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ABSTRACT

Context. Carbon stars have been, and still are, extensively studied. Given their complex internal structure and their peculiar chemical
composition, they are living laboratories in which we can 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 aim to study the dust mineralogy of the 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 intend to 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 compared the synthetic spectral energy distributions, obtained by modelling asymptotic giant branch stars and the dust
formation process in the wind, with the spectra of carbon stars in the LMC, taken with the Infrared Spectrograph 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 stars considered here is composed of 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
([FT70W]-[F1800W], [F1800W]) plane allows the best understanding of the degree of obscuration of the stars, while the ([F 1800W]-

[F2550W], [F1800W]) diagram allows better discrimination among stars of different metallicities.

Key words. stars: AGB and post-AGB - stars: abundances — stars: evolution — stars: winds, outflows

1. Introduction

Asymptotic giant branch (AGB) stars are important dust manu-
facturers in the Universe. Contrary to early studies, which sug-
gest a dominant role of supernovae, it is now generally recog-
nised that the contribution of 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
important to investigate the physics of the interstellar medium
and more generally the galaxy evolution, considering the criti-
cal role played by dust in influencing the star formation process
(Hollenbach & Salpeter 1971; Mathis 1990; Draine 2003; Gong
et al. 2017).

In recent years, we 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, 2014; Nanni
et al. 2013, 2014; Dell’Agli et al. 2019). These models have
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been successfully applied to study the evolved stellar popula-
tions of the Magellanic Clouds (Dell’ Agli et al. 2014a, 2015a,b;
Nanni et al. 2016, 2018, 2019a) and other galaxies in the Local
Group (Dell’Agli et al. 2016, 2018, 2019). Further fields of
application include the modelling of dust evolution in the Milky
Way (Ginolfi et al. 2018), in local and high-redshift galaxies
(Schneider et al. 2014; Nanni et al. 2020a), and in the Universe
(Gioannini et al. 2017).

In the near future, studies aimed at improving our under-
standing of dust production in the envelope of AGB stars will
benefit from the launch of the JWST, which will allow an
unprecedented exploration of the evolved stellar populations in
the Local Universe. The large aperture (6.5m) and the sub-
arsecond spatial resolution will allow the study of resolved dusty
stellar populations at moderate and large distances, up to ~4 Mpc
(Jones et al. 2017). The JWST will provide spectroscopy in the
5-28.5 um range (Bouchet et al. 2015), thus offering a unique
opportunity to study the evolution of AGB stars and the dust
formation process in their expanding wind, in a large variety
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of environments. The full exploitation of the JWST potentiali-
ties will allow the characterisation of the evolved stellar popula-
tions observed in the galaxies of the Local Group, and possibly
beyond, provided that we know how AGB stars evolve in the
observational planes built with the JWST filters.

A first step in this direction was achieved by Jones et al.
(2017), who considered the Spitzer spectroscopic data obtained
with the Infrared Spectrograph (IRS) instrument of ~1000
objects in the Magellanic Clouds and obtained the magnitudes
in the various MIRI filters via convolution with the correspond-
ing transmission curves. The aim of this work is to set reliable
classification schemes to disentangle different classes of objects.
Regarding the evolved stellar populations (AGB and RSG stars),
the analysis by Jones et al. (2017) was based on existing libraries
of spectra, spanning a wide range of photospheric parameters
and dust composition.

In this context, we recently launched a research project
aimed at exploring how the JWST space mission will allow
the characterisation of the evolved stellar populations of galax-
ies. We based our investigation on the IRS data of LMC stars,
because only a detailed analysis of the spectral energy distribu-
tion (SED) allows an accurate understanding of the dust compo-
sition in the circumstellar envelope. An example of this approach
is reported in the work by Jones et al. (2014), which was aimed at
deriving the amount of alumina dust in the wind of oxygen-rich
stars in the LMC.

Differently from Jones et al. (2017), we used evolutionary
sequences of AGB stars that include the description of dust pro-
duction, making it possible to predict the SED evolution, which
consists of a sequence of synthetic spectra, each representing a
specific evolutionary stage of the AGB phase. In Marini et al.
(2020), we studied the sample of M-type AGB stars in the LMC.
By comparing IRS and synthetic SED, we characterised the indi-
vidual sources and we investigated the obscuration sequences of
oxygen-rich AGB stars in the planes built with the JWST filters.

Here, we extend the analysis of Marini et al. (2020) to the
C-rich star sample in the LMC. This step is important in the gen-
eral context of dust production by stars in galaxies, because the
overall dust production rate from AGB sources is dominated by
carbonaceous species in the Magellanic Clouds (Schneider et al.
2014; Nanni et al. 2018, 2019a,b), and even more so in metal-
poor environments (Cioni & Habing 2003; Boyer et al. 2013).
For these reasons, carbon stars have been extensively investi-
gated, both in terms of the capability of carbon dust to drive
an AGB wind (Mattsson et al. 2010; Mattsson & Hofner 2011;
Bladh et al. 2019; Sandin & Mattsson 2020) and in studies aimed
at constraining the physical parameters and the dynamical prop-
erties of the winds of individual carbon stars (Rau et al. 2017,
2019; Brunner et al. 2018; Maercker et al. 2018).

To date, the most exhaustive studies focused on the carbon
star population of the LMC (based on the results from AGB-+dust
modelling) are those by Dell’ Agli et al. (2015a) and Nanni et al.
(2019a). The former used results from the InfraRed Array Cam-
era (IRAC) and the Multi-band Imaging Photometer (MIPS)
photometry to characterise the stars according to their position
in the observational planes. Nanni et al. (2019a) considered dif-
ferent observations in the infrared and optical data from Gaia,
and they derived important trends connecting mass-loss rate,
dust production rate, and dust-to-gas ratio of the stars with the
infrared colours, which were properly taken as indicators of the
degree of obscuration.

This work, similarly to those of Dell’Agli et al. (2015a)
and Nanni et al. (2019a), is based on results from stellar evo-
lution and dust formation modelling, calculated specifically for
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the present study, with the evolutionary sequences extended to
the beginning of the post-AGB phase. However, following the
same approach as in Marini et al. (2020), we mostly focus on the
results from IRS spectroscopy to reach a better understanding
of dust formation in the wind of carbon stars. Furthermore, we
analyse the results whilst taking the JWST into consideration, in
order to provide the scientific community with the appropriate
tools to analyse the carbon star populations of galaxies.

The present investigation was developed on two levels. We
first derived the luminosities and the optical depths of the indi-
vidual sources by comparing the IRS and the synthetic SEDs, the
latter being obtained by the modelling of the AGB evolution and
of the dust formation process. These estimates are rather robust,
because the extinction of carbon stars is mostly due to solid car-
bon particles and is substantially independent of the presence of
other dust species. This step allows the characterisation of the
stars considered in terms of mass, formation epoch, and chemi-
cal composition of the progenitors.

After the identification of the sources, we focused on dust
mineralogy to determine the percentages of the different dust
species in the circumstellar envelope. This requires a detailed
analysis of the IRS SED, considering that the morphology of the
different spectral features is extremely sensitive to the type and
the quantity of the dust grains formed in the stellar wind. Our
aim is to improve our knowledge of the dynamical and chemical
structure of the wind of carbon stars, to shed new light on the
dust formation process, to understand the conditions that lead to
the formation of specific dust compounds: this information will
prove crucial to the characterisation of the carbon star samples
in galaxies different from the Magellanic Clouds, which will be
observed by the JWST.

In this investigation we focused on the distribution of the
stars in the observational planes built with the MIRI filters,
because the IRS spectra cover the 5—37 um spectral region. Our
goal was to select the planes that allow the best characterisa-
tion of the sources observed and to identify those planes where
the bifurcation of the various sequences can be associated with
some peculiar properties of the star; for example the presence of
specific dust particles or the metallicity.

The paper is organised as follows: in Sect. 2, we present the
sample of stars used for the analysis; the numerical codes used
to calculate the evolutionary sequences to model dust formation
and to build the synthetic spectra are described in Sect. 3; the
evolution and the dust formation mechanism in the models used
are discussed in Sect. 4; in Sect. 5, we present the characteri-
sation of the sources observed, whereas in Sect. 6 we address
the determination of the dust mineralogy and the information
obtained regarding the structure of the winds; the expected dis-
tribution of carbon stars in the observational planes built with the
MIRI filters is discussed in Sect. 7.

2. The selected sample

In this paper, we use the LMC sample of 147 C-rich AGB spectra
from the SAGE-Spec database at the NASA/IPAC Infrared Sci-
ence Archive, which was reduced by Jones et al. (2017) using
the method discussed in Kemper et al. (2010). This database
includes all staring-mode observations with the Spitzer IRS
taken in the area of the sky covered by the SAGE survey
(Meixner et al. 2006), which covers the LMC entirely. Jones
et al. (2017) classified the sources of the sample by using the
decision tree classification method by Woods et al. (2011): the
primary criterion for the classification was the Spitzer spec-
trum itself, but it also relied on the additional information
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provided by the SED, the estimate of the bolometric luminosity,
and supplementary information from the literature. C-rich AGB
stars, in particular, are usually identified by molecular absorp-
tion features, particularly C,H, (acetylene) at 7.5 and 13.7 um,
and by the dust features at 11.3 ym and 30 ym.

To study the expected distribution of the stars in the obser-
vational planes built with the magnitudes in the MIRI filters, we
used the mid-IR magnitudes ([F770W], [F1000W], [F1130W],
[F1280W], [F1500W], [F1800W], [F2100W], [F2550W]) cal-
culated by Jones et al. (2017), who integrated the IRS spectra of
each source over the MIRI spectral response. In some cases, the
IRS data do not match IRAC and MIPS photometry, which could
be an effect of variability, considering that IRS, IRAC, and MIPS
data were collected in different epochs. To this end, we used the
criterion proposed by Groenewegen & Sloan (2018) stating that
variability can account for a difference of up to 20% between the
fluxes derived from the analysis of the IRS SED and those found
via the IRAC and MIPS magnitudes. In these cases, we left the
MIRI magnitudes found by Jones et al. (2017) unchanged. In
the cases where the difference is above 20%, we scaled the IRS
spectra to match the corresponding IRAC and MIPS photome-
try, and we recalculated the corresponding MIRI magnitudes via
convolution over the MIRI transmission curves.

The majority of these objects cover the 5—37 um range of the
low-resolution modules of the IRS, so the fluxes for the FS60W
filter are not available. For 27 of these objects, the spectral cover-
age by the Spitzer-IRS is limited to the 5—14 um range, therefore
the mid-IR photometry beyond this wavelength is not available:
we thus excluded them from our analysis. In addition, a paucity
of sources show a steep rise starting from ~20 ym and no decline
up to the end of the spectra. We believe that these peculiar SEDs
are affected by nearby background emission, as also stated by
Gtladkowski et al. (2019), and for this reason were not consid-
ered in the analysed sample.

3. Physical and numerical input
3.1. Stellar evolution modelling

The evolutionary sequences were calculated by means of the
ATON code for stellar evolution (Ventura et al. 1998). An
exhaustive description of the numerical details of the code and
the most recent updates can be found in Ventura et al. (2013).

3.1.1. The chemical composition

Most of the analysis is based on models of metallicity Z = 0.008,
helium mass fraction ¥ = 0.26, and a mixture taken from
Grevesse & Sauval (1998) with a—enhancement [@/Fe] = +0.2.
This is the same chemical composition used in Ventura et al.
(2014); we preferred to recalculate the evolutionary sequences
from the beginning in order to follow the very final phases in
detail, which, as we see in the following sections, are those with
the largest degree of obscuration and that can account for the
presence of the objects with the largest infrared emission.

The models not undergoing the helium flash were evolved
from the pre-main sequence until the almost total consumption
of the envelope. Low-mass models (M < 2 M) experiencing the
helium flash were evolved from the horizontal branch, starting
from the core mass and surface chemical composition calculated
up to the tip of the red giant branch (RGB). For the objects whose
SED suggests a metal-poor composition, we used Z = 0.001 and
Z = 0.002 tracks with initial helium Y = 0.25 and [a/Fe] =
+0.4 mixture from Grevesse & Sauval (1998). Finally, models

of metallicity Z = 0.004, Y = 0.26, [a/Fe] = +0.2 were also
considered. The Z = 0.001, Z = 0.002 and Z = 0.004 models
were taken from Ventura et al. (2014).

