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ABSTRACT

We present a radiative transfer model for the circumstellar dust shell around a Large Magellanic Cloud (LMC) long-period vari-
able (LPV) previously studied as part of the Optical Gravitational Lensing Experiment (OGLE) survey of the LMC. OGLE LMC
LPV 28579 (SAGE J051306.40–690946.3) is a carbon-rich asymptotic giant branch (AGB) star for which we have Spitzer broadband
photometry and spectra from the SAGE and SAGE-Spec programs along with broadband UBVIJHKs photometry. By modeling this
source, we obtain a baseline set of dust properties to be used in the construction of a grid of models for carbon stars. We reproduce
the spectral energy distribution of the source using a mixture of amorphous carbon and silicon carbide with 15% SiC by mass. The
grain sizes are distributed according to the KMH model, with γ = 3.5, amin = 0.01 μm and a0 = 1.0 μm. The best-fit model produces
an optical depth of 0.28 for the dust shell at the peak of the SiC feature (11.3 μm), with an inner radius of about 1430 R� or 4.4
times the stellar radius. The temperature at this inner radius is 1310 K. Assuming an expansion velocity of 10 km s−1, we obtain a
dust mass-loss rate of 2.5 × 10−9 M� yr−1. We calculate a 15% variation in this mass-loss rate by testing the sensitivity of the fit to
variation in the input parameters. We also present a simple model for the molecular gas in the extended atmosphere that could give
rise to the 13.7 μm feature seen in the spectrum. We find that a combination of CO and C2H2 gas at an excitation temperature of
about 1000 K and column densities of 3× 1021 cm−2 and 1019 cm−2 respectively are able to reproduce the observations. Given that the
excitation temperature is close to the temperature of the dust at the inner radius, most of the molecular contribution probably arises
from this region. The luminosity corresponding to the first epoch of SAGE observations is 6580 L�. For an effective temperature of
about 3000 K, this implies a stellar mass of 1.5−2 M� and an age of 1−2.5 Gyr for OGLE LMC LPV 28579. We calculate a gas
mass-loss rate of 5.0× 10−7 M� yr−1 assuming a gas:dust ratio of 200. This number is comparable to the gas mass-loss rates estimated
from the period, color and 8 μm flux of the source.

Key words. stars: AGB and post-AGB – stars: carbon – circumstellar matter – stars: mass-loss – Magellanic Clouds –
stars: individual: OGLE LMC LPV 28579

1. Introduction

The asymptotic giant branch (AGB) is the final stage in the
evolution of low- and intermediate-mass stars (0.8 to 8 M�).
Products of the nuclear reactions in the AGB star interiors
are brought to the outer regions where they form molecules
and, farther from the star, dust grains. Carbon-rich (C-rich)
AGB stars are created by the process of the third dredge-up
(Iben & Renzini 1983). Slow winds, with typical expansion ve-
locities of 10 km s−1, feed the processed material (gas and dust)
back into the surrounding interstellar medium (ISM) at rates up

to 10−5−10−4 M� yr−1, where it is eventually locked into newly
forming stars. The large numbers of AGB stars makes them
significant contributors to the chemical evolution of galaxies. In
particular, C-rich AGB stars are the among the major sources of
carbon atoms (Dwek 1998) and carbonaceous dust grains (Dwek
1998; Matsuura et al. 2009) in a galaxy. It is therefore crucial to
determine the composition of AGB star dust and the total injec-
tion rate of this dust into the ISM.

The study of Galactic carbon stars is complicated due to
the high (and often unknown) line-of-sight extinction towards
these sources. Despite this fact, a lot of information has been
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gained about the circumstellar dust around these stars. The
Large Magellanic Cloud offers an exceptional environment for
the study of the mass-loss return and enrichment process by
AGB stars. Recent near-infrared (NIR) and mid-infrared (MIR)
surveys (e.g., 2MASS, Skrutskie et al. (2006); DENIS, Epchtein
et al. (1994) and SAGE, Meixner et al. (2006)) have revealed
tens of thousands of AGB star candidates in Large Magellanic
Cloud (LMC). The SAGE (Meixner et al. 2006) survey has
observed the LMC in the Spitzer Space Telescope (Spitzer;
Gehrz et al. 2007) Infrared Array Camera (IRAC; 3.6, 4.5, 5.8
and 8.0 μm) and Multiband Imaging Photometer for Spitzer
(MIPS; 24, 70 and 160 μm) bands. Blum et al. (2006) and
Srinivasan et al. (2009) (hereafter, Paper I) used SAGE photome-
try to identify about 7000 carbon-rich AGB star candidates in the
LMC. Follow-up spectroscopy using the Infrared Spectrograph
(IRS) on Spitzer has also been performed on selected SAGE tar-
gets as part of the SAGE-Spec (Kemper et al. 2010) program.

