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Interstellar dust plays a crucial role in the evolution of galaxies. It governs the chemistry and
physics of the interstellar medium. In the local universe, dust forms primarily in the ejecta from
stars, but its composition and origin in galaxies at very early times remain controversial. We report
observational evidence of dust forming around a carbon star in a nearby galaxy with a low
abundance of heavy elements, 25 times lower than the solar abundance. The production of dust by
a carbon star in a galaxy with such primitive abundances raises the possibility that carbon stars
contributed carbonaceous dust in the early universe.
ust is an important astrophysical constituent. It regulates the cooling of the interstellar medium, attenuates light emitted
by galaxies, and fragments collapsing molecular
clouds into intermediate- and low-mass stars. The
detection of dust in the early universe (1, 2) raises
questions about its composition and origin. Primordial dust may differ substantially from dust in
the Milky Way because it formed when the abundances of refractory elements were low. Polycyclic
aromatic hydrocarbons (PAHs), a carbon-rich dust
component, have been detected as far back as a
redshift of 2.7, or 2.5 billion years after the Big
Bang (3), but galaxies with low metallicities (that
is, with little enrichment from elements heavier
than helium) have a deficit in PAH emission (4, 5).
The 2200 Å bump seen in ultraviolet extinction
curves and associated with carbonaceous interstellar dust is also largely absent in both metalpoor galaxies (6) and distant quasars (7). The
extinction curves of these galaxies still require
carbon-rich dust (8), but the nature of that carbonrich dust is changing with metallicity.
The main sources of dust are the winds of
evolved stars and supernovae (SNe). In the Milky
Way, stars on the asymptotic giant branch (AGB)
dominate the injection of dust into the interstellar
medium (ISM) (9). The chemistry of this dust
depends on the C/O ratio in the photosphere of
the star, which in turn depends on how much
carbon produced by triple-a burning in the interior of the star has been dredged to the surface.

D

The stable CO molecule will form until either C
or O is exhausted. Solids form from the remainder, resulting in either oxygen-rich dust dominated by silicates or carbonaceous dust. Both
observations (10, 11) and theory (12) show that
the fraction of AGB stars that become carbonrich increases in more metal-poor systems.
There are reasons to expect reduced dust production at low metallicity. Radiation pressure on
dust grains cannot drive the winds from oxygenrich AGB stars at metallicities below 0.1 of the
solar value, which could lead to higher SN rates
in primitive galaxies (13) and make SNe the dominant source of dust in the early universe (14).
However, observational evidence that SNe produce
sufficient dust, and produce more than they destroy, remains controversial (15, 16).
Studies with the Infrared Spectrograph (IRS)
(17) on the Spitzer Space Telescope (18) of the

