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ABSTRACT

We employ newly computed grids of spectra reprocessed by dust for estimating the total dust
production rate (DPR) of carbon stars in the Small Magellanic Cloud (SMC). For the first
time, the grids of spectra are computed as a function of the main stellar parameters, i.e. mass-
loss rate, luminosity, effective temperature, current stellar mass and element abundances at
the photosphere, following a consistent, physically grounded scheme of dust growth coupled
with stationary wind outflow. The model accounts for the dust growth of various dust species
formed in the circumstellar envelopes of carbon stars, such as carbon dust, silicon carbide and
metallic iron. In particular, we employ some selected combinations of optical constants and
grain sizes for carbon dust that have been shown to reproduce simultaneously the most relevant
colour—colour diagrams in the SMC. By employing our grids of models, we fit the spectral
energy distributions of 3100 carbon stars in the SMC, consistently deriving some important
dust and stellar properties, i.e. luminosities, mass-loss rates, gas-to-dust ratios, expansion
velocities and dust chemistry. We discuss these properties and we compare some of them with
observations in the Galaxy and Large Magellanic Cloud. We compute the DPR of carbon stars
in the SMC, finding that the estimates provided by our method can be significantly different,
between a factor of ~2-5, than the ones available in the literature. Our grids of models,
including the spectra and other relevant dust and stellar quantities, are publicly available at
http://starkey.astro.unipd.it/web/guest/dustymodels.

Key words: stars: AGB and post-AGB —stars: carbon —circumstellar matter —stars: mass-
loss —stars: winds, outflows — Magellanic Clouds.

1 INTRODUCTION

Carbon (C)-rich stars on the thermally pulsing asymptotic giant
branch (TP-AGB) are characterized by luminous and cool atmo-
spheres with plenty of spectral features from C-bearing molecules,
and by extended dust-rich circumstellar envelopes (CSEs). Dust
grains can deeply modify the emerging spectral energy distribu-
tions (SEDs) of such stars, because they absorb the photospheric
stellar radiation and re-emit it at longer wavelength. In addition to
that, photons are also scattered by dust grains. As a consequence,
C-rich stars are extremely relevant for the interpretation of the near-
and mid-infrared (NIR and MIR) colours of both resolved and unre-
solved stellar populations. This is especially true at the lower-than-
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solar metallicities that characterize most dwarf galaxies, for which
a large fraction of the TP-AGB stars evolve through a C-rich phase.

Indeed, galaxies such as the Magellanic Clouds contain rich pop-
ulation of C stars that can be classified roughly in three groups: (1)
those belonging to the ‘red tail’ of C stars, with J/ — K colours
between 1.2 and ~2 mag (Cioni et al. 2006); (2) the dust-obscured
sources classified as ‘extreme AGB stars’ (X-stars), extending to
much redder J — K colours, which are most likely to be C-rich
(van Loon et al. 1997, 2006, 2008; Matsuura et al. 2009) and finally
(3) C-rich members among the class dubbed ‘anomalous O-rich
AGB stars’ (hereafter aAGB stars) by Boyer et al. (2011), which
have J — K similar to those of O-rich stars but redder J — [8]
colours. Their infrared (IR) SEDs can be derived, for a wide range
of wavelengths, from high-quality photometric surveys such as
the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006),
and the Spitzer Survey of the Large Magellanic Cloud (SAGE;
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Blum et al. 2006) and Spitzer Survey of the Small Magellanic Cloud
(S’MC; Bolatto et al. 2007). As far as the Small Magellanic Cloud
(SMO) is concerned, the most comprehensive set of IR data in the
range between 3.6 and 160 pm is presented in the Spitzer Space
Telescope Legacy Program ‘Surveying the Agents of Galaxy Evo-
lution in the Tidally Stripped, Low Metallicity SMC’ (SAGE-SMC;
Gordon et al. 2011), from which about 5800 TP-AGB stars have
been classified (Boyer et al. 2011, 2015). A revised version of the
original catalogue by Boyer etal. (2011) is presented in the TP-AGB
candidate list by Srinivasan et al. (2016).

In the latest years, different groups aimed at estimating the to-
tal dust production rate (DPR) and the individual mass-loss rates
of AGB stars in the Magellanic Clouds employing the SED fit-
ting technique (van Loon 2006; Groenewegen et al. 2007, 2009;
Srinivasan, Sargent & Meixner 2011; Boyer et al. 2012; Gullieuszik
et al. 2012; Riebel et al. 2012; Matsuura, Woods & Owen 2013;
Srinivasan et al. 2016; Goldman et al. 2017). Pre-computed grids
of spectra for dusty AGB stars, employed for the SED fitting proce-
dure, are available in the literature (Groenewegen 2006; Srinivasan
et al. 2011). In the standard approach adopted in the literature, the
SEDs of AGB stars are fitted by choosing a priori a given optical
data set and a certain grain size or grain size distribution. However,
the typical grain size of carbon dust is uncertain and several op-
tical data sets for carbon dust, very different from each other, are
available in the literature (Hanner 1988; Rouleau & Martin 1991;
Zubko et al. 1996; Jager, Mutschke & Henning 1998). As discussed
in Nanni et al. (2016) both the optical data set and grain size heav-
ily affect the emerging spectra of dust-enshrouded C-rich stars and
the carbon dust optical constants need to be constrained by repro-
ducing most of the NIR and MIR colour—colour diagrams (CCDs)
simultaneously. In the context of hydrodynamical models, optical
constants and grain sizes of carbon dust have been also discussed
by Andersen, Loidl & Hofner (1999). In addition to that, the SED
fitting technique relies on assumptions related to dust chemistry,
gas-to-dust ratio (usually assumed to be fixed), outflow expansion
velocity, dust condensation temperature and shell geometry. The
evaluation of the dust mass-loss rate is also sensitive to the dust
temperature at the boundary of the inner shell, which is usually
fixed, and to the typical size of dust grains, which also needs to be
assumed.

In this work, we present a new grid of dusty models based on a
physically grounded scheme for dust growth, coupled with a sta-
tionary wind (Nanni et al. 2013, 2014). By using such a grid of
models, we fit the SEDs for all the carbon stars in the catalogue
of the SMC by Srinivasan et al. (2016), and we compute their total
DPR. In contrast to the standard approach used so far in the liter-
ature, our dust model consistently computes the gas-to-dust ratio,
dust chemistry and outflow expansion velocity, without the need of
relying on assumptions or scaling relations for these quantities. We
also investigate the variations on the final dust budget produced by
employing different optical data sets and grain sizes for the SED
fitting. Such combinations are the ones that reproduce the most im-
portant NIR and MIR colours simultaneously in the SMC and have
been selected in Nanni et al. (2016).

2 MODEL AND SED FITTING METHOD

In this section we recall the basic equations of our dust growth
model and discuss the sample of carbon-rich stars fitted and the
SED fitting method.

Table 1. Combination of optical data sets and seed particle abundances
selected for the SED fitting.

Optical data set Pd,amC
(g cm™3) log(e5) Denomination

Rouleau & Martin (1991) 1.85 —12 R12
Rouleau & Martin (1991) 1.85 —13 R13
Jager et al. (1998) (T = 400°C) 1.435 —12 J400
Jager et al. (1998) (T = 1000°C) 1.988 —12 J1000
Hanner (1988) 1.85 —11 HI11
Zubko et al. (1996) (ACAR sample) 1.87 —12 712

2.1 Dust growth scheme

We adopt the dust growth scheme described in Nanni et al.
(2013, 2014) that is an improved version of the description by
Ferrarotti & Gail (2006) also employed, in its original formula-
tion, by other groups (Ventura et al. 2012, 2014, 2016; Dell’ Agli
et al. 2015a,b). Our code requires as input quantities the stellar
parameters (luminosity, L, effective temperature, 7., photospheric
spectrum, actual stellar mass, M, element abundances in the atmo-
sphere and mass-loss rate, M), plus the seed particle abundance in
the CSEs, the optical data set of the dust species and the initial
conditions, which are the initial grain size ap = 1073 um, which is
assumed to be the same for all the dust species and the initial out-
flow velocity v; = 4kms~!. In case the outflow is not accelerated,
the dust production is computed assuming a constant value of the
velocity vex, = v;. The value of the initial velocity is selected in or-
der to reproduced the observed C- and X-stars in stellar population
synthesis models (Pastorelli et al., in preparation).

We include as dust species amorphous carbon (amC), silicon
carbide (SiC) and metallic iron. For amC we select the combinations
of optical data sets and grain sizes that well reproduce several of the
observed colour—colour diagrams in the NIR and MIR bands, based
on Nanni et al. (2016). Such combinations are listed in Table 1. The
optical data sets for SiC and metallic iron are taken from Pegourie
(1988) and Leksina & Penkina (1967), respectively.

The seed abundance is assumed to be proportional to the carbon
excess €c — €o:

€.c X €(ec — €0), (D

where ¢, is a free model parameter (Nanni et al. 2016). The quanti-
ties €c and € are the number densities of carbon and oxygen atoms
in the stellar atmosphere normalized by the number of hydrogen
nuclei. The quantity € ¢ is assumed to be the same for all the dust
species formed.

Given the input quantities, the code integrates a set of differential
equations describing the dust growth of various dust species, the
stationary, spherically symmetric, outflow and the envelope struc-
ture.

For any combination of the stellar quantities, our dust scheme
provides as output the outflow structure in terms of density profile,
outflow velocity, dust condensation radius and dust properties, such
as the chemical composition, the gas-to-dust ratio and the dust
temperature at the boundary of the inner shell.

The photospheric spectra, taken from Aringer et al. (2016), are
reprocessed by dust. The radiative transfer calculation is performed
by means of the code More of pusty (MoD; Groenewegen 2012),
based on pusty (Ivezic & Elitzur 1997). Some of the quantities
computed by our dust formation code, as the optical depth at a given
fiducial wavelength, t;, the average optical properties consistently
computed for the chemistry and grain size of the different dust
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species and the dust temperature at the inner boundary of the shell,
are taken as input in MoD.
We briefly recall in the following the most useful equations de-
scribing the dust growth process in CSEs (Nanni et al. 2013, 2014).
For the dust growth calculation along the CSE, the basic equations
are the following.

(1) Gas temperature profile:
3
Tou(r)' = Ty {W(r) + Z’L} : 2)

where W(r) is the dilution term,

1 R\’
W= [1—/1—-(=) |, &)
2 r
and 7 is defined by the differential equation,
d‘L’L R* 2
— = (), “
dr r

where « is the average opacity of the medium computed as fully
described in Nanni et al. (2013, 2014), R, is the stellar radius, r is
the distance from the centre of the star and the quantity 7 has to be
zero at infinity. Note that the temperature structure determines by
equation (2) is dependent on the amount of dust produced through
the term 7, which contains the quantity «.

(i1) Growth rate of the dust grain radius.
Once the seed particle abundance is assumed, the grain growth
proceeds through the addition of molecules on the grain surface.
The differential equation that describes such a process is

da i
dt

where J£ and J are the growth and decomposition rates, respec-
tively, and V), is the volume of one monomer of dust. The term
JE' is provided by the rate of effective collisions of the molecules
impinging on the grain surface, while J¢ can be provided by pure
sublimation of the dust grains due to heating from the stellar radi-
ation and/or by the inverse reaction between H, molecules at the
grain surface (chemisputtering).
For carbon dust the chemisputtering term is assumed to be negligi-
ble following the scheme by Cherchneft, Barker & Tielens (1992)
in which carbon dust accretes below a certain threshold gas temper-
ature, Tg,s = 1100 K. For such a gas temperature the sublimation
process of carbon grains is usually not at work. Iron dust does not
react with H, molecules and only sublimation is included in the
decomposition term for this dust species. For SiC chemisputter-
ing is more efficient than pure sublimation and is included in the
decomposition term.
We define the condensation radius of a certain dust species, i, R,
as the distance at which J# > J¢. In the case of carbon dust, the
condensation radius is depending on the gas temperature profile
that is also dependent on the amount of dust produced through
equation (4).

