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ABSTRACT

The life cycle of dust in the interstellar medium is heavily influenced by outflows from
asymptotic giant branch (AGB) and red supergiant (RSG) stars, a large fraction of which is
contributed by a few very dusty sources. We compute the dust input to the Small Magel-
lanic Cloud (SMC) by fitting the multi-epoch mid-infrared spectral energy distributions of
AGB/RSG candidates with models from the Grid of RSG and AGB ModelS grid, allowing
us to estimate the luminosities and dust-production rates (DPRs) of the entire population.
By removing contaminants, we guarantee a high-quality data set with reliable DPRs and a
complete inventory of the dustiest sources. We find a global AGB/RSG dust-injection rate of
(1.3 £0.1) x 107° M yr~!, in agreement with estimates derived from mid-infrared colours
and excess fluxes. As in the Large Magellanic Cloud, a majority (66 per cent) of the dust arises
from the extreme AGB stars, which comprise only &7 per cent of our sample. A handful of
far-infrared sources, whose 24 um fluxes exceed their 8 um fluxes, dominate the dust input.
Their inclusion boosts the global DPR by ~1.5x, making it necessary to determine whether
they are AGB stars. Model assumptions, rather than missing data, are the major sources of
uncertainty; depending on the choice of dust shell expansion speed and dust optical constants,
the global DPR can be up to 210 times higher. Our results suggest a non-stellar origin for the
SMC dust, barring as yet undiscovered evolved stars with very high DPRs.

Key words: stars: AGB and post-AGB —stars: carbon—stars: mass-loss —supergiants —
Magellanic Clouds.

1 INTRODUCTION

The origin of dust in the interstellar medium (ISM) is a matter
of debate. The major contributors of dust to the Galactic disc are
supernovae (SNe) and asymptotic giant branch (AGB) stars, with
less than 5 per cent of the ISM dust arising from other sources such
as red supergiant (RSG) and Wolf-Rayet stars, novae, planetary
nebulae, and other massive stars (Gehrz 1989; Tielens, Waters &
Bernatowicz 2005; Draine 2009). Pre-solar dust grains found in
meteorites point to an SN origin for carbonaceous grains (graphite)
and an AGB origin for silicates (e.g. Gail et al. 2009; Nguyen et al.
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2010). However, when SN dust destruction is taken into account, it
appears that these dust sources cannot account for the current dust
mass observed in the ISM (e.g. Dwek 1998; Zhukovska, Gail &
Trieloff 2008).

The Magellanic Clouds are ideal for studying the life cycle of
dust on stellar to galaxy scales owing to their proximity, view-
ing angle, and the low line-of-sight extinction. With the launches
of the Spitzer Space Telescope (Spitzer; Werner et al. 2004;
Gehrz et al. 2007) and the Herschel Space Observatory (Herschel;
Pilbratt et al. 2010), mid- to far-infrared (IR) observations of entire
nearby galaxies including the Clouds became possible, allowing
direct and unbiased comparisons between the dust produced by in-
dividual stars and the current ISM dust. The Spitzer Legacy Program
SAGE (Surveying the Agents of Galaxy Evolution; PI: M. Meixner)
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imaged the Large Magellanic Cloud (LMC; Meixner et al. 2006)
and the Small Magellanic Cloud (SMC; Gordon et al. 2011), spawn-
ing followup studies that obtained mid-IR spectroscopic data in the
LMC (SAGE-Spec; Kemper et al. 2010) and SMC (SMC-Spec;
Ruffle et al. 2015) as well as Herschel observations (HERITAGE;
Meixner et al. 2010, 2013).

An accurate estimate of the dust input requires radiative trans-
fer calculations to obtain the dust-production rate (DPR) and dust
chemistry of each star in the sample. An alternative to this com-
putationally intensive method is to use observational proxies for
the DPR. The LMC and SMC dust budget have been estimated
from the SAGE data using mid-IR colours (Matsuura et al. 2009;
Boyer et al. 2011; Matsuura, Woods & Owen 2013) and mid-IR
excesses (Srinivasan et al. 2009; Boyer et al. 2012). Gullieuszik
et al. (2012) modelled the spectral energy distributions (SEDs) and
derived chemical classifications, DPRs, and luminosities for LMC
AGB stars; however, their study was restricted to a small area.

We have developed the Grid of AGB and RSG ModelS (GRAMS)
to analyse the SEDs of large populations of dust-producing stars
(Sargent, Srinivasan & Meixner 2011; Srinivasan, Sargent &
Meixner 2011). The grid consists of silicate and carbonaceous
(amorphous carbon with 10 per cent by mass of SiC) dust shells
around photosphere models for O-rich (Kucinskas et al. 2005, 2006)
and C-rich (Aringer et al. 2009) AGB stars. The GRAMS models
are able to reproduce the entire range of observed colours for LMC
AGB and RSG candidates. By fitting the SEDs of LMC AGB/RSG
candidates, Riebel et al. (2012) estimate a total dust budget of 2.1 x
107> M yr~'. About three-quarters of this dust arises from a small
number (5 per cent of the total) of highly evolved ‘extreme’ AGB
stars, of which ~97 percent are classified as C rich. These find-
ings emphasize the need for a complete inventory of the dustiest
evolved-star sources.

The SMC is a metal-poor star-forming galaxy. Its low metallicity
(Z~0.25Z; Garnett et al. 1995; Peimbert, Peimbert & Ruiz 2000)
makes it a local analogue of high-redshift galaxies. The star forma-
tion history (SFH) derived from optical photometry by Harris &
Zaritsky (2004) suggests a recent epoch (2-3 Gyr ago) of enhanced
star formation, including ‘bursts’ at 2.5 and 0.4 Gyr, corresponding
to perigalactic passages with the Milky Way. An enhancement at
~0.7 Gyr, possibly due to interaction between the Clouds, is also
seen in the SFH derived from long-period variable (LPV) star counts
(Rezaeikh et al. 2014). Based on dust yield calculations, Schneider
et al. (2014) showed that the integrated injection from SMC stellar
sources (mainly AGB and SNe) is comparable to the ISM dust mass
estimated using Herschel data ((8.3 +2.1) x 10* M@; Gordon et al.
2014).

The rate of dust ejection by AGB/RSG stars in the SMC has been
estimated by Boyer et al. (2012) and Matsuura et al. (2013) using the
8 pum excess and the [3.6] — [8.0] colour, respectively, as proxies
for the DPR. Boyer et al. (2012) calculate a total (AGB+RSG)
DPR of (8.6-9.5) x 1077 M yr~!, with carbon stars contributing
~90 per cent of the dust from cool evolved stars. They find that
up to 50 percent of this dust is contributed by the so-called far-
infrared (FIR) objects, whose status as evolved stars is unclear.
Matsuura et al. (2013) find a somewhat higher global DPR of 7 x
106 Mg yr~!, ~60 percent of which comes from carbon stars.
They extend a colour—DPR relation derived from a small number
of well-studied sources to the entire population.

In this paper, we apply the techniques used by Riebel et al. (2012)
to the SMC evolved stars. We produce a reliable data set of the dusti-
est evolved stars in the SMC using photometry and spectroscopic
information, and constrain their SEDs using multi-epoch data. We
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then fit GRAMS models to these SEDs and obtain the most precise
luminosity and DPR estimates to date. Our fits also determine the
chemical type, which we find to be in agreement with colour-based
classifications and — more importantly — with spectroscopic identi-
fications. Our refined source list, fitting technique and the resulting
rates and chemical classifications result not only in an improved
estimate of the dust budget, but also a reliable measure of the rela-
tive contributions from silicate and carbonaceous dust in the ejecta.
We improve upon the procedure of Riebel et al. (2012) by carefully
inspecting the SEDs of the reddest sources to ascertain their AGB
nature as well as chemical type. We also compile all available infor-
mation on the FIR objects in order to eliminate young stellar objects
(YSOs) and post-AGB stars. Finally, we discuss the implications
of our new dust budget estimate for a stellar origin of the dust in
the SMC ISM. We present our candidate selection in Section 2 and
describe the fitting technique in Section 3. We present our results
and discussion in Sections 4 and 5, and summarize our work in
Section 6.

2 THE EVOLVED-STAR SAMPLE

In this section, we describe the steps used to generate our list of
evolved stars. We first collect information over the entire wavelength
range from the optical to the mid-IR, and use multiple epochs to
compute the mean flux at each wavelength. We then classify these
candidates based on their near- and mid-IR colours and filter out
contaminants using results from previous studies of SMC stars.
We reconstruct the candidate list rather than using the conservative
Boyer et al. (2011, hereafter B2011) sample to ensure the inclusion
of the dustiest AGB/RSG candidates, a small number of which
dominate the dust budget.

2.1 The IRAC and MIPS 24 pum point-source lists

SAGE-SMC consists of two epochs of observations in the IRAC
and MIPS bands (Gordon et al. 2011) separated by three months.
The SMC bar region was also observed as part of the Spitzer Survey
of the Small Magellanic Cloud programme (S*MC; Bolatto et al.
2007). The SAGE-SMC survey covers the wing and tail regions in
addition to the bar (for a comparison of the spatial coverage of the
SAGE-SMC and S*MC surveys, see fig. 1 in B2011). The single-
epoch SAGE-SMC images were co-added, along with observations
from the SMC programme as a third epoch (Epoch 0) in the region
of overlapping coverage, to generate mosaic images.!

The SAGE-SMC IRAC pipeline produced two kinds of source
lists: a highly reliable catalogue (hereafter ‘IRAC Catalog) and a
more complete archive (‘IRAC Archive’). The IRAC Single Frame
+ Mosaic Photometry (SMP) Catalog and Archive combined the
mosaic photometry and the single-frame photometry Epoch 04142
Catalog and Archive source lists, respectively. During the band-
merging, the point-source lists were also matched” to data from
the Magellanic Clouds Photometric Survey (MCPS; Zaritsky et al.
2002) and the Two Micron All Sky Survey (2MASS; Skrutskie et al.

I'SAGE-SMC data can be downloaded from the Spitzer Science
Center at http:/irsa.ipac.caltech.edu/data/SPITZER/docs/spitzermission/
observingprograms/legacy/sagesmc/

2 Note: unless otherwise specified, when searching for counterparts to our
IRAC point sources we use a 1 arcsec radius for optical and near-IR source
lists, 2 arcsec for mid-IR wavelengths shorter than 24 pm, and 3 arcsec for
24 pm.
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2006). The MIPS pipeline also generated mosaic images using the
three epochs of MIPS data. At 24 um, point-source catalogues were
created from the individual AOR mosaics, and the individual AOR
point-source catalogues were merged to create the ‘Full’ list. A high-
reliability catalogue was extracted from the full list by placing strict
restrictions on the source quality. This MIPS24 catalogue rejected
about two-thirds of single-epoch list sources. We refer the reader
to section 2 of Gordon et al. (2011) and to the SAGE-SMC Data
Delivery Document® for more details on the IRAC/MIPS pipeline,
image processing, and point-source extraction.

We revisit the source selection to ensure an accurate accounting
of the most prolific dust producers. The AGB/RSG population in
the SAGE-SMC data was first discussed in B2011. In that paper,
we selected evolved-star candidates based on their photometry in
the SAGE-SMC IRAC Mosaic Archive and the MIPS 24 pum full
list. This combination allowed for fewer spurious detections and
a reduced effect of source variability in the IRAC bands, while
including fainter MIPS24 sources. However, this choice suffers
from a few issues that lead us to reevaluate our source selection in
the current study.