Detailed radiative transfer (RT) studies conducted on
Galactic and extragalactic carbon stars in the past have helped
identify many dust species as possible constituents of their cir-
cumstellar envelopes. Here we concentrate on two species that
significantly affect the near- and mid-IR photometry and spec-
troscopy, carbon dust (amorphous carbon or graphite) and sili-
con carbide (α or β type). IRC+10 216 (Neugebauer & Leighton
1969) is the best-studied carbon star in the galaxy, and a majority
of early studies involved the modeling of its circumstellar shell
(e.g., Jones & Merrill 1976; Fazio et al. 1980). Rowan-Robinson
& Harris (1983) used their RT code to fit the circumstellar en-
velopes (CSEs) of 44 Galactic carbon stars and found that amor-
phous carbon dust (hereafter AmC) produced better fits than
graphite. A similar result was obtained by Martin & Rogers
(1987). Skinner & Whitmore (1988) found that the strength of
the SiC feature in carbon stars was inversely proportional to the
total mass-loss rate which they explained as being due to a de-
crease in the SiC/AmC ratio with increasing mass-loss rate, thus
decreasing the prominence of the SiC feature in comparison to
the AmC continuum. This decrease in SiC/AmC ratio with in-
creasing mass loss was verified by Chan & Kwok (1990) and
explained as being due to carbon star evolution. Similar trends
were also reported by Lorenz-Martins & Lefèvre (1993, 1994)
and by Groenewegen (1995). Groenewegen (1995), Speck et al.
(1997) and Blanco et al. (1998) compared the results of models
using α- and β-SiC, finding that the dust containing α-SiC was
able to reproduce the spectra of most of their sources. Bressan
et al. (1998) included a treatment of AGB dust shells in their stel-
lar population models, and they generated isochrones for com-
parison with IRAS data for Miras and OH/IR stars. van Loon
et al. (1999) performed RT modeling on the ISO spectroscopy
of LMC AGB stars to identify the chemistry of the circumstel-
lar dust and calculated their mass-loss rates and luminosities.
Suh (2000) obtained empirical opacity functions for amorphous
carbon dust based on their RT modeling of IR spectra as well
as laboratory-measured optical data. Groenewegen (2006) pre-
sented synthetic photometry for O-rich and C-rich AGB stars
from the results of RT models that spanned the relevant range of
stellar and dust shell parameters seen in Galactic AGB stars. In
particular, they considered two kinds of dust species for carbon
star dust shells: AmC and a mixture of AmC and 15% α-SiC
by mass. The theoretical work of Mattsson et al. (2008) and
Wachter et al. (2008) showed that the mass-loss rates of car-
bon stars may not be sensitive to metallicity. Numerous recent
studies using Spitzer spectra of AGB stars in low-metallicity
Local Group galaxies (e.g., Sloan et al. 2006; Zijlstra et al. 2006;
Lagadec et al. 2007; Matsuura et al. 2007; Sloan et al. 2008)

seem to support this claim. Similar results were obtained by
Groenewegen et al. (2007), who found in their modeling of the
IRS spectra of 60 carbon stars in the Magellanic Clouds that the
trend of mass-loss rates with period of luminosity was compa-
rable to that of Galactic sources. Groenewegen et al. (2009) ex-
tended this study to a larger sample, including 110 carbon stars,
and compared their mass-loss rates and luminosities with those
predicted by evolutionary models as well as dynamical wind
models.

Our aim is to develop a grid of RT models for dust shells
around carbon stars so that we may fit the SAGE photometry
of carbon star candidates and derive their mass-loss rates. These
mass-loss rates will enable the calculation of the total carbon-
star mass-loss return to the LMC. As a first step, in this paper,
we determine a representative set of dust properties for LMC
C-rich AGB stars to be used as input to the modeling. We present
a 2Dust radiative transfer model for the circumstellar shell
around the variable carbon star OGLE LMC LPV 28579 (SAGE
J051306.40-690946.3)with the primary goal of deriving the dust
properties with a physically realistic model of the source, as
constrained by available data. We have also used this approach
in Sargent et al. 2010 (in press) for the O-rich AGB stars and
red supergiants. This paper is organized as follows. We describe
the observational data for OGLE LMC LPV 28579 (hereafter
LPV 28579) from various studies in Sect. 2. In Sect. 3, we pro-
vide details of our radiative transfer model for the circumstel-
lar dust, as well as a simple model for the molecular features
observed in the spectrum. We discuss the results of the models
in Sect. 4.

2. Observations

The choice of LPV 28579 for this study was motivated by the
availability of both SAGE photometry and SAGE-Spec spectro-
scopic data. The SAGE-Spec program selected a bright subsam-
ple of the SAGE AGB candidates for good quality spectra. This
requirement means that the spectroscopic sample is biased to-
wards redder colors, and that LPV 28579 is redder than most
carbon stars in the LMC. Nevertheless, it is only moderately op-
tically thick, and exhibits features found in typical carbon stars.
Its spectrum (see Sect. 2.3 for details) shows the overall contin-
uum emission from carbon dust as well as a significant 11.3 μm
feature due to SiC, which makes it a good testbed for the dust
properties around LMC carbon stars. Groenewegen (2004) clas-
sified the star as an obscured AGB candidate, while in Paper I
we labelled it an “extreme” AGB star based on the Blum et al.
(2006) selection criterion (J − [3.6] > 3.1 mag). Examination
of the SAGE-Spec spectrum (Sect. 2.3) shows the 11.3 μm sili-
con carbide feature to be in emission. Moreover, results from the
present modeling work (Sect. 3.1.5) suggest at best a moderate
11.3 μm optical depth. Based on this information, LPV 28579
would not be considered an extreme carbon star (Speck et al.
2009).

Photometry for LPV 28579 is available from many recent
LMC surveys (e.g., Zebrun et al. 2001; Epchtein et al. 1999;
Cutri et al. 2003; Meixner et al. 2006; Kato et al. 2007), en-
abling us to constrain its spectral energy distribution (SED). We
have combined the SAGE data with photometry from the optical
Magellanic Clouds Photometric Survey (MCPS; Zaritsky et al.
1997) as well as the 2 micron All Sky Survey (2MASS, Skrutskie
et al. 2006). We discuss the optical and NIR variability observa-
tions in Sect. 2.1, the SAGE photometry in Sect. 2.2 and the
SAGE-Spec data in Sect. 2.3. In Fig. 1, we show the full range
of photometry and spectroscopy values measured to illustrate the
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Fig. 1. A compilation of photometric and spectroscopic information
for LPV 28579. The solid circle and error bar show the mean OGLE
I band flux and its range of variation respectively. The 2MASS (open
triangles), IRSF (filled triangles) and SAGE (Epoch 1: open squares,
epoch 2: filled squares) fluxes are also shown. The solid curve is the
SAGE-Spec IRS spectrum.

source variability. In this paper, we only model the SAGE Epoch
1 photometry, using the optical and NIR data along with the IRS
spectrum to constrain the shape of the resulting SED.