3.1.2. Convection

The temperature gradient within regions unstable to convection
was calculated via the full spectrum of turbulence (FST) model
(Canuto & Mazzitelli 1991). The overshooting of convective
eddies within radiatively stable regions is modelled by assum-
ing that the velocity of convective elements decays exponentially
beyond the neutrality point, fixed via the Schwartzschild crite-
rion. The e-folding distance of the velocity decays during the
core burning phases (hydrogen and helium) and during the AGB
phase is taken as 0.02Hp and 0.002Hp, respectively. The latter
values reflect the calibrations discussed, respectively, in Ventura
et al. (1998, 2014).

3.1.3. Mass loss

The mass-loss rates during the phases when the star is oxygen-
rich were determined via the Blocker (1995) treatment, with
the parameter entering the formula of Blocker (1995) set to
n = 0.02; this choice follows the calibration given in Ventura
et al. (2000). For carbon stars, we used the mass-loss description
from the Berlin group (Wachter et al. 2002, 2008).

3.1.4. Opacities

The radiative opacities are calculated according to the OPAL
release, in the version documented by Iglesias & Rogers
(1996). The molecular opacities in the low-temperature regime
(T < 10*K) are calculated with the AESOPUS tool (Marigo &
Aringer 2009). The opacities are constructed self-consistently by
following the changes in the chemical composition of the enve-
lope, which include, in particular, the individual abundances of
carbon, nitrogen, and oxygen.

3.2. Dust production

The interpretation of the IR spectra of obscured carbon stars
requires the knowledge of the dust present in the circumstellar
envelope, namely the density; the radial distribution; and the per-
centages of the different dust species formed. To this aim, we
modelled the formation and growth of dust particles in the wind
of AGB stars according to the schematisation proposed by the
Heidelberg group (Ferrarotti & Gail 2006), similarly to previ-
ous works by our team (Ventura et al. 2012, 2014, 2015, 2016),
which was used in a series of papers by the Padua group (Nanni
et al. 2013, 2014, 2016, 2018, 2020b; Nanni 2019). The inter-
ested reader can find all the relevant equations in Ventura et al.
(2012). Here, we provide a brief description of the methodology
used.

In the present framework, dust particles are assumed to form
and grow in the wind, which expands isotropically from the pho-
tosphere of the star. Each dust species starts to form at the so-
called condensation point, where the growth rate exceeds the
vaporisation rate; the latter is dependent on the thermodynamic
properties of the solid compounds, mainly on the formation
enthalpies of the solid compounds and of the gaseous molecules
involved in the formation reaction (Ferrarotti & Gail 2006).

The dynamics of the wind is described by the momen-
tum equation, where the acceleration is determined by the
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competition between gravity and radiation pressure acting on
the newly formed dust grains. The coupling between grain
growth and wind dynamics is given by the extinction coeffi-
cients, describing the absorption and scattering of the radiation
by dust particles. The evolution with time of dust grains is deter-
mined by the difference between the growth and the vaporisation
rate. The former is given by the gas molecules hitting the already
formed grains, and the latter is related to the vapour pressure of
gaseous molecules over the solid compounds.

In the basic configuration, we assume that the dust species
formed in the winds of carbon stars are silicon carbide (SiC)
and amorphous carbon (C). This assumption is suitable for deter-
mining the main properties of the wind, and namely the termi-
nal velocity and the degree of obscuration, which we quantify
via the optical depth at the wavelength 4 = 10 um, 7,9. For
the detailed interpretation of the SED of the various sources,
we also account for the formation of graphite and of MgS; for
the latter species, we consider either the possibility that it forms
as individual species or that MgS mantles form on SiC cores
(Zhukovska et al. 2008). The extinction coefficients were found
by using the optical constants from Zubko et al. (1996; amor-
phous carbon), Pegourie (1988; SiC), Begemann et al. (1994;
MgS), and Draine & Lee (1984; graphite). The optical constants
of SiC+MgS compounds were calculated on the basis of the
method described in Zhukovska et al. (2008).

The modelling of dust formation, as described above, allows
the determination of the asymptotic velocity of the gas particles,
the size reached by the grains of the various species, and the opti-
cal depth. Furthermore, this computation provides an estimate of
the surface fraction of gaseous silicon, carbon and magnesium
condensed into dust (see Egs. (20)—(23) and (34)—(35) in Fer-
rarotti & Gail 2006) and the dust production rate for each dust
species, which depends on the gas mass-loss rate, the surface
mass fractions of the aforementioned chemical elements, and the
fraction of the latter species condensed into dust (see Sect. 5.2 in
Ferrarotti & Gail 2006).

3.3. Spectral energy distribution

The interpretation of the IRS SEDs demands the computation
for each stellar mass of a sequence of theoretical SEDs. These
correspond to the evolutionary stages of carbon stars and to the
dust formed in the circumstellar envelope, modelled according
to the methods described earlier in this section.

To characterise the individual AGB sources and derive the
mass and formation epoch of the progenitor stars, we confront
the IRS data with the sequences of synthetic spectra obtained
for each model star, which represent the evolution of the SED
of the star during the AGB phase. To build these sequences, we
first select a few points along the evolutionary track, distributed
among the various interpulse phases. Typically, we select one
evolutionary stage corresponding to the largest luminosity dur-
ing the interpulse, before the ignition of the following thermal
pulse (TP). Towards the final evolutionary phases, when the
mass-loss rate rises and a significant fraction of the envelope is
lost during a single interpulse, we select one or two additional
points in order to follow in more detail the variation of the stel-
lar properties as mass is lost from the envelope. For complete-
ness, we also consider a couple of stages following the extinc-
tion of each TP, when the contribution of the CNO burning shell
accounts for 10% and 30% of the overall energy release of the
star. Based on the physical parameters attained by the star dur-
ing these phases, particularly luminosity, effective temperature,
current mass, mass-loss rate, and surface chemical composition,
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we model dust formation. This allows the determination of the
amount of dust formed, the dust mineralogy, the size of the dust
particles, and 7.

The last step consists of the calculation of the synthetic SED,
which is done by means of the code DUSTY (Nenkova et al.
1999). As input radiation, we used the SED found by interpo-
lation in effective temperature, surface gravity, and C/O ratios
among the COMARCS model atmospheres (Aringer et al. 2009)
of the appropriate metallicity.

4. Carbon stars: Evolution and dust production

The carbon star stage is reached as a consequence of repeated
third dredge-up (TDU) episodes, which take place during the
AGB phase after the occurrence of TPs. During these events,
the surface convective layer penetrates inwards, down to regions
of the star previously exposed to helium burning nucleo-
synthesis (Iben 1974, 1975; Lattanzio 1987, 1993; Boothroyd
& Sackmann 1988). The consequence of TDU is the transporta-
tion of carbon nuclei synthesised via 3 reactions to the surface
regions, which become more and more enriched in carbon: once
the number of C nuclei overcomes the number of O, the star
becomes a C-star.

Stars of masses below ~1 Mg do not become C-stars. This
threshold mass decreases slightly with metallicity, because lower
Z stars, owing to the smaller amount of oxygen, reach the C/O>
1 condition (Karakas 2014) more easily. For the Z = 0.008 mod-
els used in the present work, we find that the minimum mass
required to attain the C-star stage is 1.25 M.

The mass range of carbon stars is also limited from above,
because stars with CO cores of mass above ~0.8 My (Ventura
et al. 2013) experience hot bottom burning (HBB), consisting of
the activation of a series of p-capture reactions at the base of the
external envelope, which favour the destruction of the surface
carbon. In this investigation, we find that the aforementioned
limit in the core mass translates into a threshold initial mass of
3.3 M.

It is not excluded that stars of higher mass go through evo-
lutionary phases, during which they are C-stars. This may occur
either during the initial AGB stages, before HBB is activated, or
at the very end of the AGB life, when HBB is turned off and the
occurrence of a few TDU events might increase the C/O ratio
above unity (Frost et al. 1998). However, while we take this into
account for the interpretation of a few outliers in the sample that
we analysed, in the following sub-section we focus our attention
on the stars with initial mass M < 3.3 M, because only these
objects are expected to reach a significant degree of obscuration
and to provide a non-negligible contribution to the dust enrich-
ment of the interstellar medium during the C-star phase.

4.1. The behaviour of 2 M, stars

To more clearly illustrate the key aspects of the evolution of these
objects, in Fig. 1 we show the variation with time of luminosity,
effective temperature, surface C/O, and mass-loss rate of a star
of initial mass 2 M. The figure refers to the evolutionary phases

! This lower limit refers to the mass at the beginning of the AGB phase,

under the hypothesis that no mass loss occurred during the previous
evolutionary phases. Should mass loss during the RGB be considered,
the threshold mass under which no carbon stars form would be ~1.4 M,,.
This is slightly lower than the lower limit for the formation of Galactic
carbon stars found by Marigo et al. (2020), a result consistent with the
lower metallicity of LMC stars compared to the Milky Way.
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Fig. 1. Evolution as a function of time (counted from the beginning of the TP phase) of the luminosity (fop-left panel), effective temperature (fop,
right), surface C/O (bottom, left) and mass-loss rate (bottom, right) of a model of initial mass 2 M, and metallicity Z = 0.008.

between the beginning of the TP phase (from which the times on
the abscissa are counted) and the almost complete ejection of the
external mantle.

The 2 My model shown in Fig. 1 experiences 14 TPs. The
C-star stage is reached after nine TPs: the duration of the C-
star phase is ~6 x 10° Myr, which corresponds to ~25% of the
AGB life (2.4 Myr). The relatively short duration of the C-star
phase is a common property of carbon stars (Karakas 2014). It
is related to the transition from M- to C-star and the aforemen-
tioned increase in the mass-loss rate (Ventura & Marigo 2009,
2010), which renders the remaining part of the AGB lifetime
shorter. This effect can be seen in the right panels of Fig. 1,
where we note that the effective temperature drops by ~1000 K
during the last four interpulse phases, while at the same time the
mass-loss rate increases by almost two orders of magnitude, up
to M ~ 107 My yr'.

During the interpulse periods of the C-star phase, we find that
the luminosity of the star is constant within ~20%, spanning the
6500 < L/Ly < 7500 L, range. These phases account for 90%
of the total AGB lifetime. As is clear from Fig. 1, the luminosity
drops to ~2000-3000 L, after each TP, before the CNO activity
is fully restored.

The almost constant luminosity characterising the quiescent
CNO burning evolution is partly explained by the previously
mentioned short relative duration of the C-star phase, during
which the stars experience only a few TPs. An additional rea-
son is that after the C-star stage is reached, the TDU expe-
rienced becomes deeper and deeper, which prevents a signif-
icant growth of the core mass, and hence of the luminosity.
The small variation of the luminosity of the star during the
C-star phase, combined with the fact that stars of different
masses evolve at different luminosities, opens the way to use it as

A69, page 5 of 25


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039613&pdf_id=1

A&A 647,
-6 ———
I ——silicates B
I — carbon B
Lo SiC E
78 — —
= L |
2%}
5 - m
P12 e
1 1 1 1 1 1 1 1 1 1 1 1 1 Al 1 Al 1 1 1 1 1 1 1
0 5x106 108 1.5x108 2x108 2.5x108
tAGE
— I — — T
0.3 (-(al) 2 My Z=8x103
- %(C,SiC)=(90,10 _ E
P #(C8i0)=( ) T,,=0.03
T =
L Lo
>ﬁ -
=
L
B-‘ -
0.1
O 1 —_—
o — —— —
Sosf®) z 2533 : B G E
n - I O - w <] — Yol ]
a L F E gD & & 8 & ]
E 0.4 -
g r ]
02 [ =
@ C ]
= 0 C__1 1 L .
0 10 20 30
A[um]

A69 (2021)

-6

-10

log(DPR)

-12

-14

-16

— — T
0.3 F2 M, Z=8x10"3

" %(C,SiC,grf,MgS)=(84,4,6,6)

0.2

F, [Jy]

0.1

F2550W

—~
o
[

)

F770W
F1000W_]
F1130W
F1280W
F1500W
F1800W | L
F2100W

Transmission

20
Alum]

w
o

Fig. 2. Top panels: variation of the dust production rate as a function of time (/eff) and of the current mass of the star (right) during the AGB
evolution of the model of initial mass 2 M, and metallicity Z = 0.008 presented in Fig. 1. The individual contributions from silicates, solid carbon,
and silicon carbide are shown. Bottom panels: variation of the expected SED during four different stages (indicated with the arrows in the top-right
panel) when considering only solid carbon and SiC (left), and when graphite and MgS are also considered (right). In these examples, the number
density of the seeds of amorphous carbon dust relative to hydrogen is assumed 107'3, whereas the density of the seeds of the other dust species are
scaled with respect to amorphous carbon according to the percentages given in the two panels.

a mass indicator, which is important to identify the progenitors
of the stars.