The bandmerging process employed by the SAGE IRAC team
operates on a purely positional basis, without any constraints on the
multiband flux; this is to avoid any colour biases in the cross-band
matching. On occasion, this procedure results in a source in one
epoch/band being erroneously matched to a neighbouring source
in another epoch/band. For example, as a result of the inter-epoch
positional variation, the 2MASS association is sometimes matched
to neighbouring IRAC sources that may or may not have been
extracted as multiple sources in the individual epoch images (Brian
Babler & Marta Sewito, private communication). While only ~8000
sources (<2000 brighter than the tip of the red giant branch in the
K, band) of the 12 million in the Epoch 1 archive are affected by this
problem, it prevents B2011 from identifying two spectroscopically
confirmed C-rich AGB stars. Similarly, the 3.6 pwm position of a
nearby faint object is sometimes matched to a source that is bright
in the other IRAC bands. This is much rarer (only ~100 sources
with single-epoch magnitudes brighter than [3.6] = 14 mag are
affected) but it excludes a spectroscopically identified carbon star
from the B2011 Mosaic list. In this paper, we modify the selection
scheme by first selecting sources from the IRAC Epochs 1 and 2
Archive lists, then combining the information from both epochs for
each source. This circumvents the above complications with the
Mosaic list, and also allows us to incorporate variability effects into
the candidate SEDs in a quantitative manner.

B2011 identified a small number of sources in their list with
24 pm fluxes greater than their 8 um fluxes, dubbing them FIR
objects. In a procedure similar to that of B2011, we inspect the
SEDs and the 24 um image to eliminate most of the 303 FIR
objects in the B2011 sample because they are faint, cool photo-
spheres matched to different 24 pm sources that lie along the line
of sight (see Section 2.4.1). In order to obtain a reliable list of dusty
sources, we use the 24 pm photometry from the MIPS catalogue
list in this paper instead of the ‘Full’ list, which includes many
spurious sources. Indeed, we find that only five red giant branch
(RGB) candidates qualify for FIR status if we use the catalogue
photometry.

3 http://irsa.ipac.caltech.edu/data/SPITZER/SAGE-SMC/docs/sage-smc_
delivery_nov09.pdf
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2.2 Candidate selection

We begin by extracting IRAC sources from the Epoch 1 and 2
archives, and collect the matching 2MASS and MIPS24 photometry
for each source. For each IRAC Epochs 1 or 2 source, we also pick up
matching IRAC and MIPS24 photometry from the S*MC sample.*
In addition to 2MASS, the SAGE-SMC point-source list is matched
to data from the InfraRed Survey Facility (IRSF; Kato et al. 2007),
which we treat as a second near-IR epoch where available (see
fig. 1in B2011). We compute the mean magnitudes in the near- and
mid-IR bands using the multi-epoch information to obtain an epoch-
averaged SED for each source.” As in Boyer et al. (2012, hereafter
B2012), we set the SMC distance at 60 kpc (Cioni et al. 2000; Keller
& Wood 2006) and we correct for interstellar reddening using the
Glass (1999) extinction law with Ay = 0.12 mag and E(B — V) =
0.04 mag (Schlegel, Finkbeiner & Davis 1998; Harris & Zaritsky
2004).°

The colour-selection criteria we use to populate our list of
evolved-star candidates is similar to that of B2011. We refer the
reader to section 3 of that paper for details. We describe the steps
in brief here.

(1) FIR objects: defined as sources having a 24 pm flux greater
than their 8 um flux, the FIR objects are even redder than the ex-
treme AGB (x-AGB) stars, and may potentially include AGB stars,
although they are dominated by interlopers (YSOs and galaxies).
Such extremely dusty sources can be faint in the near-IR. For this
reason, we first flag all sources with Ky < 16 mag and Fy4 > Fjy as
FIR candidates. We remove any remaining sources that are simul-
taneously fainter than the tip of the RGB (TRGB) in both the K
and 3.6 pm bands (12.7 and 12.6 mag, respectively; B2011) before
selecting the other classes of candidates.

(i) O-AGB, C-AGB, and RSG candidates: the O-AGB popula-
tion consists of AGB stars with oxygen-rich dust, and includes
both low- and high-mass O-rich AGB stars. This definition is based
on their location in the K versus J-K; colour-magnitude diagram
(see sections 3.1.1 and 3.1.3 in B2011), and may therefore not
include the dustiest oxygen-rich AGB stars (OH/IR stars). The de-
marcation between the RSG and O-AGB populations is empirical.
The RSGs consist mostly of luminous optically thin sources with
small-amplitude variability. C-AGB stars are AGB stars with car-
bonaceous dust, including the intermediate mass range where the
third dredge-up is suited for carbon stars. We also use the near-IR
CMD to extract C-AGB candidates, and these may not include the
dustiest, most evolved carbon stars.

We use the K versus J-K; CMD to select optically thin AGB as
well as RSG stars. As shown in fig. 5 of B2011, the O-rich AGB
candidates are selected from the region bounded by the lines K1
and K2, and the K,-band TRGB. Sources brighter than the line KO

4 The S*MC data used here were reduced using the SAGE-SMC pipeline
for consistency. SMC is a somewhat deeper survey based on a different
observing strategy; it is therefore possible that there are S*MC sources
without SAGE-SMC counterparts. However, it is unlikely that a bright, red
mass-losing point source would be present in SMC but not in the SAGE-
SMC data. We identified all ~ 27 000 S*MC-only IRAC point sources
and verified that they are all fainter than the tip of the RGB in the K¢ and
3.6 pm bands.

3 For sources detected in only one epoch, we include the single-epoch SED
in our list.

6 The A, values chosen for the U, B, V, I, J, H, and K bands are 0.154,
0.139, 0.120, 0.071, 0.029, 0.017, and 0.010 mag, respectively. Extinction
in the mid-IR bands is negligible.
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and redder than the line K2 are classified as C rich. The choice of
KO instead of the TRGB means that we select a small number of
stars fainter than the K;-band TRGB; to reduce contamination from
RGBs, we require in this case that the star be brighter at 3.6 wm than
the TRGB at that wavelength. The only departure in our selection
procedure from that of B2011 affects the RSG candidates, which
were separated from the O-rich AGB stars by a gap of 0.5 mag in the
K, versus J-K; CMD (fig. 5 in that paper) to avoid contamination.
In this study, we include the sources in this gap as RSG candidates.

(iil) Anomalous AGB: this group consists of dusty low-mass stars
that can be O rich or C rich. Among the sources classified according
to their colours as O rich, B2011 discovered a subpopulation with
redder J—[8.0] colours, which they labelled as anomalous O-rich
AGB (aO-AGB in that paper) stars. Boyer et al. (2015) found this
sample to consist of evolved, low-mass dusty O-rich and C-rich
AGB stars near the third dredge-up mass limit that defines the
transition from O-rich to C-rich chemistry. As many of them were
found to be carbon rich, they suggest the term ‘anomalous AGB’ (a-
AGB) instead. We adhere to this terminology in the current paper.
We identify the a-AGB population using the [8.0] versus J—[8.0]
CMD, as in section 3.1.5 of B2011.

(iv) x-AGB: this category consists of the dustiest, most evolved
AGB stars, classified empirically by their near- and mid-IR colours.
While their dust chemistry is not discernible from their colours
alone, they are primarily carbon-rich AGB stars (e.g. Riebel et al.
2012). However, this population also contains a small number of
dusty O-rich (O-AGB as well as RSG) stars. We select x-AGB
candidates using the [8.0] versus J-[8.0] and (for sources without
J-band detections) [8.0] versus [3.6]-[8.0] CMDs using equations
(1) and (2) from section 3.1.2 of B2011 (equation 2 terminates at
[3.6]-[8.0] = 3 mag, and extends horizontally to redder colours).

Using this procedure, we classify 9781 AGB and RSG candidates.
Table 2 lists the source count in our initial list by colour class, and
compares these numbers to the B2011 data set. The major changes
are a 75 per cent reduction in the number of FIR objects as a result
of using the higher quality MIPS 24 pum catalogue list (only five
RGB candidates remain; the number of AGB/RSG FIR objects
increases from 57 to 85), and an ~20 percent increase in RSG
candidates due to the inclusion of the 0.5 mag strip as described
above. Since we extract our sample from an updated version of the
SAGE-SMC point-source catalogue, our numbers for other source
types are slightly higher than those in B2011. Our candidate list
includes all of the 81 Spitzer IRS staring mode targets (Ruffle et al.
2015) spectroscopically classified as either RSG or AGB (including
the S star BFM 1).

We now refine the candidate SEDs by adding information from
other programmes. In particular, we use the information from var-
ious optical through mid-IR studies to incorporate the effects of
variability into the flux uncertainties.

2.3 Accounting for variability with multiple epochs of data

Ideally, multiwavelength broad-band photometry of LPVs must be
obtained concurrently to accurately reproduce their SEDs. In the
absence of such data, we can incorporate the effect of variability
into the flux uncertainties to obtain reliable luminosity and DPR
estimates. Inflating the uncertainties in this manner is necessary
to obtain meaningful fits using the GRAMS models, which do not
account for time variability. Our method is described below for each
wavelength regime.

The dust budget of the SMC 2817

2.3.1 Optical and near-IR data

We collect optical variability information for our sample from the
OGLE (Optical Gravitational Lensing Experiment) survey. In par-
ticular, we extract V- and I-band mean magnitudes along with /-band
amplitudes from the third release of the OGLE Catalog of Variable
Stars (OGLE-III; Udalski et al. 2008). We find that 5068 of our
sources have OGLE counterparts. For each source with an OGLE
match, we replace the MCPS V- and I-band fluxes with the mean
fluxes from OGLE. Following a procedure similar to Riebel et al.
(2012, hereafter R2012), we add half of the peak-to-peak OGLE
amplitude in quadrature to the photometric uncertainty of each of
the four optical bands. Similarly, using the photometry of the IRSF
counterparts to 7617 of our sources as a second near-IR epoch, we
estimate the mean flux and use the flux difference between the two
epochs to inflate the uncertainty in the J, H, and K, bands.

2.3.2 IRAC and MIPS 24 um data

Our source selection procedure already extracts all available epochs
(Epoch 1, Epoch 2, and S*MC or ‘Epoch 0°) of Spitzer data for each
source. We have all three epochs of data for 4179 stars in our sample,
and two SAGE-SMC epochs for the rest. We use this information
to compute the mean flux from the two or three epochs, and use
the minimum and maximum fluxes to estimate the flux amplitude.
This amplitude is then folded into the flux uncertainty as described
above.

2.3.3 AKARI and WISE data

We also explored the possibility of incorporating mid-IR data from
the AKARI (Itaet al. 2010) survey of the SMC and the Wide Infrared
Survey Explorer (WISE; Wright et al. 2010) All-Sky Data Release.

Ita et al. (2010) present the AKARI Bright point-source catalogue
for the SMC, which contains about 1800 sources. The AKARI data
includes photometry taken with the infrared camera at 3.2 (the N3
band), 4.1 (N4), 7.0 (S7), 11.0 (S11), 15.0 (L15), and 24 pm (L24).
We found AKARI catalogue matches to the positions of our Spitzer
sources using the paopHOT routine DAOmatch (Stetson 1987) which
iteratively solves for the transformation coefficients and assigns
matches. Starting with a 10 pixel (5 arcsec) radius, the routine
updates the nearest-neighbour distances down to a 1 pixel (2 arcsec)
separation. The AKARI spatial coverage does not include the entire
SMC, but instead comprises twelve 10 arcmin x 10 arcmin regions.
Two regions (IDs = 4 and 11) include data at all available AKARI
filters, five regions include only N3, N4, S7, and S// imaging, and
five regions include only L/5 and L24 imaging. Only 463 sources
in our list have matches in the AKARI catalogue.

