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Figure 6. Spectra of the VRO and ERO carbon-rich AGB stars.

Figure 7. Spectra of the heavily dust-enshrouded oxygen-rich AGB stars.

Figure 8. Spectra of the RSGs contained in the SAGE-Spec sample.

Figure 9. Spectra of two C-PAGB objects with very triangular SiC features,
as well as SSID84, which has a pronounced 21-µm feature.
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ABSTRACT

Context. Carbon stars have been and are extensively studied, given their complex internal structure and their peculiar chemical
composition, which make them living laboratories to test stellar structure and evolution theories of evolved stars. Furthermore, they
are the most relevant dust manufacturers, thus playing a crucial role in the evolution of galaxies.
Aims. We study the dust mineralogy of circumstellar envelope of carbon stars in the Large Magellanic Cloud (LMC), to achieve a
better understanding of the dust formation process in the outflow of these objects. We investigate the expected distribution of carbon
stars in the observational planes built with the filters of the Mid-Infrared Instrument (MIRI) mounted onboard the James Webb Space
Telescope (JWST), to select the best planes allowing an exhaustive characterisation of the stars.
Methods. We compare the synthetic spectral energy distributions, obtained by the modelling of asymptotic giant branch stars and
of the dust formation process in the wind, with the spectra of carbon stars in the LMC, taken with the Infrared Spectrograph (IRS)
onboard the Spitzer Space Telescope. From the detailed comparison between synthetic modelling and observation we characterise the
individual sources and derive the detailed mineralogy of the dust in the circumstellar envelope.
Results. The sample of the stars considered here is composed by stars of diverse mass, formation epoch, degree of obscuration
and metallicity. We find that precipitation of MgS on SiC seeds is common to all non metal-poor carbon stars. Solid carbon is the
dominant dust component, with percentages above 80% in all cases; a percentage between 10% and 20% of carbon dust is under the
form of graphite, the remaining being amorphous carbon. Regarding the observational planes based on the MIRI filters, the colour-
magnitude ([F770W]-[F1800W], [F1800W]) plane allows the best understanding of the degree of obscuration of the stars, while the
([F1800W]-[F2550W], [F1800W]) diagram allows a better discrimination among stars of di↵erent metallicity.
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1. Introduction

Asymptotic giant branch (AGB) stars are important dust manu-
facturers in the Universe. Contrary to early studies, that suggest
a dominant role of supernovae, it is now generally recognized
that the contribution from AGB stars to dust production in the
Universe cannot be neglected, even in early epochs (Valiante et
al. 2009, 2017). Consequently, the knowledge of the AGB phase
and the modality with which these stars form dust are impor-
tant to investigate the physics of the interstellar medium and
more generally the galaxy evolution, considering the critical role
played by dust in influencing the star formation process (Hollen-
bach et al. 1971; Mathis 1990; Draine 2003; Gong et al. 2017).

The recent years have witnessed significant steps forward in
the description of the AGB phase, with the implementation of
the description of dust formation in the winds departing from
the photosphere of the central star (Ventura et al. 2012; Nanni et
al. 2013, 2014; Ventura et al. 2014; Dell’Agli et al. 2019). These
models have been successfully applied to study the evolved stel-
lar populations of the Magellanic Clouds (Dell’Agli et al. 2014b,

2015a,b; Nanni et al. 2016, 2018, 2019b) and other galaxies in
the Local Group (Dell’Agli et al. 2016, 2018b, 2019). Further
fields of application are the modelling of dust evolution in the
Milky Way (Ginolfi et al. 2018), in local and high-redshift galax-
ies (Schneider et al. 2014; Nanni et al. 2020a) and in the Uni-
verse (Gioannini et al. 2017).

