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on the metallicity (Ventura et al. 2012; Karakas &
Lugaro 2016; Marigo et al. 2017). As a result, M-type
AGB stars could inject dust into the ISM as early as 30�Myr
after forming(for a 10 �:M star). Dusty C stars, on the other
hand, contribute much later( �xt 0.3lifetime –3.6�Gyr).

Unlike C stars, M-type stars do not produce their own
condensable material(typically silicon, iron, magnesium, and
oxygen), so the ef� ciency of dust production is expected to
strongly decrease with metallicity. This expected metallicity
dependence has, however, been dif� cult to quantify observa-
tionally both due to the comparative rarity of dust-producing
M-type stars and to the limited range of metallicities reachable
with IR observatories. AGB dust production in the Magellanic
Clouds ( ���:Z Z 0.2 and 0.5) has been extensively studied
(e.g., van Loon et al.1998, 2008; Trams et al.1999; van
Loon 2006; Groenewegen et al.2007, 2009; Riebel et al.2012;
Srinivasan et al.2016; Goldman et al.2017), but there are few
examples of dust-producing AGB stars at lower metallicities.

A handful of dusty stars have been con� rmed in dwarf
spheroidal (dSph) galaxies with metallicities as low as

� _ � �[ ]Fe H 1. (Lagadec et al.2007; Matsuura et al.2007;
Sloan et al.2009, 2012; Whitelock et al. 2009; Menzies
et al. 2010, 2011; McDonald et al.2014) and in globular
clusters with � � � �[ ]Fe H 1.6 (Boyer et al. 2008, 2009;
McDonald et al.2009, 2011). All of these examples are
C stars or low-mass M-type stars. The globular cluster stars
(low-mass M-type;� 0.8–1.5 �:M ) do appear to produce dust
despite their low metallicities. However, these may not be true
analogs of more massive O-rich AGB dust producers at early
epochs because(1) low-mass stars generally produce only
modest amounts of dust,(2) most are observed in globular
clusters where pollution from earlier populations is a wide-
spread phenomenon(Gratton et al.2004, 2012; Prantzos
et al.2007), and(3) the mixing and nucleosynthesis processes
that occur in low-mass and high-mass O-rich AGB stars are
fundamentally different(Karakas & Lattanzio2014).

To search for examples of high-mass AGB dust production,
environments with large stellar populations and recent star
formation must be studied. Several dwarf galaxies in and
around the Local Group are suitable, but their large distances

make IR observations dif� cult. A few studies (Jackson
et al. 2007a, 2007b; Boyer et al. 2009; Davidge 2014;
Jones et al.2014) have statistically inferred the presence of
dust-producing AGB stars in several star-forming dwarf
galaxies, but were unable to identify individual dusty stars
due both to confusion with unresolved background galaxies
and to substantial circumstellar extinction at optical wave-
lengths. At these distances, additional information is necessary
to con� dently identify individual dusty AGB stars. McQuinn
et al.(2007) and Javadi et al.(2013) exploited stellar variability
to identify dust-producing AGB stars in M33 and the survey of
DUST in Nearby Galaxies withSpitzer�(DUSTiNGS; Boyer
et al. 2015b, PaperI) used a similar strategy to identify dusty
AGB variables in very metal-poor galaxies. DUSTiNGS
observed 50 nearby galaxies and identi� ed 526 dusty AGB
candidates by their IR excesses and brightness changes
between 2 epochs, with particular sensitivity to stars with
300–600�day periods. Assuming all candidates are indeed
producing dust, Boyer et al.(2015c, PaperII) found that AGB
dust forms even at metallicities as low as 0.006�:Z . The lack of
a correlation between dust production and metallicity in the
DUSTiNGS galaxies suggests that AGB stars can be a
dominant source of dust even in metal-de� cient early galaxies.
However, Paper�II was unable to con� rm the AGB nature of
these sources or identify the AGB spectral type(and hence
whether the dust comprises silicate or carbon grains).

In this paper, we present near-IRHubble Space Telescope
(HST) observations of six star-forming DUSTiNGS galaxies.
Combined with mid-IRSpitzer data, theHST data reveal
whether the atmospheric chemistry of the dust-producing stars
is carbon- or oxygen-rich. In addition to the con� rmation of
120 dusty carbon stars, we con� rm 26 dust-producing M-type
stars in this sample, showing thatmassiveAGB stars can
contribute dust at extremely low metallicity. In Section2, we
describe the survey and stellar classi� cations. In Section3, we
discuss the properties of the dustiest stars.