Fig. 1. The IRS spectrum of MAG 29. Fn, flux
density per unit of frequency; l, wavelength.
The three points at 1.2
to 2.2 mm represent older,
ground-based 2MASS observations (28). (A) The
Manchester method determines the [6.4] − [9.3]
and [16.5] − [21.5] colors
(boxes), fits line segments
over the C2H2 bands at
7.5 and 13.7 mm and
under the SiC emission
feature at ~11 mm (solid
lines), and extrapolates a
Planck function from the
[16.5] − [21.5] color under any possible MgS
emission in the 30-mm
vicinity (dashed line). (B)
A radiative transfer model
of the dust continuum
(solid curve).
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Large Magellanic Cloud (LMC) and Small Magellanic Cloud (SMC) (19–21) and the Fornax
Dwarf Spheroidal (22) have revealed dust-forming
carbon stars at metallicities as low as ~0.1 that of
the Sun. As the metallicity of the sample decreases, the amount of dust produced by oxygenrich AGB stars decreases; but for carbon stars,
the amount of dust remains unchanged (23, 24).
Other properties of the outflows from carbon
stars do depend on metallicity. As the metallicity
of the sample drops, carbon stars produce less
trace dust components such as SiC and MgS,
even though the production of amorphous carbon
does not change. There is evidence for increasing
abundances of acetylene (C2H2) at lower metallicity. Acetylene is the fundamental building block
of larger carbon-rich structures such as PAHs (25).
Thus, mass loss and dust formation in carbon stars
do not appear to depend on the abundances with
which the star formed. Instead, free carbon (after
the formation of CO) needed by these stars to form
dust is produced by the stars themselves and then
dredged to the surface. It follows that even the most
metal-poor carbon stars should produce dust.
To test this hypothesis, we observed a carbon
star in the direction of the Sculptor Dwarf Spheroidal galaxy with the IRS on Spitzer. The Sculptor
Dwarf is a satellite of the Milky Way, with a metallicity only 0.04 that of the Sun (26). A study of
carbon stars in the Galactic Halo detected a candidate, MAG 29, in the field of the Sculptor
Dwarf (27). This study assumed that the absolute
magnitude in the narrow K filter (Ks) of MAG 29
was −6.9, but noted that it could be brighter
by half a magnitude or more. The apparent Ks
magnitude of MAG 29 is 11.60 (28). Thus, the
assumed absolute Ks magnitude (MK) implies a
distance of 50 kpc, in the foreground of the
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Sculptor Dwarf, which is 87 kpc away (29).
However, calibrations of near- and mid-infrared
color magnitude relations (23) make MAG 29 a
likely member of the Sculptor Dwarf. The J − Ks
color (difference between apparent J and Ks
magnitudes) of MAG 29 is 3.24 (28). The linear
relation between J − Ks and MK implies MK =
−7.90 T 0.51 and a distance of 80 T 19 kpc. Measuring the magnitude of MAG 29 at 6.4 and
9.3 mm ([9.3]) and applying the relation between
[6.4] − [9.3] color and M9.3 provides a second
estimate of the distance. The [6.4] − [9.3] color is
0.494 T 0.012, which gives an absolute magnitude at 9.3 mm (M9.3) = −11.38 T 0.59. The apparent magnitude at 9.3 mm is 8.35, implying that
the distance is 88 T 18 kpc. The two color-based
distances are consistent with each other and the distance to the Sculptor Dwarf, but both are inconsistent with the previous provisional estimate of
50 kpc. Combining the two new distances gives
84 T 13 kpc, confirming the association between
the star and the galaxy and making MAG 29 the
most metal-poor, carbon-rich AGB star studied
spectroscopically in the infrared.
The mid-infrared spectrum of MAG 29 shows
a continuum, with strong molecular absorption
bands (Fig. 1A). We analyzed the spectrum by
applying the Manchester method (19), which uses
the [6.4] − [9.3] color to diagnose the continuum

temperature in this spectral region. Radiative transfer models show that this color varies linearly
with the logarithm of the mass-loss rate (24). The
calibration of [6.4] − [9.3] color to dust mass-loss
rate (23), which assumes an outflow velocity of
10 km s−1, implies that MAG 29 is producing dust
at the rate of 8 × 10−9 solar masses (M⊙) year−1,
with an uncertainty of ~16%.
We tested this conclusion by fitting a radiative
transfer model (30) to the IRS spectrum and to
the 2MASS data of Skrutskie et al. (28) (Fig. 1B).
The 2MASS data were best fitted with a model in
which the stellar temperature was 4000 K, higher
than found for Galactic mass-losing stars. Metalpoor AGB stars are bluer and hotter than their
metal-rich counterparts (31). The dust shell around
MAG 29 has a temperature of 1600 K at its inner
radius. Although below the condensation temperature of amorphous carbon, it is higher than what
is typically found for Galactic carbon stars, indicating that the dust in MAG 29 forms close to
the star and that graphite may be a component.
The fitted model implies that MAG 29 is producing dust at a rate of 2.5 × 10−8 M⊙ year−1. This
value is larger than that estimated with the Manchester method by a factor of ~3 because the
radiative transfer model leads to a higher outflow
velocity (35 versus 10 km s−1). Assuming a gasto-dust ratio of 200, the total mass-loss rate of

Fig. 2. The 7.5-mm absorption band in the
spectrum of MAG 29,
compared to the spectrum of MSX SMC 036, a
typical carbon star in
the SMC (19) (top) and
to a synthetic absorption
spectrum from acetylene
(C2H2) (bottom).