In the near future, the studies aimed at improving our under-
standing of dust production in the envelope of AGB stars will
benefit from the launch of the JWST, that will allow an unprece-
dented exploration of the evolved stellar populations in the Local
Universe. The large aperture (6.5 m) and the subarsecond spatial
resolution will allow the study of resolved dusty stellar popula-
tions at moderate and large distances, up to ⇠ 4 Mpc (Jones et
al. 2017). JWST will provide spectroscopy in the 5 � 28.5 µm
range (Bouchet et al. 2015), thus o↵ering a unique opportunity
to study the evolution of AGB stars and the dust formation pro-
cess in their expanding wind, in a large variety of environments.
The full exploitation of the JWST potentialities will allow the
characterisation of the evolved stellar populations observed in
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are the most relevant dust manufacturers, thus playing a crucial role in the evolution of galaxies.
Aims. We study the dust mineralogy of circumstellar envelope of carbon stars in the Large Magellanic Cloud (LMC), to achieve a
better understanding of the dust formation process in the outflow of these objects. We investigate the expected distribution of carbon
stars in the observational planes built with the filters of the Mid-Infrared Instrument (MIRI) mounted onboard the James Webb Space
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Figure 6. Spectra of the VRO and ERO carbon-rich AGB stars.

Figure 7. Spectra of the heavily dust-enshrouded oxygen-rich AGB stars.

Figure 8. Spectra of the RSGs contained in the SAGE-Spec sample.

Figure 9. Spectra of two C-PAGB objects with very triangular SiC features,
as well as SSID84, which has a pronounced 21-µm feature.
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Image credits Lamers & Levesque, 2017CASE C in Paczynski 1971, 1976 
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… an envelope of ∼ 1 M⊙ can be lost even in 10 yr (Chamandy et al. 2020) 

CASE C in Paczynski 1971, 1976 



… an envelope of ∼ 1 M⊙ can be lost even in 10 yr (Chamandy et al. 2020) 

CASE C in Paczynski 1971, 1976 

Dust condensation
(Glanz & Perets 2018, 
Iaconi et al. 2020) 
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Which are the evolutionary boundaries for which systems evolve into stable case C evolution is feasible?
How much dust can be formed in this condition?
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ABSTRACT
Modelling dust formation in single stars evolving through the carbon-star stage of the asymptotic giant branch (AGB) reproduces
well the mid-infrared colours and magnitudes of most of the C-rich sources in the Large Magellanic Cloud (LMC), apart from a
small subset of extremely red objects (EROs). An analysis of the spectral energy distributions of EROs suggests the presence of
large quantities of dust, which demand gas densities in the outflow significantly higher than expected from theoretical modelling.
We propose that binary interaction mechanisms that involve common envelope (CE) evolution could be a possible explanation
for these peculiar stars; the CE phase is favoured by the rapid growth of the stellar radius occurring after C/O overcomes unity.
Our modelling of the dust provides results consistent with the observations for mass-loss rates Ṁ ∼ 5 × 10−4 M$ yr−1, a lower
limit to the rapid loss of the envelope experienced in the CE phase. We propose that EROs could possibly hide binaries with
orbital periods of about days and are likely to be responsible for a large fraction of the dust production rate in galaxies.

Key words: stars: AGB and post-AGB – binaries (including multiple): close – stars: carbon – stars: mass-loss – dust, extinction –
Magellanic Clouds.

1 IN T RO D U C T I O N

Stars with mass in the ∼1−8 M$ range evolve through the asymptotic
giant branch (AGB) phase. AGB stars experience the third dredge-up
(TDU), the inward penetration of the envelope down to regions that
previously sited triple-α nucleosynthesis (Iben 1974). In stars with
mass <4 M$, repeated TDU events cause a gradual rise in the surface
carbon; if the number of carbon nuclei exceeds that of oxygen, the
star becomes a carbon star (C-star). During the AGB evolution, the
stars are exposed to strong mass loss via cold and dense stellar wind,
suitable for the condensation of dust.

A thorough comprehension of the evolution of C-stars is funda-
mental to understand the still poorly known physical mechanisms
that take place in stellar interiors, primarily convection and mixing.
Furthermore, C-stars are the most efficient sources of carbon gas in
the interstellar medium (ISM; Romano et al. 2020). Furthermore,
while in solar-metallicity environments the dust return to the ISM is
dominated by O-rich stars (Javadi et al. 2013), recent studies show
that in lower-metallicity environments the dust production rate (DPR)
is dominated by carbon dust (e.g. Boyer et al. 2012; Schneider et al.

" E-mail: flavia.dellagli@inaf.it

2014; Dell’Agli et al. 2016, 2019), with a relevant contribution from
the most obscured stars.

