b; Di Criscienzo et al. 2013; Nanni
et al. 2013).

The scope of this work is to discuss how the properties of dust
formed in the winds of AGBs depend on the implementation of
some fundamental features of the model, namely (i) the macro-
physics adopted to describe the AGB evolution; (ii) the thermody-
namical description of the wind: (iii) the formation and growth of
grains.

We present a new grid of dust formation models assuming stel-
lar metallicities of Z = 4 × 10−3, which fills the gap among the
chemistries of our previous explorations, i.e. Z = 10−3 (Ventura
et al. 2012a), Z = 8 × 10−3 (Ventura et al. 2012b), Z = 3 × 10−4

(Di Criscienzo et al. 2013). This allows us to explore in details
the role played by the chemical composition in the dust forma-
tion process. Also, this metallicity will enable to compare model

predictions with observational data in the Small Magellanic Cloud
(Larsen, Clausen & Storm 2000) and in metal-rich galactic globular
clusters (Carretta et al. 2009).

In addition to our previous investigations on this topic, we present
AGB models of different metallicities where (i) some extra-mixing
is assumed from any convective border (including the base of the
external mantle); (ii) the description of mass loss is based on hydro-
dynamical wind models including carbon-dust formation (Wachter
et al. 2008).

The paper is organized as follows: in Section 2 we present an
overview of the status of the art of the modelling of dust formation
around AGBs; Sections 3 and 4 describe the inputs used to model the
AGB evolution of stars and the dust grain growth in the expanding
winds; carbon dust formation is discussed in Section 5, whereas
silicates production in more massive AGBs experiencing HBB is
presented in Section 6; finally, Section 7 is devoted to an overall
discussion of the results obtained.

2 D U S T FO R M AT I O N M O D E L L I N G A RO U N D
AG B s: STAT U S O F TH E A RT

The pioneering explorations by the Heidelberg group (Ferrarotti
& Gail 2001, 2002, 2006) set the framework to describe the dust
formation process in the winds of AGBs. The wind is assumed
to expand isotropically from the surface of the star, moving with
velocities of a few km s−1, entering into the dust formation layer,
where gas (and dust) particles are accelerated via radiation pressure
on the newly formed grains.

The dust grains are assumed to grow owing to the gas molecules
impinging on the already formed solid particles. The rate at which
the grains grow scales with the density of the gas; this defines a
very narrow region where dust formation occurs. An asymptotic
behaviour is reached, with the wind expanding outwards with large
velocities (typically ∼10–50 km s−1).

This is a simplified view of a much more complex situation,
where large amplitude pulsations trigger periodic shocks (Wood
1979; Bertschinger & Chevalier 1985; Bowen 1988): gas particles,
rather than expanding at constant velocity, are projected on ballis-
tic trajectories, where they contribute to the increase in the local
density in very cool regions, thus extremely suitable to dust forma-
tion (Fleischer et al. 1992). A complete, self-consistent treatment
would require the simultaneous description of the periodic variation
of the stellar properties and of the structure of the wind, such that
condensation takes place in the regions where the shock favours
the increase in the density. A natural outcome of such a treatment
would be the determination of the mass-loss rate, via the density
and the velocities of the gas leaving the star (Wachter et al. 2002,
2008; Mattsson et al. 2008).

Such a self-consistent approach is still missing and the models
currently available treat the wind independently, assuming as inputs
the physical parameters of the central star, i.e. effective temperature,
luminosity, mass-loss rate and the surface chemical composition.
The most relevant shortcoming of this approach is the lack of any
feedback between the formation of dust grains and the mass-loss
rate, which is assumed a priori; we will come back to this point in
the following.

Because the structure of the wind is based on the properties of
the central star, the effective temperature (Teff), luminosity (L) and
mass-loss rate (Ṁ) are key quantities in determining the amount of
dust formed. Condensation of gas molecules is favoured at low Teffs,
because smaller temperatures in the wind allows the dust-forming
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region to be closer to the surface of the star, in higher density
zones. Larger values of Ṁ favour dust formation, because mass
conservation requires the density in the wind to increase linearly
with Ṁ (see equation 2 below). Luminosity has no direct impact
on the dust formation process, but it affects the acceleration due to
radiation pressure, which scales with L (equations 5 and 6 below).

The surface chemistry of the star is relevant in determining which
kind of dust is formed. The CO molecule has an extremely large
dissociation energy (11 eV), which means that the least abundant
between carbon and oxygen is bound in CO molecules. In C-
rich environments there is no oxygen available, thus the only dust
that can be formed is solid carbon, silicon carbide (SiC) and iron
(Groenewegen et al. 1998). When the C/O ratio is below unity all
the carbon present is locked into CO: silicates, iron and corundum
can form (Ossenkopf, Henning & Mathis 1992).

The physical evolution of AGBs, and of their surface chemistry,
depends on some fundamental physical properties such as convec-
tion and mass loss (Herwig 2005; Karakas 2011).

The treatment of the convective instability is the largest uncer-
tainty affecting stellar evolution models. Owing to the lack of a
self-consistent theory of turbulence, the transport of energy within
regions unstable to convective motions is treated parametrically.
The mixing length �, the typical scale of convective motions, is as-
sumed to be proportional to the pressure scale height Hp: � = αHp.
The parameter α is calibrated to reproduce the current radius of
the Sun; with the latest updates in the microphysics adopted, recent
investigations give α� = 1.75 (Bressan et al. 2012).

The AGB phase is the most sensitive to the convection model
adopted. Models based on the full spectrum of turbulence (FST;
Canuto & Mazzitelli 1991) evolve at larger luminosities, on more
expanded configurations, in comparison with their counterparts cal-
culated with the traditional mixing length theory (MLT; Ventura &
D’Antona 2005a). FST models lose their envelopes more rapidly,
and experience on the average a smaller number of thermal pulses
(TPs).

The efficiency of the convective model adopted has also an im-
portant feedback on the HBB phenomenon, in models with mass
M ≥ 3–3.5 M�: the base of the convective envelope becomes suf-
ficiently hot (T ≥ 40 MK) to favour an advanced proton capture
nucleosynthesis, with the destruction of the surface carbon, and,
when the temperatures exceed ∼70 MK, the depletion of oxygen
and the production of aluminium via activation of the Mg–Al chain.
HBB is found in all models with core mass above ∼0.8 M� when
convection is modelled according to the FST formulation. Also MLT
models with α > α� achieve much more easily HBB conditions
(Renzini & Voli 1981; Boothroyd & Sackmann 1988a). The ignition
of HBB is accompanied by the increase in the luminosity (Blöcker
& Schöenberner 1991), which, in turn, triggers the increase in the
mass-loss rate.

