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Abstract In the Wide-field Infrared Survey Explorer (WISE) all-skyusoe catalog
there are 76 million mid-infrared point sources that wertedied in the first three
WISE bands and have association with only one 2MASS neaplRcg within 3.
We search for their identifications in the SIMBAD database #amd 3.2 million iden-
tified sources. Based on these known sources, we estableshdhiteria for selecting
candidate asymptotic giant branch (AGB) stars in the Galakych are three defined
zones in a color-color diagram, Galactic latitule < 20°, and “corrected” WISE
third-band W3<11. Applying these criteria to the WISE2MASS sources, 1.37 mil-
lion of them are selected. We analyze the WISE third-band ¥Biloution of the se-
lected sources, and further establish thatd¥83s required in order to exclude a large
fraction of normal stars from them. We therefore find 0.47lionil candidate AGB
stars in our Galaxy from the WISE source catalog. Using. W& estimate their dis-
tances and derive their Galactic distributions. The caatéslare generally distributed
around the Galactic center uniformly, with 68% £} -of them within approximately
8 kpc. We discuss the idea that optical spectroscopy candxbtasverify the C-rich
AGB stars in our candidates, and thus a fraction of therhQ%) will be good tar-
gets for the Large Sky Area Multi-Object Fiber Spectroscdpalescope (LAMOST)
survey that is planned to start in fall of 2012.
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1 INTRODUCTION

After being launched on 2009 December 14, the Wide-fieldahefl Survey Explorer (WISE) has
examined the entire sky at four mid-infared (MIR) bands, 8.8, 12 and 22m (hereafter named
W1, W2, W3 and W4, respectively), over a year (Wright et all@0 Depending on the number of
coverages of a sky region by WISE, ther5oint source sensitivities reached were approximately
better than 0.08, 0.11, 1 and 6 mJy in the four bands, respéctiThe FWHMs of the averaged
point spread function for WISE in the four bands were’66L4’, 6.5" and 12.0. The WISE all-sky
images and source catalog, released in 2012 March, contairb63 million objects and provide a
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massive amount of information on MIR properties of manyaetiit types of celestial objects and
their related phenomena (Wright et al. 2010). Given thesehave conducted analyses of the WISE
sources for the purpose of identifying different classesafdidate objects among them. In this
paper, we report our work on identification of candidate gstgric giant branch (AGB) stars in the
WISE catalog.

AGB stars are low- to intermediate-mass (I48) stars that have reached their final evolution-
ary stage (e.g., Herwig 2005). They have intense mass lasa super-wind, and emission from
the ejected dust marks them as bright IR sources. Due to thalkml dredge-up process, O-rich or
C-rich spectral features appear in emission from them, haset stars are called O-rich or C-rich
AGB stars, respectively. These AGB stars, along with supere, are the major sources contributing
to the enrichment of the interstellar medium (ISM) in ga¢ex(see, e.g., Matsuura et al. 2009). A
survey of the Galactic AGB stars and studies of their progewill greatly help our understanding
of chemical evolution of the ISM in the Galaxy. Previouslshihara et al. (2011) investigated the
distributions of C-rich and O-rich AGB stars in our Galaxyngsthe AKARI MIR all-sky survey
results (Murakami et al. 2007), but their results were ladiby the relatively low sensitivities of the
AKARI survey (5 detection limits of 50 and 90 mJy at 9 anddi® respectively).

We describe our WISE data analyses in Section 2, which iecWESE data selection, identi-
fication of WISE sources in the SIMBAD database, determamatif the zone for AGB stars in an
IR color-color diagram based on the AGB stars known from thdBR\D database, selection of a
spatial distribution criterion for excluding extragalacgources, and calculation of “corrected” W3
magnitudes W3 for estimation of distances to and further selection of AG&'sin the Galaxy.
Results and further analyses of the identified candidate A@Bs in the Galaxy are presented in
Section 3. We discuss our results in Section 4.