2.1. Variability in optical and NIR data

LPV 28579 was observed as part of the Optical Gravitational
Lensing Experiment (OGLE-II; Zebrun et al. 2001) survey of
the Magellanic Clouds. The I band light curve is available as
part of the OGLE-II variable star catalog (Szymański 2005) as
well as the OGLE-III list of long-period variables (LPVs) as
described in Soszyński et al. (2009). Based on its light curve,
LPV 28579 was classified as a Mira-type LPV. Ita et al. (2004)
and Groenewegen (2004) crossmatched the OGLE-II data with
the IRSF LMC Survey (Kato et al. 2007), DENIS (Epchtein et al.
1999) and 2MASS All-Sky Release (Cutri et al. 2003) NIR cata-
logs and fit the light curves to obtain variability periods and am-
plitudes. Ita et al. (2004) and Groenewegen (2004) calculated the
period of variation to be 361 d and 358.6± 0.136 d respectively.
Ita et al. (2004) also reported a mean I magnitude of 17.483 mag
and a peak-to-peak amplitude of 1.865 mag. The OGLE-III cat-
alog lists the mean magnitude as 17.586 mag. The light curve
available from the OGLE-III website1 shows that LPV 28579 is
multi-periodic, with a primary period of 356.2 d (peak-to-peak
amplitude 1.587 mag) modulated by a slow variation of 5747 d
(peak-to-peak amplitude 0.784 mag). Like many of our extreme
AGB candidates identified in Paper I, LPV 28579 is absent from
the Fraser et al. (2008) MACHO catalog of LMC LPVs. This is
most likely due to the moderately high circumstellar extinction at
optical wavelengths. The primary period for LPV 28579 is very
close to those of the sources in the “one year artifact” list, but
the culling of these artifacts in Fraser et al. (2008) was done in a
manner as to avoid accidental removal of genuine sources. Based
on its brightness (Ks = 10.9 mag) and period, LPV 28579 would
probably fall on period sequence 1, the sequence found by Wood
et al. (1999) to be predominantly populated by Miras in their fun-
damental mode of pulsation. While we do not have JHKs light

1 http://ogledb.astrouw.edu.pl/~ogle/CVS/

curves, the 2MASS and IRSF photometry for LPV 28579 cap-
ture some of the NIR flux variation2 (Fig. 1).

The optical properties of LPV 28579 are fairly normal for
LMC carbon stars – the pulsation period of ∼1 yr is average
for typical LMC carbon Miras. It has a relatively small ampli-
tude in comparison to other carbon Miras in the OGLE-III cat-
alog (amplitudes ranging from 0.8 mag to 5.7 mag), and this
points to a somewhat hotter central star than a very cool one.
The moderate amplitude combined with the ∼1 yr period make
OGLE LMC LPV 28579 a typical member of the LMC carbon
Mira family. Furthermore, while LPV 28579 has very red col-
ors (J − K = 3.27 mag), it is nowhere nearly as red as, e.g.,
IRC+10216 (J − K = 6.15 mag; Whitelock et al. 2006).

2.2. SAGE photometry

The SAGE survey (Meixner et al. 2006) imaged a ∼7◦ × 7◦ area
of the Large Magellanic Cloud (LMC) with the Spitzer Infrared
Array Camera (IRAC; Fazio et al. 2004, 3.6, 4.5, 5.8 and 8.0 μm)
and Multiband Imaging Photometer (MIPS; Rieke et al. 2004,
24, 70 and 160 μm). Two epochs of observations separated
by three months were obtained to constrain source variability.
IRAC and MIPS epoch 1 and epoch 2 archive photometry for
LPV 28579 is available as part of SAGE data delivered to the
Spitzer Science Center3 (SSC). By comparing data from both
epochs of SAGE, Vijh et al. (2009) identified infrared vari-
able sources in the LMC of which ∼81% are AGB candidates.
LPV 28579 is one of the ∼2000 SAGE variables discovered by
Vijh et al. (2009). Figure 1 shows both epochs of SAGE data. In
this paper, we model the Epoch 1 data (the brighter set of fluxes
in Fig. 1) and use the Epoch 2 photometry only to estimate the
range of variability of the source (see Sect. 3.1.1).

2.3. SAGE-Spec data

Spectroscopic follow-up observations to SAGE using the
Infrared Spectrograph (IRS) aboard Spitzer were performed as
part of the SAGE-Spectroscopy survey (Kemper et al. 2010).
The spectra were reduced using techniques described in the
SAGE-Spec Data Delivery Handbook4 (Woods et al. 2009) and
summarized briefly as follows. LPV 28579 was observed in
both spectral orders of the Short-Low (SL; 5.2−14.3 μm, R ∼
60−120) and Long-Low (LL; 14.3−13.7 μm, R ∼ 60−120) in-
struments on board Spitzer at two nod positions. Data from the
S15.3 and S17.2 pipelines for SL and LL, respectively, were ob-
tained from the SSC for LPV 28579 (AOR # 22415360). SL sky
subtraction was performed by subtracting the observations in
one order from the other while keeping the nod position fixed,
while LL sky subtraction involved subtracting one nod position
from the other while keeping the order fixed. Bad pixels on the
detector arrays were replaced with values determined by com-
paring to the local point-spread function5.

2 The difference in Ks magnitude between the two epochs is 0.5 mag.
Comparing this result to Fig. 3 of Whitelock et al. (2003), which shows
the K-band pulsation amplitude as a function of period, we find that
the amplitude corresponding to the primary period for LPV 28579 is
∼0.4−0.8 mag.
3 Data version S13 available on the SSC website, http://ssc.
spitzer.caltech.edu/legacy/sagehistory.html
4 Handbook version 1 (30 July 2009) available on the SSC website,
http://data.spitzer.caltech.edu/popular/sage-spec/
5 For details, please refer to the IRS Data Handbook:
http://ssc.spitzer.caltech.edu/IRS/dh/dh32.pdf.
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The width of the apertures used for point source signal ex-
traction increased in proportion to the wavelength; this involved
using the profile, ridge and extract modules6. Flux densities were
obtained by calibrating the raw signal extractions using observa-
tions of the standard stars HR 6348 (K0 III), HD 166780 (K4 III)
and HD 173511 (K5 III). While all three standard stars were
used for LL, only the first was used for SL. Where available,
the mean flux from multiple data collection events (DCEs) for
a single module/order/nod was computed, with the standard de-
viation from the mean providing a measure of the correspond-
ing uncertainty. Spikes not eliminated by replacement of bad
pixel values were effectively removed by replacing any uncer-
tainty larger than the average in the local wavelength range by
the uncertainty from the nod position closer to the local average.
Bonus-order spectra (corresponding to a small segment of the
first-order spectrum obtained by the second-order slit) were av-
eraged with spectra from the second and first orders over wave-
lengths they shared in common.