In models experiencing HBB the production of silicates is greatly
favoured: the C-star stage is inhibited by the destruction of the
surface carbon, and the star evolves at large luminosities, lose mass
at a high rate, which increase the dust formation rate.

Low-mass AGBs (M below 3 M�) do not reach HBB condi-
tions, independently of convection modelling. In these stars the
only mechanism able to alter the surface chemistry is the TDU,
which gradually enriches the surface in carbon, eventually making
C/O to exceed unity. Initially, when the mass-loss rate is small and
the C-star stage is not yet reached, small quantities of silicates are
produced; in the final evolutionary stages carbon dust is produced
in great quantities, owing to the large surface carbon abundances
and the high mass-loss rates experienced.

While there is a general consensus on the sequence of events
given above, the amount of carbon dust formed is still matter of
debate, because the evolutionary stage at which the star becomes
a C-star and the extent of the surface carbon enrichment depend
on the inwards penetration of the convective envelope during the
TDU (see discussion in Karakas 2011). This is rendered uncertain
by the poor knowledge of the behaviour of convective eddies near
the convective/radiative interface, particularly of the extent of the
extra-mixing, i.e. the distance they travel within radiatively stable
regions. The extra-mixing from convective cores of stars in central
burning phases can be calibrated via comparison with the observed
main sequences of open clusters (VandenBerg, Bergbusch & Dowler
2006), by analysis of binary star data (Claret 2007) and asterosismo-
logical investigations (Briquet et al. 2007; Montalban et al. 2013).
The situation for the AGB phase is more complex, as there is no
observable that allows a straight calibration of the overshoot from
the base of the envelope, and from the boundaries of the shell which
forms at the ignition of each TP. The most widely argument used
so far is the reproduction of the carbon star luminosity function in
the Magellanic Clouds, which allows to determine the core mass
at which TDU begins, and the extent of the inwards penetration
of the convective envelope (Izzard et al. 2004; Marigo & Girardi
2007). These information can be used to estimate the extension of
the mixed regions within the AGBs interiors. The larger is the extra-
mixing, the more carbon dust is produced, because more and more
carbon is dredged-up to the surface regions.

The description of the mass-loss mechanism is also extremely
relevant in determining the evolution of AGBs (Herwig 2005). The
rate at which AGBs lose mass determines the duration of the whole
evolutionary phase (Ventura & D’Antona 2005b), but has also im-
portant consequences on the modification of the surface chemistry.
In massive AGBs, experiencing HBB, the mass-loss rate is strictly
correlated with the degree of p-capture nucleosynthesis at the bot-
tom of the surface envelope: lower rates allow a stronger nucle-
osynthesis, thus larger changes in the abundances of the elements
involved in the CNO, Ne–Na and Mg–Al cycles. In the low-mass
regime, large rates favour faster consumption of the envelope: the
star undergoes a smaller number of TPs, thus the carbon surface
enrichment is reduced.

This has a strong impact on the dust formation in the circumstellar
envelopes. A direct effect of the mass-loss description is associated
with the higher density of the winds when the mass loss is large,
which enhance dust production. Also, as stated above, mass loss
changes the surface chemical composition, and the mass fractions
of those elements relevant to allow dust formation (e.g. carbon for
carbon-type dust): this clearly changes the amount of dust which
can be formed.

3 ST E L L A R E VO L U T I O N M O D E L L I N G

The evolutionary sequences presented here were computed by
means of the ATON code for stellar evolution. The interested reader
may find in (Ventura et al. 1998) a detailed description of the numer-
ical structure of the code. The most recent updates can be found e.g.
in Ventura & D’Antona (2009). We recall here the main physical
inputs, most relevant for the topic of the present investigation.

3.1 Convection

The arguments presented in the previous section outline how rele-
vant the description of convection is for the AGB phase, in terms
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of the evolution of the main physical quantities, number of TPs ex-
perienced, change in the surface chemical composition due to HBB
and TDU.

In agreement with other investigations by our group, the temper-
ature gradient within convective regions is found by the FST model,
developed by Canuto & Mazzitelli (1991).

Mixing of chemicals and nuclear burning was coupled with a
diffusive approach, according to the scheme suggested by Cloutman
& Eoll (1976). The overshoot of convective eddies into radiatively
stable regions is described by an exponential decay of the velocity
v beyond the formal border found via the Schwarzschild criterion.
The relation used is

v = vb exp

(
± 1

ζ
log

P

Pb

)
, (1)

where the argument of the exponential is taken positive for overshoot
from the upper border of the convective zone, whereas the minus
sign is used for overshoot below the convective region. vb and Pb

are the values of velocity and pressure at the formal boundary. The
extent of the overshoot is given by the free parameter ζ .

For the convective cores that form during the hydrogen and he-
lium burning phases, and generally for the phases previous the AGB
evolution, we followed the calibration given in Ventura et al. (1998),
and assumed ζ = 0.02.

For what concerns the AGB phase, we calibrated the extent of the
extra-mixing from the base of the convective envelope and from the
borders of the shell that forms at the ignition of each TP based on
the luminosity function (LF) of carbon stars in the Large Magellanic
Cloud (Groenewegen 2004). We find that adopting ζ = 0.002 leads
to a satisfactory agreement between the observed and the predicted
LFs. With this assumption we recover the relation between initial
mass and luminosity of the transition from O-rich to C-rich surface
chemical composition given in Marigo & Girardi (2007).

3.2 Mass loss

In agreement with our previous explorations focused on the AGB
evolution, we use for the phases preceding the C-star stage
the formulation by Blöcker (1995). The Blöcker formula (Ṁ ∝
M−3.1 R L3.7, where M, R and L are, respectively, the stellar mass,
radius and luminosity) is suitable to describe the steep increase
of Ṁ with luminosity that characterizes massive AGBs; however, it
underestimates the mass loss suffered by C-stars, because it is based
on a description of the circumstellar envelope of Mira variables that
neglects the carbon-dust formation process, and the radiation pres-
sure on dust grains, which induces a great acceleration of the wind.
To describe the C-star phase we rely on the formulation by Wachter
et al. (2008), giving the mass-loss rates experienced by low-mass
AGBs as a function of mass, luminosity and effective temperature.
The expression used is Ṁ ∝ MαT

β
effL

γ , where typical values for
the exponents (partly depending on the metallicity) are α ∼ −3,
β ∼ −7 and γ ∼ +3.