2 DATA ANALYSIS
2.1 WISE Data

The released WISE all-sky source catalog was downloaded fihe NASA/IPAC infrared science
archive (IRSA). The catalog mainly contains positions, tpheetry and uncertainties in the four
WISE bands for the sources detected by WISE. The positions eadibrated to the 2MASS point
source catalog, thus generally having an accuracy@®’ on each axis. Both profile-fitting and
aperture photometry were performed to measure brightae$see WISE sources; we used the mea-
surements from profile-fitting photometry in this work. Thetailed description of the data analyses
and products can be found in the WISE All-Sky Release Exptap&upplemerit

Very approximate identification of the WISE sources can hedoeted by directly construct-
ing a color-color diagram (Wright et al. 2010). In order tocéesarly as possible identify different
classes of objects, we followed the method used by Ishiltaah €2011). The WISE catalog con-
tains information about whether sources are associatbdat2MASS All-Sky point source catalog
(Skrutskie et al. 2006), in which & 3adius was used for determining the association. In ordeeto
able to define classes of objects with sufficient color infation, we selected those WISE sources
that are associated with one 2MASS source witHira8d were detected by all W1, W2 and W3
bands. We noted that to avoid ambiguous identification, iniiton WISE sources associated with
more than one 2MASS source were excluded from the sele@ecause in general these 1.02 mil-
lion sources have Galactic latitudés< 20°, they are likely to be stars. Additionally excluding 6.23
million sources that are marked in any one of the WISE bantts avccflag denoting severe arti-
fact contamination or confusion, we found that there ar&@éillion WISE sources that have both
association with one 2MASS point source and the W1-W3 thage flux measurements.

1 http://wise2.ipac.caltech.edu/docs/rel ease/all sky/expsup
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2.2 SIMBAD Identifications

In order to identify different classes of sources and thiecseandidate AGB stars from their color-
color and/or color-magnitude information, we searchedkfamwn sources among 76 million WISE
sources. We input the positions of the 76 million sourceha $IMBAD database with a search
radius of 10, and found 3.4 million sources with identifications. Amohgrn, 2.5 million cases
are stars and over 40% of the remaining ones are galaxiesak&ully examined the distributions
of position differences for these matches, since our seadius was 10 and this radius could
cause false identifications, particularly in the Galactane. We found that for most of the classes,
distribution peaks below’lare clearly visible, likely indicating true matches betweake WISE
and SIMBAD sources. For a few classes of sources, theiiildigitons have a rising tail at distances
greater than’2and this tail is likely caused by positional coincidence whtee density of sources is
sufficiently high. We therefore rejected identificationshwgreater than’2in radius for every class
of objects.

In Table 1, the classes that have more than 1% SIMBAD-idendtgburces are listed for illustra-
tion. The numbers of different classes resulting from thiedon of the separation distances being
less than 2 are given in column 3 of Table 1. The total number of them isngilfon.

Table 1 Numbers of IR Sources Identified in the SIMBAD Database

Class Number( < 10”)  Number ¢ < 2”)  Percentf{ < 2”)
Star 2512531 2455250 —
Total 886300 748815 100
Galaxy 348533 325390 43
IR 78617 28305 3.8
*inCl 63327 57473 7.7
PMsx 56281 54441 7.3
GinCl 34787 32568 4.3
*iNsok 29024 26199 35
Vi 28764 25167 34
LPVx 26188 24661 3.3
Radio 23930 10509 1.4
semi-reg\k 14819 14539 1.9
QSO 14640 13311 1.8
GinGroup 13297 12927 1.7
Cx 12516 11039 1.5
Mira 8422 8227 1.1
low-mass 8420 7896 11
Hok 8555 7820 1.0

Notes: a) Stars are counted separately because of theindoityi large number.
b) Sign «’ denotes star; for examplex denotes the class of double or multiple star.

2.3 Color-Color Classification

Using the 3.2 million known sources, we tested different svaf separating the AGB stars from
the other sources (see, e.g., van der Veen & Habing 1988; Biuamh 2006; Lagadec et al. 2007;
Ishihara et al. 2011), and found that the color-color diagod J — K s versusK s—W3 generally
worked. In Figure 1 we show the diagram for the known AGB starsvell as contours that define
the regions for the stars and galaxies. As can be seen, thestB8are generally separated from the
other sources, although a fraction of them are located imef®n of the stars and slightly overlap
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with the blue end of the galaxy region. Because of the higlsitjeof the stars (Table 1), we defined
the following three zones (zone 1, 2 and 3, respectively)ittdude most of the AGB stars while
excluding the 2= contour regions of the stars and galaxies:

042+ 0.8 x (Ks — W3) < (J — Ks) < 0.72+ 1.66 x (Ks — W3)
for 0.35 < (Ks—W3) <145, (1)

0.7140.6 x (Ks—W3) < (J—Ks) <225+4+0.6 x (Ks—W3) (2)
and

1294+ 0.2 x (Ks — W3) < (J — Ks) < 0.71+ 0.6 x (Ks — W3)
for (Ks—W3)>1.45. (3)

We checked contamination by other classes of the soureeshow many other sources are
located in the three zones. The results are summarized gettuend column of Table 2; only sources
with relatively large numbersx{ 500) are listed. It can be noted that because of large numbers of
a few classes of objects (particularly the stars and gagxéven a small fraction of them can be
dominant over the targets. For example, there are approsiy?000 galaxies in the three zones. We
therefore added one selection criterion based on sourdgopmssrequiringb|< 20°. This constraint,
estimated from theé distributions of the sources, helped exclude most of theagatactic sources
including a large number of variable stars in the Large an@lBmMagellanic Clouds (LMC and
SMC; see Fig. 2). In addition, we noted that a large fractibnearby stars, for example among the
classes of the stars and proper motion stars, were alsodect(gee Table 1). Adding this constraint,
we re-calculated the numbers of the sources in the threesaomesummarized the results in column
3 of Table 2.

2.4 WISE Color-Magnitude Analysis

The observed MIR fluxes and colors of an AGB star are genedaltgrmined by the interstellar
extinction, mass loss rate of the star and distance. Sirecextinction is usually negligible at the
MIR wavelengths (Indebetouw et al. 2005), the colors areretian of only the mass loss rate.
A relation between values of one IR color and mass loss rateftéen found when the mass loss
rates can be obtained (e.g., Matsuura et al. 2009; Zhang 2030; Ishihara et al. 2011). Also if
considering that luminosities of AGB stars are similartati€es to them can be estimated (e.g.,
Le Bertre et al. 2001). We therefore checked the WISE colagmitude diagram of the SIMBAD
sample of the AGB stars (bottom left panel in Fig. 3), in whie also included the known AGB
stars in the LMC and SMC.

We found that the C-rich stars (few O-rich stars in the SMCewkund in our sample;
see, e.g., Marshall et al. 2004) in the SMC can generally peesented by a line in the di-
agram. Using a “robust” least absolute deviation method,fiv&V1—-W3 and W3 to a linear
model and found W311.53-1.83(W1-W3). This dependence on WAWN3 presumably reflects
the mass loss rates of the stars and can probably be remowaefibing a “corrected” magnitude
W3.=W3+1.83(WL-WS3). In the top left panel of Figure 3, we show the YWW3 and W3 color-
magnitude diagram of the AGB stars in the Galaxy and SMC, antha be seen, the distribution
of most SMC stars is now corrected to be horizontally eloadatith the central W3value likely
indicating the distance to the SMC and the spread of WAbues the depth of the SMC and probably
the differences in the mass loss rates as well. We theretmeé a distance of 61 kpc to the SMC
(Lagadec et al. 2007) and derived the corresponding disthased on W3 and found most of the
AGB stars in the Galaxy were in a range of 4-16 kpc (Fig. 3) rélaee a few outliers in our sample
of the Galactic AGB stars that have W3 15, which are probably the AGB stars found in nearby
dwarf galaxies by the previous surveys. As a check of ouadcst estimate method, we searched the
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J — Ks

Fig.1 J — K s versusK s—W3 color-color diagram of the known C-rich and O-rich stdlsi¢: C-
rich AGB starsgreen: AGB stars;red: O-rich stars). The solid contours show 1-, 2-, and &gions

of the normal stars, long-dashed contours 1- ardrgions of the galaxies, and dotted contours 1-
and 2e regions of the quasars. The dashed lines define the regiathe€f@GB stars, although they
are slightly contaminated by other sources. The directf@xtinction is shown by the arrow.
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Fig.2 A comparison ob distributions of the AGB stars and that of the galaxies. Hiel is scaled
by 3 to clearly show the comparison. Large numbers of the knGwich AGB stars in the LMC and
SMC are clearly visible.