We use the US Virtual Astronomical Observatory (VAO) to cross-
match WISE photometry to our Spitzer data with a maximum match-
ing distance of 1 arcsec to avoid spurious matches. The VAO uses
the WISE All-Sky Data Release Source Catalog which includes 3.4
(W1),4.6 (W2), 12 (W3), and 22 um (W4) photometry covering the
entire SAGE footprint on the SMC. We find WISE counterparts to
8765 of our evolved-star candidates.

The AKARI N3, N4, and L24 filters cover a range of wavelengths
similar to the IRAC 3.6 um, 4.5 um, and MIPS 24 um filters, respec-
tively. This is also true of the WISE W1, W2, and W4 bands. These
observations could be added as an extra epoch to the corresponding
Spitzer filters. However, we find that the AKARI/WISE measure-
ments in these bands are not always consistent with the Spitzer
photometry, even when variability is taken into consideration. In
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fact, the distribution of normalized flux differences (Fagari —
Fspitzer)/dF spitzer is skewed to positive values for all three pairs of
filters mentioned above, with median values >3. The same is true
for the WISE photometry, the most extreme case being that of the
WISE W4 band, which has a median normalized flux difference of
12 with respect to the MIPS24 flux. These systematic discrepancies
cannot be explained by variability alone, and may be caused by
differences in beam size. Indeed, the angular resolution in the two
shortest-wavelength AKARI/WISE bands is about 2—-3 times that of
the nearest IRAC band (2 arcsec). However, the S11, L15, and W3
bands are comparable in resolution (*5-6 arcsec) to MIPS24. In
addition, these bands provide useful constraints on the optical depth
and DPRs of our best-fitting models, as the 10-22 pum wavelength
range contains interesting dust signatures such as the 9.7 and 18 um
silicate and 11.3 um SiC features.

2.4 Eliminating non-AGB/RSG stars

We generate a reliable list of dusty evolved stars through the fol-
lowing filtering procedure. While this list may exclude faint and/or
optically thin sources when their nature is unclear, such sources do
not sizeably contribute to the dust budget.

(i) Of the sources with OGLE counterparts, only two are not
classified as LPVs — one is a Cepheid, the other an RV Tau star —
we eliminate these two objects from our list.

(ii) As in section 2 of B2011, we reduce the contamination in
our sample by excluding all the point sources within 8 and 5 arcmin
of the Galactic clusters 47 Tuc and NGC 362 during our source
selection (when combined, this is <0.4 per cent of the SMC-SAGE
survey area; we do not expect it to change our results).

(iii) It is possible that some sources are misclassified as
AGB/RSG candidates because of the automated nature of the clas-
sification. By performing a SIMBAD search for the entire list of
IRAC mosaic designations, we exclude 88 sources — including one
FIR object — that are either foreground sources or SMC objects with
confirmed non-AGB/RSG classifications.

(iv) We compared our list to the list of point sources targeted with
Spitzer IRS (Ruffle et al. 2015), and used the spectroscopic classifi-
cations to remove a total of 23 sources from our sample, including
two post-AGB stars, 13 YSOs, three RCrB stars, three planetary
nebulae, a symbiotic star, and a B[e] star. Of the 23 objects thus
removed, 17 are flagged as FIR objects. All of the 81 spectroscopi-
cally identified by Ruffle et al. (2015) as SMC AGB/RSG stars (19
O-rich AGB and 39 carbon stars, 22 RSGs and one S-type star) are
in our list, and they are correctly classified by our colour-selection
criteria. In Section 4, we compare our SED-based chemical type
with the SMC-Spec classifications.

(v) Following section 4.4 of B2011, we eliminate four x-AGB
candidates based on their bright MIPS 70 pm associations. Two of
these sources are associated with H i1 regions, one with a post-AGB
star, and one with an emission-line star.

2.4.1 FIR objects

In this section, we pare down the list of FIR AGB/RSG candidates
using the following steps.

(1) Exclusion based on spectroscopic classifications: using the
Ruffle et al. (2015) spectroscopic classifications, we remove 17 non-
AGB/RSG stars. We exclude two more sources — a blue supergiant
and a planetary nebula — based on identifications from previous
studies.
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Figure 1. SEDs of three misidentified 24 pum objects from the FIR sub-
sample. At 2 <8 um, the SED is consistent with that of a cool photosphere
peaking in the near-IR.

(i1) Misidentified 24 pum sources: many of the remaining FIR
candidates have SED shapes consistent with cool photospheres up
to 5.8 or 8.0 um, along with an excess at 8.0 or 24 um. Such
SEDs are consistent with those of debris discs (see e.g. the SEDs
in fig. 3 of Adams et al. 2013). Fig. 1 shows three examples of
such SEDs. For SMC stars, however, this effect is most likely due
to the larger beam size at MIPS 24 pum (6 arcsec, corresponding to
> 1 pc). Confusion due to surrounding diffuse emission, blended
point sources, or an IR source and a different optical source within
the same beam would result in misclassification as a debris disc (e.g.
Sheets et al. 2013). In either case, these sources are not evolved stars
and are not relevant to our study. We refer to objects with such SEDs
as ‘misidentified 24 pum sources’.

The FIR candidates split into two groups on the [8.0]-[24] versus.
[4.5]-[8.0] colour—colour diagram (Fig. 2), with the bluer popula-
tion spanning a relative narrow range in [4.5]-[8.0] colour. We
verified that all the SEDs in the blue population resemble those of
debris discs — they are intrinsically faint sources that satisfied the
FIR criterion due to their 24 um flux. We remove 37 sources bluer
than [4.5]-[8.0] = 0.6 mag from our list.

(iii) SED shapes, spectroscopic identifications and optical/mid-
IR variability: we compile the spectroscopic and variability infor-
mation for the surviving 33 FIR candidates in Table 1. We split
these objects into seven groups based on their SED shapes, as
shown in Figs 3-9. Group 1 includes all the sources that have
been classified by Ruffle et al. (2015) as AGB or RSG based on
their mid-IR spectra (objects 1-5 and 7 in Table 1). SSTISAGEMA
J010041.61—723800.7 (object 33 in Table 1), a newly-discovered
mid-IR variable (Riebel et al. 2015) is placed in its own group
(Group 2). While Groups 3 (objects 6, 8, 9, 10, 11, and 13 in
Table 1) and 4 (objects 14, 16, 19, and 23 in Table 1) both in-
clude objects previously classified as AGB stars based on optical
spectra, some Group 4 sources are also found to vary in the mid-IR
(Polsdofer et al. 2015; Riebel et al. 2015). The SEDs in Group 3
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Figure 2. A Spitzer colour—colour diagram to identify genuine dusty
evolved stars in the FIR object sample. Sources in our evolved-star sample
(black and grey symbols) are classified as FIR objects (filled black circles)
if [8.0] — [24] > 2.39 mag. Starting with 95 such sources, we eliminate 17
based on spectroscopic identifications (see text). Of the remaining objects
(open circles), those bluer than [4.5]-[8.0] = 0.6 mag (dashed line) have
SEDs resembling cool star photospheres up to 8 pm, while a majority of the
redder population consists of genuinely rising SEDs.

show a peak in the near-IR followed by a rise beyond 5.8 pum that
is comparable in flux to the near-IR peak, while those in Group 4
have much larger fluxes in the mid-IR beyond 5.8 um. Based on
the similar SED shapes within each group, we treat all the members
as possible AGB/RSG candidates. Group 4 SEDs are affected by
contamination from diffuse mid-IR emission (see Table 1), so that
not all the flux at longer wavelengths may be due to a single source.

The best fits for Group 3 (see Section 5.1) show prominent sili-
cate emission. These sources are perhaps the fainter counterparts of
the Group 1 sources, which were preferentially selected for spec-
troscopic followup based on their brightness (mid-IR flux >0.1 Jy).

Groups 5 (objects 17 and 18 in Table 1), 6 (objects 15, 20, 21,
22,24, and 25 in Table 1), and 7 (Objects 2632 in Table 1) contain
sources that are likely post-AGB/planetary nebulae, background
galaxies or YSOs. While some of these objects suffer contamination
from diffuse emission or blending of multiple sources at longer
wavelengths, they are also in the vicinity of star-forming regions
(see Table 1). In our discussion of the dust budget, we will only
include the contribution from sources in Groups 1-4.

Table 2 shows the source counts for our data set after the filtering
employed in this section. Our final list has 154 fewer sources than
the original (see Table 2), resulting from reductions in the number of
x-AGB and RSG stars, and FIR objects. Photometry for the vetted
source list is available online (see Table 5 for a description of the
columns in the online table). In the next section, we describe the
procedure used to fit these SEDs and to determine their DPRs.

The dust budget of the SMC 2819

3 FITTING AND FIT REFINEMENT

Our procedure to compute best fits and subsequently improve these
fits is similar to that of section 2.3 in R2012. We first fit GRAMS
models of both chemical types (O rich’ and C rich) to each SED in
our list. By default, we fit the optical, near-IR and Spitzer photome-
try. Where available, we also fit the AKARI S11 and L15 photometry,
as well as the WISE W3 band. GRAMS is a pre-computed grid of
models for circumstellar dust shells around hydrostatic photosphere
models with two fixed prescriptions for the dust properties, one each
for O-rich and carbon dust. For more details on the models, we refer
the reader to Sargent et al. (2011) and Srinivasan et al. (2011). The
fitting procedure involves comparing each source to a set of model
templates. In such a situation, it is not straightforward to identify
the number of degrees of freedom in the problem. Moreover, the re-
duced x? is not a meaningful statistic given the non-linear parameter
dependence (Ye 1998). For this reason, we quantify the fit quality
using the x? per data point (x> divided by the number of bands with
valid flux measurements). This method has also been used in fitting
pre-computed YSO models to data (Robitaille et al. 2007).

The model with the lowest x? per data point (hereafter abbrevi-
ated as x?) determines the best-fitting parameters — the chemical
type (‘GRAMS class’), luminosity and DPR being the most impor-
tant. The reliability of the chemical classification depends on the
relative difference between the O-rich and C-rich best-fitting x 2 val-
ues; this issue is addressed in Section 4.1. For each chemical type,
we also define a range of ‘acceptable’ fits using the hundred models
with the lowest x 2 values. We set the uncertainty in each best-fitting
parameter to the median absolute deviation of the acceptable values
from their median (MADM; see R2012).

For dusty sources, the optical part of the SED is much fainter
than the mid-IR, and the luminosity and DPR are most sensitive to
the mid-IR fluxes. Moreover, the optical range is most affected by
variability due to the presence of deep molecular absorption bands
(Bladh et al. 2013). In such cases, it is not desirable to assign equal
weights to the optical and mid-IR fluxes. Following R2012, we
disregard the optical photometry for sources with / — J > 1.4 mag.
Of the sources in our filtered data set (Table 2), we ignore optical
data for a total of 3044 sources — about 25-30 per cent of the sample.
This fraction includes dusty sources, as well as those in the high- x>
group (see Section 3.1.1). R2012 disregarded optical fluxes for a
similar fraction of objects in their LMC sample.

As mentioned in 2.4.1, it is possible for a blue source to appear
dusty at 24 pum due to a bright IR neighbour. We adjust for this
by lowering the weight assigned to the 24 um photometry for our
entire sample — the relative uncertainty at 24 pm is set to be at least
equal to the largest relative uncertainty among the IRAC bands.