The IRS spectrum for LPV 28579 (Fig. 1) shows a broad
11.3 μm SiC emission feature combined with a featureless con-
tinuum characteristic of carbonaceous dust. LPV 28579 does
not show any particular signs of the 30 micron feature which
is strong in the more extreme Galactic carbon stars (Hrivnak
et al. 2009) and is also seen in very red LMC carbon stars in
the SAGE-Spec sample. There is also a 13.7 μm C2H2 feature.
The strength of this feature cannot be reproduced by a model
photosphere alone, pointing to its origin in the extended atmo-
sphere and circumstellar shell (see Matsuura et al. 2006). We
model both the circumstellar dust as well as the molecular gas in
the extended atmosphere in Sect. 3. We note two trends at longer
wavelengths: there is a step-down in the flux at ∼20.5 μm, and
the flux errors for the entire Long-Low 1st order (LL1) wave-
length range are on average very large. These are suggestive of
sky-subtraction issues, so we checked the raw data for LL1. We
find that there is a noticeable amount of extended emission in
LL1 due to an extremely red source creeping into the slit, which
affects the background subtraction.

The optical, NIR and MIR photometry as well as MIR spec-
troscopy described above are incorporated into Fig. 1. The two-
epoch photometry shows that there is no significant change in
the shape of the MIR SED. We have taken advantage of this fact
and scaled the SAGE-Spec spectrum down to the SAGE Epoch 1
5.8 μm flux to enable easy comparison to photometry. This scal-
ing changes the flux predicted for the spectrum in the 5.8 μm
band by ∼5%.

3. Analysis

3.1. 2Dust radiative transfer models

We model the emission from LPV 28579 using the two-
dimensional radiative transfer code 2Dust (Ueta & Meixner
2003). For simplicity, we assume a spherical geometry for this
study. 2Dust is capable of radiative transfer of axisymmetric
systems. This may be needed for describing the most evolved
AGB stars as well as their post-AGB counterparts in the model
grid. Although AGB mass loss appears to be largely spherical,
the successors to these objects, the post-AGB stars, are expected
to be bipolar (as are their Galactic counterparts). The dust around
post-AGB stars is similar to those around the most evolved
AGB stars, therefore we allow for the model grid to cover post-
AGB stars and pre-planetary nebulae (PPNe).

6 These modules are available in SPICE, the Spitzer IRS Custom
Extraction package.

Table 1. 2Dust Parameters For LPV 28579.

Photosphere modela

Teff(K) 3000
L∗(L�) 6580 (6150–7010)b (Epoch 1)

4810 (Epoch 2)
R∗(R�) 325 (Epoch 1)
C/O 1.3

Dust shell properties

Rin(R∗) 4.4 (4.0–4.8)
Rout(Rin) 1000
Density profile ρ(r) ∼ r−2

vexp(km s−1) 10
Gas:dust ratio 200

Dust grain properties

Species AmCc +SiCd

SiC fraction 12% (10%–16%)
τ(11 μm) 0.27 (0.25 – 0.275)
Size distribution KMHe

amin(μm) = 0.01 (<0.1)
a0(μm) = 1 (0.75–1.3)
γ = 3.5

Mass-loss rate and dust temperature

Ṁd(×10−9 M� yr−1) 2.5 (2.4–2.9)

Ṁg(×10−7 M� yr−1) 5.0 (4.8–5.8)
Tin(K) 1310 (1260–1380)

Notes. (a) Photosphere model from Gautschy-Loidl et al. (2004).
(b) Uncertainty in parameter value (see Sect. 3.1.5 for details).
(c) Amorphous carbon grains, ρ = 1.8 g cm−3, optical constants from
Zubko et al. (1996). (d) SiC grains, ρ = 3.22 g cm−3, optical con-
stants from Pégourié (1988). (e) Size distribution from Kim et al. (1994):
n(a) ∼ a−γ exp (−a/a0) with a > amin.

The goal of the present study is to extract a set of dust
properties for LPV 28579 that will also provide a range of rea-
sonable properties for our entire C-rich AGB sample. As in-
put, 2Dust needs information about the central star (effective
temperature, size, distance and SED), the shell geometry (in-
ner and outer radius, density variation), and the dust grains
(species, optical depth at a reference wavelength, grain size dis-
tribution). Table 1 summarizes the model parameters that define
the star+shell system. Several of these parameters are very sensi-
tive to the modeling process and for these we have shown a best
fit parameter, as well as a range of acceptable fits, in the table.
Other parameters are adopted based on reasonable assumptions
because of limited choices, ancillary data or because the model-
ing process is not very sensitive to their choice. We describe the
selection of these parameters and the estimation of the parameter
range in the subsections below.

3.1.1. Central star

We model the central star using the carbon star model pho-
tospheres of Gautschy-Loidl et al. (2004), placing it at a dis-
tance of 50 kpc (LMC distance; see, e.g., Feast 1999; van
Leeuwen et al. 2007). We prefer these model spectra over
a simple blackbody, as the inclusion of molecular absorption
changes the photospheric features in the optical and NIR, which
in turn affects the output spectrum (a 15−20% difference in
IRAC fluxes between the 3000 K blackbody and the 3000 K
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model photosphere discussed below). The Gautschy-Loidl et al.
(2004) set includes 29 solar-mass, solar-metallicity models. As
photospheric molecular features are sensitive to metallicity (e.g.,
Matsuura et al. 2002), we may not be able to faithfully repro-
duce their strengths in LMC stars (Z/Z� ∼ 0.3−0.5 for the LMC;
Westerlund 1997), but such differences for LPV 28579 would
be overwhelmed by emission from its optically thick dust shell.
The near-IR photometry suffers from circumstellar extinction,
making it difficult to constrain the effective temperature and sur-
face gravity. Therefore, we are only able to find a suitable model
by using the source luminosity as a constraint, which we esti-
mate to be (7690 ± 400) L� for the source using the Epoch 1
fluxes. Two models have luminosities of 6090 L�, within 20%
of our estimate for the star. They have effective stellar temper-
atures of 3000 K and 3100 K, and log g values of −0.55 and
−0.49 respectively. To model LPV 28579, we use the 3000 K
photosphere. Keeping all other parameters fixed, we found that
there is very little difference in the near- and mid-IR output SEDs
if we picked the 3100 K model instead. The model photosphere
has a C/O ratio of 1.3. While this value is typical for Galactic
Miras, the C/O ratio may be higher for Magellanic Cloud carbon
stars (see, e.g., Matsuura et al. 2005; Stanghellini et al. 2005),
which would change the optical depth due to increased molecu-
lar opacity. However, since we are limited by the small number
of model photospheres available, we ignore these effects.