C-rich and O-rich stars reported in Le Bertre et al. (2008ifthe WISE catalog and found 108 and
113 of them, respectively. The distances to these starseséireated by Le Bertre et al. (2003), with
a factor of two in uncertainty. Their values were compareithwhat derived from our method, and
68% (1o) of the 221 stars are consistent within 40%. The compariesultindicates that W.3can

be used to estimate distances to AGB stars, although weocalitinote that the “systematic” uncer-
tainty of the distances given by Le Bertre et al. (2003) igéaand we have assumed that the intrinsic
properties of the AGB stars through the WISE bands in thexyaad SMC are very similar.
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65 130

Fig.3 Bottom panels: W3 versus WAWS3 diagram of the C-rich and O-rich AGB stars in the
Galaxy (black plus and triangle symbols, respectively),@ kblue plus and triangle symbols), and
SMC (green plus signs). The C-rich stars in the SMC can génédra represented by the dashed
line. The distributions of these stars as a function of W3raspectively shown in the right narrow
panel.Top panels: W3 versus W1Wa3. diagram of the same stars in the Galaxy and SMC. The red
diamonds indicate distances of 1, 4, 16, 32, 61 and 100 kfimaed from W3 of the C-rich stars

in the SMC (dashed line). The distributions of the stars &e shown in the right panel, which are
sharpened compared to those in the bottom right panel. Tdendryar marks the standard deviation
of 0.5 mag from W3= 11.5 of the AGB stars in the SMC.

From the above analysis, an additional criterion for seélgcAGB stars in the Galaxy can be set.
As shown in Figure 3, more than 80% of the AGB stars in the Galave W3< 11 (or distance
less than 50 kpc). Thus by requiring W3 11, we further significantly reduced contamination from
galaxies and excluded stars that are not located in our @alae results are summarized in columns
47 of Table 2.

Following Ishihara et al. (2011), we divided the classe®disn Table 2 into three groups: A)
objects that are classified as different categories, butbeaconsidered as the same group of our
targets; B) objects that are classified as other categ@)edassified targeted objects. We estimated
the reliability of our classification usingu, + n.)/(ne. + ny + n.). In group A, IR and variable
stars were included as, for both C-rich and O-rich stars, while Mira and candidateBA§ars were
included only as O-rich stars. The AGB and OH/IR stars wemakioed together as O-rich stars
(Ishihara et al. 2011). The results are given in Table 2. Efiabilities for the C-rich and O-rich
stars satisfying all the selection criteria are 68% and #&¥pectively.
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Table 2 Numbers of Sources in the Three Defined Zones of the AGB Stars

Class Total (All-sky) ~ Total|p|< 20°) Zonel Zone2 Zone3 Total

Group A (same)

IR 13194 12521 3022 2800 1481 7303
Vs 8718 8408 4509 2044 1084 7637
Semi-regWk 8599 2409 1903 220 137 2260
Mira 3570 2244 1120 510 482 2112
CandidateAGBx 2075 2070 0 803 304 1107
Puls\A 1467 1213 1084 39 26 1149

Group B (other)

Star 9151 4976 3647 353 89 4089
CandidateYSO 1759 1742 58 87 72 217
PMx 9351 1690 1021 1 0 1022
*inCl 1347 1033 553 24 7 584
Galaxy 3870 903 20 1 7 28
YSO 745 709 66 108 61 235

Group C (targeted)

Cx 8611 3259 2053 698 51 2802
AGBx* 797 615 498 84 27 609
OH/IR 192 189 1 62 77 140

Fraction (%)

Cx 55 63 64 74 71 68
AGB++4OH/IR 53 68 62 84 93 71

Columns (4)—(7) are the numbers of sources that additipsalisfy W3 <11.

2.5 WISE Color-Color Separation Between C-Rich and O-Rich &rs

We investigated different combinations of WISE band caoler analyses for the purpose of sepa-
rating C-rich and O-rich stars, and did not find a method thataearly discriminate between the
two sets of the stars. However as shown in Figure 4, whichasMSE W2-W3 versus W1W2
diagram of the known C-rich and O-rich stars in our sample stlars with extremely red colors can
generally be defined. The conditions W&/3>1 for W1-W2<1 and W2-W3>0.75(W1-W2)+1

for W1—-W2>1 can separate the OH/IR stars and a small fraction of the A&RB &om the C-rich
stars in our sample.