To discuss dust production in the 2 M star, in the top-left
panel of Fig. 2 we present the variation of the dust production
rate (DPR), that being the amount of dust produced by the star
in a given evolutionary phase, expressed in units of My yr~!. In
the top-right panel of Fig. 2, the DPR is shown as a function of the
current mass of the star, to have an idea of the dust yields expected.

During the first part of the AGB evolution, when the star
is oxygen-rich, the dust formed is under the form of alumina
dust and silicates. Alumina dust forms in a more internal region
of the envelope, at a distance of ~2 stellar radii (R.) from the
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photosphere of the star, whereas the condensation region of sil-
icates is more external, at a distance of 5—10 R, from the stel-
lar surface (Dell’ Agli 2012; Dell’ Agli et al. 2014b). The extinc-
tion properties of the circumstellar envelope are mostly related
to silicates, because alumina dust forms in small quantities and
is extremely transparent to the radiation. During most of the O-
rich phase, dust production is negligible, because the mass-loss
rate is extremely low and the effective temperatures are close
to 4000 K (see Fig. 1): both these conditions prevent significant
dust formation in the wind.

During the final part of the AGB evolution, the dust formed
is made up of carbonaceous dust, which is mostly SiC and solid
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carbon (Ventura et al. 2012). The latter species generally forms
in higher quantities, with the exception of the first interpulse
phase after the achievement of the C-star stage, during which
the carbon excess is smaller than, or of the same order of mag-
nitude of the silicon abundance. This is shown in the top panels
of Fig. 2, where we see that the SiC contribution to the DPR
is higher than that of solid carbon during the phases immedi-
ately following the achievement of the C-star stage. The overall
degree of obscuration of the star is almost entirely determined
by solid carbon dust; this is not only due to the fact that this is
generally the most abundant dust species, but, more importantly,
to the larger extinction coefficients of solid carbon compared to
SiC (see Fig. 10 in Ferrarotti & Gail 2002).

Upon inspection of Fig. 2, we see that the DPR during the
interpulse phase increases by 2-3 orders of magnitude when the
transition from O-rich to carbon star occurs. This behaviour,
common to all the stars that eventually become carbon stars,
is due to two reasons: (a) the rate of mass loss is much higher
during the C-star phase (see bottom-left panel of Fig. 1), which
favours dust production, owing to the higher densities of the
wind (see Eq. (14) in Ferrarotti & Gail 2001); and (b) the for-
mation of carbon dust is favoured compared to silicates, because
the surface carbon excess with respect to oxygen is significantly
higher than the density of gaseous silicon, which is the key quan-
tity to determine the formation of silicates during the O-rich
phases.

Because of the mass lost during the C-star phase, most of
the dust produced by the stars that eventually reach the C-star
stage is made up of carbon dust (Ferrarotti & Gail 2006; Nanni
et al. 2013; Ventura et al. 2014), despite the fact that the C-star
lifetime is usually shorter than the initial phase, during which the
star is oxygen rich.

Understanding the dust formation process is extremely
important when it comes to predicting the variation of the SED
of these objects, as they evolve through the AGB. This step
is crucial when a detailed comparison with the observations is
required. In the bottom-left panel of Fig. 2, we show the syn-
thetic SED of the 2 M, star, corresponding to the three evolu-
tionary stages, indicated with arrows in the top-right panel. We
note that the luminosity of the star is unchanged within 200 L,
among the three cases; thus, the significant difference in the flux
distribution is entirely due to the IR emission, which becomes
larger and larger as the dust production rate increases.

In this particular case, we see that the peak of the SED grad-
ually shifts from ~3 ym to ~12 ym. We note the emission feature
related to SiC, at 11.3 ym, which turns into absorption when the
circumstellar envelope, becomes extremely thick.

4.2. Formation and evolution of carbon stars: The role of the
stellar mass

The behaviour of C-stars is sensitive to the mass of the progen-
itor. Higher mass stars are brighter, because their core mass is
larger. Furthermore, the higher the initial mass of the star, the
higher the mass in the envelope at the beginning of the TP-AGB
phase; this reflects into a higher number of TDU events, and,
for a given TDU efficiency, into a more efficient surface carbon
enrichment and a higher dust production rate.

A summary of the main physical and chemical proper-
ties of the models used in the present analysis are given in
Table 1, where for each mass we report the evolutionary time,
the duration of the TP-AGB and the carbon-star phase, the lumi-
nosity range during the C-star phase, the final surface carbon-
to-oxygen ratio, and the highest dust production rate and optical

depth reached. The latter two quantities are attained towards the
late AGB phases, before the general contraction, which marks
the beginning of the post-AGB evolution.

Figure 3 displays the evolution of stars with masses within
the 1.25-3.3 M., range that reach the surface C/O> 1 condition
and evolve as carbon stars for the remaining part of their evolu-
tion. In the same figure, we also report the tracks corresponding
to the 3.5 M, star, which evolves as a carbon star during a small
fraction of the AGB phase, before HBB causes the drop in the
surface carbon, and of the 5 M, star of metallicity Z = 0.001,
which becomes a C-star in the final part of the AGB evolution,
after HBB is turned off.

The top-right panel of Fig. 3 shows the carbon excess, C-0,
defined as the difference between the surface number densities
of carbon and oxygen nuclei, normalised to the density of hydro-
gen: C—0= 12 + log[(n(C) — n(0))/n(H)]. This quantity is rel-
evant to understanding how much carbon dust forms (Mattsson
et al. 2008; Bladh et al. 2019). In 1.25—-1.5 M, stars, we find
that C-O is slightly below 8; on the other hand, 3 M, stars
reach C—O ~ 9 during the very final AGB phases. In the 3.3 M,
case, the final carbon excess is smaller than in lower mass stars,
because the final TDU episodes are so efficient and deep that
some oxygen enrichment of the envelope occurs. The overpro-
duction of oxygen in carbon stars is consistent with the study
of the chemistry of carbon-rich planetary nebulae by Garcia-
Hernandez et al. (2016). In the 3.5 M star C—O< 7.7, because
the ignition of HBB prevents further increase in the surface car-
bon and eventually makes the star O-rich. The same upper limit
approximately holds for the 5 My, Z = 0.001 model, as the accu-
mulation of carbon in the surface regions begins only during the
final AGB phases, after HBB is turned off.

The evolution of the DPR, shown in the bottom-left panel of
Fig. 3, reflects the trend with the initial mass followed by the car-
bon excess. The higher availability of the surface carbon affects
dust formation in two ways: (a) stars with a higher carbon mass
fraction are more expanded, and their effective temperatures are
cooler, which favours dust production; and (b) the higher the per-
centage of gaseous carbon, the larger the number of molecules
available to condense into solid carbon grains. M > 2.5 M, stars
attain DPRs above 107 M, yr~! during the final phases, whereas
in the M < 2 M, counterparts DPR is below 1077 Mg yr~!.
The 2 M case discussed in the previous section follows an
intermediate behaviour, with a maximum DPR of the order of
4x 1077 Mgyr'.

The formation of dust is associated with the shift of the SED
to IR wavelengths, owing to scattering and absorption of pho-
ton by dust grains in the circumstellar envelope, which becomes
more and more opaque in relation to the electromagnetic radia-
tion, with the consequent increase in 7y (the evolution of which
is shown in the bottom-right panel of Fig. 3). According to
the present modelling, we find that the largest optical depths,
Ti0 ~ 5, are attained by 3 M, stars; on the other hand, low-mass
stars with an initial mass ~1.5 M, reach 719 ~ 1 during the final
AGB phases. Based on these arguments, Dell’ Agli et al. (2015a)
suggested that the most obscured stars in the LMC, identified in
the colour-colour plane obtained with the IRAC filters, are the
progeny of 2.5-3 M, stars, formed during the burst in the star
formation rate of the LMC, which occurred ~300—-600 Myr ago
(Harris & Zaritsky 2009).

4.3. Uncertainties in AGB and dust production modelling

The results regarding the characterisation of carbon stars are
partly affected by some uncertainties, which are related to AGB
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Fig. 3. Variation of luminosity (fop-left panel), carbon excess C—O (fop-right, see text for the definition), dust production rate (bottom-left) and 7
(bottom-right) of the AGB models used in the present work. The evolutions are shown with respect to the current mass of the star on the abscissa.
The different lines connect a few points selected during the evolution trough the C-star phase. Open points refer to the evolution of a 5 M, star of

metallicity Z = 0.001

modelling and to the description of dust formation. Before enter-
ing the discussion on the interpretation of the individual sources,
we believe it is important to present a summary of the impact of
these uncertainties on the conclusions reached.

As outlined in Sects. 4.1 and 4.2, the quantity of dust
that carbon stars form depends on the amount of '’C trans-
ported by TDU from the internal regions to the convective
envelope. This is extremely sensitive to the treatment of the
convective borders (Herwig 2000, 2005; Karakas & Lattanzio
2014). However, this does not represent a serious issue in
the present context, because the carbon star population of the
LMC has been traditionally used as a living laboratory to test
the efficiency of TDU. Among others, we mention the works
by Groenewegen & de Jong (1993), Marigo et al. (1999),
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Karakas et al. (2002), and Kamath et al. (2012), who provided
robust calibrations of the extent of TDU for stars of differ-
ent masses. Thorough investigations aimed at calibrating mass
loss, TDU efficiency, and dust properties of AGB stars in the
Magellanic Clouds were recently presented in Pastorelli et al.
(2019, 2020).

Among the physical quantities relevant to the evolution
through the AGB, shown in Fig. 1, mass loss is the most poorly
known. This is a delicate point, because the description of mass
loss determines the rate at which the mass of the envelope is
expelled into the interstellar medium, the duration of the AGB
phase, and thus the amount of carbon that is gradually accu-
mulated in the surface regions via TDU (Ventura & D’Antona
2005a).
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Table 1. Main properties of the Z = 0.008 models discussed in the text.

M/My 7, Myr)  7age(10°yr)  %(C) L/Ls C/O DPR (Mo/yr) T10 4
1.10 6530 1350 4 5000-5500 1.5 48x1078 0.60 0.28
1.25 4320 1310 8 6000-6300 1.3 29x 1078 0.45 0.40
1.50 2234 1132 18 6000-6700 1.4 1.7 x 1077 1.89 041
2.00 1106 2400 25 6500-7300 2.0 5.1x 1077 2.7 041
2.25 992 2920 23 8000-8200 2.8 1.2x 1076 3.7 047
2.50 609 2520 37 8000-9200 3.0 1.5%x 1076 4.0 0.58
3.00 412 816 68 10500-12500 2.6 2.1x1076 49 0.80
3.30 313 450 50 15000-17000 2.3 1.1 x 1076 3.0 0.80
Notes. Only the mass range of the stars that become carbon stars is considered. The various columns report the following quantities: 1 — initial

mass; 2 — formation epoch; 3 — duration of the TP-AGB phase; 4 — fraction of the AGB phase spent as carbon star; 5 — luminosity range of the
interpulse phases; 6 — final surface C/O; 7/8/9 — largest DPR (7), optical depth (8) and 4 (9).

Several evolutionary codes adopt the classic period, such as
the mass-loss-rate relation by Vassiliadis & Wood (1993), both
for O-rich and carbon stars (Cristallo et al. 2009; Karakas &
Lattanzio 2014). Some research teams have based the mass-
loss modelling of carbon stars on the theoretical radiation-
hydrodynamical models published by the Berlin group (Wachter
et al. 2002, 2008), which considered dust production in C-rich
winds and the effects of radiation pressure on the carbonaceous
dust particles formed in the circumstellar envelope (Weiss &
Ferguson 2009; Ventura et al. 2018). The formulae by Wachter
et al. (2002, 2008) do not include any dependence on the carbon
excess with respect to oxygen, which should affect the amount
of dust formed in the wind of the stars (Mattsson 2008; Mattsson
et al. 2010; Eriksson et al. 2014; Bladh et al. 2019).