3.1.2. Circumstellar shell geometry

We make the simplifying assumption of spherical symmetry as
we are more interested in constraining the dust properties in
this study. We also assume a constant mass-loss rate and out-
flow velocity υexp, leading to an inverse-square density distri-
bution in the shell. The lower metallicity of the LMC suggests
lower υexp values for the O-rich AGB outflows compared to their
Galactic counterparts, but the outflow velocities of carbon stars
are less sensitive to metallicity (Habing 1996). Wachter et al.
(2008) compute carbon-star dynamical wind models for sub-
solar metallicities. They find that the outflow velocities of solar
metallicity models are about twice that of the LMC. These theo-
retical predictions of lower outflow velocities at lower metallic-
ity are supported by the observations of Lagadec et al. (2010). If
the expansion velocity is assumed to be independent of distance
in the shell, it has no effect on the shape of the output SED and
cannot, therefore, be constrained by performing radiative trans-
fer. For simplicity, we assume a value of υexp = 10 km s−1, which
is in agreement with observations of Galactic C-rich AGB stars
of similar periods (see Fig. 4 of Marigo et al. 2008). The mass-
loss rate depends linearly on υexp (see Eq. (2)) for our simplify-
ing set of assumptions, therefore the calculated rate will be lower
if the outflow velocity is lower than the Galactic value.

Radiative transfer codes like DUSTY (Nenkova et al. 2000)
accept the dust temperature at the inner radius as input and cal-
culate the inner radius on execution, and this temperature is typ-
ically fixed at the condensation temperature of the dust species.
This condition is not necessarily true for the highly evolved
AGB stars as well as post-AGB stars. 2Dust adopts a more gen-
eral approach (see Ueta & Meixner 2003) by using the inner
radius to calculate the temperature structure in the shell. For
sources with detached shells, the inner radius can be directly ob-
served in high-resolution images. The shape of near- and mid-IR
SED constrains the inner radius and therefore the temperature at
this radius as well. The inner radius of the shell need not, there-
fore, correspond to the condensation radius, and the resulting

temperature may not be equal to the condensation temperature
of the dust.

The ratio Rmax/Rin of the outer radius of the dust shell to the
inner radius is kept fixed at 1000. The outer radius determines
the total shell mass, which in turn is related to the mass-loss
timescale. While this timescale is an important quantity, we are
more interested in obtaining the AGB mass-loss rate, which is
only weakly sensitive to changes in the outer radius as long as it
is large enough to include contributions to the flux at the longest
wavelengths of interest (in our case, the 24 μm band) from the
coldest dust in the shell. Like van Loon et al. (2003), we find that
the output SED is insensitive to changes in Rmax out to ∼30 μm.
The mass-loss rate is, however, very sensitive to the value cho-
sen for the inner radius. Observations of Galactic carbon stars
(e.g., IRC+10216, Danchi et al. 1990, 1995) and results of radia-
tive transfer modeling (e.g., van Loon et al. 1999; Groenewegen
et al. 1998) suggest inner radii in the range ∼2−20 stellar radii
(R∗), while simple estimates based on energy balance suggest
that amorphous carbon dust should form within a few R∗ (Höfner
2007). We vary the inner radius within these bounds until the de-
sired SED shape is obtained.

3.1.3. Dust grain properties

We model the dust around LPV 28579 using amorphous car-
bon (optical constants from the “ACAR” sample of Zubko et al.
1996) and silicon carbide (optical constants from Pégourié 1988)
grains in order to reproduce the strong 11.3 μm SiC feature and
long-wavelength continuum observed.

Our grain sizes are distributed according to the Kim et al.
(1994) (KMH) prescription7, with a power-law falloff of in-
dex γ = 3.5. We vary the minimum grain size amin and the
scale height a0 until the shape of the spectrum is reproduced.
We find noticeable changes in the output SED only when amin
is increased beyond ∼0.1 μm. This insensitivity to the small
grain size limit is due in part to the fact that larger grains con-
tribute more significantly to the dust mass, making it easier to
place constraints on the scale height than on the minimum grain
size (a similar result was obtained by Speck et al. 2009). Given
this distribution of sizes as input, 2Dust then internally calcu-
lates absorption and scattering cross-sections and asymmetry
factors for an “average” spherical dust grain from the Mie the-
ory (Mie 1908) assuming isotropic scattering. We run the code in
the Harrington averaging (Harrington et al. 1988) mode, which
gives an average grain size of ∼0.1 μm, the typical value used
in single-size models (e.g., van Loon et al. 1999; Groenewegen
2006).

2Dust requires as input the optical depth at a reference wave-
length, which we choose to lie near the center of the SiC emis-
sion (11.3 μm). We iteratively adjust this optical depth and
relative abundance of SiC until the shape of the feature is sat-
isfactorily reproduced.

3.1.4. Fitting procedure

2Dust uses the dust opacities, dust grain and shell properties and
the density variation as input to first calculate the density ρin at
the inner radius from the relation

τλ = κλ

∫ Rout

Rin

ρ(r)dr (1)

7 n(a) ∝ a−γ exp [−a/a0] with a > amin.
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where τλ is the optical depth at the reference wavelength λ,
and κλ is the opacity averaged over dust size and composition.
The total dust mass in the shell is calculated once ρin is known.
This is divided by the wind crossing time in the shell to obtain

Ṁ = 4π
τλ

κλ
Rinυexp. (2)

The dust mass-loss rate can be calculated once a value for the
expansion velocity is chosen.

The overall fitting procedure is summarized as follows.
Starting with the model photosphere that comes closest in flux
to the luminosity of the source (see Sect. 3.1.1) we modify the
inner radius, optical depth, SiC abundance and the range of
grain sizes until the observed SED as well as the SiC feature
strength is reproduced. In order to compare the results of 2Dust
with our observations, we generate synthetic photometry in the
UBVIJHKs as well as IRAC and MIPS24 bands in a manner
similar to Srinivasan et al. (2009). At each step, we scale the
2Dust output SED to the Epoch 1 8 μm flux for comparison.
The scaling affects the luminosity as well as the mass-loss rate,
and in Sect. 3.1.5 we investigate the quality of the fit by varying
this scale, which results in a range of predicted luminosities and
mass-loss rates.