Fig. 3. The 11- to 16-mm
absorption band in the
spectrum of MAG 29,
plotted as transmission
by dividing by the continuum as estimated from
the radiative transfer model in Fig. 1 and compared
to the IRS spectrum of
IRAS 04496−6958 (33)
(top) and a synthetic acetylene spectrum (bottom).
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MAG 29 is in the range of 1.6 × 10−6 M⊙ year−1
to 4.9 × 10−6 M⊙ year−1. These results point to
substantial mass loss and dust production.
In most carbon stars, amorphous carbon dominates the dust, but trace amounts of SiC and
MgS produce emission features at ~11.3 and 26
to 30 mm, respectively. We used the Manchester
method to fit a line segment to the continuum on
either side of the SiC feature. We found a possible
emission feature centered at 10.9 mm, similar to
that found in two carbon stars in the SMC (19),
with a strength of 3 T 1% that of the continuum.
However, it is possible that what appears to be
emission is simply continuum between a suspected
absorption band at 10 mm (20) and acetylene absorption between 11 and 16 mm. Therefore, the
measured SiC strength is an upper limit of 4%.
The MgS emission extends beyond 37 mm, outside
the wavelength coverage of the IRS. We extrapolated the continuum under the MgS emission
feature by fitting a Planck function at 16.5 and
21.5 mm and found no evidence of MgS emission.
The spectrum of MAG 29 shows a deep absorption band at 7.5 mm. It is substantially deeper
and broader than the acetylene bands in carbon
stars in the LMC (32). Thus, we modified the
Manchester method by fitting a continuum at 6.14
to 6.44 mm and 9.12 to 9.42 mm. The band's
equivalent width is 0.79 T 0.02 mm, almost twice
as strong as that measured in any other carbon
star. We compared it to that of a typical carbon star
in the SMC and to a synthetic spectrum of acetylene with an excitation temperature of 1750 K
(Fig. 2). The synthetic spectrum reproduces the
general shape of the band, demonstrating that
acetylene is the primary absorber. The synthetic
spectrum does not match the details of the absorption core, but it is limited by the available
line lists, which do not include the higher-order
transitions that will be populated at these high
temperatures and column densities (33).
MAG 29 shows another acetylene feature
centered at 13.7 mm. The Manchester method is
not useful to study this feature because it measures the Q branch of this transition, but not the P
and R branches that can extend from ~11 to ~16 mm
(33). Matches between the data and a model of the
continuum over this wavelength range show that
the band's equivalent width is 0.990 T 0.022 mm.
Only one carbon star, MSX SMC 093 in the SMC,
has a stronger band (34), whereas IRAS 044966958 in the LMC, another carbon star, has a band
of comparable strength (Fig. 3)
We compared the acetylene strength and the
SiC strength of MAG 29 with those observed
in Local Group samples (Fig. 4). We limited the
comparison sample to those sources with colors
similar to those of MAG 29; that is, those with
0.35 ≤ [6.4] − [9.3] ≤ 0.65. The data for the
7.5-mm feature and SiC strength are from previously published studies of the Magellanic Clouds
(19–21, 23) and new analysis of spectra from the
Fornax Dwarf (22). The 11- to 16-mm data are
taken directly from a recent study (34). We adopted
[Z/H] = 0.00 T 0.10 for the Galaxy (Z is the metal
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Fig. 4. The metallicity
dependence of the acetylene equivalent widths
at 7.5 mm (top) and 11
to 16 mm (middle) and
the SiC/continuum flux
ratio (bottom) for sources
with 0.35 ≤ [6.4] − [9.3] ≤
0.65. The error bars are
the standard deviation of
the populations, except for
MAG 29. We have considered the SiC strength in
MAG 29 to be 0 T 4% of
the continuum, although
it could be as large as
3 T 1%.
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