The treatment of mass loss affects the description of the dust
formation process, because the density of the wind is directly
proportional to M. In optically thin environments, we expect the
calculated optical depth to show some level of sensitivity to M.
On the other hand, compensation occurs in the optically thick
case. This is because the formation of more dust in the regions
just above the condensation zone triggers a higher acceleration
of the wind, which decreases the density of the gas, thus inhibit-
ing further dust formation. In these cases, the description of mass
loss affects the topography of the wind, but the effect on the
global amount of dust formed, hence on the optical depth along
the observation line, is modest.

The description of the stellar wind and of the dust forma-
tion process used in the present investigation is characterised by
uncertainties, the most relevant being the effects of pulsations,
the poor knowledge of the sticking coefficients, and of the den-
sity of seed nuclei upon which the dust grains grow. The primary
effect of large amplitude pulsations is the formation of several
shock fronts, which are moving outwards and potentially able
to project dense matter to cool regions of the envelope, which
is in turn suitable for the condensation of gas molecules into
dust (Bowen 1988; Bertschinger & Chevalier 1985; Fleischer
et al. 1992). The inclusion of the effects of shocks is beyond
current computational capabilities; furthermore, these calcula-
tions would be extremely time consuming in the present case,
because the system of moments and radiative transfer equations
commonly used to model the atmosphere should be applied to all
the models in which the AGB evolution is split (usually between
~50000 and ~100000), according to the criteria followed to
choose the time steps. On the other hand, what we obtain by
use of the stationary wind modelling is the average amount of
dust formed in the outflow.

The role of the sticking coefficients of the different dust
species is extensively discussed in Ferrarotti & Gail (2001, 2002,
2006). In the present context, the key point is how the choice of
the coeflicients affects the formation of solid carbon, which is
the species that gives the dominant contribution to the optical
depth. Generally speaking, we find that changes in the sticking
coefficients can alter the dust density gradient from the carbon
dust condensation zone, but the effects on the size reached by
carbon grains and on the overall dust formed is of a percentage
much smaller than the change in a¢.

One of the most relevant open points connected with the dust
formation in the wind of AGB stars is the nature and the density
of seed nuclei. These impact the density of the dust grains, the
fraction f of the gas condensed into dust, and the overall scat-
tering coeflicient, which is proportional to f (Ferrarotti & Gail
2001). In the present computations, following Ferrarotti & Gail
(2006), we adopted ng = 107'3 for all the dust species consid-
ered. However, other choices are possible; for example, Nanni
et al. (2013) proposed scaling the number density of the seeds of
carbon dust with C-O.

The choice of nq4 translates into the size of the grains formed:
a higher nq for a given dust species implies higher condensation
fractions of the relevant gaseous molecules, which decrease the
growth rate Jfr, thus leading to the formation of smaller sized
particles. If we focus attention on carbon grains to determine the
degree of obscuration of the star at a given evolutionary stage, we
find that the choice of n4 reflects the size reached by the carbon
grains, but it only has a small effect on the value of 7. There-
fore, in the interpretation of the IRS spectra, which is addressed
in the following sections, we safely rely on the highest values of
Tyo reported in Table 1.

On the other hand, we cannot rule out that different dust
species have different ny. This would not affect 7, but it would
change the relative distribution of the different particles, which
would in turn translate into significant alterations in the SED. As
an example, in the bottom panels of Fig. 2 we show how the SED
of the star is modified if small percentages of graphite and MgS
are added to SiC and C.

A description of the wind of carbon stars with such a
high predictive power is currently unavailable. In the follow-
ing, we characterise the individual stars based on our expecta-
tions regarding the evolution of the luminosity and the optical
depth in stars of various masses and during different evo-
lutionary phases. Moreover, we used the observations as a
guide to understand which dust species form and in what
percentages.
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Table 2. Interpretation of the sample carbon stars analysed in the Table 2. continued.
present work.

SSID L/L, %(C,SiCMgS) 119 L/Lo(GS18)

SSID L/L, %(C,SiC,MgS) 7119 L/Ly(GSI8) 4299 9800 (100.0.0) 53 9310
3 4100 (87,13,0) 0.1 5325 4308 7000 (77,23,0) 5.6 6921
7 7900 (99,1,0) 0.05 8170 4309 11500 (96,0,4) 1.2 13882
9 5200 (81,14,5) 34 5376 4334 6500 97,2,1) 0.38 9403
18 7500 (83,8,9) 1.7 8349 4339 5500 (84,9,7) 0.9 5827
51 13000 (100,0,0) 0.04 12038 4385 5500 (89,10,1) 0.22 9593
55 7700 97,2,1) 0.1 10226 4391 10800 (93,4,3) 0.56 13103
60 3300 (93,4,3) 0.54 5268 4401 6700 (87,7.,6) 1.14 7917
65 6200 (78,21,1) 7.1 6169 4402 7200 (91,5,4) 1.05 8354
66 4300 (100,0,0) 0.32 4740 4408 9300 (88,7,5) 0.6 9264
80 5400 (90,10,0) 0.024 4918 4411 15800 97,2,1) 0.19 15861
98 5400 (97,2,1) 0.33 7408. 4415 4700 (80,20,0) 6.6 3857
103 4000 (89,11,0) 0.075 3552 4421 10800 (94,5,1) 0.68 11978
125 8800 (86,12,2) 23 8253 4432 5700 (100,0,0) 0.005 7368
126 12200 (100,0,0) 0.06 10575 4435 6700 (94,3,3) 0.86 7678
140 8500 (87,6,7) 1.2 9439 4442 7300 (95,5,0) 0.26 9348
141 3000 (100,0,0) 0.29 4213 4447 7600 97,2,1) 0.51 10417
145 6100 (100,0,0) 0.19 8311 4448 5800 (100,0,0) 0.03 5784
156 5200 (90,10,0) 0.13 6474 4451 28600 (89,6,5) 0.91 24856
167 10200 (74,19,7) 2.0 10863 4463 6400 92,7,1) 0.21 8233
181 5200 (95,3,2) 0.19 8864 4469 6700 (97,3,0) 0.23 8772
190 12000 (96,2,2) 3.4 11509 4476 14000 (100,0,0) 0.1 14134
4000 7500 (90,9,1) 0.79 12136 4478 7100 (93,4,3) 0.79 9851
4001 7900 (78,15,7) 1.25 8380 4479 5500 (82,16,2) 0.7 7800
4002 5300 (89,8,3) 0.45 6409 4481 6700 (89,5,6) 0.7 5932
4003 5500 (92,4,4) 1.0 6902 4488 11600 (90,10,0) 0.035 11041
4004 9900 (91,7,2) 0.67 12159 4489 5100 (57,40,3) 43 5434
4012 7100 (99,0,1) 0.38 7719 4491 8000 (97,0,3) 0.98 8869
4016 11500 (95,4,1) 0.7 15377 4510 10300 (96,4,0) 0.28 10 608
4021 15500 (100,0,0) 0.6 38738 4513 16100 (94,5,1) 0.62 19501
4034 11500 (100,0,0) 0.23 15044 4519 6800 (88,6,6) 0.52 8203
4037 18200 (99,1,0) 0.18 19003 4540 32000 (100,0,0) 0.06 29760
4052 6900 (87,7,6) 0.65 8367 4556 12200 (82,16,2) 1.0 14349
4062 11500 (92,5,3) 1.05 12738 4562 8400 (89,6,5) 0.97 10240
4067 10500 (94,5,1) 0.27 13324 4565 5000 (96,2,2) 0.75 7656
4093 5600 (92,5,3) 0.58 6884 4575 12100 (99,1,0) 0.33 11879
4100 13200 (87,7,6) 1.1 15097 4589 8800 (96,0,4) 0.3 10651
4109 27800 (96,3,1) 0.37 31412 4593 5700 (83,10,7) 0.95 6149
4150 7300 (86,9,5) 0.7 8305 4600 5800 (93,4,3) 0.85 6653
4154 14700 (93,4,3) 0.54 14173 4604 11400 (%94,5,1) 0.23 15407
4155 10800 (89,9,2) 0.85 12405 4692 5500 (91,4,5) 1.2 6132
4171 8200 (78,19,3) 6.3 8030 4717 10300 91,5,4) 1.0 9330
4185 5200 (74,25,1) 6.2 5968 4722 12300 (90,8,2) 0.9 16 840
4197 11600 (85,9,6) 1.45 11262 4736 8800 97,2,1) 0.28 10851
4206 8900 (81,16,3) 1.06 9989 4758 7500 (88,11,1) 0.85 10815
4211 12300 (99,1,0) 0.18 13782 4759 7200 (87,6,7) 1.1 7043
4225 14900 (95,3,2) 0.23 14209 4776 22200 (100,0,0) 0.09 23808
4228 9500 (97,2,1) 0.65 15443 4779 16500 (79,17,4) 1.2 17677
4238 13800 (97,0,3) 1.15 16145 4780 10500 (93,6,1) 0.52 13 949
4240 8300 97,1,2) 1.0 9401 4781 10200 (70,27,3) 5.2 10412
4241 10800 (92,4,4) 0.94 11913 4783 10000 (84,13,3) 1.05 10687
4244 9700 (95,5,0) 0.51 13152 4794 17700 (80,15,5) 2.0 21262
4246 13900 (85,7.8) 1.7 15453 4811 16200 (87,6,7) 1.13 19249
4251 10400 (100,0,0) 0.62 23710 4812 12300 (96,0,4) 1.1 14191
4252 8000 (95,3,2) 1.0 9756
4256 12600 (87,11,2) 0.41 17281
4293 7200 (83,10,7) 0.95 7773

5. The characterisation of carbon stars in the LMC
Notes. The different columns report the SSID of the star (1), the esti- o
mated luminosity (2), dust mineralogy (3), and optical depth ;o (4). To understand the distribution of carbon stars and the obscu-

Column 5 reports the luminosity estimated by GS18. ration sequences in the observational planes (colour-colour and
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colour-magnitude diagrams obtained with the JWST filters), we
need to characterise the individual sources. To this aim, we
first confront the IRS data of each star belonging to the sample
described in Sect. 2 with the sequence of synthetic SEDs, which
represent the evolution of the spectrum of each model star, built
as described in Sect. 3. The identification of the synthetic SED
that best reproduces the IRS spectrum leads to a robust derivation
of the luminosity and of the optical depth of each source, which
are essential ingredients to deduce the mass of the progenitors
(see Table 1) and the current AGB phase through which they are
evolving. The results are reported in Table 2, which gives the
derived values of L, 719, and dust mineralogy for each source
investigated.

A few examples of this analysis are shown in Fig. 4, in
which we report the interpretation of the SED of stars of vari-
ous L and 7j9. The main deviations of the synthetic SED from
the observed spectrum are in relation to the C,H, molecular
bands in the regions 6.6—8.5 um (centred at ~7.5 pum) and
13.5—-13.9 ym (Matsuura et al. 2006) and the CO+C; band in
the region 5.0—6.2 um (Jgrgensen et al. 2000). The properties of
these features have been widely analysed in the past (e.g. Sloan
et al. 2016 and references therein), but unfortunately they are
poorly (or not at all) reproduced by model atmospheres avail-
able in the literature, owing to scarce knowledge of the opac-
ities of such molecules. The ~7.5 um feature affects the flux
in the 69 um spectral region, the effect becoming smaller and
smaller as 7)¢ increases, eventually vanishing for 719 > 1. On
the other hand the C;H, ~ 13.7 um feature, which affects the
emission in the 12—16 um domain, is present in the spectra of
carbon stars characterised by different 7, even in those with
very large infrared emission. The CO+Cj; band is the most tricky
to handle in the present analysis, because it is spread across
a spectral region only partially covered by IRS, which poses
some problems in the extrapolation of the flux in the optical
and near-IR domains. For the stars where this ambiguity is most
relevant, we considered the combination of the IRS data with
results from photometry, following an approach similar to that of
Groenewegen & Sloan (2018). Fortunately, the analysis of the
most obscured stars is not affected by the CO+Cj; band, as the
SED peaks at longer wavelengths.