3.3 Radiative opacities

The radiative opacities k for temperatures above 104 K were cal-
culated using the OPAL online tool (Iglesias & Rogers 1996); for
smaller temperatures we used the AESOPUS tool described in Marigo
& Aringer (2009). This choice allows to account for the increase
in the opacity associated with the change in the surface chemistry
determined by TDU. The pioneering study by Marigo (2002) shows
how the modelling of AGBs experiencing TDU is sensitive to the

set of opacities adopted; detailed discussions on this argument can
be found in Ventura & Marigo (2009, 2010).

3.4 Chemical composition

The new models presented in this work have metallicity Z = 0.004,
initial helium Y = 0.26; the mixture is α-enhanced, with
[α/Fe] = +0.2. A discussion of their main physical properties,
and of the change in the surface chemistry determined by TDU and
HBB, can be found in Ventura et al. (2014). Here we focus on the
dust formed in their surroundings.

In addition to this new grid, we also present updated models for
stellar metallicities Z = 0.001, Z = 0.008 (discussed in previous
papers) obtained with the new implementation of the extra-mixing
from convective regions during the AGB phase and the mass loss
description of the C-star phase.

4 D U S T G R A I N S G ROW T H

The structure of the wind and the dust formation process are de-
scribed following the schematization by Ferrarotti & Gail (2006).
As discussed in the Introduction, the thermodynamic structure of
the wind and the dust formation process are entirely determined by
the physical and chemical conditions at the surface of the central
star. The latter is assumed to evolve independently of the properties
of the wind: this is possible because the mass-loss rate is determined
via a parametric recipe, rather than by full coupling of star’s and
wind’s descriptions.

4.1 Thermodynamic structure of the wind

The wind is assumed to expand isotropically from the surface of the
star, described by a mass M, luminosity L, radius R and effective
temperature Teff. The thermodynamic structure of the wind is set by
the relations giving the variation of density (ρ) and temperature (T)
with the distance r from the centre of the star.

Indicating with Ṁ the rate of mass loss, we have

Ṁ = 4πr2ρv, (2)

where v is the velocity of the wind.
The temperature of the gas in the wind decreases with r according

to the relation given by Lucy (1976):

T = 1

2
T 4

eff

[
1 −

√
1 − R2

r2
+ 3

2
τ

]
. (3)

The optical depth entering equation (3) is found by the differential
equation

dτ

dr
= −ρk

R2

r2
. (4)

The boundary condition for equation (4) is that τ vanishes at infinity
(for numerical reasons, we impose that this condition is reached at
a distance of 104R from the centre, where the asymptotic behaviour
of all the quantities is definitively reached).

The model is completed by the description of the acceleration of
dust particles under the effects of gravitational attraction from the
star and radiation pressure on dust grains:

dv

dr
= −GM

r2
(1 − 
), (5)
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with


 = kL

4πcGM
. (6)

For the wind velocity, we assume that it enters the dust-forming
region with a constant velocity v0 = 1 km s−1, and is accelerated
by radiation pressure. When dust formation is efficient, the results
show only a modest dependence on the assumed value for v0.

4.2 Dust grains formation and growth

The system of equations given above can be closed if we know the
opacity coefficient k, needed to find 
 (equation 6), and the optical
depth (equation 4). k can be found by summing the gas and dust
contributions. The former is calculated by means of the AESOPUS

tool, whereas for the latter we calculate the individual contributions
from the various dust species formed.

In a carbon-rich context the species of dust formed are solid
carbon, iron and silicon carbide, whereas for M-stars we consider
the formation of silicates (olivine, pyroxene and quartz), solid iron
and corundum. This latter species was not present in our previous
investigations.

For each species it is defined a key element, the least abundant
among the elements present in the molecules concurring to the
condensation process (see Table 1 for the details of the formation
reactions of the various dust species considered). The abundance of
the key element in the wind is extremely relevant for the amount of
dust of a given species that can be formed, because the growth rate
(J gr

i ) of the grains scales with the number density of the key species,
whereas the destruction rate (J dec

i ) is proportional to the vapour
pressure of the molecule containing the key element in equilibrium
with the solid particles.

The growth of the grain size of species i is calculated via the
equation

dai

dt
= V0,i

(
J

gr
i − J dec

i

)
, (7)

where V0, i is the volume of the nominal molecule in the solid.
The vapour pressures needed to estimate the decay rates J dec

i were
found by calculating the free enthalpy of formation of the molecules
involved. Most of the computations are based on the release by Sharp
& Huebner (1990), with the only exceptions of carbon and SiC, that
were kindly provided by Gail (private communication). Following
Ferrarotti & Gail (2006), we do not consider any destruction reaction
for solid carbon, but we assume that it can form only at temperatures
below 1100 K.

The growth rates J
gr
i are proportional to the sticking coefficients

αi of the molecule including the key elements on the solid grains.
The choice of various coefficients is the same as in our previous

investigations. For corundum, owing to lack of laboratory data, we
explore the range 0.1–1.

The composition of olivine and pyroxene depends on the relative
fraction of magnesium and iron, indicated, respectively, with x and
1 − x (see Table 1). The magnesium percentages in the olivine (xol)
and pyroxene (xpy) dust particles are found via the equations:

dxol

dt
= 3V0,ol

aol

[
(xg − xol)J

gr
ol + 1

2
(J ex

+ − J ex
− )

]
, (8)

dxpy

dt
= 3V0,py

apy

[
(xg − xpy)J gr

py + 1

2
(J ex

+ − J ex
− )

]
, (9)

where xg is defined as the relative gas abundance of magnesium
with respect to the Mg+Fe sum.

The quantity (J ex
+ − J ex

− ) gives the difference between the ex-
change rate of iron by magnesium per unit surface area during
collisions of Mg with the grain surface and the rate of the reverse
reaction, and is defined as in Gail & Sedlmayr (1999).

The amount of dust formed is indicated by the fraction of gas
condensed into solid grains. This is expressed by the fraction fi of
the key element that is in the solid state. We have

fi = 4π
(
a3

i − a3
0,i

)
3V0,i

εd

εi

, (10)

where a0, i is the initial size of the seed nuclei in the wind, εi is
the number density of the key elements in the wind, normalized to
the hydrogen density, and εd is the normalized density of the seed
nuclei.

We assumed for each species a0,i = 0.01 μm; the final results are
independent of this assumption, provided that a minimum amount
of dust, sufficient to accelerate the wind, is formed.

The situation for εd is more tricky. The typical number densities
of grains in the outflow of M-stars of solar metallicity has been
determined observationally, and is of the order of 10−13 (Knapp
1985). The situation for C-stars and for M-stars of different metal-
licity could be different (see the discussion in Nanni et al. 2013),
but presently any choice for εd would have a large degree of arbi-
trariness.