(iii) Expansion velocity profile for a spherically symmetric, sta-
tionary outflow:

= Vo (JF — J*9), )

dv GM
— =——(1=10), 6
vy ST ©)
where G is the gravitational constant and the quantity
L
=« @)
4ncGM

is the ratio between the radiation pressure and the gravitational pull

of the star. The constant c is the speed of light.

Equations 4, 5 (one equation for each dust species) and 6 provide

the complete set of differential equations to integrate.

(iv) Gas profile, described by the mass conservation equation:
M

T 4y’

P ®

where the velocity, v, changes along the CSE according to
equation (6).
(v) The dust-to-gas ratio, ;, for any of the dust species, i:

5 = Xii . mi

m . ! . ’ (9)
k,i ng,i
where X ;, is the mass fraction of the key element,! my; is its atomic
mass, f; is the number fraction of condensed key element particles
over the total, ny; is the number of atoms of the key element in one
monomer of dust and m; is the mass of the monomer. The quantity
f; for each dust species is computed following the grain growth in
equation (5) and it changes along the CSEs.
(vi) Dust density profile, derived from equation (8):

Pas =P Y _ 8. (10)

(vii) Dust mass-loss rate, given by the contribution of all the dust
species, i,
Moo =Y M; =M. (n
i
(viii) Total gas-to-dust ratio W 4,4, given by the ratio between the
gas and dust mass-loss rates:
M

Wiust = — .
Mdusl

12)

For the a posteriori radiative transfer calculation, the input quantities
are the following.

(i) The optical depth at a given wavelength is computed as

3M o ext,i }"7 i 81'
UZT/RC ZM ) dr. (13)

ai P; r2(r)

where R, is the condensation radius of the first dust species con-
densed, expressed in units of stellar radii R, and M is assumed
to be constant. The quantity Q.. is the dust extinction coefficient,
defined as

Qexl(ais )") = Qabs,i(a[v )‘) + Qsca,i(a[v )\) —8 Qscu.i(a[a )\)a (14)

where g is defined as g = (cos 6) and 0 is the scattering angle. The
quantity g Oscai(a;, 1) provides the degree of forward scattering.
The quantities Qups(@amc, A) and Qgca(@amc, A) are computed from
the n, k optical constants under the assumption of spherical dust
grains by means of the code BHMIE by Bohren, Huffman & Kam
(1983), based on the Mie theory.

(ii) Dust temperature at the inner boundary of the shell, Ti,,.
The code MoD can only deal with a single temperature for all
the dust species formed. We take as representative temperature the
carbon dust temperature at its condensation radius (R ,mc) plus one
stellar radius, as explained in Nanni et al. (2016). Carbon dust in

! The least abundant of the elements in the stellar atmosphere forming a
given type of dust.
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Table 2. Inputstellar parameters and spacing for the dust
formation calculations.

Parameter Range/values Spacing

log (L/Ly) [3.2,4] 0.1
[4.0,4.4] 0.05

log(M /Mg yr™) [-7,- 5] 0.1
[—5.0,— 4.4] 0.05

Teit/K [2500, 4000] 100

M/Mg 0.8,1.5,3

Cex 8.0,8.2,8.5

C/O 1.65,2,3

V4 0.004

fact is usually the most abundant of the dust species formed in
carbon-rich stars. The carbon dust temperature is computed from
the balance between the absorbed and emitted radiation.

(iii) Optical quantities representative for the dust mixture:

oY M Qei(ai, 1)

ext Zl Ml ’
where Qey i(a;, 1) is computed for the final grain size of each species,
i, obtained by our dust formation model.

1s)

2.2 Grids of dusty models

We select the six combinations of optical data sets and grain sizes
for amorphous carbon dust listed in Table 1 and discussed in Nanni
et al. (2016). For SiC and metallic iron the optical data sets are
fixed. Different assumptions of optical data sets and grain sizes
yield different inner temperatures for the dust zone and different
values of optical depth at A = 1 um, t,, for the same input of the
stellar quantities, because of different optical properties.

We then built six grids of models (one for each of the opacity
set) by selecting a large range of stellar luminosity and mass-loss
rates and some selected values of the actual stellar mass and car-
bon excess, Cex = log(ec — €p) + 12. The adopted metallicity
is Z = 0.004 with scaled solar abundances for the elements in the
atmosphere (excluding carbon).

The range and spacing of the stellar parameters are summarized in
Table 2. They cover typical values for TP-AGB stars as predicted by
stellar evolutionary models (Marigo et al. 2013, 2017). We compute
the grids for all the effective temperatures available in the new grid
of photospheric spectra presented in Aringer et al. (2016). The
values of C/O have been interpolated in the grid of photospheric
spectra for a metallicity value suitable for SMC stars. We limit
our calculation to spectra for which the combination of the stellar
parameters produces models with 1073 < 7 < 30.

The grids of dusty spectra and dust properties are publicly avail-
able at http://starkey.astro.unipd.it/web/guest/dustymodels.

The data provided in the online grids of models consist on the
input stellar quantities:

5495

— mass-loss rate, M, in Mo yr*';

— current stellar mass, M, in M;
— effective temperature, Te, in K;
— stellar luminosity, L, in Lg;

— carbon excess, Ce;

— C/O ratio;

— metallicity, Z, in mass fraction.

The output quantities available for each combination of the input
stellar parameters are:

— dust temperature at the inner boundary of thq shell, Tinn in.K;

— mass loss in dust for the different species, Mync, Msic, Miron in
Mg yr™';

— outflow expansion velocity, vVeyp, in km s
— optical depth at different wavelengths, 7;;

— spectrum reprocessed by dust, normalized for the total luminosity.

As an example, we show in Table 3 the first lines of the online
tables. The format of the files containing the spectra is the default
one provided by the code pusty (Ivezic & Elitzur 1997).

2.3 Comparison with previous approaches

Without a description for dust formation, the optical depth is esti-
mated from equation (13) by assuming (a) constant outflow velocity,
Vexp» (b) fixed dust chemical composition for evaluating Ocxi(A, @)
in equation (15), (c) same grain size (or grain size distribution) for
all the dust species, (d) a certain dust density, pg, averaged for all
the dust species using M; as weight. Under the above assumptions,
equation (13) reads as

31\.4dusl Qext()L 5 a)

— (16)
4a Rc Vexp Od

7, (approx) =

The total DPR for each of the sources, Mdusl, is then evaluated
inverting equation (16) once the value of 7, is found from the SED
fitting procedure:

Ty (approx)4a Rc Vexp l(_)d
30ex(A, a)

The condensation radius R, is usually consistently computed by
assuming a certain dust temperature at the boundary of the inner
shell.

In the grid of models by Groenewegen et al. (2007) the value
of Tiyy, is set to be 1000 K. In the Grid of RSG and AGB Models
(GRAMS) by Srinivasan et al. (2011), the value of R, is independent
of Ty, and is derived from the fitting procedure. The grain size are
assumed to be all of the same size a &~ 0.1 um by Groenewegen
et al. (2007). On the other hand, Srinivasan et al. (2016) assumed
the grain size distribution by Kim, Martin & Hendry (1994). The
average size of the distribution by Srinivasan et al. (2016) is around
a~ 0.1 um. The value of Q.. (X, a) is of course both dependent on
the optical data set adopted and by the grain size.

Mg =

an

Table 3. Example of input and output quantities contained in the publicly available online tables.
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The value of veyp is either assumed to be vy, = 10km s~ asin
Groenewegen et al. (2009) or scaled with the stellar luminosity and
the gas-to-dust ratio, W gyg:

L ¢ \deust - ( 1 8)
Vexp X T )
"7 \Lo 200

where the quantity W 4,5 can be either set equal to 200 for C-rich stars
in the SMC (Groenewegen 2006; Groenewegen et al. 2007, 2009;
Boyer et al. 2012; Gullieuszik et al. 2012; Srinivasan et al. 2016) or
is determined employing some scaling relations (Bressan, Granato
& Silva 1998; Marigo et al. 2008). The power « and S can be the-
oretically derived (Habing, Tignon & Tielens 1994) or empirically
determined (van Loon 2006; Goldman et al. 2017).

In the works by Boyer et al. (2012) and Srinivasan et al. (2016) the
value of the expansion velocity is assumed to be Ve, = 10kms™!
for a star with luminosity L = 30 000 L and W 4, = 200. The final
DPR for each star is scaled according to equation (18).

Once the quantity Mdust is evaluated through equation (17) the
mass-loss rate is estimated by assuming a certain value of the gas-
to-dust ratio.

Our dust formation scheme allows us to avoid some assumptions
adopted in the previous calculations of dusty spectra models and
grids. The most important difference with respect to the previous
approach, relies on the consistent evaluation of 7,, Wqust, Vexp. In
particular, the optical depth at a given wavelength, condensation
radius, dust temperature at the boundary of the dust condensation
zone, dust-to-gas ratios and dust density and velocity profiles are
computed by our code.

2.4 Sample of C-rich stars

Unless specific filters are used to probe the presence of either O- or
C-bearing molecules (e.g. Palmer & Wing 1982; Boyer et al. 2013),
the identification of C-rich stars in photometric samples is not
straightforward. Fortunately, in the case of the Magellanic Clouds
most of the C-rich stars are known to stand out in a particular region
of the K versus J — K; colour—magnitude diagram (CMD); they are
simply indicated as ‘C-stars’ in Boyer et al. (2011). These stars are
only mildly reddened by the dust present in their CSEs. Stars more
dust enshrouded are instead selected based on their MIR colours
and are classified as ‘extreme’ (X-) stars. For 81 stars the spec-
tra from Spitzer’s Infrared Spectrograph (IRS) are available (Ruffle
et al. 2015).

In addition, the catalogue by Boyer et al. (2011) contains a dis-
tinct class of objects, called ‘anomalous’ AGBs (aAGBs) classified
based on their position in the [8] versus J — [8] diagram. Optical
medium-resolution spectra were obtained by Boyer et al. (2015) us-
ing the AAOmega/2dF multi-object spectrograph (Lewis et al. 2002;
Saunders et al. 2004; Sharp et al. 2006) for 273 sources, which in-
cluded 246 aAGBs. On the basis of the analysis performed on the
spectra of aAGBs, Boyer et al. (2015) concluded that nearly half of
the aAGB sample is expected to consist of C-rich stars. We exclude
from the present analysis the sample of aAGBs classified as O-rich
and S based on the spectral classification, we include instead those
for which the classification is uncertain.

We exclude from the SED fitting five sources classified as
C-rich based on the photometry but not based on their IRS or optical
spectra. On the other hand, we include in our analysis five sources
photometrically classified as O-rich but as C-rich based on their
optical spectra plus one source for which the spectral classification
is uncertain. The DPRs of these latter sources are included in the
C-stars sample.

Table 4. Number of fitted AGB stars taken from the cat-
alogue by Srinivasan et al. (2016), listed for the different
classes of stars, photometrically classified by Boyer et al.
(2011). A further selection of the sources is based on their
IRS or optical spectra, when available (see text).