Starting with the Teff = 3000 K photosphere, we first in-
crease the optical depth until we roughly match the optical ex-
tinction as well as the mid-IR continuum observed in the pho-
tometry. The inner radius is now varied to improve the fit in
the near-IR and IRAC part of the SED (the outer radius is kept
fixed at 1000 Rin, see Sect. 3.1.2). At this point, we compare the
SiC features in the model and the IRS spectrum, and change the
relative abundance of SiC in the model if required. In general,
this change affects the IRAC fluxes, and we compensate for this
by modifying the optical depth and/or inner radius as needed.
Finally, we vary the minimum and maximum grain sizes to im-
prove the fit. As noted in Sect. 3.1.3, changes in the minimum
grain size do not significantly affect the spectrum. We termi-
nate the iterative procedure described above when we are able
to satisfactorily match the optical, near-IR and IRAC/MIPS24
photometry for LPV 28579, as well as reproduce the 11.3 μm
feature in its IRS spectrum. The resulting best-fit model is de-
scribed below.

3.1.5. 2Dust fit results and sensitivity to parameter variation

Table 1 summarizes the fixed parameters as well as the values
of the free parameters corresponding to the best-fit model. The
2Dust output spectrum is superimposed on the photometry and
IRS spectrum in Fig. 3. The luminosity of the model photo-
sphere is lesser than the value calculated for LPV 28579 from
photometry, so the entire SED has to be scaled up. The value
of this scale factor decides the predicted luminosity and mass-
loss rate, as well as the fit quality. We find that we are able to
fit the photometry as well as the IRS spectrum for a scale factor
of 1.08, which corresponds to a luminosity of about 6580 L�.
Taking into account the photometric errors, a 1% to 15% raise
in model luminosity (corresponding to luminosities in the range
6150−7010 L�) result in good fits (<∼7% variation around the
best-fit value). To demonstrate that this uncertainty is small com-
pared to the difference in luminosities between the two epochs,
we scale the best-fit model down to fit the Epoch 2 photome-
try and find a luminosity of about 4810 L� (∼27% fainter). The
scaled best-fit dust mass-loss rate for Epoch 1 data is found to be
about 2.5 × 10−9 M� yr−1. The optical depth at 11.3 μm is 0.28.

The inner radius of the dust shell is 4.4 R∗ (1430 R�) and the
temperature at this distance from the star is 1310 K.

The results of the model fitting are most sensitive to changes
in Rin, the optical depth, the SiC dust abundance and the value
of a0. When we have created a grid of models, we will be able
to derive chi-squared errors for the parameters. For the moment,
we determine the acceptable range of variation in the parame-
ters mentioned above as follows. We create boundary ranges on
the data by allowing the photometry to change by up to 3 times
the uncertainty and by restricting the spectroscopy to a range
bounded by its 1σ uncertainty, because of lower signal-to-noise
ratio associated with the spectra. Using this range of data vari-
ation, we determine by eye the range of variation in the model
fit due to changes in a certain parameter while keeping all other
parameter values fixed at their best-fit model values. The range
of parameters thus calculated are shown in Table 1. Figure 4 il-
lustrates this process by showing the range in acceptable model
fits as a result of changing the optical depth.

The process described above helps us place a rough con-
straint on the variation of the important output parameters – the
luminosity, mass-loss rate and the dust temperature on the in-
ner radius. We find that changing the inner radius of the dust
shell causes the largest variation in both the temperature at the
inner radius as well as the mass-loss rate. We find Tin values
between 1260 K and 1380 K. The mass-loss rate is in the range
(2.4−2.9)×10−9 M� yr−1. The variation of parameter values thus
gives us an estimate of the required data quality if the derived
mass-loss rates are to be within ∼15%, assuming our value for
υexp is correct.

3.2. Modeling the circumstellar gas

The moderate optical depth of the circumstellar shell should
be effective in attenuating photospheric features. However,
LPV 28579 has strong absorption features around 13.7 μm. The
features therefore originate in the circumstellar region (see, e.g.,
Zijlstra et al. 2006; Matsuura et al. 2006). In Galactic carbon
stars, there is also a contribution to this wavelength range due to
HCN, but due to the low abundance of nitrogen, this effect is not
pronounced in LMC stars (Matsuura et al. 2006).

We simulate the molecular bands of CO and C2H2 in
LPV 28579 using the slab model code of Matsuura et al. (2002)
with recent line lists published by Rothman et al. (2009) as part
of the HITRAN database. Assuming that the majority of the
molecular absorption comes from the circumstellar shell, the ex-
citation temperatures are chosen to be cooler than the tempera-
ture at the inner shell radius, i.e., Tex < Tin. Based on these con-
siderations, we derive excitation temperatures of 1000 K for both
species, with column densities of 1019 cm−2 and 3 × 1021 cm−2

for C2H2 and CO respectively. Figure 2 shows the locations
of the spectral features for the parameters above. The result-
ing (gas+dust) fit is in good agreement with the spectrum and
is plotted in Fig. 3. The CO band is at the edge of the IRS spec-
trum so we do not have observational constraints on it, but we
are able to reproduce the 13.7 μm feature using C2H2. We note
here that the model is useful only for identifying the molecular
bands and to roughly estimate the excitation temperatures and
densities of these molecular species, it can not be used to deter-
mine the details of the atmospheric structure. A determination of
the mass-loss rate would also require knowledge of the location
of the slab of C2H2 in the circumstellar envelope. As this quan-
tity is very uncertain, we do not calculate a gas mass-loss rate
using this method.
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Fig. 2. The synthetic spectra for CO (dashed line, column density =
3 × 1021 cm−2) and C2H2 (thin solid line, column density = 1019 cm−2)
from the HITRAN database and Rothman et al. (2009). The combined
spectrum (thick solid line) used to model the molecular contribution to
the observed spectrum is also shown. The spectra for CO and C2H2 are
shifted down for clarity.