The GRAMS DPRs are computed assuming a constant expansion
speed vey, = 10km s~ In practice, the expansion speed varies from
star to star. For consistency with B2012, we scale our expansion
speeds using the van Loon (2006) scaling relation:

Vexp L Y (Wse\ T )
10kms~'  \3x 10°Lg 200 '

The gas:dust ratio W is not well constrained for Magellanic Cloud
stars; the gas:dust ratio is expected to increase at lower metallicity.
However, the dependence of the gas:dust ratio on metallicity is
much weaker for carbon stars. In this paper, we therefore use a

7 Note that the GRAMS models do not distinguish O-rich AGB stars from
RSGs; the latter is a category derived from the B2011 colour classification
and variability information.
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Table 1. FIR objects classified based on spectroscopic identification, optical/mid-IR variability, and SED/image inspection.

No. Designation” SIMBAD ID Spectroscopic? OGLE¢ mid-IR? SED group® Notes'
identification D variable
Optf  mid-IR" ID

1 J010810.28—731552.5 IRAS F01066—7332 O[1] O-AGB(178) 17253 725 Group 1 -

2 J005212.91-730853.0 BMB-B 75 O[2] O-AGB(177) 09518  338(R) Group I -

3 J004631.56—732846.3 OGLE J004631.61—732846.0 — O-AGB(121) 05887 148 Group 1 -

4 J010902.23—-712410.2 SV* HV 12956 O[1] O-AGB(277) 17525 744 Group 1 -

5 J004452.53—731825.9 OGLE J004452.59—731825.4 — O-AGB(175) 04992 - Group 1 -

6 J005402.70—-725330.4 RAW 839 C[3] - 10720 - Group 3 -

7 J005044.38—723739.0 RAW 631 C[3] O-AGB(113) 08525 - Group 1 -

8 J011336.29-714242.8 2MASS J01133627—7142428 — - 18434 - Group 3 -

9 J005219.97—-721046.2 2MASS J00521995—-7210461 — - 09590 - Group 3 -

10 J003953.94—725124.5 2MASS J00395393—-7251246 - - 02960 - Group 3 -

11 J004618.13—732332.7 OGLE SMC-LPV—5748 - - 05748 - Group 3 -

12 J011358.09—-731747.4 [MA93] 1780 - - 18490 - Group 6 Diffuse emission/star-forming
region (SFR); possible YSO?

13 J004248.73—734522.3 RAW 171 C[3] - 04054 - Group 3 -

14 J004641.37—730613.5 2MASS J00464140—7306135 — - - 151(R)  Group 4 Diffuse emission.

15 J012237.00—731016.6 2MASS J01223695—-7310165 - - - - Group 6 -

16 J005442.68—740450.4 IRAS F00530—7421 Ccl1] - 11159 - Group 4 -

17 J005803.13—732245.2 OGLE SMC-LPV—13055 - - 13055 - Group 5 -

18 J004114.10—741130.2 OGLE SMC-LPV—3409 - - 03409 - Group 5 -

19 J004805.77—731743.5 2MASS J00480580—7317435 — - - 203 Group 4 Diffuse emission; possible blend
at 24 pm.

20 J010309.60—715354.3 2MASS J01030962—7153541 - - - - Group 6 -

21 J011405.98—731705.6 2MASS J01140597—7317054 - - - - Group 6 SFR; YSO?

22 J012651.46—712640.8 2MASS J01265140—7126407 - - - - Group 6 -

23 J010307.18—720629.5 2MASS J01030720—7206295 — - - 629 Group 4 Blend at 24 pum.

24 J005930.20—713121.9 2MASS J00593021-7131220 - - - - Group 6 -

25 J004124.35—-730127.4 2MASS J00412434—7301274 — - - - Group 6 -

26 J011404.70—731658.3 2MASS J01140467—7316584 - - - 784 Group 7 SFR; YSO?

27 J003543.51—-732110.7 2MASS J00354347—7321106 - - - - Group 7 Two sources at 24 um.

28 J004752.38—731711.8 2MASS J00475238—7317116 - - - - Group 7 Blending with diffuse emission;
SFR; possible YSO?

29 J004503.53—731628.0 2MASS J00450354—7316280 - - - - Group 7 SFR; possible YSO?

30 JO11540.64—731229.5 IRAS 01016—7228 - - - - Group 7 Diffuse emission/SFR; possible
YSO?

31 J005058.53—735141.4 2MASS J01154060—7312293 — - - - Group 7 -

32 J010318.64—721211.5 2MASS J00505852—7351417 - - - - Group 7 Some diffuse emission at 24 pm.

33 J010041.61—-723800.7 2MASS JO1154060—7312293 — - - (R) Group 2 -

Notes. “SAGE-SMC IRAC mosaic archive designation; should be preceded by ‘SSTISAGEMA'.

bIdentification of the photospheric/dust chemistry from optical/mid-IR spectra.

“Counterpart in the OGLE-III Catalog of Variable Stars. Should be preceded by ‘OGLE-SMC-LPV’.

91D in the Polsdofer et al. (2015) variable list. IDs followed by ‘(R)’ are also in the Riebel et al. (2015) list of mid-IR variables.

¢Grouping based on SED shape; see Section 2.4.1 for details.
/Notes from image inspection.

80(-rich) or C(-rich); references: [1] = Groenewegen & Blommaert (1998), [2] = van Loon et al. (2010), [3] = Rebeirot, Azzopardi & Westerlund (1993).
"dentifications from Ruffle et al. (2015) based on Spitzer IRS spectra. The ‘SMC IRS’ designations used in the paper are included in parenthesis.

gas:dust ratio of 500 (1000) for O-rich stars in the LMC (SMC) and
a ratio of 200 for carbon stars in both Clouds. The DPR is directly
proportionate to the expansion speed, so it also scales according to
equation (1). We use these scaled DPRs throughout the rest of the
paper, except when comparing our results to those of Groenewegen
et al. (2009, Fig. 19).

Fig. 10 shows two SEDs of each chemical type, along with their
best-fitting model spectra. These fits are ‘typical’ in the sense that
their x? values are close to the median for sources of that chemical
type. In each case, the best-fitting model of each type is also shown,
as well as the hundred acceptable models of the best-fitting chemical
type. This ‘envelope’ of acceptable models demonstrates the range
that results in reasonable fits to the overall SED. For comparison,
the best-fitting bare photosphere model is also shown in each case.

MNRAS 457, 2814-2838 (2016)

3.1 Fit quality
3.1.1 High-x?* and high-DPR fits

We inspect the fits in the 95th percentile of x2 values and find that,
in many cases, fits without the optical do a noticeably better job of
reproducing the mid-IR SED (which strongly influences the DPR).
As the optical data are not obtained concurrently with the Spitzer
data, large variations are expected. For these high- x 2 sources, there-
fore, we ignore the optical fluxes if doing so reduces the x2. In all,
we disregard the optical data for 264 of the ~500 sources in the
high- 2 sample.

To ensure an accurate determination of the global dust budget,
we examine the SEDs and fits to the 200 non-FIR sources with the
highest DPRs. We find that seven sources have either rising SEDs
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Figure 3. FIR objects in Group 1. SEDs are progressively scaled down by
a factor of 5 for clarity. All the SEDs in this group have a very flat shape
from the near-IR to 24 um, and are all identified as AGB/RSGs based on
their mid-IR spectra.
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Figure 4. Group 2 contains only one object, the carbon star candidate
SSTISAGEMA J010041.6—723800.7.

(likely YSOs or background galaxies) or double-peaked SEDs (disc-
like or detached shell sources, including post-AGB stars). The top
panel of Fig. 11 shows an example of each. While the best-fitting
DPR for the rising SED is very high, the fit quality is quite poor.
We flag all these SEDs as bad/invalid fits.

For seven sources, we find either that the C-rich model is a better
fit to the mid-IR SED than the O-rich one, or that the GRAMS class

The dust budget of the SMC 2821

Flux (Jy) (scaled)

(O J005402.70-725330.4
* J011336.29-714242.8
/\ J005219.97-721046.2
¥ J003953.94-725124.5
‘I O_8 = [] J004618.13-732332.7 —
@ J004248.73-734522.3

| M|
1 10
A (um)

Figure 5. FIR object Group 3. SEDs are progressively scaled down by a
factor of 5 for clarity. All Group 3 SEDs have a 24 pum flux comparable to
the near-IR peak flux. The group contains two objects identified as AGB
stars based on optical spectra.
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Figure 6. FIR object Group 4 contains SEDs that suffer from image blend-
ing/diffuse emission at mid-IR wavelengths. Three sources in this group are
mid-IR variables, and one (J005442, object 16 in Table 1) is identified as an
AGB star based on its optical spectrum. The SEDs are progressively scaled
down by a factor of 5 for clarity.

does not agree with the spectroscopic identification. As we are
interested in comparing the dust contribution from both chemical
types, it is important to correct any such misclassification. In such
cases, we set the alternate model as the best fit. The bottom panel
of Fig. 11 shows two examples. On the left is IRAS 00350—7436,

MNRAS 457, 2814-2838 (2016)
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Figure 7. There are two SEDs in Group 5, both showing a brighter, second

peak beyond ~5.8 pm. The second SED is scaled down by a factor of 5 for
clarity.
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Figure 8. All the SEDs in Group 6 show a steady rise from the optical to
24 pum. The SEDs are progressively scaled down by a factor of 5 for clarity.

the most luminous carbon-rich object in the SMC. It has variously
been classified as a carbon star (Ruffle et al. 2015), a post-AGB
(e.g. Matsuura et al. 2005), and a symbiotic star (Whitelock et al.
1989). Our fitting routine classified it as O rich, and we modify this
to be consistent with the carbonaceous features in its IRS spectrum.
It is not surprising that the fit quality remains poor, given the unique
SED shape. The SED in the bottom-right panel of the same figure

MNRAS 457, 2814-2838 (2016)
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Figure 9. The Group 7 FIR objects all show a flat SED in the optical/near-
IR, then a sharp rise towards 24 pm. Image inspection shows all the sources
to either be associated with diffuse star formation or suffer from blending
issues. The SEDs are progressively scaled down by a factor of 5 for clarity.

10—8,

was classified as C rich; however, its IRS spectrum shows the 10
and 18 um silicate features, so we modify the best-fitting chemical
type accordingly.

3.1.2 Confidence in chemical classification

We determine the chemical classification for each source by com-
paring the x2 values of the best-fitting O-rich and C-rich mod-
els. The lower of the two is referred to as the ‘best’ model, and
the other as the ‘alternate’ model. The best model sets the chemi-
cal classification as well as the values of the other fit parameters,
while the alternate model is used to determine the quality of the
classification.

