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1) the surface chemistry of the stars

The CO molecule is extremely stable

à The element in excess between C and O is
available to form dust.

M<4Msun stars that experience several
third dredge up (TDU) episodes can reach
the carbon star stage (C/O>1)

M>4Msun stars that activate the 
hot bottom burning (HBB)
burn 12C via the proton capture
nucleosynthesis (C/O<1)

WHICH DUST SPECIES CAN BE FORMED?
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Alumina dust (Al2O3)

Silicates (e.g. Mg2SiO4)
Iron (Fe)

2) the stability of the different species that can
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2) the stability of the different species that can
be formed in the wind we are considering

O-rich atmospheres: 
Oxygen-based dust species
- Alumina dust (Tc ~1400 K)
- Silicates (Tc ~1100 K)
- Solid Iron (Tc ~800 K)

C-rich atmospheres:
Carbon-based dust species
- SiC (Tc ~1400 K)
- Solid Carbon (Tc ~1100 K)
- Solid Iron (Tc ~800 K)

3) the availability of the less abundant element
(key-element) of the dust species we are 
considering: e.g. Si for silicates and SiC, Al 
for alumina dust

WHICH DUST SPECIES CAN BE FORMED?

It depends on:
O-rich environment

Stellar wind
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ATON stellar evolution code 
perspective
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TDU
Solid carbon & SiC

1Msun≤ Min < 3.5Msun:
Time MS ~ 8x109 - 2x108yr
Time AGB ~ 5x106 - 5x105yr
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Min

Z

Silicates & Al2O3

DUST YIELDS:
the total amount of dust produced during the entire AGB phase

3.5Msun ≤ Min ≤ 8Msun:
Time MS ~ 2x108 - 4x107yr
Time AGB ~ 4x106 -104yr

The availability of evolutionary tracks and isochrones that take into account 
the dust production during the AGB phase (see also the results obtained by 

Ambra Nanni with the Colibrì code)
has greatly enhanced our ability to interpret the evolved stellar populations

and the AGB contribution to the dust budget in several galaxies.
This is particularly relevant in the James Webb Space Telescope era that

critically enlarges the number of systems that can be studied.

AGB+DUST models from the 
ATON stellar evolution code 
perspective
(see e.g. Ventura + 2014;
Dell’Agli+ 2018)
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Figure 16. The yields of the CNO elements and of sodium for the AGB models presented here (shown as black squares), compared with the results from
Karakas & Lugaro (2016) (red points), Cristallo, Straniero & Piersanti (2015) (blue triangles) and Di Criscienzo et al. (2016) (green diamonds). The four
panels report the yields of 12C (top left-hand panel), 14N (top right-hand panel), 16O (bottom left-hand panel) and sodium (bottom right-hand panel).

from YHe = 0.1 M! to YHe = 0.75 M!. This is in agreement with
the results shown in Fig. 13. In the low-mass domain, the helium
yield is determined primarily by FDU and we find YHe < 0.1 M! in
all cases.

The yields of the main CNO species and of sodium are shown in
Fig. 16. The carbon yields can be understood based on the differ-
ent behaviour of low-mass stars and massive AGB stars, outlined
in the previous sessions. We find carbon production for stars of
mass Minit ≤ 3 M!, with a maximum yield of ∼0.01 M! for 2.5–
3 M! stars, which experience the largest enrichment of carbon at
the surface (see Fig. 10). YC increases with stellar mass, in agree-
ment with the discussion in Section 6. For stars experiencing HBB
the carbon yields are negative. In this mass domain, YC decreases

from YC = −0.005 M! (for the 3.5 M! star) to YC = −0.015 M!
(3.5 M!).

The oxygen yields of low-mass stars are almost zero because little
oxygen is produced in the He intershell (see Fig. 10). For stars of
mass Minit ≥ 3.5 M! with HBB, the yields of oxygen are negative
and range from −0.002 M! to −0.012 M!, for masses between
3.5 M! and 8.5 M!, respectively.

The yields of nitrogen, YN, are positive for all the stars. Low-
mass stars produce nitrogen via the FDU and the correspond-
ing yields are below 0.005 M! (see the top right-hand panel of
Fig. 16). The N yields of stars experiencing HBB are higher, ow-
ing to nitrogen synthesis via CNO cycling. For these stars, we find
0.01 M! < YN < 0.03 M!.

MNRAS 475, 2282–2305 (2018)
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Figure 20. The size of solid carbon (open squares) and olivine (full squares)
particles formed in the wind of the AGB models discussed here. Open red
circles and full red points indicate, respectively, the dimension of solid
carbon and olivine grains formed when the MONASH results for the description
of the AGB phase are used.

gaseous molecules available to form dust. This in agreement with
previous studies focused on lower metallicity AGB stars (Ventura
et al. 2012a,b, 2014).

Fig. 20 shows the comparison between the grain sizes of the
dust particles found when using the present models and the AGB
models by Karakas & Lugaro (2016). For clarity, we only show the
most relevant silicate species, olivine, and carbon. Following the
discussion above and the results shown in Fig. 18, we know that the
size of SiC particles are extremely similar in the two cases.