The opacity coefficient is found via the equation

k = kgas +
∑

i

fiki , (11)

where the kis are the opacity coefficients for the various dust species
formed. The optical constants used to determine the opacities are
the same as in Ventura et al. (2012a).

The coupled system of differential equations for the wind and
the dust formation of the various species is solved with an Adams–
Bashforth integrator (Golub & Ortega 1992). The equations are
solved in the radial outward direction. All the right-hand side (rhs)

Table 1. Dust species considered in the present analysis, their formation reaction and the corresponding key elements (see
text).

Grain species Formation reaction Key element Sticking coefficient

Olivine 2xMg +2(1 − x)Fe+SiO+3H2O → Mg2xFe2(1 − x)SiO4 + 3H2 Si 0.1
Pyroxene xMg +(1 − x)Fe+SiO+2H2O → MgxFe(1 − x)SiO3 + 2H2 Si 0.1
Quartz SiO + H2O → SiO2(s) +H2 Si 0.1
Corundum 2AlO+H2O → Al2O3 + H2 Al 0.1–1
Silicon carbide 2Si + C2H2 → 2 SiC + H2 Si 1
Carbon C → C(s) C 1
Iron Fe → Fe(s) Fe 1
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of equations (7) are set to zero until the first dust species become
stable.

5 C A R B O N D U S T PRO D U C T I O N IN AG B s

5.1 Current uncertainties from AGB modelling

Models with M ≤ 3 M� form silicates at the beginning of the
AGB evolution, whereas in more advanced phases repeated TDU
episodes lead to C/O>1. The surface carbon enrichment depends
on the treatment of convective borders, particularly on the exten-
sion of the extra-mixed region: this zone is stable, based on the
Schwarzschild criterion, yet it is reached by convective eddies, that
cross the convective/radiative interface, pushed by inertia.

Locating the borders of convection zones during the AGB phase
is one of the long-standing problems in the context of stellar evolu-
tion (Mowlavi 1999). Certain trends have been identified by extant
models, such as the increase in the extent of TDU in lower metallic-
ity models (Boothroyd & Sackmann 1988b), and the fact that TDU
ceases when the mass of the envelope drops below a threshold value
(Straniero et al. 1997). Yet the extension of mixed zones is still un-
known from first principles: comparison with the observations of
carbon stars in the Galaxy (Wallerstein & Knapp 1998) and in the
Magellanic Clouds (Bessel, Wood & Evans 1983) indicates that
standard models, where mixing is allowed only within zones sat-
isfying the Schwarzschild criterion, fail to reproduce the observed
patterns, and that some extra-mixing is required.

The presence of extra-mixing favours the increase in the surface
carbon, for two reasons: (a) overshoot from the bottom of the con-
vective envelope during the inwards penetration that follows the TP
makes more carbon-rich matter to be mixed with the surface layers;
(b) extra-mixing from the borders of the convective shell that forms
during each TP increases the strength of the pulse, in turn increas-
ing the extent of the inwards penetration of the convective envelope
(Herwig & Austin 2004).

Previous investigations fixed the conditions for TDU to occur
either by imposing the temperature of the innermost layer reached
by the penetration of the convective mantle (Marigo, Girardi &
Bressan 1999), or by assuming a relation between the core mass at
which TDU begins as a function of mass and metallicity (Karakas,
Lattanzio & Pols 2002; Izzard et al. 2004; Marigo & Girardi 2007).
In our case the most straightforward way of introducing some over-
shoot is by assuming a non-vanishing value of ζ (see equation 1).

The impact of assuming some extra-mixing on dust production
during the AGB phase was discussed on qualitative grounds in
Ventura et al. (2012b), by analysing the role played by ζ (see equa-
tion 1); no calibration of the extra-mixing was given. In this paper
we use ζ = 0.002, according to the calibration of ζ aimed at re-
producing the luminosity function of carbon stars in the Magellanic
Clouds, given in Section 3.1.1

The effects of extra-mixing are shown in Fig. 1, where we com-
pare the results obtained with no extra-mixing (blue, dashed tracks)
with those found with ζ = 0.002 (red, dotted). We will refer to
these models as noov and over, respectively. The figure refers to the

1 It is not surprising that this value is a factor of 10 smaller than the ζ

used to describe overshoot from convective cores during the H-burning
phase, given the different physical conditions in the two cases, and the much
shorter duration of each individual TDU, compared to the time-scales of
core H-burning.

evolution of a 2 M� model of metallicity Z = 0.001, published in
Ventura et al. (2012a).

In the upper, left-hand panel, we see that the carbon increase
is much more pronounced in the over model: the surface carbon
reaches a final mass fraction of X(C) ∼ 0.017, a factor of ∼3
larger than in the noov case. This has a straight consequence on
the production of solid carbon, as we see in the upper, middle panel,
showing the variation of the solid carbon size in the two cases: the
size of carbon grains formed in the over model approaches aC ∼
0.15 μm, whereas in the noov case they barely reach aC ∼ 0.1 μm.
Carbon dust formation occurs at an earlier phase in the over model,
because TDU is more efficient in favouring the transition from M- to
C-star; in the noov case, the star loses 0.2 M� before the condition
C/O > 1 is reached.

The fraction of carbon condensed into dust (right, upper panel)
is larger in the noov case, owing to the smaller amount of carbon
available at the surface.

The quantity of silicon carbide formed is less sensitive to the
treatment of convective borders, as shown in the middle and right,
lower panels of Fig. 1. This is because the key element for SiC is
silicon, whose surface content is independent of the efficiency of
TDU. Clearly production of SiC demands that the C-star stage has
already been achieved, thus SiC grains start to form in earlier phases
in the over model.

To discuss the role played by the description of mass loss,
we compare the results obtained with the treatment based on the
Blöcker’s formula with the more recent compilation by Wachter
et al. (2008). This latter is more suitable to describe the mass-loss
mechanism in these evolutionary phases, as it is based on simula-
tions of stellar winds driven by radiation pressure on carbon grains.
The rates by Wachter et al. (2008) show a great sensitivity to the
effective temperature of the star, and show a rapid increase in the
rate of mass loss as soon as carbon-dust formation begins.

The results obtained with the Wachter et al. (2008) formula are
indicated in Fig. 1 with black, solid, tracks. We used the same
prescription of the extra-mixing from convective borders as for the
over case, thus we can analyse the role of mass-loss treatment by
comparing with the red, dotted lines in the six panels of Fig. 1.