The existence of stars with extremely red mid-infrared (mid-IR)
colours (i.e. EROs) in the Large Magellanic Cloud (LMC) was
discovered by Gruendl et al. (2008), who used Spitzer infrared
array camera (IRAC) and multiband imaging photometer (MIPS)
photometry and infrared spectrograph (IRS) follow-up spectroscopy
to identify these objects as extreme C-stars. Sloan et al. (2016)
and Groenewegen & Sloan (2018) discussed the peculiarity of these
sources and the possible implications related to the large IR emission.
Dell’Agli et al. (2015) and Nanni et al. (2019) studied the LMC
population of evolved stars following an approach based on the
results from stellar evolution and dust formation modelling, but they
could not explain the whole set of photometric and spectroscopic
data of the stars in the Gruendl et al. (2008) sample.

In this work, we reconsider the EROs from the Gruendl et al.
(2008) sample in an attempt to model the detailed morphology of the
spectral energy distribution (SED), based on IRS data. We discuss
the possibility that their unusual IR excess is connected with the
presence of large amounts of dust in their surroundings, due to the
common envelope (CE) evolution occurring during the C-star phase
of the AGB. We consider binary systems in the orbital period range
∼2.5–15 yr, where the primary component, an AGB C-star, fills the

C© 2021 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society
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Which are the evolutionary boundaries for which systems evolve into stable case C evolution is feasible?
How much dust can be formed in this condition?

We looked at those systems which:

I. suffer unavoidable CE evolution
II. when they are already carbon stars

III. where the CE allows to meet the required dust density production which is not allowed during the 
single stellar evolution.
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ABSTRACT
Modelling dust formation in single stars evolving through the carbon-star stage of the asymptotic giant branch (AGB) reproduces
well the mid-infrared colours and magnitudes of most of the C-rich sources in the Large Magellanic Cloud (LMC), apart from a
small subset of extremely red objects (EROs). An analysis of the spectral energy distributions of EROs suggests the presence of
large quantities of dust, which demand gas densities in the outflow significantly higher than expected from theoretical modelling.
We propose that binary interaction mechanisms that involve common envelope (CE) evolution could be a possible explanation
for these peculiar stars; the CE phase is favoured by the rapid growth of the stellar radius occurring after C/O overcomes unity.
Our modelling of the dust provides results consistent with the observations for mass-loss rates Ṁ ∼ 5 × 10−4 M$ yr−1, a lower
limit to the rapid loss of the envelope experienced in the CE phase. We propose that EROs could possibly hide binaries with
orbital periods of about days and are likely to be responsible for a large fraction of the dust production rate in galaxies.
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1 IN T RO D U C T I O N

Stars with mass in the ∼1−8 M$ range evolve through the asymptotic
giant branch (AGB) phase. AGB stars experience the third dredge-up
(TDU), the inward penetration of the envelope down to regions that
previously sited triple-α nucleosynthesis (Iben 1974). In stars with
mass <4 M$, repeated TDU events cause a gradual rise in the surface
carbon; if the number of carbon nuclei exceeds that of oxygen, the
star becomes a carbon star (C-star). During the AGB evolution, the
stars are exposed to strong mass loss via cold and dense stellar wind,
suitable for the condensation of dust.

A thorough comprehension of the evolution of C-stars is funda-
mental to understand the still poorly known physical mechanisms
that take place in stellar interiors, primarily convection and mixing.
Furthermore, C-stars are the most efficient sources of carbon gas in
the interstellar medium (ISM; Romano et al. 2020). Furthermore,
while in solar-metallicity environments the dust return to the ISM is
dominated by O-rich stars (Javadi et al. 2013), recent studies show
that in lower-metallicity environments the dust production rate (DPR)
is dominated by carbon dust (e.g. Boyer et al. 2012; Schneider et al.
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2014; Dell’Agli et al. 2016, 2019), with a relevant contribution from
the most obscured stars.

The existence of stars with extremely red mid-infrared (mid-IR)
colours (i.e. EROs) in the Large Magellanic Cloud (LMC) was
discovered by Gruendl et al. (2008), who used Spitzer infrared
array camera (IRAC) and multiband imaging photometer (MIPS)
photometry and infrared spectrograph (IRS) follow-up spectroscopy
to identify these objects as extreme C-stars. Sloan et al. (2016)
and Groenewegen & Sloan (2018) discussed the peculiarity of these
sources and the possible implications related to the large IR emission.
Dell’Agli et al. (2015) and Nanni et al. (2019) studied the LMC
population of evolved stars following an approach based on the
results from stellar evolution and dust formation modelling, but they
could not explain the whole set of photometric and spectroscopic
data of the stars in the Gruendl et al. (2008) sample.

