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AKARI color useful for classifying chemical types of Miras
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ABSTRACT
The AKARI/IRC color combining the S9W and L18W bands is useful for distinguishing between oxygen-rich and

carbon-rich circumstellar dust. Ishihara and collaborators found in 2011 that this color, used together with the near-IR
color J − Ks, can be used to classify two groups of dust-enshrouded stars with different chemistry. They investigated
the distributions of such dusty AGB stars in the Galaxy and found that those with oxygen-rich dust are more centrally
concentrated. While this is consistent with previous studies, the map in Ishihara et al. shows that carbon-rich stars are
also present in the Galactic bulge for which almost no carbon-rich stars were reported before. Here we focus on Mira
variables whose distances can be well constrained based on the period-luminosity relation. Among some candidates of
carbon-rich Miras selected by the AKARI color, we confirmed at least four carbon-rich Miras within the bulge with their
optical spectra. This gives a new insight into the complicated nature of stellar populations in the bulge.
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1. INTRODUCTION
Miras are pulsating stars with long period (P ≥ 100 d) and large amplitude (≥ 2.5 mag in V). They appear at the

last stage of the Asymptotic Giant Branch (AGB), and their period-luminosity relation serves as a good distance scale
(Whitelock et al. 2008; Whitelock 2013, and references therein). During their evolution, thermal pulses can dredge up
carbon produced in the interior to the surface, and some of them (and also some non-Mira AGB stars) get more carbon
than oxygen on the surface. Such stars show very different molecules from others with more oxygen; for example, C2 for
carbon-rich (C-rich) stars, and H2O and TiO for oxygen-rich (O-rich) stars, in addition to CO molecules which are present
in both groups. C-rich AGB stars with this canonical evolutionary path are aged at around 0.5–5 Gyr and thus represent
intermediate-age stellar population (Mouhcine & Lançon 2003; Marigo et al. 2008). There are other evolutionary paths for
producing C-rich stars and their ages may be largely different (see e.g., McClure & Woodsworth 1990; Green & Margon
1994; Izzard et al. 2007).

Our focus is C-rich Miras in the Galactic bulge. Such objects would give us an insight into stellar population in the
bulge and its evolution, although very few C-rich objects are known in this inner region of the Galaxy. A small number
of C-rich giants were found in early 1990s (Azzopardi et al. 1991; Tyson & Rich 1991), but their nature is still unclear
(Whitelock 1993; Ng 1997). They are fainter than expected for Miras or the late-stage AGBs in the bulge, and evolutionary
paths through binary interaction have been suggested. Miszalski et al. (2013) recently discovered a C-rich symbiotic Mira
towards the bulge, although its membership to the bulge was questioned (also see below). The vast majority of Miras and
late-stage AGBs in the bulge are considered to be O-rich. In order to find C-rich Miras among a large number of O-rich
ones, it is necessary to identify good candidates of C-rich objects in an efficient way.

On the (J − Ks)-([9] − [18]) diagram, C-rich and O-rich stars are separated into different color locations (Ishihara et al.
2011). In this paper, [9] and [18] stand for magnitudes in S9W and L18W bands, respectively, taken from the AKARI/IRC
mid-IR all-sky survey catalog (Ishihara et al. 2010), while the near-IR colors, J − Ks were taken from the 2MASS catalog
(Skrutskie et al. 2006). The separation is mainly attributed to different color trend in the mid IR due to different chemical
composition of their circumstellar dust shells. According to Ita et al. (2010), dusty C-rich stars often show the SiC emission
band at 11.3 µm within the [9] band in addition to a continuum excess due to amorphous carbon dust, while dusty O-rich
stars have the silicate bands at 9.8 and 18 µm. In the near-IR bands, C-rich AGB stars have strong C2 and CN bands in J,
whilst there are no correspondingly strong bands in Ks. In contrast, O-rich AGB stars have strong H2O absorption which
affects both J and Ks bands in addition to TiO and VO bands seen in J. Figure 1 presents near-IR and mid-IR spectra of
C-rich and and O-rich Miras showing their features well.
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Figure 1. Near-IR spectra from Lançon & Wood (2000) and mid-IR spectra from Sloan et al. (2003) are presented for C-rich (R Lep
with P = 427 d and S Cep with P = 487 d) and O-rich Miras (WX Psc with P = 660 d and S Cas with P = 608 d). Also presented are
filter transmission curves for 2MASS JHKs bands (Carpenter 2001) and AKARI S9W and L18W bands (Onaka et al. 2007). Vertical
strips in the left panels indicate the heavy telluric absorption between the JHKs bands.