The mass-loss rate given by the Wachter et al. (2008) formula is
larger once the C-star stage is reached, as can be seen in the left,
bottom panel: the star experiences a smaller number of TPs, thus the
surface carbon enrichment (shown in the left, upper panel) is lower.
Despite the lower carbon available, more dust is formed: this is due
to the larger density of the wind, favoured by the higher mass-loss
rate.

We see in the middle, bottom panel that the higher Ṁ also favours
a greater production of SiC.

The overall comparison among results obtained with the different
assumptions concerning the convective borders and the mass-loss
mechanism is shown in Fig. 2 (solid carbon produced) and in Fig. 3
(silicon carbide). The three panels refer to the metallicities Z = 10−3

(left), Z = 4 × 10−3 (middle) and Z = 8 × 10−3 (right). Part of
the results concerning Z = 10−3 and Z = 8 × 10−3 was published
in Ventura et al. (2012a,b). Here we extend the computations to
models calculated with the mass loss by Wachter et al. (2008), and
to the metallicity Z = 4 × 10−3; for this latter Z the case ζ = 0 with
no extra-mixing was not explored.

In the Z = 10−3 case we see that when extra-mixing is neglected
only models of initial mass M = 2, 2.5 M� become carbon stars and
produce solid carbon. Use of the mass-loss rate by Wachter et al.
(2008) favours a larger dust production for M ≥ 1.5 M�. For smaller
masses the effect of the higher mass-loss rates is counterbalanced
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Figure 1. The variation during the AGB evolution of a model of initial mass 2 M� of metallicity Z = 0.001 (Ventura et al. 2012a). In the abscissa we indicate
the current mass of the star, decreasing during the evolution. In the top panels we show the carbon surface mass fraction (left), the grains size of solid carbon
dust particles (middle) and the fraction of gaseous carbon condensed into dust (right). In the bottom panel we report the mass-loss rate (left), the size of SiC
grains (middle) and the fraction of silicon condensed into SiC dust. The models calculated with the Blöcker mass-loss rate with no extra-mixing and with
ζ = 0.002 are indicated, respectively, with blue, dashed lines and with red, dotted tracks. The black, solid lines indicate models with the mass loss description
by Wachter et al. (2008).

Figure 2. Mass of solid carbon produced as a function of the initial mass
of the star for the metallicities Z = 10−3 (left), Z = 4 × 10−3 (middle)
and Z = 8 × 10−3 (right). The meanings of the symbols are as follows:
blue, open squares: no-overshoot models with the Blöcker description of
mass loss, published in Ventura et al. (2012a,b); red, full squares: ζ = 0.002
models (Blöcker’s mass loss); black, full circles: ζ = 0.002 models with the
Wachter et al. (2008) mass loss.

by the lower carbon available, such that the results turn out to be
approximately independent of the mass loss description.

The Z = 4 × 10−3 models show a similar behaviour, the impact
of mass loss increasing for larger masses. The amount of solid

Figure 3. Mass of silicon carbide produced by AGB models of different
initial mass. The three panels refer to results for Z = 10−3 (left), Z = 4 × 10−3

(middle) and Z = 8 × 10−3 (right). The meaning of the symbols is the same
as in Fig. 2.

carbon produced (and also the differences determined by the mass
loss treatment) reaches a maximum around for stars of initial mass
around 2, 2.5 M�, and becomes progressively smaller as the mass
increases, and approaches the threshold limit for HBB ignition.

At Z = 8 × 10−3, similarly to Z = 10−3, we find that when no
overshoot is considered only models with M ≥ 2 M� produce solid
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carbon. Use of the mass loss prescription by Wachter et al. (2008)
favours an increase in the total solid carbon produced of almost one
order of magnitude for masses above ∼2 M�. For smaller masses
the differences are negligible, because use of the Wachter et al.
(2008) formula favours a rapid loss of the envelope as soon as the
C-star is achieved, which prevents further carbon to be dredged-up
to the surface.

Fig. 3 shows that the production of silicon carbide is also depen-
dent on the treatment of convective borders and the description of
mass loss. The results are easier to be interpreted in this case, owing
to the approximately constant value of the key element, i.e. silicon,
which, unlike carbon, is not changed by TDU.

Models using the mass loss treatment by Wachter et al. (2008)
produce more silicon carbide, owing to the higher density in the
wind. Clearly models with no overshoot produce a smaller amount
of SiC, because they reach the C-star stage in later phases, after part
of the envelope was lost.

5.2 The comparison with other investigations

We compare the results by Ferrarotti & Gail (2006), and the more
recent investigation by Nanni et al. (2013) with our models. This
comparison is aimed to stress the differences in the AGB mod-
elling, because the three studies use the same description of the
thermodynamics of the wind and of the dust formation process.

In Fig. 4 we indicate the results by Ferrarotti & Gail (2006) and
Nanni et al. (2013), respectively, with magenta, full triangles and
green, solid diamonds. The comparison for Z = 4 × 10−3 is limited
to Ferrarotti & Gail (2006), as this metallicity was not discussed by
Nanni et al. (2013).

In all cases the amount of carbon dust formed increases with
mass, because more massive stars experience more TPs, dredge-up

Figure 4. The comparison among the mass of solid carbon (top panels)
and SiC (bottom) produced by AGB models of various initial mass and
metallicities Z = 10−3 (left), Z = 4 × 10−3 (middle) and Z = 8 × 10−3

(right). The meaning of the symbols is as follows: black circles: models
with mass loss by Wachter et al. (2008) and ζ = 0.002; magenta triangles:
models by Ferrarotti & Gail (2006); green diamonds: models by Nanni et al.
(2013).

more carbon at the surface and also lose the external envelope at a
higher rate, which increases the number density of gas particles in
the wind.

For Z = 10−3 the carbon dust produced by our models for
M ≥ 2 M� is a factor of ∼3 smaller compared to Ferrarotti &
Gail (2006). The interpretation of such a difference is not straight-
forward, because the models by Ferrarotti & Gail (2006) are based
on a synthetic modelling, and keep the same efficiency of TDU un-
til the latest AGB phases, when the mass of the envelope is greatly
reduced. Also, in our models we account for the modification of
the surface chemistry in the computation of the low-temperature
opacities via the AESOPUS tool (Marigo & Aringer 2009): this leads
to a general cooling of the outer layers, which, in turn, favours the
expansion of the external regions, a higher mass loss rate and a
faster consumption of the stellar envelope, before a great enrich-
ment of surface carbon can be achieved (Ventura & Marigo 2009,
2010). The smaller densities of carbon nuclei are probably the main
reason for the lower amount of solid carbon produced by our models
(Ventura et al. 2012a).