Photometric classification Number
C-stars 1709
X-stars 339
O-stars (C-spectrum) 5
O-stars (unknown spectrum) 1
aAGB 1092
FIR 11

The catalogue by Boyer et al. (2011) includes 360 sources clas-
sified as far-infrared (FIR) sources. This list has been cleaned by
Srinivasan et al. (2016) on the basis of the IRS classification when
available and taking into account the identifications of such sources
from other studies. The remaining 33 FIR sources have been di-
vided into seven groups on the basis of their SED shape and the
information on optical/IR variability (see section 2.4.1 in Srinivasan
et al. 2016). The FIR sources considered as evolved star candidates
and included in the dust budget by Srinivasan et al. (2016) belong to
groups from 1 to 4 (17 sources). Here we exclude the six FIR sources
spectroscopically classified as O-rich by Ruffle et al. (2015).

The number counts of C-rich sources included in our SED fitting
are shown in Table 4 by colour class.

In the catalogue by Srinivasan et al. (2016) the 2MASS NIR pho-
tometry is available together with the MIR Infrared Array Camera
(IRAC), Multiband Imaging Photometer for Spitzer (MIPS) 24 um,
Akari (S11 and L15 filters) survey of the SMC (Ita et al. 2010),
the Wide-field Infrared Survey Explore (WISE; W3 filter) All-Sky
Data Release, the Magellanic Clouds Photometric Survey (MCPS;
Zaritsky et al. 2002) for the U and B bands and the Optical Gravita-
tional Lensing Experiment (OGLE) survey for V and I bands, plus
the variability information (OGLE-III; Udalski et al. 2008).

For the NIR bands, the 2MASS photometry of the SAGE-SMC
list is matched to data from the Infrared Survey Facility (IRSF; Kato
et al. 2007) when the photometry is available.

For the MIR bands (IRAC and MIPS 24 um bands), the two
epochs of SAGE-SMC have been matched with S’MC epoch for
each source.

2.5 SED fitting procedure

From each of our six grids of spectra we select the best-fitting model
of the sources in Table 4 by computing the reduced x> between the
modelled and observed photometry, similarly to Groenewegen et al.
(2009), Gullieuszik et al. (2012), Riebel et al. (2012) and Srinivasan
et al. (2016):

1 Fiu%_ i 2
X2:7Z( ,b.z .lh) . (19)

NObS ei,obs

where F; 5,5 and F;y, are the observed and predicted fluxes for the i
band, e; s is the error of the observed flux and N is the number
of observed photometric points. The distance of the SMC assumed
to compute Fjy is dsme ~ 60kpe (de Grijs & Bono 2015). The
minimum value of x2, corresponding to the best-fitting model, is
indicated as x2..

For a few sources it is necessary to exclude some of the observed
photometric points from the SED fitting procedure. The criteria for
the photometry selection are described in Appendix A.
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To evaluate the uncertainties of the quantities derived from the
SED fitting procedure, we need to estimate the possible variations of
the modelled fluxes due to the photometric errors and to the intrin-
sic stellar variability. While the photometric errors can usually be
described by Gaussian distributions, for large-amplitude variables,
with observations spanning longer than a period, the distribution of
photometric points will have peaks at the extremes of the measured
distribution — just as those expected from sinusoidal-like variations.
Itis however impossible to identify the dominant factor in determin-
ing the error distribution, without performing a star-by-star analysis
of the likely periods, amplitudes and the time span of the obser-
vations in each passband. Therefore, as a compromise between the
expected Gaussian and/or sinusoidal distributions, we decide to sim-
ply adopt a flat distribution of errors, distributed over the magnitude
interval of the observations. This conservative assumption probably
provides an upper limit to the actual error distribution.

We therefore generate 100 sets of N, random numbers, r;, where
Ny, is the number of photometric bands, extracted from a uniform
distribution of values between —1 and 1. For each star, we only
consider the valid photometric points, i, and we add to our best-
fitting spectrum the quantity r; e; ops:

Fi,th+err = Fi,th +r; €} obs- (20)

For all the 100 sets of random generated numbers we then recal-
culate the x2 of F ith+err through equation (19). We finally extract
the minimum and the 34th x 2 values corresponding to 1o variation,
which provides an estimate of variation of the x? within 1o (Ax?).
We compute the quantity x2,, = xay + Ax? and we extract, for
each star, the models in the grid with x2 < x2_.. We then compute
the average value of each of the quantities for the valid models,
1.e. expansion velocity, gas-to-dust ratio, as well as the input stellar
quantities, i.e. luminosity and effective temperature. For estimating
the uncertainties over each of the quantities, we calculate the dis-
persion o from the average value. If the number of models with
x* < x2. is <3, we assume as average value the quantity corre-
sponding to the 2, while we set the uncertainty equal to zero.

3 RESULTS

3.1 Trends in the grids of dusty models

We here discuss some trends between the optical depth at A = 1 um,
71, where the spectra of TP-AGB stars peak, and the main stellar
parameters such as L, carbon excess, M, T and mass-loss rate. We
opt to show 7, because, as discussed in other works (e.g. Bressan
et al. 1998; Nanni et al. 2016), the SED of a dust-enshrouded star
is mainly shaped by this quantity. From equations (13) and (16) we
can see that 7 is dependent on several quantities, such as §;, R, and
Vexp Which, in turn, are correlated with the stellar parameters.

In Fig. 1 we plot 7, against M for different L computed for R12
optical data set. Thick black lines represent the trends derived from
our models, whilst the thin red lines are the linear fits between 7
and M. The mass loss has large impact on the final optical depth,
as can be also seen from equations (13) and (16). However, the
dependence of 7, on the mass-loss rate depends on the value of the
luminosity, with a flatter trend for larger luminosity. Such a trend
depends on the fact that the fraction of the condensed dust, which
determines §; in equation (13), is not constant in our models but
changes as a function of the input stellar parameters.

In Figs 2 and 3, 7, is shown as a function of the luminosity and
carbon excess, respectively, for different choices of the mass-loss
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Figure 1. Optical depth at 1 um, 71, as a function of mass-loss rate, for
different choices of the luminosity, listed in the legend. Black thick lines
are the trends derived from our models, whilst the corresponding red thin
lines are the linear fit between 71 and M. The models shown are computed
with R12 optical data set for carbon dust. The other stellar parameters of the
selected models are mentioned in the figure.
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Figure2. Opticaldepthat | pum, 7, as a function of luminosity, for different
choices of the mass-loss rate, listed in the legend. The models shown are
computed with R12 optical data set for carbon. The other stellar parameters
of the selected models are mentioned in the figure.

rate. In these two figures, we show models computed for the R12
optical data set.

We can clearly see from Figs 2 and 3 that, for a given value of M,
the quantity 7, is mostly changed by the stellar luminosity, while the
carbon excess usually produces only a secondary effect in the range
of values considered, except for the smallest mass-loss rate. The
strong dependence of 7, on the stellar luminosity is qualitatively in
agreement with the scaling relations found by Bressan et al. (1998)
and Ivezi¢ & Elitzur (2010). We note, however, that the dependence
of 7, on the quantity L is slightly stronger than the one predicted
by Bressan et al. (1998) and Ivezi¢ & Elitzur (2010). Assuming
a dependence 7, o< L™ we obtain « = —1.45, —1.22, —1.16 for
logM = —6, —5.5, —5, respectively, rather than o = —0.85 of
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Figure 3. The same as Fig. 2, but with 7 as a function of carbon excess.

Bressan et al. (1998) or « = —1 of Ivezi¢ & Elitzur (2010). The
dependence of 7, as a function of L is related to the behaviour
of R, veyp and §; as a function of L and for different mass-loss
rates (equations 13 and 16). In particular, by inspecting the models
shown in the figures, we find that R, increases more steeply with
L for the lowest mass-loss rate than for the larger ones, whilst the
condensation fraction decreases more rapidly for the lowest mass-
loss rate plotted. On the other hand, the outflow is not accelerated for
log M = —6 so that the velocity does not depend on the luminosity
for this specific case.

For the largest mass-loss rates considered, the velocity increases
as a function of the luminosity and the condensation of dust is
partially inhibited by the outflow acceleration, which dilutes the gas.
However, the gas density is always large enough that the amount of
dust condensed decreases less rapidly as a function of L than for the
low mass-loss case. All these trends between the different stellar
quantities and L explain the steeper dependence recovered between
7, and L for the lowest mass-loss rates with respect to the larger
ones.

We always find a mild dependence of t; on M, with t; only
slightly increasing as a function of the stellar mass. Finally, the
effect of T on 7, is also quite mild, even though for the largest
mass-loss rates 7 tend to decrease for increasing 7.

3.2 Quality of the fit

The six grids of models produced are able to provide a good SED
fit for most of the sources. In order to guarantee a good esti-
mate of the total DPR, we analyse the xZ, of the most dust-
producing stars among the C- and X-stars, yielding ~80 per cent
of the total DPR. The procedure is similar to the one applied
by Srinivasan et al. (2016). The xfw of these sources is <1 for
the ~42-52 percent of the sample considered and <10 in the
~94-98 percent of the cases. Only one among the most dust-
enshrouded stars (IRAS 00350—7436) is very poorly fitted by all
the optical data sets of carbon dust (xZ2, > 100). This source has
also been suggested to be a post-AGB star by Matsuura et al. (2005)
and was discussed by Srinivasan et al. (2016), who also were not
able to provide a good fit.

In Figs 4 and 5 we show two examples of well-fitted C-rich
stars, with x2 ~ 0.1, and two examples of stars with a poor fit,

10713
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Figure 4. Two examples of carbon-rich stars well fitted with R12 data set
for carbon dust. Red diamonds represent the valid observed photometric data
points, overplotted with their uncertainties (error bars). The black solid lines
represent the best-fitting spectra. The spectra overplotted in cyan correspond
to models producing an acceptable x2, as explained in the text. The values
of J — K, and Xﬁesl for each star are written in the figures. The IRS spectrum
of each star is also overplotted with black crosses.

respectively. The valid observed photometric data points and un-
certainties are plotted with red diamonds, whilst the photometric
points, excluded with the criteria described in Appendix A, are
plotted with green triangles. The IRS spectrum of each source has
been overplotted when available (black crosses). The solid black
line is the theoretical spectrum from our grid of models correspond-
ing to the best fit. The cyan lines are the spectra of models producing
a x? < x2y + Ax>. In the upper panel of Fig. 5 the star previously
discussed, IRAS 00350—7436, is shown.

For the aAGBs sample xg,, is <1 and <10 for about the ~20
and ~95 per cent of the cases, respectively. Even though Boyer et al.
(2015) argued that half of these stars are possible oxygen-rich, we
are able to provide an acceptable fit for all of them employing our
carbon-rich models.

On the other hand, the fit is not always that satisfactory for the
FIR, with x2 % 10 for five sources.

~

3.3 Dust properties and stellar quantities

From the SED fitting procedure we can derive some important stellar
quantities and dust properties.
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Figure 5. The same as Fig. 4, but for two carbon-rich stars not well fit-
ted by the theoretical spectra. Red diamonds represent the valid observed
photometric data points overplotted with their uncertainties, whilst the two
green triangles are the photometric points excluded from the fit based on
the criteria discussed in Appendix A. The source in the upper panel is
IRAS 0035—7436, discussed in the text. No IRS spectrum is available for
the source in the lower panel. Only one valid theoretical spectrum is derived
from the analysis, drawn in solid black.