In this work, we reconsider the EROs from the Gruendl et al.
(2008) sample in an attempt to model the detailed morphology of the
spectral energy distribution (SED), based on IRS data. We discuss
the possibility that their unusual IR excess is connected with the
presence of large amounts of dust in their surroundings, due to the
common envelope (CE) evolution occurring during the C-star phase
of the AGB. We consider binary systems in the orbital period range
∼2.5–15 yr, where the primary component, an AGB C-star, fills the
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Which are the evolutionary boundaries for which systems evolve into stable case C evolution is feasible?
How much dust can be formed in this condition?

We looked at those systems which:

I. suffer unavoidable CE evolution
II. when they are already carbon stars

III. where the CE allows to meet the required dust density production which is not allowed during the 
single stellar evolution.

We assume:
• a system of M1=1.1, 2.5, 3.0 Msun with a companion M2=0.6, 0.8 Msun

• a mass loss rate of 5x10^-4 Msun/yr
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Stars with mass in the ∼1−8 M$ range evolve through the asymptotic
giant branch (AGB) phase. AGB stars experience the third dredge-up
(TDU), the inward penetration of the envelope down to regions that
previously sited triple-α nucleosynthesis (Iben 1974). In stars with
mass <4 M$, repeated TDU events cause a gradual rise in the surface
carbon; if the number of carbon nuclei exceeds that of oxygen, the
star becomes a carbon star (C-star). During the AGB evolution, the
stars are exposed to strong mass loss via cold and dense stellar wind,
suitable for the condensation of dust.

A thorough comprehension of the evolution of C-stars is funda-
mental to understand the still poorly known physical mechanisms
that take place in stellar interiors, primarily convection and mixing.
Furthermore, C-stars are the most efficient sources of carbon gas in
the interstellar medium (ISM; Romano et al. 2020). Furthermore,
while in solar-metallicity environments the dust return to the ISM is
dominated by O-rich stars (Javadi et al. 2013), recent studies show
that in lower-metallicity environments the dust production rate (DPR)
is dominated by carbon dust (e.g. Boyer et al. 2012; Schneider et al.
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2014; Dell’Agli et al. 2016, 2019), with a relevant contribution from
the most obscured stars.

The existence of stars with extremely red mid-infrared (mid-IR)
colours (i.e. EROs) in the Large Magellanic Cloud (LMC) was
discovered by Gruendl et al. (2008), who used Spitzer infrared
array camera (IRAC) and multiband imaging photometer (MIPS)
photometry and infrared spectrograph (IRS) follow-up spectroscopy
to identify these objects as extreme C-stars. Sloan et al. (2016)
and Groenewegen & Sloan (2018) discussed the peculiarity of these
sources and the possible implications related to the large IR emission.
Dell’Agli et al. (2015) and Nanni et al. (2019) studied the LMC
population of evolved stars following an approach based on the
results from stellar evolution and dust formation modelling, but they
could not explain the whole set of photometric and spectroscopic
data of the stars in the Gruendl et al. (2008) sample.

In this work, we reconsider the EROs from the Gruendl et al.
(2008) sample in an attempt to model the detailed morphology of the
spectral energy distribution (SED), based on IRS data. We discuss
the possibility that their unusual IR excess is connected with the
presence of large amounts of dust in their surroundings, due to the
common envelope (CE) evolution occurring during the C-star phase
of the AGB. We consider binary systems in the orbital period range
∼2.5–15 yr, where the primary component, an AGB C-star, fills the
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CONCLUSIONS

EROs could be interpreted as: 
• the result of the evolution of binaries of periods ∼2.5–15 yrs
• the primary: an AGB star of mass 1.1–3.0 M evolving through the C-star phase
• the companion: a star of mass low enough that the mass transfer is unstable. 

More observational constrains are needed (see e.g.Sloan et al. 2016, 
Groenewegen 2021)

TAKE HOME MESSAGE
Proof of concept for the hypothesis that the parameters of the CE evolution are 
not particularly tight and that the resulting dust is indeed of a density high 
enough to produce the colours of the EROs. 