3 RESULTS

Applying the IR color-color, Galactic latitude and W3 11 selection criteria to the 76 million
WISE+2MASS sources, we searched for candidate AGB stars and fb@idnillion sources satis-
fying the three criteria, with 1.16, 0.189, and 0.025 millgources in zones 1, 2, and 3, respectively.
The distributions of the selected sources in the three zanagunction of W3 are shown in Figure 5.
In addition, the same distribution for all 76 million sousds also shown in the figure. As can be
seen, different from the distribution of the 76 million soes, there appear to be two components in
both the zone 1 and 2 distributions. We noted that for the 2csmurces, the upper edge of the main
peak (at W3=10) was caused by the requirement of ¥/81. On the basis of the known AGB stars
in the SMC, W3~ 11.53 or W3~ 11.53—1.83(W1-W3). Most AGB stars in the Galaxy and SMC
have W1-W3 colors of 0-1 mag (Fig. 3), implying a range of 5.3—7.2 mawgaf distance of 8 kpc
or 3.8-8.6 mag for a distance of 4-16 kpc. Therefore the covpts of faint sources in the zone 1
and 2 distributions (W38) are likely to be normal stars, not AGB stars.



330 X.Tu & Z. X. Wang

W2-W3

Fig. 4 WISE color-color diagram of the known C-rich stabback), AGB stars ¢reen), and OH/IR
stars (ed). The dotted curve indicates the colors for objects at difie low temperatures (Wright
et al. 2010), indicating that the OH/IR stars have tempeeatof 500—800 K. The dashed lines can
generally separate the OH/IR and a small fraction of the A@Bssfrom the C-rich stars in our
sample.

Number (104)

0 2 4 6 8 10 12 14
W3 (mag)

Fig.5 Distributions of the candidate AGB stars in the zonesdlid curve), 2 (dotted curve), and

3 (dash-dotted curve) and 76 million WISE sourcegléshed curve) as a function of W3. The distri-
butions of the latter three cases were respectively scalbdgt show the comparisons among them.
Two components are visible in the zone 1 and 2 curves with ademy approximately at 8 mag.
The two components can be well represented by a modified Gaussiction (green curve for the
AGB component, red for the normal star component, and bluthéosum of the two in zone 1).

Using W3=8 as an approximate boundary to separate the aediGB stars from normal
stars in the zone 1 and 2 sources, 0.295 and 0.151 milliondatedAGB stars were obtained. Now
including those in zone 3, the total number is 0.471 milliBA% of the 1.37 million sources). We
also tested fitting the two components in the distributiorves with a modified Gaussian function
y ~ exp(—x?/20?), wherez was set as a function ekp(W3), and the fitting results of the numbers
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Fig. 6 Galactic distributions of the candidate AGB stdliap left: 1- and 2¢ contour regionsdashed
curves) of the 1.37 million candidates. The solid and dotted corg@lnow the same contours for
the further selected 0.47 million candidates (W& and for those candidate O-rich stars obtained
from the WISE color-color analysis, respectivaBpttom left: Distributions of the total candidates
(dashed), further selected candidatesolid), and those candidate O-rich stadetfed) along the
Galactocentric distanc®&ight: 1- and 2e distributions of the further selected candidate AGB stars
(solid curves) and O-rich starsdotted curves). The Sunis located & = 0, Y = 0, and the Galactic
center is marked by the plus sign.

of candidate AGB stars and normal stars were consistentttvitbe from simply using W3=8 as a
separation boundary. It should be noted that while theifvastof two components can be more
accurately estimated by fitting, the sources cannot be digyly separated.

In Table 2 we estimated that approximately 20% of the sedest@rces should belong to Group
B, most of which should be normal stars. Our study of the W&idistions has shown that the
fraction of normal stars is as high as 66%. This large diffeeawas likely caused by the star sample
in the SIMBAD database, whose distribution along W3 peak®ahag. Comparing it to that of the
76 million sources (peaks at 12 mag, which corresponds tm0ys Fig. 5), a large fraction of stars
that have W3=10-12 were not represented by the SIMBAD saripiis bias probably made the
fraction of normal stars from our selection method signiftbaunderestimated.