3.3.1 Luminosity function

In Fig. 6 the luminosity function of the C- and X-stars is shown.
The optical data set selected is R12, but the result does not change
significantly with a different data set. The absolute bolometric mag-
nitude ranges between My, ~ —3.2 and ~— 6.2, while the peak
of the distribution is around My, ~ —4.5. Our distribution is in
excellent agreement with the one obtained by Srinivasan et al.
(2016) through SED fitting applied to same sample of stars. For
comparison we also show the luminosity function of C-stars in the
SMC obtained from the catalogue of Rebeirot, Azzopardi & West-
erlund (1993), which includes 1707 C-stars identified on GRISM
plates. We obtain the bolometric magnitudes from the visual mag-
nitudes at 5220 A using the corrections by Westerlund, Azzopardi
& Breysacher (1986) and assuming a true distance modulus for the
SMC iy = 18.9 mag. For consistency of comparison we exclude
the faintest (My, > —3.2) C-stars from the Rebeirot et al. (1993)
catalogue since our sample includes C-star brighter than the RGB
tip. We note that the peak location of the luminosity function of Re-

0.3 LA L L L L Y L L L Y L L B Y B

bol

Figure 6. Luminosity function of C- and X-stars derived from the SED
fitting procedure (red histogram shaded in grey). For comparison we plot the
normalized distributions of C-stars obtained from the catalogue of Rebeirot
et al. (1993) (dashed histogram), and that derived by Srinivasan et al. (2016)
using their best-fitting luminosity estimates (blue histogram).

beirot et al. (1993) agrees with ours and with Srinivasan et al. (2016)
at My, ~ —4.5, but the distribution is broader, extending towards
fainter and brighter magnitudes. The reason for this difference is
not clear, likely related to the different methods.

3.3.2 Mass-loss rates

In the six panels of Fig. 7 the linear, normalized density maps of
all the sources are plotted against the J — K colour. The different
classes of stars are contour lined with different styles.

The mass-loss rates derived for aAGBs are typically lower than
the ones of C-stars. The FIR sources are not located in a specific
place in the diagram and their position depends on J — K. The
separation between C- and X-stars occurs around log M ~ —6 at
J — K =~ 2. Stars with J — K 2 3 reach the largest mass-loss rates
of —4.6 S logM < —4.4, where the exact values depend on the
optical data set considered.

The mass-loss rates for the different classes of stars with R13
and HI1 are, respectively, the largest and the lowest derived
by our analysis. With R13 we obtain log M ~ —6.3 for aAGBs,
—6.2 S logM < —5.8 for C-stars and —5.6 S log M 5 —4.8 for
X-stars. For H11, aAGBs are located around log M=~ —6.8, C-stars
in the range —6.8 < log M S —6.3 and X-stars in the range —5.9 <
log M < —5.2. For R12, J1000, Z12 and J400 each class of stars
occupies approximately the same region in the plot. For these data
sets, aAGBs are concentrated around logM é —6.4, whilst most
of the C- and X-stars are located in the range —6.5 S log M < —6
and —5.8 < log M < —35, respectively.

The uncertainty affecting the mass-loss estimate is between ~10
and ~60 per cent for the least dust-rich stars and between ~20 and
~40 per cent for dust-enshrouded stars.

In Fig. 8 we plot the ratio of the mass-loss rates derived for R13
and H11, as a function of the J — K. As discussed before, these
two data sets yield the maximum and minimum typical values of
the mass-loss rates. The figure points out that the mass-loss rates of
the least dusty stars are typically between ~1.5 and 5 times larger
for R13, whilst, for the dustiest stars, the mass-loss rate is typically
a factor of &2 larger for R13. For few C-stars, not visible in the
density plot, the mass-loss rates derived with R13 can be up to
~7-8 times larger than the ones obtained with H11. Larger mass
losses for the R13 data set imply that a higher density than for H11
is needed to produce approximately the same dust extinction.
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Figure 7. Mass-loss rate as a function of the J — Kj colour derived from the SED fitting procedure for the different optical data sets. The linear normalized
density map from 0, light grey, to 1, black, includes all classes of stars. X- and FIR stars are overplotted with different colours and symbols listed in the legend.
C-, X- and aAGB stars are also contour plotted with different colours and line styles: dashed red for C-stars, solid black thick for X-stars and solid cyan thin

for aAGBs.
SRBRARARN AUy A U [ [ g In Fig. 9 the normalized distributions of mass-loss rates derived
6.5 F +  X-stars 4 for all the optical data sets are shown for both groups of C- and
6.0 ® FIR £ X-stars. These two classes of stars are compared to those of a
5.5 _ _ Galactic samples taken from the literature. Dust-enshrouded stars
5.0 _ ~ _ are taken from Groenewegen et al. (2002), while optically bright
as E \ E C-stars are from Schoier & Olofsson (2001). The most dusty stars
= in our Galaxy share comparable distributions with X-stars in the
2:: 40 _ ° _ SMC, especially for R13 and J400 data sets, even though the peak
= 35 3 2 E of the SMC distribution is shifted to lower values of the mass-
.§ 30p R °. E loss rates. Optically bright C-stars in the SMC are characterized
25 F ° : E by somewhat larger mass-loss rates compared to the Galactic ones,
20 F ° . E whose distribution is broader and extends down to lower values.
15 _ N ! . L _ The only exception is represented by H11, for which the mass-loss
10k - - - - - & = e o __1 distribution of C-stars in the SMC is similar to the one of optically
o5 E - E bright Galactic sources.
0.0 E.........I.........I.........I.........I.........I.........I.E
0 ! 2 3 4 > 6 3.3.3 Gas-to-dust ratios
J—Ks

We consistently derived the values of the gas-to-dust ratio (equa-
tions 9, 11 and 12) and the associated uncertainties for the fitted
stars.

In Fig. 10 we show the gas-to-dust ratios as a function of the
mass-loss rate for all the optical data sets. The value of W4, can
differ considerably from the constant value of 200 usually adopted

Figure 8. Ratios between the mass-loss rates derived for R13 and H11 data
sets as a function of J — K colour. The colour code for the different classes
of stars is the same as in Fig. 7. The blue dashed line indicates a constant
ratio, =1, corresponding to the same mass-loss rate for the two data sets.
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Figure 9. For each chart, upper panel, the normalized distribution of mass-loss rates for the stars in the SMC (shaded histogram) is compared to that of a
volume-limited sample of Galactic optically bright C-stars from Schoier & Olofsson (2001) (white histogram). In the lower panel of each chart, X-stars in the
SMC are compared to a sample of Galactic highly obscured C-stars (Groenewegen et al. 2002).

(Groenewegen 2006; Groenewegen et al. 2007, 2009; Boyer
et al. 2012; Gullieuszik et al. 2012; Srinivasan et al. 2016). In
fact, Wq,s spans a large range of values, especially for the sources
with log M < —6. The value of the mass-loss rate log(M) ~ —6
(J — K = 2) roughly corresponds to the separation between C- and
X-stars, appearing around W g, & 800-2000, depending on the op-
tical data set. For log M é —6, W4, increases steeply as a function
of the mass-loss rate with progressively less dust in CSEs. Stars
with log M % —6 form dust more efficiently in their CSEs. This
result indicates that dust condensation is more efficient in denser
environments, which correspond to larger values of the mass-loss
rate. Furthermore, the dependence between W 4,5 and the mass-loss
rate is much milder than for log M g —6 and W4, tends to satu-
rate. Most of X-stars have gas-to-dust ratios of 800 < W, < 2000,
depending on the selected opacity. The quantity W, for X-stars
derived with R12 and J400 is less scattered than the other data sets.
The lowest value of Wy, also depends on the opacity adopted, but
it is usually no lower than ~500, with only few exceptional stars. In
any case, W g 1 never as low as the value of 200, usually assumed
in the literature.

The predicted values of Wy, of aAGBs are much larger than the
ones of C- and X-stars, as also expected from the analysis performed
by Boyer et al. (2011). Anomalous AGBs are in fact expected to be
very inefficient dust producers. On the other hand, FIR sources are
not placed in specific regions of the plots.
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The uncertainty associated with the gas-to-dust ratio is larger
for the least dusty stars, usually between =20 and ~80 per cent,
whilst it is between ~30 and ~40 per cent for the dustiest sources.
The largest uncertainty in the gas-to-dust ratio for the least dust-
enshrouded stars is not surprising, since large values of the gas-
to-dust ratio are always expected to correspond to almost dust-
free spectra, which yield equally good fits for almost dust-free
stars.

In Fig. 11 we show the ratio between W4, obtained with R13
and R12. These data sets yield among the most different values of
W 45, €specially for the dustiest stars. For the least dusty stars, the
gas-to-dust ratio for R13 is between 1.2 and 2.8 times larger than
the one obtained with R12. For some sources, not visible in the
density plot, W4, is up to &7 times larger for R13. For X-stars,
the W4, of R13 is usually between ~40 and ~90 per cent larger
than the one of R12. This result implies that dust condensation is
expected to be more efficient if the type of dust formed has optical
constant similar to R12 rather than R13.

The spread in the values of Wy, predicted by our analysis is also
found in the most updated grid of dynamical models by Eriksson
et al. (2014), in which the value of W4, can vary by a factor of 30,
with 330 < Wy, < 10000. The value of W, is expected to be
related to the carbon excess, with lower W, for larger values of the
carbon excess (Mattsson, Wahlin & Hofner 2010; Nanni et al. 2013;
Eriksson et al. 2014). This result again shows that a unique value
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Figure 10. Gas-to-dust ratio as a function of the mass-loss rate for all the optical data sets of carbon dust. The colour code for the different classes of stars is
the same as in Fig. 7.

[ 1 MAAARRRR I T T [T ing of Wy, for all the C-rich sources might not be a realistic choice, as
28 . . +  X-stars also noticed by Eriksson et al. (2014).
26 | , v . | @ FIR i
2.4 | o, - . ) -
22 b 1 3.3.4 Dust chemistry
. i': : The growth of all the dust species included in our model (amor-
= f phous carbon, SiC and metallic iron) is followed with equation (5).
% i'i 5 Since the growth rate of a certain dust species is proportional to
= F the number density of the dust-forming molecules in the CSEs, we
=o12r expect the mass fraction of SiC and iron to be dependent on the
il i .. . i starting abundance of Si and Fe atoms, respectively, on the density
08I ’ ] of the outflow, determined through the mass-loss rate and the veloc-
0.6 - . ] ity (equation 8), and on formation sequence of the dust species. The
0.4 B abundances of Si and Fe depend on the metallicity of the SMC. On
02 ] the other hand, the formation of carbon dust is, in many cases, able
0.0 o 1 """"" ; """"" ; """"" :‘ """"" ; """"" é' to accelerate the outflow and to reduce the density. The condensa-
T—Ks tion sequence of dust in our model, usually predicts SiC to form
first, before that the outflow acceleration, followed by amorphous
Figure 11. Ratios between the values of Wqys derived for R13 and R12 carbon and iron. This latter dust species is formed after that the
data sets as a function of J — K colour. The colour code for the different outflow is accelerated, when this process occurs. Similarly to the

classes of stars is the same as in Fig. 7. The blue dashed line indicates a
constant ratio, =1, corresponding to the same value of W g, rate for the two
data sets.

amorphous carbon dust, the final grain sizes of SiC and iron are also
dependent on the seed particle abundance.