Fig. 3. The results of modeling the dust and gas around LPV 28579.
The SAGE Epoch 1 (red dots) and epoch 2 (black dots) photometry
as well as SAGE-Spec spectrum (black curve) shown with the best-
fit 2Dust RT model (green curves) scaled to fit Epoch 1 and Epoch 2
photometry. The photosphere model corresponding to the best-fit SED
is also shown (dashed curve). The model SED is convolved with the
synthetic molecular spectrum shown in Fig. 2 to reproduce the 13.7 μm
feature (pink curve).

4. Discussion

The long-term goal of this study is to use 2Dust modeling of car-
bon star circumstellar shells to fit the photometry of the ∼7000
SAGE C-rich AGB candidates, along with any carbon stars
found among the ∼1400 sources in the SAGE extreme AGB list,
in order to derive their mass-loss rates and to estimate the total
mass-loss return from AGB stars to the LMC ISM. We are also
deriving the dust properties for O-rich AGB stars in a parallel

study (Sargent et al. 2010, in press). In this section, we weight
the simplifying assumptions used in our modeling of LPV 28579
against this future goal. Our study of the variation in model pa-
rameters demonstrates that we place reasonable constraints on
the inner shell radius, the temperature at this radius, dust grain
properties and the resulting mass-loss rates. We discuss the re-
sults of our modeling in detail below.

4.1. Dust properties

Figure 3 illustrates the good agreement between our model us-
ing an AmC+SiC dust composition and the overall continuum
as well as the 11.3 μm feature observed in the spectrum. Our
combined gas+dust model improves on the 2Dust prediction by
fitting the 13.7 μm absorption. We note two minor discrepancies:
the silicon carbide feature seems broader than the model predic-
tion, and the model fit systematically overestimates the flux at
wavelengths longward of ∼20 μm. A broadening of the SiC fea-
ture may indicate self-absorption (see, e.g., Speck et al. 1997)
corresponding to a high optical depth. The long-wavelength dis-
agreement is probably due to the poor background subtraction
(see Sect. 2.3) rather than due to a modeling issue. Given the
low signal-to-noise of the spectrum, it is not certain if these dis-
crepancies are real; we are therefore unable to justify a detailed
refinement of our RT model.

Our best-fit model predicts a temperature of 1310 K at the
inner radius of the dust shell, which is located at 4.4 R∗. In
Sect. 3.1.5, we estimate the inner edge to lie within (4.0−4.8) R∗
(corresponding to temperatures of 1260−1380 K), which is con-
sistent with the theoretical predictions of Höfner (2007) for
the condensation of amorphous carbon dust (Tcond = 1500 K,
Rin = 3 R∗). The range of temperatures are slightly warmer than
would be expected for LMC carbon stars of comparable mass-
loss rates (see, e.g., Fig. 4 and Eq. (1) of Groenewegen et al.
2009). This may be due to the fact that we are using a warmer
central star. Here we are limited by the availability of the colder
photospheres of comparable luminosity. Moreover, as already
discussed, the moderate optical depth prevents us from using the
observed near-IR colors to estimate the central star’s effective
temperature.

The KMH grain size distribution for the best-fit model is de-
fined by γ = 3.5, amin = 0.01 μm and a0 = 1.0 μm. As noted in
Sect. 3.1.3, the shape of the output SED is sensitive to the size
of the largest grains, but does not vary appreciably with changes
in the minimum grain size up ∼0.1 μm. About 15–18% of the
mass is contained in grains with diameters exceeding 1 μm, de-
pending on the minimum grain size. For comparison, only 0.1%
of the dust mass ejected from IRC+10216 (L ∼ 1.5 × 104 L�,
υexp = 15 km s−1, dust MLR ∼8 × 10−8 M� yr−1) is in micron-
sized particles (Jura 1994).

The SiC content derived from the best-fit model is com-
parable to values derived for dusty Galactic carbon stars
(Groenewegen et al. 1998). The lower metallicity of the
LMC would imply a lower silicon abundance in general, and
Groenewegen et al. (2007) find lower SiC/AmC ratios for the
LMC compared to Galactic stars. By studying the effect of vary-
ing the SiC abundance on the output SED, we note that the SiC
content can be in the range 10−16%. In this paper, we assume
a gas:dust ratio Ψ = 200. This value was determined for carbon
stars in the solar neighbourhood (Jura 1986). An accurate deter-
mination of the gas:dust ratio is still to be made for LMC carbon
stars. Some observational and theoretical studies (e.g., Matsuura
et al. 2005; Wachter et al. 2008) indicate that the carbon star
gas:dust ratio may not be metallicity dependent. In fact, recent
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Fig. 4. The sensitivity of the 2Dust model output to optical depth. The
SAGE Epoch 1 photometry for LPV 28579 is allowed a 3σ variation
(magenta error bars), and the spectroscopy is kept to within 1σ (gray
curves). Model SEDs for 11.3 μm optical depth values spanning this
range of allowed fluxes are also shown. The optical depth for good fits
ranges from 0.26 (blue curve) to 0.29 (red curve). The best-fit curve for
τ = 0.28 (green) is also shown for comparison.

studies (Groenewegen et al. 2007; Wachter et al. 2008; Mattsson
et al. 2008) have found that the mass-loss rates of carbon stars
may not be metallicity dependent. The gas:dust ratio can be esti-
mated from the mass fraction of SiC in the dust if we also know
the fraction of the total Si mass that is in the dust. Assuming that
the Si abundance scales with metallicity (The LMC silicon abun-
dance is not well constrained; see the discussion in Matsuura
et al. 2005) we obtain Ψ in the range 200–570. However, we
have assumed here that all of the Si goes into the dust. In real-
ity, the fraction of Si in dust depends indirectly on the amount
of carbon in the dust. For example, if half of the carbon remain-
ing after CO formation goes into dust, then 8–13% of the Si
is in dust8. The situation improves for higher C/O ratio – for
C/O = 1.8, the Si dust fraction is 20–34%. An alternative way
to estimate the gas:dust ratio is to use the van Loon (2000) re-
lationship Ψ ∼ Z−1±0.3 for carbon stars, which corresponds to
Ψ = 300−1000 for the LMC. Due to the lack of constraints on
the various quantities that determine the gas:dust ratio, we use
Ψ = 200 when quoting a total mass-loss rate for LPV 28579,
noting that the mass-loss rate could be up to about 5 times larger
based on the calculations above.