2. Data and Analysis

2.1. Identifying AGB Spectral Types with HST

Photometric surveys typically separate C- and M-type stars
using broadband near-IR or narrow-band optical� lters. The
broadband near-IR� lters (JHK) are in� uenced by VO, TiO,
and H2O molecular features in M-type stars and CN and C2 in
C stars, while the narrow-band� lters target TiO and CN
molecular features atl �� �7000 . The optical surveys are
severely photon-limited and fail to detect the stars with even
moderate circumstellar dust extinction. The near-IRJHK
surveys capture more of the dusty stars, but classi� cation is
imprecise(Boyer et al.2013, 2015a; Ruf� e et al.2015; Jones
et al.2017) and the dustiest stars, which can be faint even in the
near-IR, generally remain undetected because of source
confusion and insuf� cient sensitivity from the ground,
especially in theK band. These impediments are overcome
here with the IR channel ofHST’s Wide-Field Camera 3
(WFC3; Kimble et al.2008), which has ample sensitivity and
angular resolution in the near-IR for detecting AGB stars out to
the edge of the Local Group.

Most HST surveys use the wide WFC3� lters (especially
F110W and F160W; Dalcanton et al.2012a, 2012b; Sabbi
et al.2013) to maximize the imaging depth, but these� lters are
too wide to be in� uenced by molecular absorption features in

Figure 1.WFC3/ IR medium-band� lters(blue) used here to distinguish C-type
(red) and M-type(blue) stars by sampling the water feature in M-type stars and
the CN+ C2 feature in C-type stars near 1.4�μm. The model spectra are from
Aringer et al.(2009, 2016). In the lower panel, we show the 2MASSJ andH
� lters (dark gray) and WFC3/ IR F125W and F160W� lters (light gray) for
reference(transmissions not to scale).
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contamination from K giants in the same CCD used here
(Boyer et al.2013), while Sextans A and Sag DIG show a
substantial population of K giants. This is evidenced by the
continuous sequence downwards from the knee in the CCD
through the entire M/ K star model sequence and into the
region of the CCD dominated by foreground.

Figure 4 shows a few K-type models within the C star
region. We have placed the boundaries of the C star region to
minimize this contamination, using the natural breaks in source

density between the M and C star population as a guide
(Figure5).

The M-type sample is highly susceptible to contamination
from K-type stars. This is by far the largest source of
contamination among the C and M samples, and the strength
of the contamination increases in metal-poor galaxies. Even a
slight shift in the M/ K star division has a strong effect on the
ratio of C- to M-type stars, and this is discussed further in
Paper�V (M. L. Boyer et al. 2017, in preparation).

Figure 6. Relationship between dust-production rate and[3.6]–[4.5] color for
SMC AGB stars(Srinivasan et al.2016). The dust-production rate increases
with color for [3.6]–[4.5]� � �0.1 mag.

Table 6
DUSTiNGS x-AGB Variables withoutHSTCounterparts

Galaxy ID [3.6] [4.5] Amp.
(mag) (mag) (mag)

IC 10 115785 17.42�± �0.06 15.20�± �0.03 0.62
IC 10 109882 15.61�± �0.03 14.39�± �0.03 0.45
IC 10 110204 15.91�± �0.05 14.58�± �0.03 0.85
IC 10 111624 15.71�± �0.07 15.13�± �0.03 0.74
Sex A 90428 17.01�± �0.05 15.84�± �0.05 0.50
Sex A 94477 16.89�± �0.05 15.45�± �0.03 0.67
Sex B 85647 15.93�± �0.02 15.43�± �0.03 0.21
Sex B 93730 16.38�± �0.03 15.46�± �0.03 0.40
Sex B 96433 15.81�± �0.02 15.10�± �0.03 0.33

Note.The ID is the DUSTiNGS ID from Papers I and II. The amplitude is the
change in 3.6�μm magnitude between the two DUSTiNGS epochs(larger
amplitudes are generally indicative of more dust).

Figure 5.HSTcolor–color diagrams. Stars are included if they are brighter than the F153M TRGB. To retain the dustiest examples, stars fainter than this limit are also
included if they are brighter than the 3.6�μm TRGB and show> 4σ excess in the[3.6]–[4.5] color. Solid lines mark the adopted color cuts chosen to include only stars
redder than the“knee” in F139M–F153M(M ��0 ). The same cuts are used for all six galaxies. Large cyan squares and pink diamonds mark the dusty M and C stars,
respectively, identi� ed by theirSpitzercolors(see Section3).
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2.5. Contamination from Other Objects

We do not expect signi� cant contamination from other
source types among our sample. Possible contaminants include
young stellar objects(YSOs), planetary nebulae(PNe), and
post-AGB stars, but the comparatively short lifetimes of these
objects make them even more rare than AGB stars.