In Fig. 12 the mass fractions of SiC over the total dust produced
are plotted against J — K for R12 data set. The trend found is not
much dependent on the adopted set of optical constants. This figure
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Figure 12. SiC mass fraction as a function of J — K derived with R12
optical data set. The colour code for the different classes of stars is the same
as in Fig. 7.

highlights a trend between the SiC mass fraction and J — K for
X-stars, which saturates around J — K & 3 and never becomes larger
than ~10 per cent. This trend suggests that more SiC is formed in
denser environments, since larger values of J — K correspond to
larger mass-loss rates. In fact, since SiC forms before carbon dust,
this dust component forms before the onset of the dust-driven wind
and more condensation is expected for larger densities. On the other
hand, the mass fraction of SiC is limited by the initial abundance of
Si, dependent on the metallicity. As a consequence, an upper value
of the SiC mass fraction is attained around J — K &~ 3. For less dust-
rich stars, a reversed trend between the SiC mass fraction and J — K
is visible. However, since the values are always below &1 per cent
the trend is not well defined. The uncertainty associated with the
SiC mass fraction can be large even for dust-enshrouded stars. For
J — K, ~ 3 the uncertainty is between 220 and ~100 per cent and
it decreases with J — K, down to 230 per cent.

We do not find a clear trend between the iron dust mass fraction
with the J — K, colour, and its fraction is always below 1 per cent for
all the classes of stars. The low amount of iron dust is an expected
result, since this dust species is formed later than amorphous carbon
when to the outflow density decreases following the accelerated
expansion.

3.3.5 Grain sizes

In Fig. 13 we plot the size of carbon grains obtained for the sources
fitted with R13 against J — K for the different classes of stars. Stars
with increasing dust content attain larger grain sizes. For R13 data
set, amC dust grains in CSEs of aAGBs are usually around 0.03 <
dame < 0.04 um. On the other hand, the bulk of C- and X-stars are
fitted with models with final grain sizes in the range 0.06 < aymc <
0.1 and 0.11 < ayme < 0.14 pm, respectively. The maximum grain
size is attained for the reddest X-stars and is around ~0.16 pum.

As discussed in Nanni et al. (2016), the final grain size is mostly
dependent on the choice of the seed particle abundance and is ex-
pected to roughly follow the relation

a; o« ()3, 21

where € is the adjustable parameter of equation (1). The grain sizes
are therefore expected to be a factor of ~2 smaller than the ones of

0.18

0.16

0.14

0.12

0.10

Aamc [pm]

0.08

0.06
L [} .

0.04 |- 4
‘ - X-stars
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0 1 2 3 4 5 6
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Figure 13. Size of carbon grains as a function of the J/ — K colour derived
for R13 optical data set. The colour code for the different classes of stars is
the same as in Fig. 7.
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Figure 14. Ratios between the grain sizes obtained with R13 and the ones
derived from H11 and R12 as a function of the J — K colour. The colour
code for the different classes of stars is the same as in Fig. 7.

R13,iflog(e5) = —12 (R12, Z12, J400, J1000), and ~4.6 smaller,
if log (e;) = —11 (H11). In Fig. 14 we show the ratios between the
grain sizes obtained with R13 and the ones derived from H11 and
R12, as a function of J — K. From the figure we conclude that
the expected scaling factors between the grain sizes are roughly
recovered.

The final grain sizes obtained from our models are clearly dif-
ferent between the various classes of stars and can be also very
different from the value of a,c ~ 0.1 pm usually adopted in the
literature.

For all the optical data sets considered, the uncertainty associated
with the size of carbon grains is usually below few per cents and
anyway within ~30 per cent, for the least dust-enshrouded stars,
while is always around 3—4 per cent for the reddest stars.

The trend of SiC grain size as a function of J — K is qualitatively
similar to the one recovered for carbon dust, but the final size of
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Figure 15. Expansion velocity as a function of the mass-loss rate for all the optical data sets of carbon dust. The colour code for the different classes of stars

is the same as in Fig. 7.

SiC grains is always <0.04 um. The reason for this low value of
the grain size is that SiC is limited by the silicon abundance. The
uncertainty associated with the SiC grain size is typically between
~10 and ~40percent for the least dust-enshrouded stars and it
decreases for the dustiest stars, down to 215 per cent.

3.3.6 Expansion velocities

In this section we discuss the expansion velocities obtained by our
SED fitting procedure.

In Fig. 15 the expansion velocities against the mass-loss rates
are plotted for all the optical data sets. Only the stars for which the
outflow is accelerated (vey, > Skm s~1) are shown.

For all the data sets, the expansion velocity increases with the
mass-loss rate for C-stars and it flattens for X-stars attaining a
maximum value around —5.7 < M S —5.6. The scatter of the ve-
locities of X-stars is always large. Because of the low amount of
dust produced in their CSEs, few aAGBs are accelerated through
dust-driven wind, but only for H11, J1000 and J400. FIR sources
show different velocities that are related to the dust content in their
CSEs. The dust-driven wind is sustained for different minimum
values of the mass-loss rate for the different optical data sets.

The trends of the expansion velocity and the density distributions
of the stars are similar for J1000, Z12 and J400. Among these
data sets, the scatter of the velocities of X-stars obtained with J400

is the largest. The bulk of C-stars shows velocities of 11 < vexp
< 19kms™! and mass-loss rates —6.5 log(M) < —6. For mass-
loss rates lower than 10g(M) < —6.5 (S—6.7 for J400) the outflow
is not efficiently accelerated. Most of X-stars show velocities in the
range 15 < vep, S 21kms™! for J1000 and Z12 and 13 < vy
< 21kms~! for J400 with —6 S log(M) 5 —5. Only few, heavily
mass-losing stars, exhibit velocities up to vey, A~ 30km sl

For R12 data set, the velocities of C-stars are similar to J1000, 212
and J400, but the bulk of these stars shows larger mass-loss rates
-6.2 5 log(M) < —5.8. The mass-loss required for accelerating
the outflow is also slightly larger with respect to the ones previously
discussed. On the other hand, X-stars reach slightly lower expansion
velocities, usually below ~20 km s~ for —6 < log(M) < —5. Only
few sources reach larger velocities, vey, & 27 kms™.

The velocities obtained with R13 are the lowest. For this data
sets, the velocities of most of the C-stars are in the range 10 < Vexp
< 16kms™! with —6 < log(M) < —5.8. The minimum mass-loss
rate for the wind acceleration is log(M) =~ —6.2. The majority of
X-stars show velocities in the range 11 < vexp S 17kms™'. Only
few X-stars, with the largest mass-loss rates, attain velocities up to
25 < Vexp S 27kms™L

The velocities derived with H11 are 12 < veyp S 24km s~! for
most of the C-stars and are concentrated in a range of mass-loss rates
broader than the ones of the other data sets, —6.7 5 log(M) < —6.
The outflow acceleration starts to be efficient at log(M ) S —6.9.
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Figure 16. Expansion velocity as a function of the mass-loss rate of car-
bon stars in our Galaxy derived by different authors (Schoier & Olofs-
son 2001; Groenewegen et al. 2002; Ramstedt & Olofsson 2014; Danilovich
et al. 2015; Groenewegen et al. 2016, table 4), and in the LMC (Groenewe-
gen et al. 2016), represented with different colours and symbols listed in
the legend. Stars named as ‘Galactic extreme’ are taken from table 4 of
Groenewegen et al. (2016).

The velocities of X-stars are the largest obtained and are concen-
trated around 19 < vey, < 26kms™'. The maximum expansion
velocity attained (for few sources) is up to ~30-35kms~!.

The uncertainty associated with the expansion velocity is usually
between ~10 and ~70 per cent for the least dusty stars, and between
~30 and ~40 per cent for most of the dustiest sources.

The panels of Fig. 15 are compared with observations, shown in
Fig. 16. In this figure, the expansion velocities are plotted against
the mass-loss rate derived from observations in our Galaxy (Schoier
& Olofsson 2001; Groenewegen et al. 2002; Ramstedt & Olofs-
son 2014; Danilovich et al. 2015; Groenewegen et al. 2016, table 4,
and references therein), and in the Large Magellanic Cloud (LMC;
Groenewegen et al. 2016). The two samples in Groenewegen et al.
(2002) and Groenewegen et al. (2016, table 4) are IR luminous, dust-
rich sources. In particular, the stars in the sample in Groenewegen
et al. (2016, table 4) have been named as ‘Galactic extreme’, as also
reported in the figure. By comparing Figs 15 and 16, we can see
that the trend between vy, and M derived for carbon stars in the
SMC is quite similar to the one observed for Galactic sources.

The observed velocities of Galactic stars exhibit quite a large
scatter, especially at the largest mass-loss rates. This effect is also
predicted by our analysis for the SMC carbon stars. In the range
of mass-loss rates —7 S log M < —6.5 the stars observed in our
Galaxy already show expansion velocities of 6 < vy, < 10kms™!.
Similar velocities in the same range of mass-loss rates are only
obtained for H11 in the SMC. Most of the Galactic stars exhibit
velocities around 10 S veyp S 20km s~! for mass-loss rates of
—-55%5 log M < —4.5. These values are also attained by SMC
stars in a similar range of mass loss, with the exclusion of R13 data
set, for which lower velocities are predicted. In the same range of
mass-loss rates, some Galactic stars reach velocities in the range
20 < vexp < 25kms™!, which are only achieved by SMC sources
fitted with H11. The largest velocities observed for Galactic stars,
Vexp A2 40-45 km s~!, are never attained for the SMC stars.

Excluding the Galactic stars with vexp > 25km s~! and the ones
with —7 S log M < —6.5, the observed velocities of C-rich stars

in our Galaxy are in general comparable to the ones derived for
the SMC. This finding indicates that there is not a large difference
in the predicted velocities of carbon stars for different metallicity.
Our result is in line with the analysis performed by means of hy-
drodynamical simulations by Mattsson et al. (2010) and Eriksson
etal. (2014). These authors concluded that the carbon excess, rather
than metallicity, is one of the key parameters that determines the
properties of the dust-driven wind of carbon stars. In particular, the
expansion velocities predicted by theoretical models is expected
to be dependent on the choice of the carbon excess, with larger
expansion velocities for larger values of carbon excess.

In Fig. 17 we plot the expansion velocities (vex, > 5km sHasa
function of the luminosity. For comparison, we show the expansion
velocities obtained from the scaling relation in equation (18) (black
squares), adopted in Boyer et al. (2012) and by Srinivasan et al.
(2016) with the assumption vey, = 10km s~ for L = 30000 Lo
and W4, = 200. The expansion velocity correlates with the lu-
minosity, as predicted by the theory of dust-driven wind (Elitzur
& Ivezi¢ 2001; Ivezi¢ & Elitzur 2010). For all the data sets, the
outflow acceleration occurs at about the same value of the lumi-
nosity, L ~ 2000 L. The linear trend between the velocity and
luminosity is particularly evident for the dustiest stars, which reach
their maximum expansion velocity for the largest luminosity, L &~
25000Lp.

In Fig. 18 we plot the observed velocities as a function of the
luminosity for the same Galactic and LMC samples of Fig. 16. By
comparing Figs 17 and 18 we can immediately see that the trend
between the velocity and luminosity for the SMC stars is similar to
the one observed for Galactic stars. Some of the observed Galactic
sources have 2 < vexp, S 10kms™! just above 2000 L (Schoier &
Olofsson 2001). This result is usually in line with the one obtained
for SMC stars. Around L = 6000 L, the observed velocities of
Galactic stars are 6 < vexp < 18kms™!. These values are similar to
the ones of SMC stars for all the data sets. The bulk of the Galactic
stars with the largest velocities is around 8000 < L < 9000Lg.
At these luminosities the velocities attained by SMC stars are in
the range 20 < vexp < 25kms™, similarly to most of the Galactic
stars. Lower velocities are expected by adopting R13, whilst by
employing H11 the velocities are up to vy, & 28 kms™'. Velocities
UP 10 Vexp A~ 40-45km s™! are reached for some of the Galactic stars
at 8000 < L < 10000L, whereas the maximum value reached
by our models is vey, ~ 39kms™! for higher luminosities L ~
25000 L and only with HI11.