Fig. 12 shows the distribution of ratios of the x? of the best-fitting
model to that of the alternate model for both chemical classes.
These distributions are qualitatively similar to fig. 10 in R2012,
but the O-rich distribution for the SMC data is broader than its
LMC counterpart. As in R2012, we define high-, medium-, and
low-confidence intervals. We deem fits with best-to-alternate ratio
under 0.20 (0.39) to have high-confidence O-rich (C-rich) classifi-
cations, and fits with ratios over 0.35 (0.64) to have low-confidence
O-rich (C-rich) classifications. Classifications for intermediate val-
ues are considered medium-confidence. We choose the boundaries
for the medium- and low-confidence levels such that their best-to-
alternate ratios are approximately twice and three times the value at
the peaks of the distributions. The vertical lines in Fig. 12 demar-
cate the three confidence intervals for each chemical type. Based
on these definitions, we find 1913 (1558) high-confidence O-rich
(C-rich) classifications for our filtered sample with valid fits and re-
liable DPR estimates. These fractions (67and 75 per cent for O- and
C-rich classifications, respectively) are similar to those obtained for
the LMC data (table 6 of R2012).
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Table 2. Source counts, by colour class, before and after the filtering in Section 2.4 is applied.
Colour Number Number Number of counterparts
class? (B2011)° (this paper) IRAC Archive Epoch® MIPS 24 Epoch? OGLE 2MASS IRSF AKARI WISE
1 2 0 1 2 0
O-AGB 2478 2486 2472 2448 1133 105 112 105 1991 2472 2054 110 2385
(filtered) 2485 2471 2447 1132 105 112 105 1990 2471 2053 110 2384
a-AGB 1244 1198 1710 1703 798 462 524 388 1543 1698 1425 68 1685
(filtered) 1198 1710 1703 798 462 524 388 1543 1698 1425 68 1685
C-AGB 1729 1714 352 349 149 317 323 129 286 343 289 15 348
(filtered) 1714 341 337 142 309 314 125 283 333 278 15 337
x-AGB 349 353 1195 1184 524 18 18 19 1017 1196 983 34 1164
(filtered) 341 1195 1184 524 18 18 19 1017 1196 983 34 1164
RSG 3325 3935 3848 3810 1545 307 335 259 201 3906 2812 123 3799
(filtered) 3850 3765 3730 1495 293 320 252 199 3823 2745 119 3724
FIR 360 95 95 95 58 70 76 49 36 91 85 2 90
(filtered) 33 33 33 19 31 32 19 16 33 30 0 33
Total 9539 9781 9672 9589 4207 1279 1388 949 5074 9706 7648 352 9471
(filtered) 9621 9515 9434 4110 1218 1320 908 5048 9554 7514 346 9327

Notes. “Classification using the same scheme as in Boyer et al. (2011).
bNumbers from the Boyer et al. (2011) study.

“For the Spitzer data, Epoch 0 denotes the S*MC photometry, while Epochs 1 and 2 are from SAGE-SMC.

4MIPS 24 um photometry from the catalogue list (see Section 2.1).

3.1.3 Sensitivity of DPR determination

Fig. 13 shows the distribution of best-fitting DPRs for each chem-
ical type, as well as the relative uncertainty in the DPR as a
function of the DPR. As in R2012, we set a lower limit on the
relative uncertainty in DPR determination at the 1o level, shown
by the horizontal line in the lower panel. The top panel shows that
the O-rich sources are split into two populations; a much larger
fraction of these objects are located at very low DPRs (<10~
Mg yr™"). This bimodal distribution of O-rich DPRs is similar to
that seen in fig. 16 of R2012. As in that paper, we set the sensitiv-
ity threshold for GRAMS fits to ‘detect’ dust production at 10~'!3
Mg yr~', shown by the vertical line Fig. 13. All of the fits with
DPRs > 10793 M yr~! are above the 1o limit. We only use DPRs
with relative uncertainties above this cutoff to compute the dust
budget.

The fitting procedure and refinement described above results in
fits to between 6 and 13 (with a median of 12) valid data points with
finite fluxes for each source.

4 RESULTS

4.1 Chemical classification

Our fit-based chemical classifications are in excellent agreement
with the spectroscopic identifications and colour classes used in
this paper. Fig. 14 shows some examples of good fits that are able
to reproduce the strengths of the silicate or SiC feature in the IRS
spectra in addition to the overall SED. For the sample with IRS
spectra, our classification differs from that of Ruffle et al. (2015)
in only two cases — we classify a pair of O-EAGB stars as C rich.
However, both are low-confidence classifications (the O-rich x? is
about only about 20 per cent higher). We classify the S star BF 1 as
Crich.

Table 3 demonstrates the excellent agreement between the
GRAMS chemical type and our colour-based classifications, and
also shows the percentage of low-confidence classifications for
each colour class. It is interesting to note that, among the non-FIR

sources, the a-AGB stars have the largest fraction of low-confidence
classifications. This is consistent with the Boyer et al. (2015) con-
clusion, based in part on optical spectra, that their initial masses
are very close to the limit where the third dredge-up is sufficient to
form a carbon star.

We classify all but one of the x-AGB candidates as C rich, the
exception being IRAS F00483—7347, an evolved O-rich star clas-
sified as an RSG by Ruffle et al. (2015) based on its IRS spectrum
and luminosity. Only about 2 per cent of the x-AGB classifications
are low confidence. This is an important result, because 235 of the
top 300 non-FIR dust producers are x-AGB stars, and our classifi-
cation implies that the mass-loss is dominated by carbon stars. This
situation, however, is complicated by the results for the FIR objects.
While we identify only one FIR object as carbon rich, over half of
the FIR fits have low-confidence classifications, and in many cases
the 24 pm data may be contaminated by off-source emission. We
discuss these issues in Section 5.1.

4.2 Luminosity functions

AsinR2012, we present the luminosity functions and K-band bolo-
metric corrections (BC) for our sample using the fit-based luminos-
ity estimates. Fig. 15 compares the luminosity functions derived
from the fits for both chemical types with the corresponding LMC
distributions from R2012. Overall, there is good agreement in the
range of luminosities as well as the shapes of the luminosity func-
tions. The O-rich distributions are very similar; the SMC O-AGB
LF peaks at —4.2 mag, about 0.1 mag fainter than for the LMC.
The difference in the peaks of the carbon-star LFs is significant
— the SMC distribution peaks at My, * ~ —4.5 mag, about half a
magnitude fainter than its LMC counterpart. This is probably due
to the SMC’s lower mean metallicity, which lowers the mass limit
for stars to turn C rich.

The most luminous carbon stars in our sample are SSTISAGEMA
J010245.16—741257.4 and IRAS 00350—7436, with luminosities
around 25 000 L. The fit quality for the latter source is very poor.
Previous studies estimate a luminosity of about 40 000 L for
IRAS 00350. A more detailed analysis of this source is out of the
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Figure 10. Typical best fits for sources of both chemical types. Data points (filled circles) are coloured based on whether they are used to compute the
fit (green: used, black: ignored). Each plot shows the best-fitting O-rich/C-rich model (solid blue/red curve) and the corresponding best-fitting photosphere
(dashed curve). The best-fitting model is overlaid on the 100 acceptable models, colour coded by chemical type (O- rich: cyan, C rich: grey). For instance,
SSTISAGEMA J010308.56—731718.0 is classified as O rich; the best-fitting model is shown by the blue curve, and the cyan curves are the 100 acceptable
O-rich models with the lowest x 2. The best-fitting C-rich model (red curve) is also shown. For each source, the figure also displays the luminosity and DPR

estimates corresponding to the best-fitting chemical type.

scope of the current work, but will be the focus of an upcoming
paper. We only note here that we do not find any carbon stars above
the classical AGB luminosity limit. There are 84 sources chemically
classified as O rich above this limit, 80 of which are classified as
RSGs based on their colours. None of these sources have matching
OGLE information. Three of the remaining four — designated as
RSGs by Ruffle et al. (2015) — are OGLE LPVs, with periods
>500 d, and are thus likely to be massive O-rich AGB stars. Only
one of these sources, an x-AGB, is significantly more luminous than
the classical limit; it is the well-known long-period Mira (1749 d;
Groenewegen et al. 2009) MSX SMC 55. Our luminosity estimate

MNRAS 457, 2814-2838 (2016)

of 124000 L (Mo = —8.0 mag) for this star is identical to the
value derived by Groenewegen et al. (2009), who noted it to be the
only possible super-AGB candidate in their SMC sample. The RSG
classification in, e.g. Ruffle et al. (2015) is primarily based on the
classical AGB luminosity limit as defined by Vassiliadis & Wood
(1993). Their definition in turn was based on the identification of a
small sample of RSG candidates, quite a few of which have since
shown abundance anomalies pointing to an AGB nature. Based
on our luminosities for LPVs, there could be a larger number of
sources above the classical limit undergoing hot-bottom burning
than previously expected.
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Figure 11. Top: examples of bad fits — a double-peaked SED (left) and a rising SED that could be a YSO or background galaxy (right), the latter with a
high DPR fit. Bottom: examples of fits whose chemical types are manually set. The source on the left is IRAS 00350—7436. The chemical type was modified
from O rich (blue line) to C rich to agree with the carbon-rich features in its IRS spectrum. The source on the right shows a 10 pum silicate feature in its IRS

spectrum, but was originally classified as C rich (red line). See text for details.

4.2.1 BC for the K band

Fig. 16 shows the BC in the K band as a function of the J — K;
colour. We compute a quadratic fit of the form

BCx, = ap+ai(J — Ky) + ax(J — K,)° 2)

and obtain aqy = 2.1 &+ 0.1, a; = 1.0 £ 0.1, and a, =—0.25 £+
0.04. Fig. 16 compares our fit with two other quadratic fits. The
Kerschbaum, Lebzelter & Mekul (2010) relation, derived for
nearby field stars, shows good agreement with our result. The
R2012 fit is also consistent with ours within the range of variation
of the data, with differences arising mainly due to the smaller
number of SMC sources at redder colours. The discrepancy in
BC is at most about 0.5 mag, at intermediate J — K; colours. At
these colours, the R2012 relation prediction for a given J — K

colour and K, magnitude underpredicts the luminosity by about
60 per cent. The Kerschbaum et al. (2010) relation differs, at worst,
by about 20 per cent in this range.

4.3 Dust-production rates

Fig. 17 shows the fits to the nine highest DPR sources (excluding the
FIR objects). The source with the highest DPR is SSTISAGEMA
J005007.19—733125.1 (IRAS 00483—7347), an RSG (Ruffle et al.
2015). We estimate its DPR to be (1.4 £+ 0.6) x 10~/ Mgp yr !,
5-6 times higher than the second-highest DPR. We are also able to
reproduce the silicate emission features in its spectrum (black curve)
reasonably well. Only one more of the top nine dust producers is
classified O rich. All the sources in the top nine classified as carbon
rich have DPRs over 1078 Mg yr~!. They are all very red, and very
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Figure 12. The ratio of the best-fitting model x2 to that of the alternate
model for O-rich (top) and C-rich (bottom) chemical types. A low value
of Xt%esl / Xazlt corresponds to a high-confidence chemical classification. For
each chemical type, the vertical lines differentiate the high-, medium-, and
low-confidence regimes.
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Figure 13. Top: the distribution of best-fitting DPRs for O-rich (grey) and
C-rich (black) chemical types. The C-rich distribution has been multiplied
by 4 for clarity. Most of the O-rich fits have DPRs less than 10~ '3 Mg yr—!
(vertical line). Bottom: the relative uncertainty in the DPR for both chemical
types falls below unity only for DPRs greater than this threshold.

faint in the near-IR. Except for IRAS 00350—7436, they all have
similar SED shapes. Two of these carbon stars have IRS spectra
that show weak SiC emission along with strong 13.7 um C,H,
absorption and perhaps a weak 30 um feature.

MNRAS 457, 2814-2838 (2016)

Including the FIR objects, there are 236 sources with DPRs
>107° Mg yr', 31 of which are classified by GRAMS as O rich.
The total DPR from O-rich and C-rich sources in this high-DPR
subsample is 2.6 x 1077 and 7.2 x 107" M@ yr~', respectively,
with mean DPRs of 8.3 x 107 and 3.5 x 107 Mg yr~!, respec-
tively. The high-DPR subsample contains 223 x-AGB stars, only
one of which is classified by GRAMS as O rich.