The comparison with the results by Nanni et al. (2013) also shows
that the carbon dust produced by our models is lower, although the
differences are smaller than with Ferrarotti & Gail (2006). These
can be ascribed to the choice of the initial density of seed nuclei:
we assumed εd = 10−13, whereas Nanni et al. (2013) scale εd with
the carbon excess with respect to oxygen (see session 4.1 in Nanni
et al. 2013).

Turning to the metallicity of the new models presented here,
Z = 4 × 10−3, we see in the top, middle panels of Fig. 4 that
the difference with Ferrarotti & Gail (2006) is smaller than for
Z = 10−3. The models by Ferrarotti & Gail (2006) produce more
dust for M ≥ 2.5 M�; this is due to the different convective model
adopted, because the use of the FST description partially limits the
efficiency of TDU for the masses close to the limit for HBB.

For Z = 8 × 10−3 the differences among the three compilations
depend on the stellar mass. For M ≤ 2 M� our yields are a factor of
∼3 smaller compared to Ferrarotti & Gail (2006) and Nanni et al.
(2013). These models experience a strong mass loss as soon as they
become carbon stars, owing to the large sensitivity of the formu-
lation by Wachter et al. (2008) to the effective temperature of the
star, and the small temperatures typical of AGBs of this metallicity.
Consequently, they lose their envelope very rapidly, preventing the
possibility that large quantities of carbon are dredged-up to the sur-
face. For masses above ∼2 M� the carbon dust produced by our
models is similar to Nanni et al. (2013), and smaller than Ferrarotti
& Gail (2006); this likely reflects the difference in the compu-
tation of the low-T opacities in the C-rich mixture, as discussed
previously.

The amount of silicon carbide formed is independent of the sur-
face carbon enrichment, because in this case silicon is the key
element. We see in the bottom panels of Fig. 4 that, independent of
metallicity, more SiC is formed in our case, compared to Ferrarotti
& Gail (2006) and Nanni et al. (2013). The reason for this is in the
details of the growth of SiC and solid carbon grains in the winds of
C-stars. SiC is formed in more internal regions, and is rather trans-
parent to the radiation, thus determining only a modest acceleration
of the wind. Carbon grains are formed in more external layers, and
their large opacity favours a fast acceleration of the wind. The for-
mation of carbon grains halts the growth of SiC grains, because the
acceleration of the wind determines a drop in the density of silicon
particles in the wind. In the models by Ferrarotti & Gail (2006) and
Nanni et al. (2013) the amount of carbon formed is larger, which,
in turn, determines a lower content of SiC.
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5.3 Dust from C-stars: the trend with mass and metallicity

In the previous sections we stressed how dust production by
C-stars is sensitive to many uncertainties, the most relevant be-
ing the treatment of convective borders and the description of mass
loss.

We consider as our reference model the results obtained with
the extra-mixing during the AGB phase calibrated as discussed in
Section 3.1, and the mass loss treatment modelled as in Wachter
et al. (2008). These results are indicated as black, full circles in
Figs 2–4.

Fig. 5 shows the variation during the AGB life of the grain size
of dust particles formed around stars of various masses and metal-
licities. Full points indicate the dimension of solid carbon grains,
whereas open points refer to SiC. The choice of the current mass of
the star as abscissa helps to understand how many grains of a given
size are formed around the star during the whole evolution. Each
point refers to the grain size in the middle of each interpulse phase.
For the metallicities Z = 4 × 10−3 and 8 × 10−3 we show results
for models of initial masses 1.5, 2, 2.5 and 3 M�; in the Z = 10−3

case, since the 3 M� model shows that HBB is active and that the
C-star stage is not reached, we show the 1 M� case instead.

Concerning solid carbon, we see that for each mass the size of dust
particles, aC, increases during the evolution, owing to the increase
in the surface carbon abundance and in the mass-loss rate. Values of
aC span the range 0.07–0.2 μm, although for masses M ≤ 1.5 M�
we find aC ≤ 0.1 μm.

We see in the three panels of Fig. 2 that in the low-mass regime,
with M < 2 M�, the amount of carbon dust formed increases with
mass, independently of Z: the higher is M, the larger is the surface
carbon enrichment. In this interval of mass the Z = 10−3 models
produce more carbon, because low-Z models experience deeper
TDUs (Boothroyd & Sackmann 1988a), and reach more easily the
C-star stage, owing to the smaller content of oxygen initially present
at the surface.

For masses M ≥ 2 M� dust production is favoured in the higher
metallicity models, because these evolve at smaller effective temper-
atures: dust formation occurs in layers closer to the stellar surface,
where the densities are higher.

The mass of solid carbon produced, mC, ranges from 10−4 to
∼5 × 10−3 M� at Z = 10−3, whereas at higher metallicities mC ∼
10−2 M� for the two masses M = 2 and 2.5 M�.

In the three panels of Fig. 5 we see that SiC grains grow during
the evolution until a threshold size is reached, after which no further

Figure 5. The variation of the size of dust grains of carbon (full points) and
SiC (open) during the AGB evolution of models of metallicity Z = 10−3

(left), Z = 4 × 10−3 (middle) and Z = 8 × 10−3 (right). The initial masses
are 3 M� (black circles), 2.5 M� (red squares), 2 M� (blue triangles) and
1.5 M� (green pentagons). For the Z = 10−3 metallicity we also show the
1 M� model (magenta circles).

growth occurs. The maximum dimension achieved by SiC grains
ranges from ∼0.05 μm for Z = 10−3 to ∼0.07 μm for Z = 4 × 10−3,
up to ∼0.09 μm for Z = 8 × 10−3.

This behaviour can be explained by the saturation due
to the lack of silicon particles in the wind. Owing to the
stability of SiS molecule, in C-rich environments we have
nSi = [(1 − fSiC)εSi − εS]nH (Ferrarotti & Gail 2006), where εSi

and εS are the number density of silicon and sulphur particles in
the wind (normalized to the hydrogen density), whereas fSiC is the
fraction of silicon condensed into SiC. This expression poses an
upper limit on the amount of SiC that can form, corresponding to
the value of fSiC at which nSi vanishes:

fSiC = 1 − εS

εSi
.

Because in solar or α-enhanced mixtures εS
εSi

∼ 0.4 (Grevesse &
Sauval 1998), fSiC cannot exceed ∼60 per cent.

The mass of SiC (mSiC) produced increases with the stellar mass,
as can be seen in Fig. 3, because of the larger mass returned into the
interstellar medium by massive AGBs during the evolution. Higher
metallicity models produce more SiC, owing to the larger amount
of silicon present in the stars. Z = 10−3 models produce an amount
of SiC 10−5 < mSiC < 10−4 M�, whereas at Z = 4 × 10−3 we find
5 × 10−5 < mSiC < 5 × 10−4 M�; the largest production of SiC
occurs at Z = 8 × 10−3, for which we have 10−4 < mSiC < 10−3 M�.
The scaling of the mass of SiC produced with the metallicity is
approximately linear, as expected.