We again find that the dynamical properties of SMC carbon stars
are in general comparable to the ones of Galactic sources and they
are not significantly related to the initial metallicity.

In Fig. 19 we plot the average velocities of the stars as a function
of the luminosity, colour coded with log W 4,5 for R12 data set. The
results for a selected value of W4, & 800 are also overplotted. The
general trends recovered are analogue for different data sets. For
a given luminosity, larger velocities are found at increasing dust
content, corresponding to lower values of Wy, as also assumed
in equation (18) and predicted by the wind theory. However, for
the plotted value of Wy, = 800 and for a given luminosity, the
scatter of the velocities is up to ~7-8 kms~!. The predicted spread
is expected since other quantities, such as the Ty, Terr and M,
change among the plotted sources, affecting the velocities (Elitzur
& Tvezic¢ 2001; Ivezi¢ & Elitzur 2010). A clear trend between veyp
and W 4, is highlighted if the variation in W 4, spans a large range
of values, which is more than one order of magnitude in Fig. 19.

In the upper panel of Fig. 20 we plot the ratios between
the velocities obtained with R13 and the value adopted in
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Figure 17. Expansion velocity as a function of the stellar luminosity for all the optical data sets of carbon dust. For comparison, the expansion velocities
derived from the scaling relation in equation (18), as in Boyer et al. (2012) and Srinivasan et al. (2016), are also plotted with full black squares (see text for
more details). The colour code for the different classes of stars is the same as in Fig. 7.
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Figure 18. Expansion velocity as a function of the luminosity for the same 10

observations of Galactic and LMC carbon-rich sources shown in Fig. 16.
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Figure 19. Expansion velocity as a function of luminosity colour coded for
the value of W 4, derived for R12 data set. The stars with W4, ~ 800 are

overplotted (magenta triangles).
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Figure 20. Upper panel: ratio between the velocities obtained from the
SED fitting procedure by employing R13 data set, and vexp = 10 km s7!,as
assumed by Groenewegen et al. (2009), as a function of the J — K colour.
Lower panel: the same as in the upper panel, but selecting the results for
712 data set and computing vexp for all the stars by employing the scaling
relation in equation (18), as assumed by Boyer et al. (2012) and Srinivasan
et al. (2016). The different classes of stars are plotted with the same colour
code as in Fig. 7.

Groenewegen et al. (2009) as a function of J — K. We select for
the comparison our R13 data set, since Groenewegen et al. (2009)
adopted Rouleau & Martin (1991) in their calculations, assuming
that all grains have size of a ~ 0.1 um. The optical properties in
Groenewegen et al. (2009) are calculated for a continuous distri-
bution of hollow spheres and not for simple spherical grains (Mie
theory). The velocities we predict for the least dust-rich stars are
typically less than one half of the assumed value of 10kms~!. For
these stars the dust-driven wind is expected to be inefficient with
R13. On the other hand, the typical velocities of the dustiest stars
are between ~1.1 and 1.7 times larger than the assumed ones.

In the lower panel of Fig. 20, the expansion velocities obtained
for Z12 are compared with the one assumed by Srinivasan et al.
(2016) who adopted the ACAR data set by Zubko et al. (1996) with
typical spherical grain size of a & 0.1 um. Similarly to the upper

plot, the bulk of the dust-poor stars is not efficiently accelerated and
shows velocities lower than the assumed ones. On the other hand,
the predicted velocities of the most dust-rich sources are between
~1.9 and 2.7 times larger than the assumed ones.

3.3.7 Carbon excess

On the basis of the analysis presented we do not find a clear trend
between the value of the carbon excess and J — K. This can be
explained by the small dependence usually found between 7, and
the carbon excess compared to other stellar parameters, as the mass-
loss rate, as shown in the Section 3.1. As a consequence, the carbon
excess is not well constrained and the values considered in our grids
are almost equally probable for the majority of the sources for all
the data sets considered. Different combinations of the mass-loss
rates and carbon excess produce a valid fit of the selected source. In
particular, for larger values of the mass-loss rate, the corresponding
carbon excess increases, whilst for lower values of the mass-loss
rate the carbon excess decreases. Such a result suggests that there
is a degeneracy between the mass-loss rate and the carbon excess.

3.3.8 Current stellar mass

As well known, the current stellar mass has a minor effect on the
emerging stellar spectra. For this reason, we are unable to constrain
the current stellar mass by our analysis similarly to what we find
for the carbon excess. A better constrain on the current stellar mass
might be provided from independent observational determination
of the expansion velocities and mass-loss rates of carbon stars in
the SMC.

3.4 Dust production rates

We here discuss the DPRs derived for the different optical data sets
selected for carbon dust. Our DPRs are shown for the various dust
species formed (amC, SiC and iron) and for the different classes of
stars, photometrically classified. For aAGBs, we report only half of
the DPRs derived from the fitted sources, since about half of the
aAGBs are carbon rich (Boyer et al. 2015). Our DPRs are compared
with the ones found in the literature.

3.4.1 DPRs for the different dust species

The DPRs for the different dust species and optical data sets for
carbon dust are listed in Table 5. For all the optical data sets, the
total amount of dust produced is dominated by carbon dust for all
the type of stars. The amount of iron dust is low and very uncertain.
The smallest uncertainty in the iron dust production is found for
the most dust-poor stars and it is between 250 and 72 per cent de-
pending on the optical data set. The total amount of SiC condensed
is as well rather uncertain for the most dust-poor stars. The low-
est uncertainties are between ~33 and &56 per cent, depending on
the data set, for X-stars and FIR. The large uncertainties affecting
the amount of SiC and iron dust is not surprising since these dust
species are affecting the SED of carbon-rich stars less than carbon
dust. Moreover, as discussed in Section 3.3.3, a larger uncertainty
in the gas-to-dust ratio is expected for the least dusty stars, for
which we expect a larger degeneracy in the parameters producing a
spectrum that is almost dust-free.

Most of the SiC is produced in CSEs of X-stars. The total amount
of SiC can vary up to a factor of ~2.7 for the different optical data
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Table 5. DPRs in M, yr~! divided by dust type and stellar classes. The DPRs listed are computed for
the different combinations of optical data sets selected.

SiC

Iron

Carbon
RI13
C-stars (5.37 £ 0.78) x 1077
X-stars (2.72 4 0.82) x 107
aAGB (6.8 +£3.4) x 107°
FIR (6.8+2.9) x 1078
Total (3.34 £ 0.93) x 107°©
Mass fraction ~96 per cent
RI2
C-stars 6.7 +1.1) x 1077
X-stars (2.98 +£0.97) x 107¢
aAGB (74 +£3.7) x 107°
FIR (6.8£29) x 1078
Total 3.7+1.1)x 107°

Mass fraction

~95 per cent

J1000

C-stars (2.57 £ 0.50) x 1077
X-stars (1.30 + 0.37) x 107©
aAGB 24+13)x107°
FIR 29+12)x 1078
Total (1.58 £0.44) x 1076
Mass fraction ~94 per cent

J400

C-stars 49+13)x 1077
X-stars 32+1.1)x 107
aAGB 4.5+28) x 107°
FIR (7.0£3.1) x 1078
Total (3.8+1.2) x 107°

Mass fraction

~93 per cent

712
C-stars (3.30 £ 0.62 x 1077
X-stars (1.83 +0.54) x 107©
aAGB 33+1.7) x107°
FIR 44+1.7) x 1078
Total (220 £0.63) x 107°
Mass fraction ~94 per cent

H11

C-stars (349 +0.81) x 1077
X-stars (1.72 £ 0.51) x 10~°©
aAGB 2.8 +1.5) x 107°
FIR 3.7+15) x 1078
Total (2.11 £0.61) x 107¢

Mass fraction

~92 per cent

(1.13 + 0.86) x 10~°
(1.47 £ 0.70) x 1077
(3.1 £2.6) x 1071
4.9 +£2.7) x 107°
(1.53 £ 0.73) x 1077
~4 per cent

23+1.5) x107°
(2.03 £0.86) x 108
4.5+33)x 1071
(6.3 £2.5) x 107°
(2.12 £ 0.90) x 1077
~5 per cent

9.0+ 6.3) x 10710
(9.6 +43)x 1078
(1.7+13) x 10711
27+15)x 107
(1.00 £ 0.45) x 1077
~6 per cent

(15+13)x 107
2.6+ 1.0) x 1077
(1.8+1.5) x 1071
(72429 x 107
27£1.1) x 1077
A7 per cent

(1.0 £ 0.76) x 107°
(1424 0.62) x 1077
(2.1 £1.6) x 10711
(44 +£2.0) x 107°
(1.47 £ 0.65) x 1077
~6 per cent

27+15) x 107
(1.65 £ 0.58) x 1077
(2.8 £1.8) x 107!
42+ 14) x 107
(1.72 £ 0.61) x 1077
~8 per cent

(6.4 +4.2) x 107
(3.143.3) x 10710
(47+33)x 10712
23+24)x 1071
(4.0+4.0)x 10710

(1.62 £0.92) x 107!
22425 %x107°
(93 +5.8) x 10712
(1.942.1) x 10710
(25+28) x 107°

(5.8+3.4) x 107!
(214 1.7) x 10710
(42427) x 10712
(1.22 £0.96) x 107!
(2.8+22) x 10710

(6.5+4.6) x 107!
43+44)%x107°
(4.8+32) x 10712
(32+33)x 10710
(4.7+48)x 107

(6243.9) x 107
39+37) x 10710
(5243.1) x 10712
29+2.6) x 1071
(4.8 +4.4)x 10710

(123 £0.72) x 10710
(124 1.1) x 107°
(1.0 +£0.51) x 107!
(8.447.5) x 107!
(14+13)x 107°

sets (see J1000 and J400). The SiC mass fraction over the total is
between &4 and ~§ per cent (see R13 and H11). On the other hand,
the total iron dust produced is always negligible.

3.4.2 Contribution of the different classes of stars to the total DPR

In Table 6 the values of the DPRs are shown for the different classes
of stars. As far as aAGBs are concerned, we list as final DPR half
of the total amount obtained from our analysis, since, as discussed
by Boyer et al. (2015), only about half of the aAGBs are expected
to be C-rich.

The largest contribution to the total DPR is always provided by
X-stars (*282-87 per cent) and the remaining DPR is mainly due to
C-stars. In fact, aAGBs always yield a very small amount of dust
with respect to the total (=0.1 per cent). The DPR of the FIR sources
is usually larger than the one of all the aAGB stars, even though
the value is rather uncertain. The DPR of FIR is only &2 per cent
of the DPRs of all the other sources. However, the amount of dust
produced by the FIR is surprisingly large if compared with the one
of aAGBs, since FIR are only 11, while aAGBs are ~550. The
average DPR of FIR is about ~3-7 x 10~ Mg yr~!, depending
on the optical data set. This value is close to the one of X-stars and
is typically ~20 times larger than the one of C-star. On the other
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Table 6. Total and average DPRs in M, yr~! computed for the different combinations of optical data sets selected and listed for the different classes of stars.

Other DPRs found in the literature are also shown.