The result of the interpretation of the observations of the stars
in the sample analysed here is shown in Fig. 5, where we report
the distribution of the individual sources on the 71y versus lumi-
nosity plane. The tracks corresponding to the evolution of the
AGB stars discussed in Sect. 4.2 are overimposed on the points
indicating the stars in the sample discussed here. The green
squares in Fig. 5 indicate stars with luminosities below 7500 Lg:
these are the oldest objects in the sample, descending from stars
of initial mass below 2 M., and they were formed in epochs ear-
lier than 1 Gyr ago. The red triangles indicate objects younger
than 1 Gyr, descending from stars of initial mass above 2 M. In
particular, those with luminosities above 10* L, are interpreted
as the progeny of stars of initial mass 2.5-3.3 M, formed dur-
ing the peak in the star formation history of the LMC, between
300 and 600 Myr ago (Harris & Zaritsky 2009). Magenta crosses
refer to bright stars, with luminosities above 20 000 L.

The distribution of the stars in Fig. 5 is determined by the
mass distribution of the progenitors (luminosity) and the amount
of carbon accumulated in the surface regions, which affects the
dust formation in the outflow, and thus the optical depth. The
stars on the right side of the diagram are those producing dust
at higher rates. We find that the gas-to-dust ratio, ¥, decreases
when moving to higher 7, ranging from ¥ ~ 700, for the stars
with little dust, to ¥ ~ 100, for the most obscured sources. These

results are fully consistent with those obtained by Nanni et al.
(2019a), who correctly warned against assuming a constant ¥
when fitting the observed SED. The gas and dust mass-loss rates
also increase with 7y, until reaching M ~ 1.5 x 10™* Mg yr~!
and DPR ~ 107® M, yr™!. In the ;9 < 1 domain, the M and
DPR values derived here are consistent with Nanni et al. (2019a),
whereas for the stars with the largest degree of obscuration,
the present results are similar to those of Gullieuszik et al.
(2012).

The tracks reported in Fig. 5 nicely reproduce the distribu-
tion of the sources on the plane, with the exception of a few
groups of stars, for which the derivation of the main physical and
evolutionary properties is not straightforward. In particular, we
refer to: (a) the stars with luminosities below 5000 L, indicated
with orange asterisks, which are too faint when compared to the
evolutionary tracks; and (b) the stars in the right of the figure,
at 719 > 3, indicated with blue diamonds, of which the degree
of obscuration is in excess of the theoretical expectations (see
the largest 1o values expected for stars of a different mass and
luminosity, reported in Table 1). We discuss the stars outlined
in points (a) and (b) and the bright stars indicated with magenta
crosses separately.

5.1. Stars in the post-thermal pulse phase

The sources SSID 3, SSID 66, SSID 103, and SSID 141 are char-
acterised by luminosities below 5000 Ly. The IRS spectrum of
the latter star, with our best-fit interpretation, is shown in the left
panel of Fig. 6. These energy fluxes are at odds with the results
shown in the top-left panel of Fig. 3 and in Fig. 5. Both of these
report the luminosities of the stars during the sequence of inter-
pulse phases, during which the CNO burning activity is fully
recovered after the temporary extinction caused by the ignition
of the thermal pulse. On the other hand, the re-ignition of the
CNO shell after the TP is extinguished is not immediate, thus the
luminosity undergoes a series of periodic variations, with tempo-
rary dips in conjunction with the ignition of TPs. The right panel
of Fig. 6 shows the variation with time of the luminosity of the
stars of initial mass 1.5,2,2.5 M, during the C-star phase. We
see that at the ignition of each TP, L drops below 3000 L, and
then increases as CNO burning is gradually re-activated. The rise
of the luminosity following each TP is slow enough that the pos-
sibility of observing stars in such low-luminosity phases is sta-
tistically non-negligible. This holds particularly for the lowest
mass stars considered.

As a result of our findings, we propose that the low-
luminosity stars identified in the IRS sample are carbon stars
that have recently experienced a TP and are evolving through
a phase in which the H-burning shell has not fully recovered
its efficiency. This interpretation is consistent with the small
degree of obscuration that we derived for these stars, because
during these evolutionary phases the stars assume a compact
configuration, which prevents the formation of large quantities of
dust.

5.2. A signature of hot bottom burning?

The sources indicated with magenta crosses in Fig. 5 (SSID
4109, 4451, 4540, 4776) are characterised by luminosities above
20000 Lg, which is significantly higher than the other stars in
the sample and above the upper limit expected for carbon stars
(~17000 Ly). These are given in Sect. 4.2. These luminosi-
ties indicate that the cores of these stars are more massive than
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Fig. 4. Comparison between the IRS (black lines) and the synthetic (red) spectra of a few sources in the LMC sample of carbon stars, with various
luminosities and degrees of obscuration. The values of luminosities and 7y reported in each panel are those allowing the best fit, corresponding to
the red lines. The cyan lines indicate the synthetic SED entering the carbon condensation zone, resulting from the absorption of the radiation from
the photosphere by SiC particles in the innermost region of the circumstellar envelope.

their counterparts discussed in Sect. 4.2, meaning they are higher
mass progenitors.

The mass threshold given in Sect. 4.2 was based on the fact
that higher mass stars experience HBB, which destroys the sur-
face carbon, thus preventing the stars from becoming carbon
stars. Indeed, stars within a narrow mass range, clustering around
3.5 M, experience a series of TDU events before HBB is acti-
vated. These stars reach the C-star stage and evolve as carbon
stars for a few TPs, until the beginning of HBB.

An example of this behaviour is shown in the right panel of
Fig. 7, reporting the evolution of a 3.5 M model, in terms of the
surface C/O and of the luminosity. The effects of TDU can be
seen in the rise of C/O after each TP, whereas HBB causes a drop
in C/O after each TDU event. In this specific case, HBB starts
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after 12 TPs and the stars evolve as C-star during four interpulse
phases, before the surface C/O drops below unity. The ignition
of HBB is accompanied by the fast rise in the luminosity of the
star, which increases from ~17 000 L, to above 20000 L. Dur-
ing the C-star phase, we find L ~ 25000 L, which is in agree-
ment with the luminosities derived for SSID 4109 and 4451.
We propose that these two sources descend from 3.5-4 Mo
progenitors, formed ~250 Myr ago, which have reached the C-
star phase and are currently experiencing HBB at the base of
the envelope. According to this interpretation, they are evolving
through the C-star phase, before becoming oxygen-rich again.
If this understanding is correct, these stars are characterised by
a surface C/O slightly above unity and they are enriched in
lithium, because the time elapsed since the start of HBB is not
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Fig. 5. Luminosities and optical depths derived for the stars in the
sample analysed in the present work. Green squares and red triangles
indicate the progeny of M < 2 M, stars and the higher mass counter-
part, respectively; orange asterisks refer to stars with luminosities below
5000 Ly; magenta crosses indicate stars brighter than 20000 L; blue
diamonds indicate extremely obscured objects, which were taken from
Gruendl et al. (2008) and the source SSID 9; and the stars indicated
with open diamonds are SSID 125 and SSID 190. The black lines and
points in the figure refer to the evolution of the same models shown in
Fig. 3, and the initial masses are indicated next to the corresponding
track. Magenta stars indicate the results obtained by artificially increas-
ing the mass-loss rate of the stars of initial masses 1.1 My, 2.5 Mo,
3 M,, after reaching the C-star stage, according to the discussion in
Sect. 5.3.

sufficient to destroy the surface 3He, which allows the Cameron
& Fowler (1971) mechanism to operate. These sources would
be examples of the lithium-rich carbon stars that Ventura et al.
(1999) proposed as independent distance indicators, based on the
robust estimate of the luminosities at which we expect this mech-
anism to occur. We rule out the possibility that the progenitors
are higher mass stars formed more recently, because stars of an
initial mass above 4 M experience HBB from the early AGB
phases, thus the formation of C-stars is inhibited.

The scenario invoked to explain the IRS spectrum of SSID
4109 and 4451 could potentially also work for SSID 4776. How-
ever, the SED of the latter star is peculiar, since we find no evi-
dence of the 11.3 um SiC feature and of the 30 ym bump: this
suggests that the dust is composed exclusively of solid carbon.
The situation regarding SSID 4540, of which the SED is shown
in the left panel of Fig. 8, is even more tricky, because the esti-
mated luminosity of 32000 Ly is higher than the largest lumi-
nosity attained by the 3.5 M model shown in the right panel of
Fig. 7. The large luminosity and the SiC- and MgS-free dust min-
eralogy lead us to consider the alternative possibility that the pro-
genitors of SSID 4540 and SSID 4776 are metal-poor massive
AGB stars. For most of the AGB lifetime, these stars experience
vigorous HBB at the base of the external mantle, which causes
the depletion of the surface carbon, and, unlike their higher
metallicity counterparts, a strong reduction of the surface oxy-
gen. During the final AGB phases, when HBB is turned off by
the loss of the external envelope, the very low amount of resid-
ual oxygen in the external regions allows a few TDU episodes

to turn the stars into C-stars. This is shown in the right panel of
Fig. 8, where the evolution of the luminosity and of the surface
C/Oofa5 My, Z = 0.001 model is reported. The luminosities at
which this transition occurs are in the 25 000—-35 000 L range,
which is consistent with the estimation for SSID 4540 and SSID
4776.

If this is interpretation is correct, these stars share their origin
with the O-rich objects in the LMC, which Marini et al. (2019)
identified as metal-poor stars. Here, the significant destruction
of the surface oxygen, caused by HBB, means that the dust in
their surroundings is dominated by solid iron grains. Accord-
ing to this hypothesis, SSID 4540 and SSID 4776 are currently
evolving through the stages immediately following those of the
stars studied by Marini et al. (2019), after they become a C-stars.
They would be the youngest object in the sample studied here,
with an age of ~100 Myr. An important difference with respect to
the origin invoked for SSID 4109 and 4451 is the surface chemi-
cal composition, which should exhibit an extremely poor oxygen
content and no evidence of lithium.

These stars are not expected to produce great quantities of
dust, because the carbon excess with respect to oxygen is low,
given the effects of HBB experienced during the earlier evo-
lution. This is consistent with the small optical depths, 7jp =
0.06—-0.08, deduced from the analysis of the SED, and with the
shape of the IRS spectrum (see left panel of Fig. 8), which shows
no significant IR emission.

5.3. Extreme carbon stars

The existence of LMC stars with extremely red mid-IR colours
was first discussed by Gruendl et al. (2008), who used IRAC and
MIPS photometry and IRS follow-up to identify seven objects as
extreme carbon stars. Gruendl et al. (2008) underlined the pecu-
liarities of these sources, especially the derived mass loss rates,
which the authors claim to span the (5x 1075-2x 107*) M yr™!
range, significantly higher than those deduced for carbon stars,
when radiative transfer modelling is used to reproduce their pho-
tometric properties (van Loon et al. 1999).

In Fig. 5, the stars discussed by Gruendl et al. (2008), on the
right side of the 7,9 — L plane, are indicated with blue diamonds.
We use the same symbol to identify SSID 9, which we also con-
sider extreme, as it lies in the same region of the diagram pop-
ulated by the Gruendl et al. (2008) sources. Figure 9 shows the
IRS spectra of four of these stars, with the parameters required
to reproduce the details of the observed SED. In all cases, with
SSID 4299 being the only exception, a clear SiC absorption fea-
ture is visible, indicating an extremely thick dusty region. We
note that the interpretation of the spectra of these objects is not
affected by the presence of the molecular bands discussed in the
first part of this section. The sources SSID 125 and SSID 190,
belonging to the Gruendl et al. (2008) sample, are indicated in
Fig. 5 with open blue diamonds; these stars are extremely red
and show a peculiar SED, peaking at wavelengths 4 > 20 ym.
An example is shown in Fig. 10.

The possible nature of the extreme stars by Gruendl et al.
(2008) was discussed by Sloan et al. (2016) and Groenewegen
& Sloan (2018), who stressed the difficulty in fitting the data of
these stars, particularly in the context of modelling dust forma-
tion in radial outflows, departing from the surface of single car-
bon stars. Aninteresting overview of the critical issues faced when
modelling stars with a very large infrared excess is found in Nanni
et al. (2019a), which explored the role of the mass-loss rate, car-
bon excess, optical constants of solid carbon dust.
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phase during which the star is carbon-rich.