4.2. Mass-loss rate

Our 2Dust model predicts a dust mass-loss rate of 2.5 ×
10−9 M� yr−1. For a gas:dust ratio of 200, the total mass-loss
rate is then 5 × 10−7 M� yr−1. This rate is on the low end of the
van Loon et al. (1999) mass-loss rates for the brightest, most
obscured LMC carbon stars as well as the rates calculated for
the Groenewegen et al. (2009) sample. The mass-loss rates cal-
culated from the [3.6]–[8.0] and K–[8.0] colors of LPV 28579
using equations 1 and 2 of Matsuura et al. (2009) are slightly
higher (1.4×10−6 M� yr−1 and 2.5×10−6 M� yr−1 respectively).
However, our dust MLR is consistent with the value determined
from the 8 μm flux – using the excess–MLR relation for extreme
AGB stars from Paper I, we get a rate of 3.9 × 10−9 M� yr−1.

8 Here, we have assumed that carbon and silicon are the only con-
stituents of the dust. A more realistic estimate would include metallic
iron dust, which somewhat counteracts the low Si fraction and lowers
the gas:dust ratio.

Fig. 5. LPV 28579 (black dot with error bar representing range of calcu-
lated Epoch 1 luminosities) on the L − Teff diagram. The solid and dot-
dashed lines, tagged according to their age (log t/Gyr), are the Marigo
et al. (2008) isochrones for Z = 0.006. For comparison, the Z = 0.008
track for log t/Gyr = 9.4 is also shown (dashed line).

Our total rate agrees with the values calculated using the period–
MLR relations of Vassiliadis & Wood (1993) and Groenewegen
et al. (1998) (10−7 M� yr−1 and 7.4 × 10−7 M� yr−1 respectively,
for a period of 356.2d). The value obtained for the mass-loss rate
is sensitive to the υexp adopted (see Eq. (2)). The outflow veloci-
ties for Galactic carbon stars are typically 10 km s−1, but can be
up to about twice as high. The Wachter et al. (2008) models pre-
dict LMC outflow velocities to be about half that of comparable
Galactic sources. This range of velocities introduces an uncer-
tainty of a factor of two in the calculated mass-loss rate.

4.3. Evolutionary state

In order to understand our L and Teff values for LPV 28579 in
the context of its evolutionary state, we identify its location in
the Hertzsprung-Russel (HR) diagram in relation to the Marigo
et al. (2008) theoretical isochrones. We choose a metallicity of
Z = 0.006, which is consistent with observational estimates for
the metallicity of the LMC. We generate these isochrones us-
ing their CMD interactive web interface9 so that we can also
extract the initial stellar masses for the stellar tracks. Figure 5
shows the location of LPV 28579 on the HR diagram. Also
shown are selected isochrones for Z = 0.006 (ages ranging from
log t/Gyr = 9.0 to 9.8). We find that the log t/Gyr = 9.1 to 9.6
isochrones are able to produce the range of luminosities we have
estimated for LPV 28579 in this study, which gives us an age
in the range 1.6−4 Gyr. As noted by Marigo et al. (2008), this
is the typical age of the O-rich AGB population that undergoes
a smooth transition to C-rich chemistry due to third dredge-up
(also see the discussion of the multiple O-rich populations in
Paper I). The initial masses corresponding to these isochrones
were in the range 1.3−2 M�. Figure 3 of Groenewegen & de
Jong (1994) shows the evolution of 1.25 and 5 M� AGB stars
in period-luminosity space. Based on its luminosity and primary
period, LPV 28579 falls slightly upward of the 1.25 M� track,
providing a mass comparable with our estimate using theoretical
isochrones.

The derived age (and hence progenitor mass) range is de-
pendent on the metallicity of the isochrones as well as our
Teff estimate for LPV 28579. Figure 5 demonstrates the effect

9 http://stev.oapd.inaf.it/cmd
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of changing the metallicity (compare the log t/Gyr = 0.94
isochrones for Z = 0.006 and 0.008). At lower metallicities, the
isochrones predict carbon stars at lower luminosities. The opti-
cally thick shell of LPV 28579 makes the precise determination
of Teff difficult (see 3.1.1) so that our choice of model photo-
sphere is made on the basis of the luminosity estimated from
photometry. The range of ages and masses from isochrone com-
parison is dependent on how well we can constrain the effective
temperature. If we assume that Teff is cooler than 3100 K, we
obtain the age and mass range above. For Teff under 3050 K, the
range reduces to log t/Gyr = 9.2−9.5 giving masses in the range
1.4−1.7 M�.

The total mass-loss rate of 5.0× 10−7 M� yr−1 is comparable
to the nuclear-burning rate at the luminosity of the star (see Fig. 9
in van Loon et al. 1999), which suggests that LPV 28579 may
undergo the superwind phase at the end of its life on the AGB.

5. Conclusions

We have modeled the circumstellar shell of the carbon-rich
asymptotic giant branch star LPV 28579 using the radiative
transfer code 2Dust to fit the SAGE photometry and SAGE-
Spec spectroscopy available for the source. Using a mixture of
amorphous carbon and silicon carbide dust with 12% SiC by
mass, and dust grains ranging in size from 0.01 μm to ∼1.0 μm,
we find a luminosity of 6580 L� and a dust mass-loss rate of
2.5×10−9 M� yr−1. The inner radius of the shell is at 4.4 times the
stellar radius and at a temperature of 1310 K. The optical depth
at 11.3 μm is found to be 0.28. We model the molecular features
in the circumstellar shell with slab models of C2H2 and CO, and
calculate column densities of 1019 cm−2 and 3 × 1021 cm2 for
the two species respectively. The model SED when combined
with the gas model shows excellent agreement with the observed
spectrum and photometry. The total mass-loss rate assuming a
gas:dust ratio of 200 is comparable to estimates derived from
empirical relations involving the period, color and mid-infrared
flux. LPV 28579 has properties typical of dust-enshrouded LMC
carbon Miras, and the model derived in this work defines a base-
line set of carbon star dust properties in our upcoming model
grid.
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