C-stars X-stars aAGB FIR Total (no FIR)
This work
Number of stars 1715 339 1092 11 -
RI13 (5.38 +0.79) x 1077 (2.87 +0.89) x 107°¢ (6.9+3.4)x107° (73+32)x 1078 (3.42+£0.98) x 107¢
RI2 6.7+ 1.1) x 1077 32+ 1.1)x 107 (74437 x 1070 (744+32)x 1078 39+12)x10°°
J1000 (2.57 +0.50) x 1077 (1.39 4+ 0.42) x 107°¢ 24+13)x107° 32+13)x 1078 (1.65 £ 0.47) x 10~¢
1400 (5.0£1.3) x 1077 (3.5+£1.2)x107° (454+28) x 107 (7.84+3.4) x 1078 (4.0£1.3) x 107
712 (3.31 £ 0.63) x 1077 (1.97 £ 0.61) x 107°© 33+1.7) x107° 49+1.9) x 1078 (2.30 £ 0.67) x 107¢
Hil (3.52+£0.82) x 1077 (1.89 £0.57) x 1076 28+ 1.5)x 107 (424+1.6)x 1078 (2.24 £0.66) x 10°¢
Srinivasan et al. (2016)
Number of stars 1652 337 - - -

~1.2 x 1077 ~6.8 x 1077 - - ~8.0 x 1077
Boyer et al. (2012)
Number of stars 1559 313 - - —

~1.2 x 1077 ~6.3 x 1077 - - ~7.5 x 1077
Matsuura et al. (2013) - - - - ~4 x 1070

hand, the average DPR of aAGBs is typically ~10~"' M yr~! or
less.

3.4.3 Total DPRs for the different optical data sets and compared
with the literature

The total DPRs obtained for different optical data sets are shown
in Table 6 together with other results found in the literature. De-
pending on the optical data set, we find that the first ~250 most
dust-producing stars provide the ~80 percent of the total DPR.
The two most extreme values of the DPRs are obtained for J1000
(*1.65 x 107° Mg yr™') and J400 (4.0 x 107 Mg yr"), re-
spectively. The variation between these two values is of a factor of
~2.4.

For all the optical data sets, the typical uncertainty of the total
dust production is around 30 per cent. Since the uncertainties were
estimated by analysing the variation of the photometry due to a
random variation within the photometric error, we conclude that
the precision of the photometry allows for a determination of the
total DPR that is typically no better than ~30 per cent. Within the
estimated uncertainties, the DPRs for the different data sets are
compatible except for the one computed with J1000.

We compare the results of our investigations with others in the
literature. In the works by Boyer et al. (2012) and Srinivasan et al.
(2016) the optical data set adopted for the SED fitting procedure
is the ACAR sample by Zubko et al. (1996). Differently from our
approach, a grain size distribution is assumed, with a typical grain
size of @ & 0.1 um. The grains are also assumed to be spherical. The
most natural comparison between Boyer et al. (2012), Srinivasan
et al. (2016) and our work is with Z12 (see Table 1). Our DPRs
can only be compared with the DPRs of Boyer et al. (2012) and
Srinivasan et al. (2016) computed for C- and X-stars. In fact, in
Boyer et al. (2012) and Srinivasan et al. (2016) a fraction of aAGBs
and FIR sources are treated as O-rich and the DPR is computed for
the complete sample including C- and O-rich stars. For this reason,
the value of the DPRs of aAGBs and FIR for Boyer et al. (2012)
and Srinivasan et al. (2016) is not listed in Table 6.

From Table 6 we can appreciate that the DPRs computed by
Boyer et al. (2012) and Srinivasan et al. (2016) are &3 times lower
than Z12 for both C- and X-stars. The average DPRs computed for
Z12 are also in line this result. By employing Z12, our average DPR
for C-stars is ~1.9 x 1071 Mg yr~!, to be compared with Boyer

et al. (2012), ~7.8 x 107! Mgp yr~!, and with Srinivasan et al.
(2016), ~7.1 x 107" M@ yr~'. On the other hand, the average
DPR of X-stars with Z12 is ~5.8 x 107° Mo yr~!, which is again
almost three times larger than the one derived by Boyer et al. (2012)
and Srinivasan et al. (2016), 2.0 x 107 Mg yr~'. Furthermore,
the DPRs of Boyer et al. (2012) and Srinivasan et al. (2016) are
about ~5 times lower than the largest DPR obtained employing our
grid of models (J400). Our lowest DPR, obtained with J1000, is still
a factor of ~2 larger than the ones estimated by Boyer et al. (2012)
and Srinivasan et al. (2016).

The differences between our DPRs and the ones derived by Boyer
etal. (2012) and Srinivasan et al. (2016) for comparable dust opaci-
ties are dependent on several factors. First of all, as shown in Fig. 17
and in the lower panel of Fig. 20 there are considerable differences
in the expansion velocities, up to a factor of 3 for the most dust-
enshrouded X-stars. The final velocity affects the estimate of the
dust mass-loss rate as can be seen from equation (17). The possible
differences arising as consequence of different assumptions on the
expansion velocity, were already pointed out by Srinivasan et al.
(2016) when comparing their results with the ones by Matsuura
et al. (2013). In addition to that, we do not expect to obtain the
same condensation radius, R., from our model and from the fitting
procedure by Srinivasan et al. (2016). Moreover, as shown in Sec-
tion 3.3.5 carbon stars fitted with our models can yield grain size
quite different from the standard assumption of 0.1 pm, which also
affects the absorption, scattering and extinction properties of dust
grains.

On the other hand, Matsuura et al. (2013) estimated the total
DPR for carbon-rich stars basing their analysis on the work by
Groenewegen et al. (2009). In Groenewegen et al. (2009), the opti-
cal data set selected for carbon dust is the one by Rouleau & Martin
(1991). A single value of the grain size of 0.1 pm is also adopted. In
Groenewegen et al. (2009) the optical properties of dust grains are
not calculated for spherical grains, but for a continuous distribution
of hollow spheres. This choice accounts more consistently for the
possible porosity of dust grains, which is not taken into account
assuming spherical grains. The most natural choice is then to com-
pare the total DPR derived by Matsuura et al. (2013) with R13, even
though we employ spherical grains, for which the optical proper-
ties are calculated with the Mie theory. The total DPR estimated
by Matsuura et al. (2013) is in fair agreement with both R13 and
R12 within the uncertainty. The DPR of Matsuura et al. (2013) is
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however ~2.4 times larger than the lowest value predicted by our
analysis (J1000). Furthermore, we never obtain a DPR larger than
the one of Matsuura et al. (2013) for any of the data sets considered.

4 SUMMARY AND CONCLUSIONS

In this work we provide physically grounded dusty models and
spectra suitable to fit the photometry of the C-rich TP-AGB stars
of the SMC. We perform such an investigation for some selected
choices of optical data sets for carbon dust and seed particle abun-
dances that have been shown to well reproduce simultaneously
most of the CCDs in the SMC (Nanni et al. 2016). From the SED
fitting procedure we are able to consistently derive some impor-
tant dust properties and stellar quantities, such as bolometric lu-
minosities, mass-loss rates, gas-to-dust ratios, outflow expansion
velocities and the dust grain sizes. These results may be helpfully
employed to test the predictions of stellar evolution models (Marigo
et al. 2013, 2016) and synthetic stellar populations including AGB
stars (Marigo et al. 2017).
We here summarize the main results.

(i) Luminosities. We find that the luminosities are well con-
strained by the SED fitting procedure. Our luminosity function
is in excellent agreement with the one derived by Srinivasan et al.
(2016). The position of the peak is around M,, ~ —4.5, in good
agreement with the results obtained from the catalogue by Rebeirot
et al. (1993).

(ii) Mass-loss rates. C- and X-stars are separated in term of mass-
loss rates around log M ~ —6, which correspond to J — K, ~ 2.
Anomalous AGBs are always characterized by log M < —6 for all
the data sets considered. The mass-loss rates can vary up to a factor
of ~2 for different optical data sets for the most dust-enshrouded
X-stars and up to a factor of ~7-8 for C-stars, in the most extreme
cases. Our distribution of mass-loss rates for X-stars is similar in
terms of shape to the one derived from the observations of dust-
enshrouded Galactic stars by Groenewegen et al. (2002), especially
for R13 and J400 data sets. However, the position of the peak is
shifted to lower mass-loss rates for our distributions. On the other
hand, the distribution of C-stars is compared to the one derived
from the Galactic observations by Schoier & Olofsson (2001), for a
sample of optically bright carbon stars. Our distributions are more
peaked than the one of optically bright carbon stars with the peak
shifted to larger values of the mass-loss rate.

(iii) Gas-to-dust ratios. The majority of X-stars have gas-to-dust
ratios lower than C-stars. The value of W4, is never as low as the
value usually adopted in the literature (¥4, = 200). The range of
possible values of W 4, is quite large, with 500 < W 4, < 8002000
for X-stars, and W 4,5, = 800-2000 for C-stars. The large values of
V4. for aAGBs are consistent with a low amount of dust in the
CSEs of these stars, in agreement with Boyer et al. (2011). C- and
X-stars are separated around W4, ~ 800-2000, depending on the
optical data set for carbon dust. The gas-to-dust ratio obtained with
different optical constants can vary up to a factor of &~1.4-1.9 for the
dustiest stars, and up to &7, in the most extreme cases, for dust-poor
sources.

The large range of possible values of W 4,5 suggests that the choice
of a unique value for W 4,4, as usually assumed, might not in general
be suitable for all the C-rich stars, as also noticed by Eriksson et al.
(2014).

The gas-to-dust ratio anticorrelates with the mass-loss rates. Such a
trend suggests that the dust condensation efficiency increases with
the density in the CSEs. The relation between W g, and M is very

steep for log M S —6 and it tends to saturate for log M %, —6.
Indeed, for mass-loss rates larger than this threshold value, the
dependence between W g, and M is milder.

(iv) Grain sizes. For all the carbon dust optical data sets con-
sidered, larger grain sizes are predicted for redder stars. The most
important parameter affecting the final grain size is the seed parti-
cle abundance. The scaling relation between these two quantities is
Game < (€5)7173, as roughly recovered in our analysis.

(v) Outflow expansion velocity. The final velocity of the outflow
is dependent on the optical data set assumed for carbon dust and on
the seed particle abundance. Expansion velocities are expected to
increase as a function of the mass-loss rate and of the luminosity.
Above a certain value of M , which depends on the set of optical
constants, the outflow is accelerated. For M above this threshold, the
velocity increases with the mass-loss rate, attaining its maximum
value around —5.7 5 M S —5.6. Typical values of the maximum
velocity attained are in the range 20 < vey, < 25kms™!. However,
the predicted velocities for the dustiest stars show a large scatter.
The velocities of the stars analysed linearly scale with the stellar
luminosity and with the gas-to-dust ratio, as predicted by the wind
theory. For all the optical data sets, the outflow is accelerated above
L~2000Lg.

The velocities of the dustiest stars are typically ~1.9-2.7 times
larger than the ones adopted by Boyer et al. (2012) and Srini-
vasan et al. (2016), and ~1.1-1.7 times larger than the value of
Vexp = 10km s~!, assumed by Groenewegen et al. (2007).

The trends between vy, and M and between Vexp and L are in
general comparable to the ones observed for Galactic stars. This
result suggests that the dynamical properties of the outflow for
carbon stars are rather independent of the metallicity. Such a trend
is in agreement with the predictions of hydrodynamical calculations
according to which the critical parameter determining the outflow
expansion velocity is the carbon excess, rather than the metallicity
(Mattsson et al. 2010; Eriksson et al. 2014).

(vi) Other stellar quantities. Input stellar quantities such as the
carbon excess and the current stellar mass are not constrained by our
analysis. Some degeneracy is expected among some of our models.

From the SED fitting analysis we compute the DPRs of the se-
lected stars for the different optical data sets selected. We compare
the results with the ones of the literature. The main results are
summarized below.

(i) The bulk of the dust produced is made of solid carbon for all
the classes of stars. The amount of SiC dust can be up to ~8 per cent
of the total. The amount of metallic iron produced is always negli-
gible.