Image credits Chamandy+2020



Thank you!



Marini et al. 2021

ZEROS



Are extreme AGB stars post-CE binaries? L37

Figure 1. Left: the evolution of stars of different mass in the τ 10–L/L! plane. Red pentagons indicate the optical depths and magnitudes of the ERO sources,
obtained by SED fitting. Open blue points refer to the evolution of 1.1 M! (square), 2.5 M! (triangle) and 3.0 M! (diamond) when assuming an enhanced
mass-loss rate immediately after the beginning of the C-star phase or in a more advanced stage (full green triangles). Central and right: the evolutionary tracks
(black solid lines), LMC C-stars from the SAGE-Spec data base (Kemper et al., 2010; grey points) and ERO sources (red pentagons) in the colour–magnitude
([5.8]–[8.0], [8.0]) and ([F770W]–[F1800W], [F1800W]) planes, respectively. The evolutionary points found when assuming an enhanced mass-loss rate (blue
points with dashed lines), simulating the CE phase, are reported in both panels. Open pentagons refer to SSID 190 and SSID 125.

Figure 2. IRS SED of SSID 4171 (left panel), SSID 4489 (centre) and SSID 190 (right) indicated with black lines and the best fit (red lines), obtained with the
optical depth and the dust mineralogy reported in the figures. Photometry from IRAC and MIPS is indicated with green diamonds.

Table 1. Summary of the interpretation of the stars discussed in this work: Spitzer and IRAC/ERO name, coordinates, luminosity, optical depth, percentages of
the different dust species (in order: solid carbon, silicon carbide, magnesium sulphide, graphite), initial mass and age.

SSID IRAS/ERO name RA (deg) Dec. (deg) L/L! τ 10 %(C) %(SiC) %(MgS) %(graph) Minit/M! Age (Gyr)

4185 IRAS 05042–6827 76.0233 −68.3945 5200 6.2 67 25 2 6 1.1−1.2 5.0−7.0
4299 IRAS 05187–7033 79.5488 −70.5075 9800 5.3 79 0 0 21 2.5−3.0 0.4−0.6
4308 IRAS 05191–6936 79.7016 −69.5596 7000 5.6 64 22 2 12 2.0−2.5 0.6−1.0
4415 IRAS 05260–7010 81.4193 −70.1409 4700 6.6 68 18 2 12 1.1−1.2 5.0−7.0
4171 ERO 0502315 75.6312 −68.0934 8200 6.3 68 19 3 10 2.0−2.5 0.6−1.0
4489 IRAS 05305–7251 82.4079 −72.8314 5100 4.3 53 40 3 4 1.1−1.2 5.0−7.0
4781 IRAS 05509–6956 87.6091 −69.9342 10 200 5.2 68 27 3 2 2.5−3.0 0.4−0.6
9 IRAS 04518–6852 72.9192 −68.7930 5200 3.4 75 14 5 6 1.1−1.2 5.0−7.0
65 IRAS 05133–6937 78.2576 −69.5642 6200 7.1 76 20 2 2 1.5−2.0 1.0−2.0
125 IRAS 05315–7145 82.6853 −71.7167 9000 2.3 62 14 2 24 2.0−2.5 0.6−1.0
190 IRAS 05495–7034 87.2504 −70.5562 12 200 3.4 83 2 2 15 3.0−3.5 0.3−0.4

mass loss is assumed from a later stage (green arrow in Fig. 3).
We model dust formation as in the spherical, single-star evolution
(SSE), although the time-scale of the events is so short that the
details of the nucleation processes that lead to the formation of the
seed particles on which dust grains grow might be different. Besides,
neglecting the non-spherical structure of the outflow might lead to
an overestimation of the Ṁ required to account for the observed

IR emission (Sloan et al. 2016; Wiegert et al. 2020). These points
deserve further investigation in the future. Despite this, CE evolution
appears to be a good candidate to justify the dust emission of these
EROs, because the higher mass loss favoured by the CE interaction
increases the density of gaseous molecules available to form dust,
consistently with the study by Glanz & Perets (2018), who showed
that efficient dust production takes place following CE interaction.
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