6 T H E E F F E C T S O F H OT B OT TO M BU R N I N G
O N M A S S I V E M O D E L S

Stellar models with mass above ∼3 M� experience HBB during
the interpulse phases of the AGB evolution. The key parameter to
describe the HBB strength is the temperature at the bottom of the
convective envelope, which determines the degree of nucleosynthe-
sis experienced in those regions, and the modification of the surface
chemistry. Stars that experience HBB reach very high luminosities
(Blöcker & Schöenberner 1991), much larger than predicted by the
classic relation by Paczynski (1970).

Fig. 6 shows the evolution of the luminosity of AGB models of
various initial masses and metallicities.

The luminosity first increases in the early AGB phases, then
declines until the envelope is consumed. The initial trend is due to
the increase in the core mass of the star, whereas the consumption
of the envelope is the reason for the later decrease in the overall
energy flux.

Higher mass models evolve on bigger cores, experience stronger
HBB and evolve at larger luminosities.

Models with smaller metallicity are sustained by a more powerful
CNO-burning shell: HBB conditions are reached more easily in
lower Z models that evolve at larger luminosities. We see in Fig. 6
that for a given mass the Z = 4 × 10−3 models (hereafter z4m3;
see Ventura et al. (2014) for a more exhaustive discussion of the
physical properties of AGB models with Z = 4 × 10−3) presented
here evolve at a luminosity intermediate between models of the same
mass of metallicity Z = 10−3 (hereafter z1m3) and Z = 8 × 10−3

(hereafter z8m3).
The evolution of the surface chemistry of massive AGBs can also

be explained on the basis of the HBB experienced. Fig. 7 shows
the variation of the surface abundances of oxygen (solid tracks) and
carbon (dotted lines) for the same models shown in Fig. 6.
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Figure 6. The AGB evolution of the luminosity of models of initial mass
M ≥ 4 M� for the metallicities Z = 10−3 (blue, dashed lines), Z = 4 × 10−3

(black, solid) and Z = 8 × 10−3 (red, dotted track).

Figure 7. The evolution of the surface mass fraction of carbon (dotted lines)
and oxygen (solid tracks) in models of initial mass in the range 4–8 M�
of metallicity Z = 10−3 (left), Z = 4 × 10−3 (middle) and Z = 8 × 10−3

(right). The different colours correspond to masses 7 M� (black), 6 M�
(red), 5 M� (green) and 4 M� (blue).

The strong depletion of the surface carbon in the early AGB
phases is the signature of HBB, starting at ∼40 MK. The depletion
of oxygen requires higher temperatures at the bottom of the con-
vective zone (Tbce ∼ 70 MK), thus it takes place in more advanced
phases. The z8m3 models experience a soft HBB, thus the reduc-
tion of the surface oxygen is modest (at most a factor of ∼2). In
the z1m3 models the depletion of the surface oxygen is not mono-
tonic with mass: stars with mass around ∼6 M� produce the most
O-poor ejecta, the initial oxygen being destroyed by almost two
orders of magnitude. More massive stars, though experiencing a
stronger HBB, lose their surface envelope very rapidly, before a
very advanced nucleosynthesis can be activated: their surface oxy-
gen is slightly higher (Ventura & D’Antona 2011; Ventura et al.
2013).

In all the cases shown in Fig. 7 we see that the surface C/O keeps
below unity, thus preventing the possibility that the C-star stage is
reached, and, consequently, that carbon-type dust is formed.

The size of the dust grains of the various species that form during
the AGB evolution is shown in the three panels of Fig. 8. For clarity

Figure 8. The variation of the grains size of olivine (black, solid lines),
pyroxene (red, dashed), quartz (green, dot–dashed) and corundum (blue,
dotted) in models of initial mass 4 and 7.5 M� of metallicity Z = 10−3

(left), Z = 4 × 10−3 (middle) and Z = 8 × 10−3 (right).

reasons we show only the 4 and 7.5 M� cases, as representative of
the lowest and highest masses experiencing HBB.

In agreement with previous investigations, we find that olivine is
the dominant species (Ferrarotti & Gail 2006). For the z4m3 and
z8m3 cases the dimension of the olivine grains formed increases
with the stellar mass. The grain size aol is in the range 0.07 <

aol < 0.13 μm for Z = 8 × 10−3, and 0.06 < aol < 0.11 μm for
Z = 4 × 10−3. The z4m3 produce smaller amounts of olivine than
their z8m3 counterparts, because although they evolve at larger
luminosities and lose mass at a higher rate, their surface silicon
(which scales with the metallicity, and is scarcely touched by HBB)
is smaller. The z1m3 models produce even less olivine, aol never
exceeding ∼0.07 μm. The formation of olivine grains in the more
massive models of this metallicity stops at a certain stage during the
AGB evolution, because the strong depletion of the surface oxygen
(see the left-hand panel of Fig. 7) prevents the formation of water
molecules that are essential to form olivine grains. This behaviour
was found and discussed in Ventura et al. (2012a).

In the winds of M-stars pyroxene is the second most abundant
species after olivine. Depending on the metallicity, the size of py-
roxene grains ranges from ∼0.04 to ∼0.07 μm (see Fig. 8).

Quartz is the least abundant among the silicates, the grain size
keeping below ∼0.04 μm. Note that in the early AGB phases the
size of quartz grains is larger: this is because a smaller amount of
olivine is formed, thus the acceleration experienced by the wind is
smaller, which contributes to form more quartz.

Besides silicates, an additional species that forms in the winds
of M-stars is corundum, an Al-rich compound very stable (Sharp
& Huebner 1990) and extremely transparent to radiation (Koike
et al. 1995). In our previous investigations the formation of corun-
dum was neglected, although, owing to its stability, it is likely that
considerable amounts of this dust species from in regions close to
the surface of the star (Gail & Sedlmayr 1998). The details of the
corundum condensation process and a discussion of the related un-
certainties will be published in a separate paper (Dell’Agli et al.,
2014).