(ii) The total DPR is dominated by X-stars for which the con-
tribution to the dust budget in mass is ~85 per cent. The DPRs
obtained for different optical data sets of carbon dust are compara-
ble within the estimated uncertainties, except for J1000 data set for
which the DPR is lower. The variation of the total DPR computed
with different optical constants is up to a factor of ~2.4.

(iii) Our DPR is in good agreement with the one derived by
Matsuura et al. (2013) for comparable optical constants of carbon
dust. However, the DPR estimated by these authors can be up to a
factor of ~2.4 times larger than the the one derived by our analysis
(see J1000). On the other hand, none among our data sets yield a
DPR larger than the one by Matsuura et al. (2013).

The DPRs of Boyer et al. (2012) and Srinivasan et al. (2016) are
~3 times lower than the one we obtain for comparable optical
constants of carbon dust. Moreover, the largest and the lowest DPRs
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predicted by our analysis are, respectively, ~5 and ~2 times larger
than the ones by these authors. The difference found with these
works for similar optical data sets can be due to several factors.
For example, the predicted expansion velocities of our models are
larger than the ones they adopted. Part of the discrepancy could also
be ascribed to the assumptions related to the grain size distributions
and to differences in the condensation radii and dust temperatures.

Our grids of models including the spectra and other rel-
evant dust and stellar quantities are publicly available at
http://starkey.astro.unipd.it/web/guest/dustymodels.
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APPENDIX A: PHOTOMETRY SELECTION

We here discuss how the observed photometry is selected to perform
the SED fitting.

We visually inspected the SED of C-rich stars in the catalogue,
finding that in some cases the photometric points of the optical
bands (UBVI), and, more rarely, of some bands in the NIR cannot
be associated with the SED of an AGB star. Some examples in
which the optical photometry is at odd with the NIR bands, one
is shown in Fig. Al. The disagreement found between the optical
and NIR photometry can be due to a mismatch of the sources
in different catalogue or to the presence of a binary system. The
observed photometry in the visual bands that are not in agreement
with the NIR bands has been removed from our fitting procedure.
For one particular source (SSTISAGEMA J011219.72—735125.9),
plotted in the upper panel of Fig. A1, we also exclude the J and H
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10-13€ Aﬂl T T 3 Table Al. Optical/NIR photometry excluded for the SED fitting.
E A 3
L A 4 ] Name Optical/NIR bands excluded
-14
1077 3 SSTISAGEMA J002124.62—734450.1 VI
— C ] SSTISAGEMA J002358.52—733754.9 1
'8 i 1 SSTISAGEMA J002942.24—731911.1 U
3107k E SSTISAGEMA J003040.75—734245.1 BV
b SSTISAGEMA J003117.69—722726.0 U
g 3 1 SSTISAGEMA J003314.99—740211.7 U
.E, 1076 SSTISAGEMA J003346.13—724458.5 BV
i J-Ks ~ 1.5 SSTISAGEMA J003639.49—721626.6 BV
L ] SSTISAGEMA J003905.71—724716.3 B
10771 SSTISAGEMAJO11219.72-735125.9 4 SSTISAGEMA J004116.96—725216.6 U
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10-18] . . . ] SSTISAGEMA J004221.80—722405.8 UBV
1 10 SSTISAGEMA J004305.88—732140.7 \%
A [H—m] SSTISAGEMA J004308.75—734825.2 B
SSTISAGEMA J004325.20—721851.0 BV
SSTISAGEMA J004333.05—724803.7 U
10712F . : . E SSTISAGEMA J004339.55—731457.6 UB
F ] SSTISAGEMA J004346.41—733828.0 B
C i SSTISAGEMA J004353.49—724854.5 BVI
1074 - SSTISAGEMA J004442.81—-725914.6 UB
§ § SSTISAGEMA J004453.12—721606.0 B
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g 10-18L LFLF 4 SSTISAGEMA J004502.13—725224.2 BV
Ni E LF 3 SSTISAGEMA J004516.87—734133.4 U
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2 3 SSTISAGEMA J004825.72—724402.8 VI
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10718 Ll . L SSTISAGEMA J004916.97—732229.0 UB
1 10 SSTISAGEMA J004922.69—731454.5 U
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Figure A1. Two examples of sources for which the optical photometric data SSTISAGEMA J004942.70—730220.8 BV
points are not in agreement with the NIR ones. The observed photometric SSTISAGEMA J004949.95—724514.4 VI
points, taken from the catalogue by Srinivasan et al. (2016), are plotted with SSTISAGEMA J004956.41—725933.4 UB
red diamonds, if the points are included in the fit, and with green triangles, if SSTISAGEMA J005012.17—725319.0 UB
they are excluded. The uncertainty bars are also overplotted. The best-fitting SSTISAGEMA J005013.29—731113.1 UB
spectra among our grid of models are overplotted with a black solid line for SSTISAGEMA J005015.26—731243.8 UB
each of the sources. SSTISAGEMA J005016.63—732517.7 B
SSTISAGEMA J005022.85—732249.7 UB
SSTISAGEMA J005031.30—722913.0 B
bands from the SED fitting procedure. The list of sources for which SSTISAGEMA J005045.34—731839.6 U
some of the optical bands have been excluded from the SED fitting SSTISAGEMA J005052.64—725216.5 BV
procedure is listed in Table Al. SSTISAGEMA J005057.36—730106.1 UB
The photometry for the Akari S11, L15 and WISE W3 is available SSTISAGEMA J005102.05—-725925.6 B
for a sample of 117 sources in the catalogue by Srinivasan et al. SSTISAGEMA J005105.61—733625.0 BVI
(2016). For W3 a systematic offset towards fluxes lower than L.15, SSTISAGEMA J005109.24—731933.3 B
which is around the same wavelength, is found by Srinivasan et al. SSTISAGEMA J005145.14—-732033.7 UB
(2016). In Fig. A2 we show the fluxes obtained from the photometry SSTISAGEMA J005145.18-731805.3 v
. R e . . SSTISAGEMA J005148.79—730243.8 UB
listed in Srinivasan et al. (2016) (red .dlamonds) overpl(.)tted with SSTISAGEMA J005207 42—732138.2 UB
the IRS spectra (black crosses) and with the corresponding fluxes SSTISAGEMA J005222.67—721846.0 U
convolved with the S11 and L15 filters (black triangles). For com- SSTISAGEMA J005224.60—721115.2 UB
parison, we also plot the flux of the Akari bands obtained from the SSTISAGEMA J005229.78—734657.3 U
photometry in the catalogue by Ita et al. (2010), indicated with blue SSTISAGEMA J005233.39—725409.8 UB
asterisks. For the stars shown, Ita et al. (2010) only contain data in SSTISAGEMA J005259.03—722811.2 UB
the S11 filter. From the two panels we notice that there is incon- SSTISAGEMA J005313.98—731517.4 U
sistency between the photometry listed in Srinivasan et al. (2016) SSTISAGEMA J005315.62—731212.9 v
SSTISAGEMA J005354.59—732204.0 BVI

and Ita et al. (2010). For the reasons discussed above, we exclude
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Table A1 - continued 10" R ? <I> . . —
Name Optical/NIR bands excluded L T 1} 1} ?

107" $ 3

SSTISAGEMA J005356.22—703804.1 UBVI E
SSTISAGEMA J005357.32—733433.0 B - . <I>
SSTISAGEMA J005407.65—723628.7 UB IE -15 I
SSTISAGEMA J005408.52—721420.4 B 3107 3
SSTISAGEMA J005421.12—731544.3 B 'E C
SSTISAGEMA J005422.26—724329.8 VI = e i
SSTISAGEMA J005433.07—725814.2 B = 1000
SSTISAGEMA J005509.96—734244.7 B [
SSTISAGEMA J005514.27—732505.3 UBVI r
SSTISAGEMA J005526.63—724514.3 U 107" 3 SSTISAGEMAJ004903.78-730520.1
SSTISAGEMA J005528.97—724848.6 UB F
SSTISAGEMA J005533.34—724127.1 B L
SSTISAGEMA J005548.54—724729.3 UBV ol )
SSTISAGEMA J005625.52—740047.0 BV 1 10
SSTISAGEMA J005656.43—733530.1 BV A [y.m]
SSTISAGEMA J005705.82—741316.5 U 10-13¢ . : .
SSTISAGEMA J005710.93—723100.1 UBYV F
SSTISAGEMA J005727.64—725327.9 UBV [ > > P
SSTISAGEMA J005749.03—730521.5 UB 107 -
SSTISAGEMA J005858.17—723911.5 U 3 3
SSTISAGEMA J005936.59—722717.0 U T'_' i
SSTISAGEMA J005942.96—730443.2 UB g 107151
SSTISAGEMA J005958.80—720300.9 B n E
SSTISAGEMA J010015.66—722226.1 U 'g
SSTISAGEMA J010053.23—722333.6 U E 1oL
SSTISAGEMA J010149.32—724900.0 U < F
SSTISAGEMA J010218.12—722820.8 U B L
SSTISAGEMA J010245.16—741257.4 UBVI L0-17L  SSTISAGEMAI00S554.63-731136.4
SSTISAGEMA J010307.18—720629.5 BVIJ E
SSTISAGEMA J010441.50—712609.9 1
SSTISAGEMA J010442.35—730142.8 U 10-1® i o . o
SSTISAGEMA J010503.13—715929.7 UBVIJH
SSTISAGEMA J010552.88—721902.4 U 1 \ (] 10
SSTISAGEMA J010555.92—723244.0 UB
SSTISAGEMA JO010615.16—721653.1 U Figure A2. Two examples of sources showing the photometric data points
SSTISAGEMA J010752.86—714617.1 B taken from Srinivasan et al. (2016) (red diamonds) and from Ita et al. (2010)
SSTISAGEMA J010810.35—-725307.9 B (blue asterisks). The Akari S11 and L15 fluxes, computed convolving the
SSTISAGEMA J010812.96—725243.9 UBV filters with the observed IRS spectra, are represented by black triangles. The
SSTISAGEMA J010820.66—725252.0 UB IRS spectra are also plotted with black crosses.
SSTISAGEMA J010858.23—724142.1 B
SSTISAGEMA JO10901.19-732015.3 v Another star (J012606.02—720921.0) is instead characterized by
SSTISAGEMA J010928.94—-722821.2 B an observed photometry that cannot be reproduced by a SED from
SSTISAGEMA J011032.24-730504.0 Bv an AGB star, as already concluded by the fitting procedure of Srini-
SSTISAGEMA J011219.65—724108.4 VI
SSTISAGEMA J011219.72—735125.9 UBVIJH vasan et al. (2016).
SSTISAGEMA J011642.41—722725.7 U We exclude from the fit the photometry at 24 um for all the FIR

from the SED fitting procedure the Akari S11, L15 and the WISE

W3 fluxes. The exclusion of these photometric points is expected

to produce only a minor effect on the results of the SED fitting.
For the MIR bands we consider in the fit the IRAC photometry at

sources, since by definition FIR sources are more luminous at 24 pm
than at 8 um and the 24 um flux cannot be fitted by the SED of an
AGB. The additional optical and NIR photometry excluded from
the fitting procedure are listed in Table A1.

For one additional source photometrically classified as C-rich
(JO11032.12—714146.3), the photometry at 24 um appears to be
unrelated to the SED.

4.5 and 5.8 pm only for dust-enshrouded stars with J — K > 2. In
fact, as discussed in Nanni et al. (2016), the 4.5 and 5.8 um bands
of C-stars with a low amount of dust are affected by the C; feature,

for which the available molecular opacity does not fit the feature. This paper has been typeset from a TEX/ISTEX file prepared by the author.
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