Galactic reddening towards each selected source was éstimsing the dust map of the Galaxy
(Schlegel et al. 1998) and the reddening laws for the WISHE$&given from Weingartner & Draine
(2001) and Li & Draine (2001) were used. The distances wemmated using dereddened \Wand
their Galactocentric distancég, and vertical distances from the Galactic plahewere accordingly
estimated as well (a distance of 8 kpc to the Galactic cendéasrwsed; Gillessen et al. 2009). The
distributions of the sources alor¢, and in theR, versusZ, plane are shown in the left panel of
Figure 6. As can be seen, thes2eontour of the distribution in the latter extendsRg ~ 45 kpc
andZ, ~ 7 kpc, both unrealistically large, indicating there is a &fgaction of normal stars in our
selected candidate AGB stars.

The distances of normal stars were largely over-estimatiedjW3.. Reducing our total number
of candidates by 66% by requiring \&38, we re-plotted the distribution contours in Figure 6. The
maximumR, andZ, values were changed approximately to 17 and 1 kpc, respéctithese values
were significantly reduced and comparable to the typical sfzhe Galaxy. In the right panel of the
figure, the distribution of the further selected candida@BAstars projected onto the Galactic plane
is shown. The candidates are generally distributed arduméalactic center.
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Using the WISE color-color analysis given in Section 2.5, searched for candidate O-rich
stars among the 0.471 million candidates and found 0.118®&milThe distributions of these 0.119
million sources are shown in Figure 6, and no significanedéhces between them and those of the
other candidates are seen. This suggests that we probabhotiselect O-rich stars successfully,
given that the currently known O-rich AGB stars appear tocemitrate towards the Galactic center
(Ishihara et al. 2011). The result is expected because assdisd in Ishihara et al. (2011), only the
AKARI 9 and 18um bands well covered the silicate features of O-rich stadscéearly distinguished
between O-rich and C-rich stars.

4 DISCUSSION

We analyzed the data in the newly released WISE all-sky socatalog to search for C-rich and O-
rich AGB stars in the Galaxy. We selected 76 million pointreas in the catalog that were detected
in the first three WISE bands and have only one 2MASS countenithin 3”.

A color-color diagram for these WISE2MASS sources was constructed and zones in the di-
agram for AGB stars were defined. The spatial requiremefit g20° was established to help ex-
clude extra-galactic sources. Based on the known AGB stdhiSMC, we also derived “corrected”
WISE third-band magnitudes W3o estimate distances for AGB stars and to select candidates

Applying the color-color, spatial, and WXriteria, 1.37 million candidates were selected.
Analyses of them have shown that W8 was further required to separate the AGB stars from the
normal stars in the candidates. As a result, 0.47 milliordatate AGB stars were found, with their
distances estimated and distributions in the Galaxy obthiGiven the sensitivities of the WISE
survey, which are an order of magnitude deeper than the Mightresses expected for AGB stars
in the Galaxy, these candidates probably constitute a faagéon of them. Observations of them
are warranted for verifications.

In order to determine the AGB nature of the candidates, MIE&Bpscopy best serves the pur-
pose since the continuum of such a spectrum contains infamabout the mass loss rate of a
target and the spectral features help directly identify it is a C-rich or O-rich star (Kraemer
et al. 2002; Sloan et al. 2003). Currently only the StratesigtObservatory for Infrared Astronomy
(SOFIA) is operating at MIR wavelengths with spectroscagpability, but a few large ground-
based telescopes can reach a sensitivity b® mJy at the wavelengths. However, neither is suitable
for a spectroscopic survey of 0.5 million sources.

We note that strong optical spectral features arise frotararich molecules (such as CN; C
and CH; Barnbaum et al. 1996) and C-rich stars can be idehfiften optical spectroscopy. The
AGB stars in the SIMBAD database hav&a- K distribution with the peak dt” — K ~ 7 and the
K s distribution of our 0.47 million candidates peakgét ~ 8. Most of our candidates thus could
haveV ~ 15. Including reddening, a fraction<10%) of the candidates are good targets for the
Large Sky Area Multi-Object Fiber Spectroscopic TelescpEVIOST, also called the Guo Shou
Jing Telescope) in China, which will start operation frora fall of 2012.
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