We confirm here that the interpretation of these objects,
based on the standard modelling so far used to describe the other
stars analysed, is extremely hard. The results presented in Figs. 5
and 9 outline that the optical depths required to reproduce the
observations, which span the 3 < 719 < 7 range, are significantly
higher than the majority of the largest 7}y expected on the basis
of theoretical modelling, reported in Table 1. Indeed, the syn-
thetic SEDs shown in the four panels of Fig. 9 and the parameters
corresponding to these stars reported in Table 2 were obtained
by artificially increasing the optical depth of the most obscured
model, taken from the points of the evolutionary sequences used
to characterise all the other stars in the sample.

The top-right panel of Fig. 3 shows that optical depths
Tyo ~ 5 are reached during the latest AGB phases of 2—-3 M,
stars. These largely obscured models might partly explain, as far
as the degree of obscuration is concerned, the SSID 4299 and
SSID 4781 data (see bottom-right panel of Fig. 9), which are the
brightest sources in this group, for which we estimate a luminos-
ity around 10 000 L. However, there is no way to account for the
observations of the fainter objects, particularly those with esti-
mated luminosities in the L < 6000 L, range: these energy fluxes
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indicate M ~ 1.1-1.5 M, progenitors, which are not expected
to evolve to such extreme 71y, owing to the relatively low carbon
excess reached (see Fig. 3).

We cannot rule out that the stationary wind model used in
the present investigation to model dust formation might under-
estimate the amount of dust formed in the wind of AGB stars. As
discussed in Sect. 4.3, the present model neglects the effects of
pulsations and the pulsation-induced shocks, which might drive
dense gas clouds into external regions of the outflow, where dust
condensation would be favoured by the cool temperatures. Fur-
thermore, we do not account for gas-to-dust drift here, which
might affect the structure of the wind and cause higher dust
yields. Sandin & Mattsson (2020) recently performed unique
state-of-the-art simulations of C-star wind formation, confirm-
ing that drift is significant at low mass-loss rates and becomes
less and less so as the rate goes up. This means we cannot firmly
conclude that the dust yields should be significantly higher with-
out replicating the stellar evolution modelling and including a
correction for drift. The effect on the integrated DPR depends
on the evolution of the mass-loss rate, which in turn depends on
how the stellar parameters and carbon excess evolve. A further
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critical point related to the analysis presented here, discussed
in Sect. 4.3, is that the mass-loss rate, described according to
Wachter et al. (2002), is independent of the carbon excess.

Despite the above uncertainties, we believe that there is no
room to obtain 7o values significantly higher than those reported
in Table 1. This is definitively impossible in the case of M <
2 M, stars, for the reasons given above. For what attains the stars
of masses above 2 M, the large values of 71 reached are mainly
caused by the high mass-loss rates experienced during the latest
AGB phases, which are slightly below ~2 x 10™* Mg yr~!. We
consider these rates as upper limits, because their calculation is
based on the description by Wachter et al. (2002, 2008), which
might overestimate the true mass-loss rates (Bladh et al. 2019).

A possible reason for the discrepancy between the 7j¢
obtained by modelling and the degree of obscuration derived
from the analysis of the spectra is that the winds are signifi-
cantly denser than predicted by the theoretical modelling, sug-
gesting that dust is formed at higher rates than predicted by stel-
lar evolution calculations. We reconsidered the C-star phase of
the models presented in Sect. 4, and artificially increased the
mass-loss rate to be used in the modelling of dust formation,
until obtaining the values of 7} required to fit the IRS spectra.
We found consistency with mass loss rates of the order of M ~
5x 10™* Mg yr~!. It goes without saying that these calculations
are based on the assumption that the outflow is radially symmet-
ric, which might be not the case for these peculiar objects; yet
we consider this exercise as a tool to infer a reliable estimate of
the order of magnitude of the mass-loss rate of the star, which is
required in order to produce wind densities compatible with the
observations.

Sloan et al. (2016) and Groenewegen & Sloan (2018) hinted
at the possibility that the extreme carbon stars are part of binary
systems. Dell’ Agli et al. (2020) proposed that these carbon stars,
with a low-mass companion, have recently filled the Roche lobe.
Figure 11 shows the AGB variation with time of the radius and
the surface C/O of stars of different initial masses. We see that
in all cases the stars undergo a phase of rapid expansion soon
after they become carbon stars. The fast increase in the stellar
radius enhances the probability that the Roche lobe is overfilled,

launching a phase of strong mass loss, which we artificially
imposed starting from the corresponding evolutionary points,
indicated with green arrows in Fig. 11. As previously discussed,
use of M = 5x 107 M, yr‘1 leads to efficient formation of dust,
in high enough quantities to reconcile the optical depth of the
envelope with the degree of obscuration indicated by the obser-
vations. As shown in Fig. 5, the results obtained, indicated with
magenta stars, are in significant agreement with the 7, and lumi-
nosity values of the extreme stars derived from the analysis of
the IRS spectra. For SSID 125 and SSID 190, Dell’Agli et al.
(2020) proposed a slightly different interpretation, based on the
cool dust temperature required to fit the IRS spectra, of the order
of ~350K, which might indicate that the dust layer is moving
away from the system; this is also consistent with the derived
optical depths, 719 ~ 2—3, among the lowest in the extreme star
sub-sample, which might be due to the decrease in the gas den-
sities, caused by the expansion. These findings possibly suggest
that these systems have recently moved away from the AGB and
have entered the post-AGB phase; this understanding would be
consistent with the interpretation proposed by Groenewegen &
Sloan (2018).

In all cases, the interpretation based on the fact that these
stars are evolving through, or have recently crossed, a common
envelope phase is consistent with the relatively small fraction of
solid carbon dust, in most cases below 80%, because the fast
loss of the external envelope prevents the accumulation of large
quantities of carbon in the surface regions.

If this understanding is correct, these stars would produce
dust at rates in excess of 107% M, yr~!, which would make them
extraordinarily efficient dust manufacturers. The entire DPR of
galaxies would be dominated by a paucity of these systems.

6. The winds of carbon stars: What we learn from
IRS spectra

In Sect. 5, we discuss the fact that the luminosity and the optical
depth of the individual sources can be safely derived by compar-
ing the observed spectrum with the synthetic SED, calculated on
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Fig. 9. SED fitting of four of the extremely red objects studied by Gruendl et al. (2008).

the basis of a basic wind model, which assumes that the dust is
composed only of carbon and SiC.

On the other hand, we know that other dust species form in
the winds of carbon stars; furthermore, it is possible that not all
the solid carbon forms in the amorphous state, but that a fraction
of it might be in other aggregates, such as graphite. The com-
prehension of the details of the dust formation process requires
knowledge of the mineralogy of the dust formed, for which we
must determine the abundances of the different species consid-
ered, or, equivalently, the individual contributions to the over-
all cross-section. This ambitious task requires the interpretation
of the whole SED, including the details of the features and the
slopes of the stellar spectra, in the whole wavelength interval
covered by IRS.

This step is important for two reasons: (a) the derivation
of the details of the composition of dust will provide precious
information on the structure of the winds of carbon stars and
on the efficiency of the formation process of the various dust
species; and (b) the interpretation of the observations from
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JWST requires knowledge of the dust species in the circumstel-
lar envelope, since most of the mid-IR JWST filters cover spec-
tral regions partly or fully overlapped with the aforementioned
features (see bottom panels of Fig. 2).

The search for the parameters allowing the best fit of the SED
of the individual sources was done by eye for each star. We did
not use any automatic procedure, despite this being less time
consuming, because in the present context the priority is the cor-
rect reproduction of the whole SED. We now discuss the dust
species other than solid carbon and how their presence reflects
onto the SED in detail.

6.1. Silicon carbide

Silicon carbide is by far the second most abundant species after
carbon. The presence of SiC dust was used by several authors
(Groenewegen et al. 2007, 2009; Groenewegen & Sloan 2018;
Srinivasan et al. 2009, 2010) to reproduce the spectra of car-
bon stars, based on the observation of the well-distinguished SiC
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feature, centred at 11.3 um. This can be seen in the synthetic
SED reported in the bottom panels of Fig. 2 and in the IRS spec-
tra shown in Fig. 4. As discussed in Sect. 4.1, SiC is the most
stable species; therefore, to build the synthetic SED we assumed
that the radiation from the photosphere of the star is first repro-
cessed by an internal SiC layer, then by a more external dusty
shell, where SiC grains cohabit with carbon particles and other
species. While we may safely assume that SiC grains are the
only solid particles formed in the internal part of the outflow,
in the more external regions of the circumstellar envelope the
presence of SiC could be associated with the formation of MgS
(Zhukovska et al. 2008). Indeed, we discuss in the following
section, SiC is cited as a substrate for MgS precipitation, due
to the obvious similarities of structure and bonding properties of
SiC and MgS.

6.2. MgS

The spectrum of several carbon stars is characterised by a wide
bump in the spectral region around the 25-30 um region, which
can be seen in the bottom panels of Fig. 4. The presence of such
a band was detected in the observations of carbon stars in the
Milky Way (Hony et al. 2002; Volk et al. 2002) and in the Magel-
lanic Clouds (Zijlstra et al. 2006). Goebel & Moseley (1985) first
proposed that this feature can be associated with MgS, because
the latter compound has a feature in the same spectral region.
The various possibilities proposed so far to explain the 30 um
bump were discussed in the recent review by Volk et al. (2020).
Here, we base our work on the analysis of Sloan et al. (2014),
who concluded that MgS is the best candidate to account for this
spectroscopic evidence.

A significant step forward in the modelling of MgS produc-
tion in the circumstellar envelope of carbon stars was done by
Zhukovska et al. (2008), who included the growth of MgS grains
in the description of the stellar wind. In the paper by Zhukovska
et al. (2008), it is shown that the formation of pure MgS dust
cannot account for the observed feature, because the formation
of MgS is expected to take place at temperatures ~900 K, after
the wind has been accelerated by the formation of carbon dust,
and the density has dropped to values too small to allow a sig-

nificant growth of MgS particles. We did some tests after includ-
ing the formation of MgS in the set of equations used here and
confirmed the results by Zhukovska et al. (2008); the largest
size reached by MgS grains is below 0.01 pum, which corre-
sponds to cross-sections far too small to account for the observed
feature.

To model the MgS feature, we considered the idea proposed
by Zhukovska et al. (2008), that the growth of MgS occurs
via precipitation on SiC grains. This choice opens the possibil-
ity of forming bigger grains, because the SiC particles formed
in the internal regions enter the MgS condensation zone sized
from 0.03—0.07 ym (Nanni et al. 2013; Ventura et al. 2014).
We find that precipitation of MgS on these already formed SiC
grains would further increase the dimension of these particles
by ~0.02 um, if we assume that the deposition begins from the
point where the pure MgS dust would start to form. This result
is consistent with the analysis by Zhukovska et al. (2008).

To better understand how the presence of SiC+MgS dust
affects the SED of carbon stars, we calculated a series of syn-
thetic SEDs, where the condensation point and the percentage
contribution of this compound were allowed to vary within rea-
sonable ranges. The detailed fit of the MgS feature in the SED
allows the determination of the percentage of the SiC+MgS par-
ticles with respect to the total dust formed, and of the fractional
width of the MgS mantle with respect to the total dimension of
the SiC+MgS grains. The latter quantity is related to the conden-
sation point, as a larger mantle is formed when the condensation
zone is more internal. An example of this kind of analysis is
shown in Fig. 12, where the effects of changing the percentage
of SiC+MgS dust and of the size of the MgS mantle are indi-
cated.

We find that in the majority of the sources analysed, the
fraction of MgS+SiC particles is around 5%, of the same order
of pure SiC grains. The detailed fit of the morphology of the
25-30 pum feature demands that the width of the MgS mantle
account for 30—-40% of the overall size of the SiC+MgS grains,
which is consistent with assuming that precipitation of MgS onto
SiC cores begins in a more internal region of the outflow than
found for pure MgS dust. A few examples of stars with SED
characterised by SiC and MgS features are shown in Fig. 13.

The conclusions we draw for the present analysis are that
around 50% of the SiC particles formed in the internal regions
of the circumstellar envelope act as seeds for the deposition of
MgS. This is consistent with the study of the 30 um feature in
carbon stars published in Messenger et al. (2013), who found a
tight correlation between the 11.3 um and the 30 um features in
the spectra of Galactic carbon stars, concluding that the carri-
ers of these features are strongly related to each other. SiC and
SiC+MgS dust make up around 10% of the total dust, this result
being substantially independent of the degree of obscuration of
the star. Furthermore, the formation of SiC+MgS particles takes
place in the same region of the circumstellar envelope where
solid carbon condensation occurs.