Table 4 shows the cumulative DPRs for the different colour
classes, and compares the results from the current paper to those
of B2012 for the SMC, which were derived using excess-DPR re-
lations, and of R2012 for the LMC, who used a procedure similar
to ours. For direct comparison, we have scaled the R2012 DPRs
using equation (1), with gas:dust ratios of 500 and 200 for O-rich
and C-rich stars, respectively. It is interesting to note that the mean
DPR in every colour class is consistently lower for the SMC than
for the LMC. The lower average DPR in the SMC could be a result
of the lower mean metallicity of the galaxy. The deficit is most
pronounced in the case of the RSGs; this can be due to the lack of
luminous dusty RSGs, as a large fraction of RSG dust is contributed
by the most luminous stars. RSGs contribute only about 2.5 per cent
of the total dust input to the SMC (including the FIR objects). In
this paper, we increased the number of RSG candidates by adding
~80 sources occupying the ‘gap’ between the RSG and O-AGB
colour classes of B2011 (see Section 2.2). While the actual nature
(RSG or O-AGB) of these sources is unclear, they do not contribute
significantly to the dust budget — we find that this new population
accounts for less than 4 per cent of the dust input from RSG stars.

The value of the total rate is very sensitive to the DPRs determined
for the FIR sources. Most of the FIR sources in our original list
were rejected based on CMDs or spectroscopic data which pointed
to a non-AGB nature. The best-fitting DPRs for these objects are,
on average, higher than for the rest of the sample. We only take
sources from Groups 1-4 into account when computing the dust
budget. When the FIR sources are included in the estimate, we find
a cumulative DPR of (1.3 £ 0.1) x 107 Mg yr~".

Our fit results for the filtered data set are available as an online
table. This table includes the best-fitting parameters (luminosity,
DPR, optical depth, inner radius of the dust shell, stellar effective
temperature) as well as their uncertainties. The columns in this
table are described in Table 5. The GRAMS grid offers only coarse
sampling in some parameters such as the effective temperature of the
central star. In cases where all 100 best-fitting models correspond to
the same value of such a parameter, we cannot compute a parameter
uncertainty.

5 DISCUSSION

5.1 Fits for FIR objects

Table 6 displays the total DPR for each FIR object category. The
DPRs are considerably higher than our previous excess-based esti-
mates (B2012), which is probably because of the cooler dust around
FIR objects that may not contribute significantly to the 8§ um ex-
cess. However, we did not find any genuine Herschel counterparts
to these sources (Jones et al. 2015), which indicates the lack of a
large dust reservoir beyond 24 pm.

Fig. 18 shows the fits for objects in FIR Groups 1-4 (the rest of the
fits are shown in Fig. Al). Our fitting procedure classifies almost
all 33 FIR objects as O rich, including the optical carbon stars
RAW 631, RAW 171, and IRAS F00530—7421. However, the
GRAMS classifications for the six FIR objects with IRS spectra
agree with the Ruffle et al. (2015) determinations. Such a ‘mixed
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Figure 14. Examples of good fits to the SED as well as IRS spectrum. The top panel shows three good O-rich fits, and the bottom shows two good C-rich fits.

All O-rich (C-rich) fits reproduce the silicate (SiC) feature strengths well.

Table 3. Colour class versus GRAMS class.

Colour class GRAMS class Per cent low?
O-rich C-rich
0-AGB 802 82 13
a0/0 537 86 31
a0/C 20 0 20
C-AGB 100 1552 12
x-AGB 1 336 1.8
RSG 1384 26 20
FIR 22 1 52

Note. “Percentage of low-confidence classifications.

chemistry’ effect could also explain our classifications for the three
optical carbon stars without IRS spectra; for instance, Groenewe-
gen & Blommaert (1998) suggested that IRAS F00530—7421 is a
post-AGB star or has a binary companion that is responsible for its
peculiar optical spectrum and atypical IR colours. It is interesting
to note that — in the case of RAW 631, for example — the alternate
best-fitting (in this case, C rich) model is able to reproduce the shape
of the SED in the optical through IRAC bands, consistent with a
C-rich photosphere. In all the cases shown in Fig. 18, the best-fitting
model can reproduce the near- and mid-IR SED. The exception is
that the observed 24 pm flux is sometimes higher than the model
prediction. As discussed before, the 24 pm emission may not nec-
essarily be associated with a single source at the SMC distance (see
notes in Table 1). If the 24 um flux is indeed associated with the
IRAC source, the GRAMS best-fitting DPR is an underestimate of
its dust content. In the current work, we consider all the sources in
Groups 1-4 as mass-losing evolved stars and include their contri-
bution in the global dust budget.

2000 FETTTTTTTTTITITTI I T T T I T T T T TTITTITITIT T T TTITTITTTTT IIIIIIIII TTTTTTTHY

1500

Z 1000 -

500 —
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Figure 15. Distribution of luminosities for sources identified by the fits as
O rich (solid blue) and C rich (solid red). The LMC distributions are shown
as dashed lines, and have been scaled down by a factor of 3.3 for direct
comparison. The vertical line at My, = —7.1 mag is the classical AGB
luminosity limit.
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Figure 16. The Ks-band BC as a function of the J — K colour for all
sources in our list identified by our fits as carbon rich. The quadratic fit
to these data (solid red) is compared to those of R2012 (dashed red) and
Kerschbaum et al. (2010, solid green).

SSTISAGEMA J010041.61—-723800.7 (Object 33 in Table 1)
is the only FIR candidate with a valid best fit that is C rich. This
source is one of six newly discovered mid-IR variables (Riebel et al.
2015). While our fit procedure classifies IRAS FO0530 (object 16
in Table 1) as O rich, the carbon-star model is a good fit to the SED
at wavelengths below 24 pm. The same holds true for almost all the
remaining Groups 3 and 4 sources. If all Groups 3 and 4 sources
are O rich, and the 24 um emission is associated with the source,
the total DPR from Groups 3 and 4 is 3.9 x 1077 Mg yr ' If,
instead, they are all C rich, the total DPR is much lower: 4.8 x
108 Mo yrl.

The total DPR from all valid FIR objects (i.e. Groups 1-4) is
thus in the range (0.45 & 0.01) x 107° Mo yr~!. Fits to Groups
5-7 predict a total DPR for that sample of about (1.5 £ 0.03) x
107 M yr~'. By careful elimination of contaminants to the mass-
losing evolved-star sample, we have avoided an overestimate of the
global dust budget! The uncertain chemical nature of a small number
of FIR objects with valid fits is thus the largest source of uncertainty
in the total dust budget.

5.2 Uncertainties in DPRs

Before we compare our results to previous efforts and discuss the
SMC dust budget, we discuss the various sources of uncertainty
associated with the DPR estimates.

The effect of scaling our DPRs using equation (1) is an overall
reduction in DPR. None of the sources classified by our fitting tech-
nique as carbon rich have luminosities above 30 000 L, and the
DPRs of the oxygen-rich sources brighter than this value are sup-
pressed due to the dependence on the gas:dust ratio. The cumulative
DPR with and without FIR objects in Table 4 are 1.8 x 10~° and
8.9 x 1077 Mg yr', respectively. If we use the unscaled DPRs,

MNRAS 457, 2814-2838 (2016)

these values are 2.3 and 1.6 times higher, respectively. This factor of
~2 difference due to the lack of knowledge of expansion speeds is
already a significant contribution to the uncertainty in the absolute
value of the global dust budget, and it is important to consider this
issue when comparing our results with those from other studies.

Perhaps the most important source of systematic uncertainty in
the DPR is the choice of dust optical constants when computing the
radiative transfer models. In Fig. 19, we compare our unscaled DPRs
with those of Groenewegen et al. (2009) for their M star and carbon
star samples. Our C-rich DPRs are consistently about 4-10 times
lower; this is consistent with the discussion in Srinivasan et al.
(2011) for the LMC sample, and can be explained by our differing
choice of optical constants for amorphous carbon. At DPRs above
107" M@ yr~!, our O-rich DPRs are higher than the corresponding
Groenewegen et al. (2009) values for all but two stars. The reason
for the larger variation is unclear (see section 4.2.2 in Sargent et al.
2011), although it is likely due to the larger range of O-rich dust
properties explored in that paper. This (4—10)x discrepancy only
worsens when the scaling relation (equation 1) is incorporated.
This discrepancy should be taken into account when comparing our
results with other recent studies (e.g. Matsuura et al. 2013) that rely
on the Groenewegen et al. (2009) DPRs, as our scaled DPRs can be
up to 20x higher (lower) for O-rich (C-rich) stars in comparison.

We can place an upper bound on the total DPR by combining
the two effects above. If all the stars have an expansion speed of
10 km s, and if the set of optical constants used by Groenewegen
etal. (2009) is appropriate for SMC evolved stars, then the total DPR
can be up to (3—13) x higher (the scaled C-rich and O-rich DPR
contributions are almost equal, and the systematic uncertainties
mentioned above suppress the O-rich DPRs) than the total value
quoted in Table 4. We will use this information in Section 5.4.

The relative contributions of O-rich and C-rich dust are also
uncertain due to (i) the low-confidence classifications as well as
(ii) the uncertain chemistry of the FIR objects. We verified that the
contribution to the dust budget due to low-confidence classifications
is < 10 per cent. As discussed in Section 5.1, (i) dominates the
uncertainty in relative contributions.

5.3 Dust budget

To compute the dust budget for the SMC, we include all FIR fits
in Groups 1-4. We ignore any non-FIR sources with relative un-
certainty in the DPR > 1. Fig. 20 compares the cumulative DPR of
SMC sources for each GRAMS class, computed in this work, with
the R2012 estimates for the LMC. As in Table 4, for a direct com-
parison we scale the LMC DPRs using equation (1) and a gas:dust
ratio of 500 (200) for O-rich (C-rich) stars. The cumulative DPR
is plotted versus the DPR and the luminosity. For each chemical
type, the shape of the curve is the same for both galaxies, except
that the SMC numbers are lower in each case. For each galaxy,
the O-rich sources start contributing at low DPRs, until the mass-
loss from carbon stars kicks in. Eventually, the carbon-star DPR
overtakes the O-rich one. However, the point at which this happens
is at a lower DPR for the SMC, due to its lower metallicity. The
cumulative DPRs for both O-rich and C-rich sources achieve their
maximum values at lower DPRs in the SMC case, reinforcing the
conclusion that the SMC lacks high-DPR sources.

Table 4 shows that our total DPRs for C-AGB and x-AGB stars
agree with the values from B2012. While the total for O-AGB
and a-AGB stars is lower than that in B2012 by a factor of ~1.5,
this deficit is offset by a higher contribution from RSGs, so that
our global non-FIR dust budget estimate is nearly the same as that
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Figure 17. Fits to the nine sources in the non-FIR sample with the highest estimated DPRs. The best-fitting O-rich (C-rich) model is shown in blue (red), and
all the acceptable fits are shown in cyan (grey).

Table 4. Comparison of total DPRs by colour class between R2012 (LMC), B2012 (SMC), and this paper.