2. SELECTION AND SPECTROSCOPIC FOLLOW-UP OF C-RICH MIRAS
Based on the (J − Ks)-([9] − [18]) diagram (Figure 2), we identified 66 candidates of C-rich Miras among more than

6500 Miras in the OGLE-III catalog of long-period variables in the bulge (Soszyński et al. 2013). 33 of them were
observed by SpUpNIC spectrograph (Crause et al. 2016) attached to the 1.9-m telescope in South African Astronomical
Observatory in 2016 July. In addition, we also obtained spectra of 3 Miras in Catchpole et al. (2016). These spectra in the
optical range are of low resolution, but classification between C-rich and O-rich stars is fairly straightforward with clearly
different molecular features of the two groups (e.g., CN and TiO bands for C-rich and O-rich stars, respectively). Figure 2
plots spectra of eight C-rich Miras we confirmed, while other 25 Miras were found to be O-rich and poor quality of the
spectra prevented the classification for three. We also made near-IR photometric observations of most of these Miras
using the 1.4-m Infrared Survey Facility (IRSF) in South African Astronomical Observatory, and used the time-series
JHKs magnitudes to check their memberships to the bulge. Considering their locations on the color-magnitude and the
period-wesenheit diagrams, among the eight C-rich Miras, three (including the symbiotic Mira in Miszalski et al. 2013)
are foreground, four are very likely within the bulge, while the last one may be background (see figures in Matsunaga et al.
2017). These C-rich Miras in the bulge represents a rare stellar population in the bulge, although their origin and nature
need to be further investigated. Figure 4 plots their locations in the Galactic coordinate.

3. CONCLUDING REMARKS
We confirmed that the (J − Ks)-([9] − [18]) diagram which had been used for general dusty stars (Ishihara et al. 2011) is

also useful for classifying between C-rich and O-rich Miras. For example, this tool allows one to efficiently identify rare
C-rich Miras in the Galactic bulge where the majority is O-rich Miras (Matsunaga et al. 2017). The color classification
often done by single-epoch photometric catalogs, however, may be confused by photometric errors and color variation,
and spectroscopic follow-up is important to confirm the diagnosis. Even low-resolution spectra are useful because of
very different broad molecular bands in the two groups of Miras. Small-sized telescopes equipped with low-resolution
spectrograph can be useful for such follow-up, but some objects are highly attenuated by the circumstellar dust (and in some
cases by interstellar dust for objects in the Galactic bulge and disk). Figure 5 compares I-band and Ks-band magnitudes of
our candidate C-rich Miras in the bulge. Notably, C-rich Miras tend to be fainter than O-rich ones, and our spectroscopic
observation with SpUpNIC at the 1.9-m SAAO telescope was limited by the faintness of our targets in I. Dusty red targets
remain relatively bright in Ks, indicating the advantage of IR spectrographs.
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Figure 2. Color-color diagram, (J − Ks) versus ([9] − 18]), for OGLE-III Miras in the bulge indicated by gray dots. Our targets
found to be C-rich and O-rich are indicated by filled circles in red and open squares in blue, respectively, while crosses indicate those
not-observed or unclassified.

Figure 3. SpUpNIC optical spectra of C-rich Miras we identified. The telluric absorption features (O2 6867 Å, H2O 7164 Å, and O2
7594 Å) are shown as shaded vertical bands. The spectrum of No. 08 has a low signal-to-noise ratio as illustrated by the pink curve, but
the red curve after smoothing shows the similarity to the other spectra.
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Figure 4. Locations of our targets, eight C-rich Miras (in red as indicated in the legend) but with different distances, O-rich Miras (blue
open squares), and those non-observed or classified (black crosses), as well as more than 6500 OGLE-III Miras (grey dots).

Figure 5. I-band and Ks-band magnitudes are compared for 66 candidates of C-rich Miras (though some are found to be O-rich).
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