6.3. Graphite

While it is generally recognised that carbon dust is the primary
source of extinction in the envelope of carbon stars, the debate
is still open regarding the possibility that the dominant species
is under the form of amorphous carbon or graphite. The discov-
ery of pre-solar graphite grains from meteorites (Zinner 2008;
Xu et al. 2016) indicates that the graphite contribution must be
non-negligible. Based on results from radiative transfer mod-
elling, Speck et al. (2009) suggested that graphite is the dominant
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Fig. 12. IRS spectrum of SSID 18 (black line) compared with syn-
thetic SEDs, corresponding to the same luminosity and 7,9, and dif-
ferent percentages of SiC+MgS and of the relative width of the MgS
mantle (@man) on top of SiC core. The various lines correspond to the
following: red (our best-fit model), with SiC+MgS =9% and ap,, =
0.05 pum; green, with SiC+MgS =35% and ap,, = 0.02 um; blue, with
SiC+MgS =9% and aya, = 0.02 um; and orange, with SiC+MgS = 6%
and dm,, = 0.05 um.

dust species instead of amorphous carbon. On the other hand,
Andersen et al. (2003) argued that the absence of the narrow band
at 11.52 ym in most observed spectra, and the fact that the slope
of infrared graphite spectra follows A2, imply that graphite for-
mation in AGB winds is unlikely. Generally speaking, the phys-
ical conditions in AGB atmospheres seem to favour amorphous
carbon dust, since graphite formation requires temperatures that
significantly limit the growth interval in a typical C-star.

The stationary wind model adopted here allows the determi-
nation of the growth rate of carbon dust and the calculation of the
extinction related to carbon grains; however, we cannot derive
any indication on whether the carbon particles formed are under
the form of amorphous carbon or graphite. We chose to derive
the relative contribution from amorphous carbon and graphite
by looking for the best fit of the SED of carbon stars in the sam-
ple examined here. The approach we followed was to first derive
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the luminosity, optical depth, and percentages of SiC and MgS
according to the method so far discussed; and then to assume a
variable percentage of graphite with respect to carbon until we
reached full consistency with the observed SED.

An example of the analysis done is shown in Fig. 14, where
we show the interpretation of the SED of the source SSID 4722,
of which the spectrum exhibits a fairly large level of infrared
emission, with 7y slightly below unity. Changing the fraction of
graphite with respect to the total of carbon dust (hence amorphous
carbon + graphite) does not significantly alter the morphology of
the SED in the wavelength region close to the emission peak (in
the example shown in Fig. 14), but it has a strong effect on the
A > 20 um domain, which is lifted by the presence of graphite.

Other results, for which a non-negligible fraction of graphite
was required to reproduce the observed SED of the stars in the
A > 20 um spectral region, can be seen in Fig. 15. The figure
shows the comparison between the IRS and the synthetic spectra,
for stars of various luminosities and 7.

From the analysis of the sources examined, we deduce that
amorphous carbon is the dominant dust component. Graphite is
formed in the circumstellar envelope of 719 > 0.1 stars. The per-
centage of graphite grows with 7y and ranges from a few percent
to ~20%.

7. The JWST observational planes

It is extremely important to understand how carbon stars are
expected to distribute on the observational planes that will be
built with the mid-IR filters of the MIRI camera. This will be
crucial to interpreting the data collected by JWST and selecting
the combination of filters allowing the best determination of the
degree of obscuration and the mineralogy of the stars, along with
the identification of the progenitors, in terms of the formation
epoch and chemical composition.

In Sect. 6, we discuss the spectral features in the SED of
carbon stars, the most important being the 11.3 um feature and
the bump at ~30 um. These spectral features can also be seen
in the synthetic spectra shown in Fig. 2 (the 30 um feature is
not present in the left panel, because in these simulations only
amorphous carbon and SiC were considered).

We outline that the dust species responsible for the pres-
ence of these features do not provide any significant contribu-
tion to the overall degree of obscuration of the star, which is
mainly given by absorption by solid carbon grains. On the other
hand, the reprocessing of the radiation by SiC and MgS particles
affects the morphology of the SED in regions of the spectrum
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Fig. 13. IRS spectra of sources SSID 4197 (top-left panel), SSID 4783 (top-right), SSID 4002 (bottom-left), and SSID 4692 (bottom-right), with
the best-fit models obtained with the luminosities, optical depths, and dust mineralogy indicated in the individual panels

that fall inside the transmission curves of the majority of the
MIRI filters. As is clear in Figs. 2 and 4, the MIRI filters covered
by the IRS spectral range and falling in a wavelength interval
substantially clear of features associated with dust are F770W,
F1000W, and F1800W.

The filter F770W is affected by the molecular band centred
at 7.5 um, which becomes less and less deep as the degree of
obscuration increases, and it has no relevance in the spectra of
the stars with the greatest IR emission. This behaviour can be
seen, for example, in the sequence of spectra in Fig. 4, where
we note the few incidences of this feature in the interpretation
of the spectrum of the most obscured source SSID 18 (shown in
the bottom-right panel). According to the present analysis, we
find that in the 719 > 1 domain the acetylene 7.5 um feature is
not relevant in the determination of the main properties of the
stars, whereas the impact on the analysis of the poorly obscured
objects can be safely managed by introducing a correction factor

to account for the depression of the flux in that spectral region.
We return to this point shortly.

The wavelength interval covered by F1000W is only par-
tially overlapped with the SiC feature, provided that the latter is
very prominent. We see later that this does not affect the general
colour-71g trend, while, on the other hand, the use of this filter
allows us to retrieve information concerning the metallicity of
the stars.

The spectral region covered by the transmission curve of
F1800W (see bottom panels in Fig. 2) is not affected by molec-
ular or dust features. This suggests that we should use the
F1800W flux in the interpretation of the SED of carbon stars.
The only point to take into account is that the reprocessing of the
radiation by MgS and graphite particles makes the SED flatter
in the 12—20 um region, which reflects a higher F1800W flux.
This is clear from the comparison between the synthetic SED
shown in the bottom-left and bottom-right panels of Fig. 2. The
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Fig. 14. IRS spectrum of SSID 4722 compared with synthetic SED,
differing for the percentage of graphite. The different lines refer to the
following percentages: 0% (orange), 15% (red), 30% (blue).

F1800W fluxes based on synthetic models where the presence of
MgS and graphite dust is neglected are slightly underestimated.

Based on these arguments, we consider the colour-magnitude
([F7T70W]-[F1800W], [F1800W]) and ([F1000W]-[F1800W],
[F1800W]) planes as the most suitable to study the obscuration
sequences of carbon stars, where the characterisation of the indi-
vidual objects is fairly independent of the details of the dust min-
eralogy and scarcely affected by the details of the morphology of
the most relevant spectral features.

The left panel of Fig. 16 shows the distribution of the sample
of carbon stars described in Sect. 2 on the ([F770W]-[F1800W],
[F1800W]) plane. The sources within the sub-sample that we
analysed in detail in the present investigation are shown with
different symbols. In the figure, we show the tracks correspond-
ing to the sequences of synthetic SED of Z = 0.008 stars of
initial mass 1.5 M, (black squares) and 3 M., (black triangles)
as solid lines. These were calculated by assuming a dust compo-
sition made up only of solid carbon and SiC. The dashed lines
indicate the tracks of the same stars, recalculated to account for
the presence of SiC+MgS and graphite grains, in quantities con-
sistent with the discussion in Sect. 6. The dashed lines connect-
ing the blue squares and red triangles refer to the evolution of
1.5 Mg and 2.5 M,, stars of metallicity Z = 0.002, taken as a
representative of a metal-poor population. In this case, we do
not show the corresponding tracks that consider SiC and MgS,
because little formation of these species is expected in the wind
of metal-poor stars.

The evolutionary tracks provide a nice fit of the observations,
with the exception of the stars discussed in Sect. 5.3. For the
latter objects, we followed the indications given in Sect. 5.3,
meaning we modelled dust production by assuming a higher
mass-loss rate since the phase during which the stars experience
a fast expansion, owing to the carbon enrichment of the surface
regions. The results obtained, shown with magenta stars on the
plane, are in fair agreement with the colour and magnitudes of
the extreme stars.

The ~0.2mag colour shift between the synthetic and the
observed colours of the bluest stars in the sample, characterised
by little dust in the circumstellar envelope, is connected with

A69, page 20 of 25

the absorption C,H, feature at 7.5 um, as discussed earlier in
this section. This is the correction to be applied to the synthetic
([F770W]-[F1800W]) colour of carbon stars with little dust in
the circumstellar envelope.

The stars on this colour-magnitude plane define a well-
distinguished obscuration sequence, spanning the 0 <
[F770W] — [F1800W] < 4.5 colour range, and the 3.5 <
[F1800W] < 8.5. ([F770W] — [F1800W]) magnitude interval
is a reliable indicator of the degree of obscuration of the stars.
We find a tight correlation between this colour and the opti-
cal depth, which extends from [F770W] — [F1800W] ~ 0.5,
719 ~ 0.1, and the objects with the largest infrared emission,
with [F770W] — [F1800W] ~ 4.5 and 719 ~ 7. Roughly, we
have:

log 719 ~ =0.1 x ([F770W] — [F1800W])*
+ 0.9 X ([F770W] — [F1800W]) — 1.2. 1)

For a given ([F770W] — [F1800W]), the observed dis-
tribution exhibits a ~1mag spread in [F1800W], which is
due to differences in the luminosity of the stars covering the
5000-17 000 L range (see Fig. 5). The position on the plane
is connected with the formation epoch of the sources, the stars
formed more recently being in the upper part of the diagram.

The bright sources discussed in Sect. 5.2, which we associate
either with stars currently experiencing HBB or to metal-poor,
massive AGB stars during the late AGB phases, make a sort of
upper envelope of the distribution of the stars on this plane. The
tracks based on models that consider SiC+MgS and graphite are
slightly redder than those that take into account only solid car-
bon and SiC. This difference, which is visible only for the most
obscured stars, is related to the increase in the F1800W flux,
consistently with the discussion at the beginning of the present
section.

The tracks corresponding to metal-poor stars are bluer than
the Z = 0.008 tracks. This difference is visible only for the stars
characterised by optical depths 719 > 0.1, whereas they are sub-
stantially overlapped in the low 719 domain. This is explained
by the lower rate of dust formation in metal-poor stars, which
is related to the absence of SiC and to the higher effective tem-
peratures and inhibits the formation of great quantities of dust
(Ventura et al. 2014). The scarcity of stars in the region of the
plane covered by the metal-poor, 2.5 M, track indicates that the
lacking formation of metal-poor stars occurred in the LMC in
the last Gyr, which is in agreement with the studies on the star
formation in the LMC (Harris & Zaritsky 2009).

The distribution of the sample stars in the colour-magnitude
([F1000W] - [F1800W], [F1800W]) plane is shown in the right
panel of Fig. 16, with the same evolutionary tracks reported in
the left panel. The trend traced by the observations is similar to
the one in the ([F770W] - [F1800W], [F1800W]) diagram, with
the difference being that the colour range is in this case ~2.5 mag
wide. As expected, ([F770W] — [F1800W]) is more sensitive to
T10 in comparison to ([F1000W] — [F1800W]). The relationship
between ([F1000W] — [F1800W]) and 7} can be approximated
by

log 719 ~ —0.2 x ([F1000W] — [F1800W])?

+ 1.13 X ([F1000W] - [F1800W]) — 0.75. 2)

In the lower-left side of the plane, populated by stars with lit-
tle dust, the low-metallicity tracks are bluer than their Z = 0.008
counterparts: this is connected with the SiC feature, present in
the SED of Z = 0.008 objects and absent in that of metal-poor
stars, which causes a slight lift of the F1000W flux. We note that
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Fig. 15. IRS spectra of sources SSID 4794 (top-left panel), SSID 4238 (top-right panel), SSID 4589 (bottom-left panel), and SSID 4150 (bottom-
right panel), with the best-fit models obtained with the luminosities, optical depths, and dust mineralogy indicated in the individual panels.

the metal-poor tracks are overlapped on the observations, sug-
gesting that a significant fraction of stars with little or no dust
in the circumstellar envelope belong to a low-metallicity popu-
lation. We return to this point later in this section.