To minimize contamination, we use data from the SMC as a
guide. The Surveying the Agents of Galaxy Evolution(SAGE)
program targeted hundreds of sources in both the LMC and the
SMC with the InfraRed Spectrograph(IRS) on boardSpitzer
(Kemper et al.2010) and Ruf� e et al.(2015) compared the
spectroscopically classi� ed sources to photometric classi� ca-
tions in the SMC. While their near-IR� lters are different from
ours (they useJ andKS), it is clear from Figure 13 in Ruf� e
et al.(2015) that dusty AGB stars follow a branch that extends
from the TRGB to red colors and faint magnitudes. A similar
branch is evident in our near-IR CMDs(Figure8). YSOs, PNe,
and post-AGB stars, on the other hand, tend to be faint and blue
in the near-IR. We therefore� ag sources to the left of the solid
line in Figure8 as possible contaminants. The slope of the
contaminant line was determined using the expected direction
of circumstellar extinction from Groenewegen(2012).

Another source of contamination is from red supergiants
(RSGs), which have similar infrared properties to AGB stars.
RSGs are not easily distinguished with this data set, though
they do tend to be warmer than AGB stars, and thus fall toward
the lower right end of the M-star sequence in Figure4. A
sample of six con� rmed RSGs in IC 10 from Britavskiy et al.
(2015) fall below the knee in Figure4, with some even falling

within the foreground sequence. We expect the number of
RSGs in our AGB sample to be small, given their comparative
rarity. This is discussed more in Section3.2.

3. Discussion

3.1. Dusty C Stars

We identify 120 dust-producing carbon stars, almost twice
the number detected via two-epoch variability in PaperII .
Figure 9 shows theSpitzer color–magnitude diagrams for
sources detected in theHST images. These CMDs are
signi� cantly cleaner than those presented by Paper�I because
the contamination from extended background sources is
substantially reduced by including the high-resolutionHST
data. The relative positions of dusty C and M stars in the
SpitzerCMD are similar, though the dusty C stars tend to be
more tightly concentrated than M stars.

Sag DIG and Sextans A are the two most metal-poor galaxies
in our sample, with gas-phase ISM metallicities more than an
order of magnitude below solar, suggesting that even the
youngest stars are very metal-poor. However, both galaxies
show a sizeable population of dust-producing C stars, with very
similar colors to those seen in more metal-rich galaxies. For C
stars, the[3.6]–[4.5] color is approximately proportional to the
dust-production rates(Figure6; Riebel et al.2012; Sloan et al.
2016; Srinivasan et al.2016). The similar colors of the C stars
across our sample therefore suggest that dust masses are similar
at all metallicities. The high ef� ciency of the third dredge-up at
low metallicity (e.g., Karakas et al.2002) appears to provide
metal-poor C stars with plenty of material for dust
condensation.

Several dusty sources identi� ed as C stars by theHSTcolor
de� nitions from Section 2.4.2 are � agged as possible
contaminants based on their positions in Figure8. This
includes some of the reddest sources identi� ed in the survey
(see Figure9). There is a strong possibility that these sources
are C-rich PNe or post-AGB stars. In the Magellanic Clouds,
the post-AGB stars tend to be brighter and redder than PNe at
4.5�μm (Ruf� e et al.2015; Jones et al.2017). For this reason,
we favor the possibility that the contaminants around

� _ � �[ ]M 104.5 mag are post-AGB stars, including the reddest
object in IC 10.

The reddest(non-potential-contaminant) carbon stars in our
sample have[3.6]–[4.5]�� �1 mag, which corresponds to a dust-
production rate of � � � ��Mlog 9dust to Š8 ��

�:[M yr 1], according
to the SMC relationship in Figure6.

3.2. Dusty M Stars

We � nd a total of 26 dust-producing M-type candidates,
comprising 1.2% of the M star population. We list them in
Table 7 along with their photometry and classi� cation
con� dence. The reddest among these have[3.6]–[4.5]�� �
1 mag, which corresponds to a dust-production rate of

� � � ��Mlog 7.5dust to Š6.5 ��
�:[ ]M yr 1 using the SMC relationship

in Figure6.
AGB stars remain O-rich M-type stars both at the low and

high ends of the AGB mass range due either to insuf� cient
dredge-up or to HBB, though the exact mass limits depend on
the metallicity. Most of the M-type stars we identi� ed in
Section2.4.2 are low-mass AGB stars and are expected to
produce only modest amounts of dust(e.g., McDonald et al.
2009, 2011; Boyer et al.2015a). The signi� cant IR excesses of

Figure 7. Spitzercolor–magnitude diagram highlighting the nine DUSTiNGS
sources not detected in the near-IR withHST. Black dots are all of the
DUSTiNGS sources. Blue points are DUSTiNGS x-AGB variables withHST
counterparts and red squares are those withoutHSTcounterparts. A COLIBRI
isochrone with ��( )log age 8.8and Nanni et al.(2016) dust growth models
( �‹ � � � � )log 13S is shown in cyan. The DUSTiNGS x-AGB variables(both
those with and withoutHSTcounterparts) generally follow the isochrone.
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