The variation of the corundum grain size during the AGB evolu-
tion is different compared to silicates: corundum particles form in
larger and larger dimensions as the evolution proceeds, whereas the
size of silicates follows the path traced by luminosity (see Figs 6
and 8). This is an effect of HBB, which, via activation of the Mg–
Al nucleosynthesis, favours a gradual aluminium enrichment of the
surface layers (Ventura et al. 2013).
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Figure 9. Left: the mass of silicates produced as a function of the initial mass for the metallicities Z = 8 × 10−3 (red, solid triangles), Z = 4 × 10−3 (black,
full circles) and Z = 10−3 (blue, full squares). Open points refer to results from Ferrarotti & Gail (2006) of metallicity Z = 8 × 10−3 (red, open circles) and
Z = 4 × 10−3 (black, open circles); these results are connected with dotted lines. Open squares (connected with a dashed line) refer to results from Nanni et al.
(2013) of metallicity Z = 8 × 10−3. Right: the mass of corundum produced by massive AGBs. The meaning of the symbols is the same as in the left-hand
panel.

The total mass of silicates and corundum is shown in Fig. 9. For
the metallicities Z = 4 × 10−3 and 8 × 10−3 the mass of silicates
produced is in the range 10−3 < MSil < 10−2 M� and increases
with the stellar mass, in agreement with the previous discussion on
the grain sizes of olivine and pyroxene. The z1m3 models produce
a smaller quantity of dust, owing to the scarcity of silicon available,
but also because of the strong depletion of the surface oxygen: this
is the reason for the dip around ∼5 M�, that can be seen in the
z1m3 line in the left-hand panel of Fig. 9.

The comparison with the results by Ferrarotti & Gail (2006)
shows that the mass of silicates produced by our models is much
larger, owing to the stronger HBB experienced, which, in turn,
favours a large increase in the mass rate, hence in the density of the
wind. This is particularly evident at the small metallicities, where
the production of dust by the Ferrarotti & Gail (2006) is modest, as
a consequence of the scarcity of silicon in the surface layers of the
star (the models by Ferrarotti & Gail 2006 of metallicity Z = 10−3

are not shown in the figure, as they would fall off the chosen scale
for the vertical axis).

The comparison with the results by Nanni et al. (2013) is less
straightforward. At Z = 8 × 10−3 the overall mass of silicates
produced by our models is larger, though the two most massive
models in the Nanni et al. (2013) compilation produce a quantity
of silicates comparable to ours. In the Z = 10−3 case no silicates
is produced by Nanni et al. (2013) models, because the models,
though experiencing a soft HBB, eventually become carbon stars,
thus produce carbon-type dust.

A word of caution is needed here. In the models presented here
we follow the same schematization described in Ferrarotti & Gail
(2006), in that we assume that the disintegration of olivine, and
more generally of silicates, takes place by chemisputtering: Gail &
Sedlmayr (1999) discuss the stability of silicates, arguing against
the possibility that pure thermal composition is responsible for the
disintegration of silicates. This assumption is compatible with the

silicates forming reactions given in Table 1. Conversely, Nanni et al.
(2013) assume that the destruction of silicates grains is triggered
by a pure vaporization process. The difference between these two
descriptions is that while in the chemisputtering case silicates are
not stable at temperatures above ∼1100 K, in the second hypoth-
esis this threshold is lifted to ∼1500 K. Clearly in the latter case
more silicates are formed, because the condensation process be-
gins in regions closer to the surface of the star, at larger densities.
Discriminating among these two hypothesis is beyond the scope
of the present investigation, however, we are more favourable to
the chemisputtering solution because (a) condensation tempera-
tures for silicates as high as 1500 K are not observed in radiative
transfer models for O-rich circumstellar dust shells (Groenewegen
et al. 2009); (b) observationally, the highest temperatures observed
are ∼1350 K for aluminium dust (Karovikova et al. 2013).

The mass of corundum produced, mco, is also increasing with the
stellar mass (see right-hand panel of Fig. 9). Because of the satura-
tion conditions reached, there is practically no difference between
the Z = 4 × 10−3 models and their Z = 8 × 10−3 counterparts:
mco varies from a few 10−6 M� for M = 3.5 M� to ∼10−3 M� for
M = 7.5 M�. The Z = 10−3 models produce a smaller amount of
corundum, owing to the low surface mass fraction of aluminium.

7 C O N C L U S I O N S

In the previous sections we discussed separately the dust yields
by stars with mass M < 3 M� that produce carbon dust, and by
more massive AGBs that produce silicates. TDU favours the surface
carbon enrichment for the lower masses, where HBB dominates for
masses above 3 M�.

The total dust produced by stars of various masses and metal-
licities is shown in Fig. 10. For consistency with the new grid of
AGB models with Z = 4 × 10−3 presented here, the mass of carbon
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Figure 10. The mass of dust produced by AGB models of various initial
mass. The various symbols refer to the metallicities Z = 10−3 (blue squares),
Z = 4 × 10−3 (black circles) and Z = 8 × 10−3 (red triangles).

dust produced by Z = 10−3 and 8 × 10−3 (discussed in Ventura
et al. 2012a,b) have been recalculated to account for (i) a small
extra-mixing from the bottom of the convective envelope and (ii)
the mass-loss rate by Wachter et al. (2008), that is more suitable
to describe mass loss for carbon stars. Both these effects increase
the quantity of carbon-dust formed around M < 3 M� AGBs. The
extra-mixing below the base of the envelope favours a more pen-
etrating TDU, thus a higher surface carbon available. Use of the
Wachter et al. (2008) mass loss leads to higher rates for carbon
stars; this, in turn, determines an increase in the density of the wind,
and consequently a higher rate of dust formation.

The quantity of dust formed depends on the initial mass of the
star. The various lines in Fig. 10, indicating different metallicities,
outline an initial increasing trend for masses M < 2–2.5 M�, owing
to the higher number of TPs experienced, which favour a larger
carbon enrichment of the surface layers. In these stars ∼80–90 per
cent of dust is under the form of solid carbon, with ∼10–20 per cent
of SiC and solid iron.

The stars with mass around 3.5 M� produce smaller quantities
of dust, because HBB prevents the formation of carbon-type dust,
and their mass-loss rates are not sufficiently large to trigger the
formation of large amount of silicates.

Higher mass models produce more dust, because they evolve at
larger luminosities, thus they lose mass at larger rates. Most of the
dust produced (∼80 per cent) are silicates (mostly olivine), with
traces of corundum and iron.

The yields scale with the metallicity in the high-mass domain,
owing to the quantity of silicon available, which increases with Z.

In the low-mass domain, where carbon dust formation occurs, the
results are less sensitive to metallicity. The overall dust produced
by the Z = 10−3 models is smaller, because the minimum mass
at which HBB occurs is smaller, which limits the range of masses
experiencing carbon enrichment.
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Wachter A., Schröder K. P., Winters J. M., Arndt T. U., Sedlmayr E., 2002,

A&A, 384, 452
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