Colour class R2012 (LMC) B2012 (SMC) This work (SMC)

Number Total DPR? Mean DPR Number Total DPR Mean DPR Number Total DPR Mean DPR

Mg yr™) Mg yr™)

x-AGB 1347 1.2 x 1073 8.6 x 107° 313 6.3 x 1077 2.0 x 107 337 6.8 x 1077 2.0x 107
C-AGB 6662 7.6 x 1077 1.1 x 10710 1559 1.2 x 1077 7.8 x 10711 1652 1.2 x 1077 7.1 x 10711
0-AGB 12031 9.7 x 1077 8.1 x 1071 1851 52x 1078 2.8 x 10711 884 33 x 1078 3.7 x 1071
a0-AGB - - - 1243 2.6 x 1078 2.1 x 10711 643 1.6 x 1078 2.4 x 10711
RSG 3589 1.4 x 1076 4.0 x 10710 2611 3.1 x 1078 1.2 x 1071 1410 4.6 x 1078 3.3 x 107!
FIR? - - - 50 9.6 x 1078 1.9 x 107 17 45 x 1077 2.6 x 1078
Total 23629 1.5 x 1073 6.2 x 10710 7627 9.5 x 1077 1.2 x 10710 4943 1.3 x 1076 2.7 x 10710
Total, no FIR 23629 1.5 x 107 6.2 x 10710 7577 8.6 x 1077 1.1 x 10710 4926 8.9 x 1077 1.8 x 10710

Notes. “The LMC DPRs have been scaled using equation (1) with a gas:dust ratio of 500 for O-rich stars and 200 for C-rich stars.
bThe FIR contribution from this paper includes only sources from Groups 1-4.
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Table 5. Names and descriptions for the columns in the online table of photometry and fit results.

Column(s) Name Description

1 IRAC_DESIGNATION The SAGE-SMC IRAC Mosaic (if unavailable, Epoch 1)
Archive identifier; should be preceded by ‘SSTISAGE’.

2 COLOUR_CLASS Colour classification using the scheme described in
Boyer et al. (2011) and this paper.

3 OGLE3_ID Identifier in the OGLE-III Catalog of Variable Stars;
should be preceded by ‘OGLE-SMC-LPV’.

4 AKARI_ID Identifier in the AKARI All-Sky point-source catalogue.

5 WISE_ID Identifier in the WISE All-Sky point-source catalogue.

6-13 FLUXU, DFLUXU, FLUXB, DFLUXB, FLUXYV, DFLUXYV, Matching photometry from the MCPS survey in the

FLUXI, DFLUXI U, B, V, and I bands, and the associated errors. Where
possible, the V- and I-band fluxes are replaced with the
MACHO/OGLE-III mean measurements. Accordingly,
the errors are inflated using the MACHO/OGLE-III
V-/I-band amplitude. See Section 2.3 for details.

14-19 FLUX]J, DFLUXJ, FLUXH, DFLUXH, FLUXK_S, DFLUXK_S Matching near-IR photometry and the related uncertainties.
These data consist of matching 2MASS and/or IRSF
information. If both 2MASS and IRSF fluxes are available,
these fields contain the mean fluxes and variability-adjusted
uncertainties in each band. See Section 2.3 for details.

20-27 FLUX3_6, DFLUX3_6, FLUX4_5, DFLUX4_5, FLUX5_8, Mean IRAC fluxes and associated uncertainties computed from

DFLUXS5_8, FLUXS8_0, DFLUX8_0 two epochs of SAGE-SMC and one epoch of matching S*MC
data, if available. See Section 2.3 for details.

28 and 29 FLUX24, DFLUX24 Mean MIPS 24 flux and associated uncertainty computed from
two epochs of SAGE-SMC and one epoch of matching S’MC
data, if available. The uncertainty is also inflated to reduce the
weight on the 24 pum band when computing the fit. See
Sections 2.3 and 3 for details.

30-33 FLUXNI11, DFLUXN11, FLUXLI5, DFLUXLI15 Matching photometry from the AKARI survey for the N11
and L15 bands. The uncertainties have been inflated to account
for variability according to Section 2.3.

34 and 35 FLUXW3, DFLUXW3 Matching photometry from the WISE survey for the W3 band.
The uncertainty has been inflated to account
for variability according to Section 2.3.

3643 MAGU, DMAGU, MAGB, DMAGB, MAGV, DMAGYV, Magnitudes and uncertainties computed from the fluxes and

MAGI, DMAGI uncertainties in fields 6-13.

44-49 MAG]J, DMAGIJ, MAGH, DMAGH, MAGK_S, DMAGK_S Magnitudes and uncertainties computed from the fluxes and
uncertainties in fields 14-19.

50-57 MAG3_6, DMAG3_6, MAG4_5, DMAG4_5, MAG5_8, Magnitudes and uncertainties computed from the fluxes and

DMAGS5_8, MAGS8_0, DMAGS8_0 uncertainties in fields 20-27.

58 and 59 MAG24, DMAG24 Magnitude and uncertainty computed from fields 28 and 29.

60-63 MAGNI11, DMAGNI11, MAGLI5, DMAGLI5 Magnitudes and uncertainties computed from the fluxes and
uncertainties in fields 30-33.

64 and 65 MAGW3, DMAGW3 Magnitudes and uncertainties computed from the fluxes and
uncertainties in fields 34 and 35.

66 FIR_GROUP Group number for FIR objects (see Section 2.4.1).

67 SMC_IRS SMC IRS identification number from Ruffle et al. (2015).

68 SAGE_SPEC_CLASS Spectroscopic classification from Ruffle et al. (2015).

69 GRAMS_CLASS Best-fitting chemical classification.

70 CLASS_CONFIDENCE Confidence of classification (see Section 3.1.2).

71 and 72 CHISQ_BEST, CHISQ_ALT Lowest )(2 values for the best-fitting and alternate chemical classes.

73-76 LUM, DLUM, DPR, DDPR Best-fitting luminosities and DPRs, and
associated uncertainties. Parameter uncertainties are computed
using all 100 acceptable models (see Section 3).

Note: the DPRs in this table have been scaled according to
equation (1).

77-82 TAU, DTAU, RIN, DRIN, TIN, DTIN Best-fitting optical depth, dust shell inner radius, and temperature
at this radius in K. The optical depth is measured at
10 pm (11.3 pm) for O-rich (C-rich) dust, and the inner radius
is in units of stellar radii.

83-86 TEFF, DTEFF, LOGG, DLOGG Effective temperature and surface gravity (log [g/cms~']) of
best-fitting photosphere model. See Sargent et al. (2011) and
Srinivasan et al. (2011) for details.

87 FITCOMMENT Note that the optical data are ignored (Section 3), or that the

best-fitting chemistry is changed (Section 3.1.1).
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Table 6. Total FIR DPR by group.

Group“ Number Total DPR Mean DPR
M@ yr™h)

1 6 (5.6 £ 0.5) x 1078 (9.3 + 0.8) x 107°
2 1 6.1 + 0.6) x 107° 6.1 + 0.6) x 107°
3 6 44 + 03) x 107° (74 + 0.4) x 10710
4 4 (3.8 + 0.07) x 1077 (9.6 + 0.2) x 1078
5 2 (3.1 £ 0.02) x 10~8 (1.6 + 0.02) x 10~8
6 7 (1.9 + 0.04) x 1077 (2.6 + 0.06) x 10~8
7 7 (1.3 + 0.02) x 10-° (1.8 + 0.04) x 1077

Note. “Only the objects in Groups 1-4 are likely AGB/RSG stars.

derived from the mid-IR excess. This is not surprising, as the excess-
DPR relation in B2012 was calibrated using GRAMS fits to a small
number of SMC sources. The difference in DPRs is probably due
to the differing source counts; our sample has a smaller (large)
number of O-AGB and a-AGB (RSG) sources. Our mean DPR for
FIR objects is about 2.5 times higher than that estimated based on
the 8 pm excess; it is clear from Fig. 18 that this excess flux may not
reflect the significant amount of 24 wm dust emission, resulting in a
lower DPR. Our total DPR for FIR objects is therefore higher than
the B2012, making the global dust input to the SMC from AGB and
RSG stars (including FIR objects) about 1.4 times higher than the
excess-based determination.

In their paper, Matsuura et al. (2013) selected C-AGB and O-
AGB candidates from the [8.0] versus [3.6]-[8.0] CMD and the
K-[24] versus K;-[8.0] colour—colour diagram. They then used a
colour—mass-loss rate relation, calibrated using a sample with de-
tailed modelling, to compute the mass-loss rates for the entire pop-
ulation. They found a global DPR of 3 x 107 M yr~! for O-rich
AGB and RSG stars, and a total of 4 x 107 Mg, yr™' for carbon
stars. Using a gas:dust ratio of 200 for both chemical types, they
computed a gas mass-loss rate of 6 x 10~ and 8 x 10~ M yr~!
for O-AGB/RSG and carbon stars, respectively.

We expect our numbers to be different for three main reasons.
First, the sets of optical constants used to compute radiative transfer
fits to the calibration stars is different from the sets used in GRAMS.
This can introduce a systematic discrepancy of up to (4-6)x, as
previously mentioned. Secondly, the calibration of the Matsuura
et al. (2013) colour—mass-loss rate relation is based on a small
number of stars, and outliers can skew the relationship. Finally,
their classification scheme could assign a chemical type different
from the GRAMS classification. We accounted for this last factor
by applying their colour classifications to our sample and selecting
the corresponding (O rich or C rich) best-fitting (unscaled) GRAMS
DPR for each source. We then find totals of 3.4 x 107% and 9.8 x
107" M yr~' for O-AGB/RSG and carbon stars, respectively. The
global DPR for carbon stars is smaller by a factor of 4, which is
consistent with the choice of optical constants. Our estimate of the
O-rich contribution is higher than that of Matsuura et al. (2013), as
they classified the FIR objects as possible post-AGBs/PNe or YSOs
(see their fig. 5).

5.4 Is there a dust budget ‘crisis’ in the SMC?

Table 7 summarizes the DPR estimates from R2012, B2012,
Matsuura et al. (2013), and this work. Including the FIR objects,
we find a global DPR of 6.3 x 1077 and 7.1 x 1077 Mg yr!
for stars with O-rich and C-rich dust chemistries. These numbers
are comparable to those of B2012, and are therefore also consistent

The dust budget of the SMC 2831

with the present AGB DPRs predicted by Schneider et al. (2014)
based on theoretical models, using the old ATON yields (dashed
line in their fig. 4). In fact, the somewhat higher value for O-rich
dust injection derived in this paper shows better agreement with the
Schneider et al. (2014) results for silicate dust.

The time-scale at which stellar sources replenish ISM dust can
be estimated by comparing the current ISM dust mass to the DPR
from evolved stars. As a way of incorporating the respective un-
certainties, we determine the maximum (minimum) replenishment
time-scale using the maximum (minimum) ISM dust mass and min-
imum (maximum) DPR estimates. We first estimate the time-scale
assuming that AGB stars are the sole contributors to the ISM dust.
The global AGB DPR derived in this paper is 1.3 x 107® Mg yr™',
and the discussion in Section 5.2 estimates that it can be up to 13x
higher. Using these lower and upper bounds on the DPR and the
ISM dust mass estimate from Gordon et al. (2014) ((8.3 £ 2.1)
x 10* M), we compute a replenishment time-scale in the range
(3.6-78) Gyr. If the ISM dust mass originated primarily from AGB
stars, then the AGB dust-injection rate would replenish the total
ISM dust mass in a time frame shorter than the age of the SMC
(~12 Gyr; e.g. Harris & Zaritsky 2004). Since the upper bound
on the time-scale is longer than the age of the Universe, we must
consider the contribution from other dust sources.