Figure 17 shows the distribution of the stars in the colour-
colour ([F770W] — [F1800W], [F770W] — [F1130W]) plane.
The same tracks as those in Fig. 16 are shown.

The obscuration pattern traced by the sample stars is clear
in this plane, and it can be roughly approximated by a straight
line, with 0.5 slope. Generally speaking, ([F770W]—-[F1130W])
gets redder and redder as 1 increases. For 7}y < 1, this trend is
mostly due to the presence of the SiC feature in the SED, which
increases the flux in the 11.3 ym region (see the blue and red
lines in the bottom panels of Fig. 2). For higher 7, the increase
in ([F770W] — [F1130W]) is related to the shift of the SED
towards the mid-IR part of the spectral range, the peak being at
wavelengths A > 10 um (see the green line in the bottom panels
of Fig. 2).

The tracks of metal-poor models are below those of the more
metal-rich stars because the F1130W flux is smaller, owing to
the low quantity (or absence) of SiC in the circumstellar enve-
lope. The difference between the Z = 0.002 and Z = 0.008
tracks are negligible at large 7y, because under those conditions
the SiC feature becomes less prominent, and the SED shifts to
longer wavelengths.

The evolutionary tracks in this plane reproduce the exten-
sion of the trend traced by the stars in the sample. The extreme
stars are again an exception on this side, their colours being
reproduced only by invoking higher mass-loss rates and accord-
ing to the discussion in Sect. 5.3. In the region of the plane
at [F770W] — [F1130W] < 0.8, there is an offset between
the Z = 0.008 tracks and the observations, even when the
correction for the presence of MgS+SiC and graphite is con-
sidered. The Z = 0.002 tracks are in much better agreement
with the observational evidence in this region of the colour-
colour plane, which is populated by stars with little dust in
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Fig. 17. Left: position of stars in the sample presented in Sect. 2 in the colour-colour ([F770W] — [F1800W], [F770W] — [F1130W]) plane. The
symbols for the stars and the evolutionary tracks are the same as in Fig. 16. Right: zoom of the same plane shown in the left panel, to outline the

bifurcation between stars of different metallicity.

their surroundings, with 719 < 0.5. Most of these stars descend
from low-mass progenitors with an initial mass below ~1.5 M
and formed in epochs older than 2 Gyr. In the spectrum of the
majority of these stars, there is no evidence for the SiC fea-
ture, which is the reason why their position is better repro-
duced by Z = 0.002 models. While we cannot rule out that
some unknown mechanism inhibits the formation of SiC parti-
cles under particular circumstances, the most plausible explana-
tion for this result is that the low-mass stars with little degree
of obscuration in the sample discussed in Sect. 2 are mostly
metal-poor stars; this is consistent with the age-metallicity rela-
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tionship of the LMC, studied in Harris & Zaritsky (2009), and
with the study by Dell’ Agli et al. (2015a), who claimed the pres-
ence of a significant fraction of low-metallicity objects in the
LMC stars descending from M < 2 M, progenitors. The right
panel of Fig. 17 shows a zoom of the colour-colour plane in
the 0 < [F770W] — [F1800W] < 2 region. Here, we note a
clear dichotomy in the distribution of the stars, which we inter-
pret as a metallicity spread. The stars painted in pink, with no
SiC, correspond to the metal-poor population, whereas the green
counterparts represent the more metal-rich stellar component.
This spread vanishes for 0 < [F770W] — [F1800W] < 1.5,
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Fig. 18. Position of stars in the sample presented in Sect. 2 in the colour-
magnitude ([F1800W]—-[F2550W], [F1800W]) plane. The symbols for
the stars and the evolutionary tracks are the same as in Fig. 16.

because metal-poor stars are not expected to evolve to such red
colours.

We now turn our attention to the colour-magnitude
([F1800W]—[F2550W], [F1800W]) diagram, shown in Fig. 18,
with the same symbols used in Figs. 16 and 17. In this plane,
as expected, the use of the tracks that consider the formation
of SiC+MgS is mandatory, because the transmission curve of
the F2550W filter is entirely overlapped with the 30 ym bump.
The significant discrepancy between the tracks calculated with
or without SiC+MgS can be understood by confronting the syn-
thetic SEDs shown in the bottom panels of Fig. 2. In the higher
T1o cases, the SEDs are most noticeably different, particularly in
the F2550W flux. This is despite the fact that the assumed MgS
percentage is only 5% of the total dust. We see in Fig. 18 that
the tracks that consider MgS are in much better agreement with
the observations and are overlapped with most of the stars with
F1800W < 6.

The colour range of the sample stars in the ([F1800W] —
[F2550W], [F1800W]) plane is ~1 mag. This is significantly
smaller than in the ([F770W] — [F1800W], [F1800W]) plane
(see Fig. 16), where the colour difference between the stars with
no dust and the most obscured ones is ~4 mag. This difference
is explained by the saturation of ([F1800W] — [F2550W]) for
T10 > 3, because the SED becomes approximately horizontal in
the A > 20 ym domain.

The low-metallicity tracks shown in Fig. 18 define an
approximately vertical trend, which is because there is no 30 um
bump in the spectra of these stars and the slope in the 15 —30 um
spectral region is practically unchanged. The latter point is
linked to the fact that low-metallicity stars are not expected to
evolve at 719 > 1. We note that the Z = 0.002 tracks nicely repro-
duce the position of the stars with [F1800W] — [F2550W] ~
0.1-0.2 and 4 < [F1800W] < 6. These sources are the same
as those located in the [F770W] — [F1130W] < 0.8 region in
the colour-colour plane shown in Fig. 17, which we identify as
low-metallicity stars. This conclusion is further reinforced by the
present analysis, suggesting a criterion to disentangle stars of
different chemical compositions in the ([F'1800W] — [F2550W],
[F1800W]) diagram.

Recent studies focused on the distributions of evolved stars
in the observational planes built with the MIRI filters were pub-
lished by Jones et al. (2017) and Kraemer et al. (2017), and
a similar discussion is also given in Groenewegen & Sloan
(2018). Kraemer et al. (2017) investigated various colour-colour
planes, in order to study how the sequences of carbon-rich and
oxygen-rich AGBs, young stellar objects, and red super giants
can be clearly separated. Unfortunately, a clear comparison with
the present analysis is not straightforward, because no colour-
magnitude plane is considered, and in all the planes proposed by
Kraemer et al. (2017) the F560W flux is used; whereas we ruled
out this filter, as the IRS spectra used here do not allow a reliable
estimate of [F560W].

Jones et al. (2017) presented an exhaustive analysis on
how different classes of objects will populate the observational
planes, outlining that the planes allowing the best disentangling
of the various types of objects are based on the combination
of F1000W and F2100W MIRI filters. This is indeed a valid
criterion to separate evolved stars from other objects, but sig-
nificant overlapping of O-rich and C-rich AGB and RSG stars
prevents us from using this filter combination to study the C-
star population, which is the primary goal of the present work.
We find that use of F1800W allows a better analysis of the C-
star population than F2100W, as the latter is influenced by the
25-30 um bump. Jones et al. (2017) showed that the plane where
carbon stars are most easily identified is the colour-magnitude
([F1500W] - [F2100W], [F1500W]) diagram. Use of this plane
makes it possible to definitively disentangle carbon stars with
low and moderate infrared excess from the other classes of
objects, whereas those with the largest degree of obscuration
are overlapped with O-rich AGBs and red supergiants. Here, we
decided to avoid using F'1500W, because, as discussed in Sect. 5,
it is affected by the C,H; band centred in the 13.5—-13.9 um spec-
tral region.

A wider exploration of the JWST potentialities was pre-
sented in Groenewegen & Sloan (2018). The advantage of the
latter work over Kraemer et al. (2017), Jones et al. (2017), and
the present investigation is the wider spectral region consid-
ered, which is not limited to the wavelengths covered by MIRL
In Groenewegen & Sloan (2018), it is shown that the C-star
sequence is expected to spread over a large magnitude interval
in the ([F150W] — [F360W], [F360W]) plane, with the C-star
band being substantially separated from other objects. Regard-
ing the mid-IR domain, Groenewegen & Sloan (2018) proposed
the colour—colour ([F770W]—-[F1800W], [F560W]—[F770W])
plane to distinguish carbon stars from oxygen-rich AGBs. Inter-
estingly, Groenewegen & Sloan (2018) suggested using the
F560W, F770W, and F1800W filters to study obscured AGBs,
which are among those recommended here, with the exception
of F560W, for the reasons given above.

8. Conclusions

We studied a sample of carbon stars in the LMC, for which the
mid-IR SED was obtained by means of the IRS spectrograph
onboard Spitzer. To characterise the sources in this sample, we
calculated stellar models evolved through the AGB phase, until
the almost complete ejection of the external convective enve-
lope. For each stellar mass, we first modelled dust formation in
the outflow to determine the amount and the mineralogy of the
dust formed during various evolutionary phases. These results,
combined with the main stellar parameters derived from stellar
evolution modelling, were the ingredients used to determine a

A69, page 23 of 25


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039613&pdf_id=18

A&A 647, A69 (2021)

sequence of synthetic SEDs, which allowed us to describe how
the SED of these stars changes as they evolve through the AGB.

The comparison between the IRS spectra and the synthetic
SEDs leads to a reliable determination of the optical depth and
the luminosity of the individual sources, which in turn can be
used to deduce the mass and formation epoch of the progenitors
and to provide an estimate of the amount of carbon accumulated
in the surface regions via repeated TDU episodes. The majority
of the sources analysed has luminosities in the 5000—17 000 Lg
range and optical depths of 719 < 3, which is in agreement with
the results from carbon star modelling. Approximately half of
the stars examined descend from M < 2 M, progenitors older
than 1 Gyr, and the remaining half are composed of younger
objects formed no later than 1 Gyr ago and are the progeny of
M > 2 M, stars.

The sample discussed in the present work includes a paucity
of objects with luminosities below 5000 L, which we inter-
pret as stars that have not yet fully resumed CNO burning
after having experienced a TP, and four very bright stars with
L > 20000 Ly, which we suggest descend either from ~3.5 M
stars currently experiencing HBB or from metal-poor ~5 M
stars evolving through the latest AGB phases. We also find a
group of extremely red stars, which is difficult to explain within
the context of the obscuration path followed by single carbon
stars. We believe that they belong to binary systems in which
a common envelope phase caused a significant increase in the
mass-loss rate. This enhanced dust formation in the outflow, and
two of these objects have likely left the AGB and are moving to
the post-AGB phase.

The detailed comparison between the IRS data and the syn-
thetic spectra allows us to fix important properties of the dynam-
ics and the dust composition of the stellar wind. Most of the
observed SEDs show a prominent bump in the 25-30 um spec-
tral region, of which the origin is still debated. Our results con-
firm previous claims that MgS alone cannot account for the
observational evidence, because the grains of this dust species
form in an external region of the outflow where the growth rate is
so low that the amount of MgS formed is negligible. Conversely,
when assuming that MgS forms by precipitation on pre-existing
SiC grains, we find a nice agreement with the observations, pro-
vided that the width of the MgS mantle is within 20-40% of
the SiC core. This suggests that precipitation of MgS begins in
a region of the outflow more internal than the zone where pure
MgS forms: approximately in the same region where condensa-
tion of gaseous carbon into solid particles takes place.

With regard to the JWST perspective, we propose the colour-
magnitude ([F770W]-[F1800W], [F1800W]) and ([F1000W]—
[F1800W], [F1800W]) diagrams as the planes where the obscu-
ration sequences of carbon stars of different masses can be more
clearly distinguished. The former plane allows a better deter-
mination of the optical depth, given the strong sensitivity of
the [F770W] — [F1800W] colour to 7;¢; on the other hand, in
the latter plane the evolutionary tracks are more sensitive to
the metallicity, which allows the disentangling of stars of dif-
ferent chemical compositions. Poignant information can also be
deduced through the analysis of the distribution of the stars in
the ([F1800W] — [F2550W], [F1800W]) plane. [F1800W] —
[F2550W] is not particularly sensitive to the optical depth; on
the other hand, the position of the stars in this diagram criti-
cally depends on the presence of the 30 um bump, which, if we
assume to be due to MgS, renders this colour extremely sensitive
to the metallicity. Furthermore, this is the plane where the stars
on leave from the AGB can be more clearly separated from the
remaining carbon star population.
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