The dimension of the olivine grains is fairly similar between
the ATON and MONASH models. This holds both in the massive AGB
domain and for low-mass stars, with M < 2 M!. This is consistent
with the results shown in Fig. 18 and with our previous study on
the oxygen-rich stars in the LMC with the largest infrared emission
(Ventura et al. 2015a). The only difference holds in the range of
mass 2 M! < M < 4 M!, where we find some silicate production
in the present models, whereas a negligible amount of silicates form
in the MONASH case. This is because in the latter case the achievement
of the C-star stage occurs when only a tiny fraction of the envelope
was lost, thus all the dust formed and ejected into the interstellar
medium is under the form of carbonaceous dust.

The ATON and MONASH results are similar for carbon stars of mass
M ≤ 2 M!, whereas they differ for M ∼ 2–2.5 M!. In the present
models, we find a much larger formation of solid carbon parti-
cles, which reach sizes in the range of 0.2 µm < aC < 0.28 µm.
Conversely, when using the MONASH models, we find carbon grain
dimensions below 0.15 µm. This is the only relevant difference
found amongst the two sets of models, which has been extensively
discussed in Section 9.2.

9.4 The overall dust mass budget by AGB stars

We conclude this analysis with the discussion on the dust mass
produced by AGB stars of solar metallicity. In Fig. 21, we show the
total dust mass produced by stars of different mass during the AGB

Figure 21. The total dust mass produced by solar metallicity, AGB models
is shown as a function of the initial mass of the star and indicated with black,
full squares. The results based on the MONASH models for the AGB evolution
are indicated with full, red points, whereas the results from D17 are shown
as blued diamonds.

phase. The values of the dust mass of the individual species formed
are reported in Table 3; the total dust mass produced is indicated
in the last column of the table. As discussed previously, most of
the dust produced by low-mass stars is solid carbon, whereas for
massive AGB stars the majority of the dust formed are silicates.
The mass of SiC and alumina dust produced is significantly smaller
than the mass of carbon and silicates and are shown separately in
Fig. 21.

Stars with mass in the range of 3.5 M! < M < 8.5 M! produce
dust masses in the range of 2 × 10−3 M! < M < 10−2 M!. This
dust is mainly silicates: the contribution of alumina dust is below
∼20 per cent (see Fig. 21). Low-mass stars in the range of 1.75 M!
≤ M ≤ 3 M! produce carbonaceous particles, in quantities above
10−3 M!. We note the peak of ∼10−2 M! in the dust mass pro-
duced for stellar masses 2.5–3 M!, due to the abundant production
of solid carbon in the wind of this stars. The contribution of SiC to
the total dust produced ranges from ∼15 per cent to ∼30 per cent.

These results are in substantial agreement with the results pub-
lished by D17, indicating that the details of the solar mixture adopted
has a minor effect on the dust mass expected.

The comparison with the results based on the AGB models by
Karakas & Lugaro (2016) shows that the results in the massive AGB
domain are extremely similar. In the low-mass domain, the amount
of carbon dust expected when using the MONASH models is a factor
of ∼3 smaller, owing to the differences in convection modelling.
Note that this dissimilarity is found only in a limited range of mass,
namely for 2.5–3 M! stars.

1 0 T H E RO L E O F M E TA L L I C I T Y O N T H E
E VO L U T I O NA RY P RO P E RT I E S O F AG B STA R S

In our previous studies, we used AGB models of sub-solar metal-
licity (Z = 4.8 × 10−3) to interpret the evolved stars in the MC
with the largest infrared excess (Ventura et al. 2015a, 2016a). The
comparison of theoretical results with the observational evidence
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UNCERTAINTIES

1. Stellar evolution models uncertainties

2. Shocks and pulsations are not taken into account

3. The mass loss rate is assumed as an input of the model



Dynamic of the wind?
atmospheric levitation by pulsation-induced 

shock waves followed by radiative acceleration of dust grains, which transfer momentum to 
the surrounding gas through collisions.

Peter Woikte webpage: http://www-star.st-and.ac.uk/~pw31/AGB_popular.html

http://www-star.st-and.ac.uk/~pw31/AGB_popular.html


What we have learnt from hydrodinamical models:
see e.g. Hofner & Olofsson 2018 (review), Hofner & Freytag 2021 (conference proceeding)

Carbon stars:
-- Slow/weak winds:

presence of dust support atmosphere structure but the outflow is 
generated by pulsation and  thermal gas pressure (Mattsson 2016)

-- Dusty driven winds: 
carbon dust driver of the wind
study of Mloss (Wachter 2002 2008, Mattsson+2009, 2011) that 
depends on C abundance and pulsation amplitudes (Mattsson+2009, 
2011)

-- Effect of the drift? (Sandin & Mattsson 2020)

O-rich stars:
-- Wind driver? A long debate..

by photon scattering of Iron free Silicates 0.1-1micron (e.g. 
Hofner+2008,2021; Bladh+2019)

-- Al2O3 at 2 stellar radii (Hofner+2016)



UNCERTAINTIES

1. Stellar evolution models uncertainties

2. Shocks and pulsations are not taken into account

3. The mass loss rate is assumed as an input of the model

4. The density of the seeds on which the grains grow are assumed a priori

Works in progress…
on nucleation processes look at works by David Gobrecht

The Vulcan code (Cristallo et al. 2021)



Thank you!



The EVOLUTION of the AGB SPECTRAL ENERGY DISTRIBUTION

Carbon rich star



The EVOLUTION of the AGB SPECTRAL ENERGY DISTRIBUTION

Oxygen rich star



LMC CMD at various distances as seen by JWST

JWST era