Besides AGB and RSG stars, SNe are a major stellar source of
dust. In addition, it is possible that grain growth in the cold ISM
is necessary to make up the difference. While the inclusion of SNe
dust reduces the ISM replenishment time-scale to a more reasonable
range, the mass of dust created by SNe spans a large range, as does
the mass destroyed by the reverse shock (e.g. Sugerman et al. 2006;
Matsuura et al. 2011; Gallagher et al. 2012; Andrews et al. 2015;
Owen & Barlow 2015). Temim et al. (2015) set an upper limit on
the DPR from SMC core-collapse SNe at 5.1 x 107 Mg yr !,
assuming no dust destruction. B2012 use the observed SN rate
and dust mass estimates for various SMC SNe to estimate a lower
limit of 0.01 x 10~ M yr~!, which is comparable to the global
AGB/RSG DPR estimate in this paper. With these lower and upper
bounds on the SNe dust-injection rate, the AGB-+SN replenishment
time-scale is in the range (0.1-44) Gyr. However, the SN rate in the
SMC is higher over the past 12 Myr than at previous times, so the
lower limit to the time-scale is perhaps too optimistic. The estimate
above can be further refined by incorporating a treatment of dust
destruction. However, the extent of dust destruction by SNe is highly
uncertain (e.g. Silvia, Smith & Shull 2012; Lakicevi¢ et al. 2015;
Lau et al. 2015; Temim et al. 2015).

B2012 estimate a dust lifetime in the SMC of (0.38-0.86) Gyr,
which is consistent with the lower limit for the replenishment time-
scale estimated above including SN dust production. However, the
dust grain lifetime may be much shorter in the SMC. For instance,
Temim et al. (2015) find a lifetime of (54 & 32) Myr ((72 & 43) Myr)
for O-rich (C-rich) dust grains in the SMC. The AGB/RSG contri-
bution over this time-scale would then be (125-1900) M, of dust.
This range incorporates the (3—13) x inflated estimate for the global
DPRs due to differences in outflow speed and choice of optical
constants. The total dust mass contribution is (300-64 000) Mg,
if the contribution from SNe is included. The most optimistic
estimate for the dust injected still falls short of the estimated ISM
dust mass.

Estimates of SNe dust destruction on a global scale do not take
into account the differences in the spatial distribution of AGB/RSG
stars and SNe. Fig. 1 in Cioni et al. (2006) and figs 12-14 in B2011
show the distribution of AGB/RSG stars. AGB stars are smoothly
distributed out to a radius of at least 2 deg from the centre of the bar
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Figure 18. FIR objects with valid fits (best-fitting O-rich: blue, best-fitting C-rich: red). The 100 acceptable models of the best-fitting chemical type are also

shown (cyan: O-rich, grey: C-rich). Optical carbon stars are also indicated.

(fig. 34 in B2011), while SNe are concentrated in the star-forming
regions in the bar (fig. 2 in Temim et al. 2015). It follows from
these figures that most low- and intermediate-mass stars migrate
away from the regions of high dust destruction before they reach
their dust-producing phase, suggesting that the lifetime of AGB-
produced dust is longer than the average dust destruction rate in the
SMC.

MNRAS 457, 2814-2838 (2016)

The upper bound to the replenishment time-scale, as well as the
total injected dust mass estimate above, imply a non-stellar origin
for dust in the SMC. This conclusion is consistent with that of
B2012 but not with that of Schneider et al. (2014). While our dust
budget estimate is consistent with theirs within uncertainties, the
main difference between this paper and Schneider et al. (2014) is
that they estimate the maximum contribution to the existing mass,
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Figure 19. Comparison of DPR estimates for the Groenewegen et al. (2009,
G2009) M stars (filled circles) and carbon stars (open circles). The solid line
represents 1:1 agreement, while the dashed and dot—dashed lines correspond
to a4x and 10x discrepancy, respectively. The GRAMS DPRs are consis-
tently higher (lower) than the Groenewegen et al. (2009) values for the
O-rich (C-rich) stars.

without considering a finite dust lifetime due to destruction in the
ISM. The lifetimes derived by Temim et al. (2015) are significantly
shorter than those in the Milky Way, and also to those estimated for
the SMC in B2012. This difference in dust time-scales leads us to
the same conclusion as Temim et al. (2015).

The current ISM dust distribution is more centrally concentrated
than the current AGB distribution (see e.g. the maps in B2011;
Gordon et al. 2014). This suggests that, if the dust is solely of AGB
origin, it is either migrated away from its formation site or it formed
from the earlier, more massive AGB stars which would have also
been centrally located. In that case, however, it would be nearer to
SNe and would have a shorter lifespan. This argument points to ISM
grain growth as a dust source, unless there is a significant amount
of dust in as yet undiscovered AGB/RSG sources. Is it possible that
there are sources with very short bursts of intense mass-loss? For
instance, de Vries et al. (2014) note that such an abrupt mass-loss
phase is required to explain the shorter-than-expected superwind
observed in their OH/IR star sample.

The extreme carbon stars in the LMC were discovered by
Gruend! et al. (2008) when they reprocessed the SAGE images
using aperture photometry to extract point sources. This discov-
ery prompts us to ask: Are there candidate extreme carbon stars
hidden in the SAGE-SMC data? There is already a data set avail-
able to help answer this question: Sewito et al. (2013) identified
~1000 high-quality YSO candidates, 62 of which did not previously
exist in the SAGE-SMC IRAC point-source catalogue. These
sources were extracted by performing aperture photometry on the
SAGE-SMC images, in a manner similar to Gruendl et al.’s LMC
work. The Sewito et al. (2013) stars are classified as either ‘proba-
ble’ or ‘high probability’ YSOs based on model fits. Fig. 21 shows a
[8.0] versus [3.6]-[8.0] CMD with all 984 of the Sewito et al. (2013)
YSO candidates. The 53 sources matched to our list are overlaid
in blue, and the entire list of sources from aperture photometry is
shown in red. The dashed and solid lines depict the B2011 colour
cuts used to identify x-AGB candidates. When the Gruendl et al.
(2008) sources are placed on this diagram (after scaling to SMC
distance), only a few are above the B2011 cut. Moreover, many
of the evolved-star candidates (many classified on basis of their
near-IR photometry) are below this cut and in the YSO-dominated
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total (black). The SMC cumulative DPR includes FIR objects from Groups 1-4.

Table 7. Comparison of total DPRs by chemistry.

Total DPR, O-rich? Total DPR, C-rich

M@ yr™h)

LMC

Riebel et al. (2012)

(DPRs scaled”) 47 x 107° 1.0 x 1073

SMC

Boyer et al. (2012) 1.1 x 1077 (7.5-8.4) x 1077

Matsuura et al. (2013) 3.0 x 1076 4.0 x 107°

This paper (DPRs scaled) 6.3 x 1077 7.1 x 1077

Notes. “O-rich class includes O-AGB, a-AGB, and RSG stars.
YDPRs scaled according to equation (1).

region. If this cut is relaxed so as to include all of the extreme carbon
star candidates (dot—dashed line) it classifies seven of the aperture
photometry sources as x-AGB stars. Sewito et al. (2013) classify
four of these sources as ‘high probability’ YSOs and the rest as
‘probable’. However, SED inspection shows that they are proba-
bly YSOs or background galaxies (Fig. 21, bottom panel). Despite
relaxing our selection criteria, we do not find any promising can-
didates for very dusty AGB stars in the Sewito et al. sample. It is
also interesting to note that there are no SMC YSO candidates with
colours as red as the Gruendl et al. (2008) extreme carbon stars.
Based on this brief investigation, we conclude that we have proba-
bly accounted for all the dust from evolved stars in the SAGE-SMC
data.

6 SUMMARY

Using a very careful selection procedure, we produce the most
complete data set of mass-losing evolved stars in the SMC to date.
We fit dust radiative transfer models to these sources to resolve
their chemical types and estimate their luminosities and DPRs. We
find that our chemical classification agrees well with those based

MNRAS 457, 2814-2838 (2016)

on near- and mid-IR colours (B2011), and that the fraction of high-
confidence O-rich and C-rich classifications is nearly identical to
the determinations of R2012 for the LMC.

We find a total dust-injection rate of (1.3 £ 0.1) x 107 Mg yr™!
from all SMC AGB and RSG stars. The x-AGB stars, comprising
7 per cent of the sample by number, are the most significant (non-
FIR) contributors to the global dust budget (= 66 per cent). The RSG
contribution is similar to that in the LMC, about 5-10 per cent. Our
results for the total dust budget from non-FIR sources is similar to
that of B2012. However, we find that almost all of the FIR objects
are better fit with O-rich models, and that the global dust budget
increases by a factor of ~1.5 upon including the FIR contribution.
While some of these sources are spectroscopically confirmed, it
is crucial to determine the AGB/RSG status as well as chemical
type of the remaining sources in order to constrain the dust bud-
get. Regardless of their chemical nature, these objects contribute
significantly to the dust input, and it is therefore essential to obtain
a complete inventory of such extremely dusty sources, which will
become possible with the advent of the next generation instruments
such as the James Webb Space Telescope.

The total input to the SMC from stellar sources based on mid-IR
observations cannot be reconciled with the ISM dust mass. This
points to a non-stellar origin for the SMC dust, unless there are as
yet undiscovered evolved stars with very high DPRs. Owing to their
red colours, such sources would be confused with YSOs. We find
no evidence in the Spitzer data of such sources; however, they may
be identified by future surveys.

The largest sources of uncertainty in determining the AGB/RSG
dust budget are the unknown expansion speeds and the choice of
dust optical constants, and can raise the dust budget estimates by
up to an order of magnitude. Future observations with the Atacama
Large (Sub)Millimeter Array will determine the expansion speeds
of Magellanic Cloud stars and, together with improved laboratory
experiments and models for dust opacities, help resolve these un-
certainties.
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Figure 21. Top: IRAC CMD showing the locations of all 984 Sewito et al.
(2013) YSO candidates, including the ‘primary photometry’ sources (black
dots and blue circles) as well as those extracted using aperture photometry
(red circles). The blue circles indicate Sewito et al. sources that are also in
our evolved-star list. The open circles represent the Gruendl et al. (2008)
extreme carbon stars placed at SMC distance. B2011 classified sources
redder than the dashed line and brighter than the solid lines as x-AGB stars.
These criteria have to be relaxed (dot—dashed line) in order to preserve the
‘extreme’ classification of the Gruendl et al. stars. These relaxed criteria
also flag all of the Sewito et al. ‘primary photometry’ sources already in
our list (blue circles) as x-AGB stars. In addition, the extreme classification
can be extended to seven of the aperture photometry sources (red circles).
Bottom: SEDs of these seven aperture photometry sources, identified by
their SMC-SAGE IRAC designations.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Table 5. Online table of photometry and SED fit results for our
candidate list of evolved stars.
(http://www.mnras.oxfordjournals.org/lookup/suppl/doi: 10.1093/
mnras/stw155/-/DC1).

Please note: Oxford University Press is not responsible for
the content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.

APPENDIX A: FITS FOR FIR OBJECTS
IN GROUPS 5-7

Fig. A1 shows the fits to FIR objects in Groups 5-7. The total DPR
of this sample is about 4.6 x 10~° Mo yr~!, comparable to the total
from the valid fits (Section 5.1). However, the fit quality is poor in
general. Moreover, based on their SED shapes, they are unlikely to
be AGB/RSG stars.
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Figure A1. Fits for objects in FIR Groups 5-7 (best-fitting O-rich: blue, best-fitting C-rich: red). The 100 acceptable models of the best-fitting chemical type
are also shown (cyan: O-rich, grey: C-rich). These objects either have steep SEDs, or show a second peak in the mid-IR. The fit quality in all cases is poor.
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