ph.SR] 1 Nov 2012

arXiv:1211.0151v1 [astro

Mon. Not. R. Astron. Sod00,[THI3 (2012) Printed 8 February 2018 (MNEX style file v2.2)

Cepheids and other short-period variables near the Galacti Centre

Noriyuki Matsunag&?*, Michael W. Feast!, Takahiro Kawadt; Shogo Nishiyanfy
Takahiro NagayaniaTetsuya Nagata Motohide Tamurg Giuseppe Bon®’,
and Naoto KobayasHhi?,

1 Department of Astronomy, School of Science, The Univessifpkyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

2 Kiso Observatory, Institute of Astronomy, School of Saefitie University of Tokyo, 10762-30, Mitake, Kiso-macigpkyun, Nagano 397-0101, Japan
3 Astrophysics, Cosmology and Gravity Centre, AstronomyaBepent, University of Cape Town, Rondebosch, 7701, SduttaA

4 South African Astronomical Observatory, PO Box 9, Obsenyaf935, South Africa

5 Department of Astronomy, Kyoto University, Kitashiraka@avake-cho, Sakyo-ku, Kyoto 606-8502, Japan

6 National Astronomical Observatory of Japan, 2-21-1 OsaMiiaka, Tokyo 181-8588, Japan

7 Department of Astrophysics, Nagoya University, Furo-eblaikusa-ku, Nagoya 464-8602, Japan

8 Dipartimento di Fisica, Universita di Roma Tor Vergataa\della Ricerca Scientifica 1, 00133 Rome, Italy

9 INAF—Osservatorio Astronomico di Roma, Via Frascati 33)40Monte Porzio Catone, Italy

10 |nstitute of Astronomy, School of Science, The Universifiokyo, 2-21-1 Osawa, Mitaka, Tokyo 181-0015, Japan

Accepted 2012 November 1. Received 2012 October 31; inmaiidorm 2012 September 24

ABSTRACT

We report the result of our near-infrared survey of shorteguevariable stars® < 60 d) in

a field-of-view of20’ x 30’ towards the Galactic Centre. Forty-five variables are disced
and we classify the variables based on their light curveehapd other evidence. In addition
to 3 classical Cepheids reported previously, we find 16 tyggepheids, 24 eclipsing bina-
ries, one pulsating star witk = 0.265 d (RR Lyr oré Sct) and one Cepheid-like variable
whose nature is uncertain. Eclipsing binaries are semhrate the foreground objects and
those significantly obscured by interstellar extinctiome®f the reddened binaries contains
an O-type supergiant and its light curve indicates an ecdceaitbit. We discuss the nature
and distribution of type Il Cepheids as well as the distancthé Galactic Centre based on
these Cepheids and other distance indicators. The estirobi(GC) we obtained based on
photometric data agree with previous results obtained kiftematics of objects around the
GC. Furthermore, our result gives a support to the redddaimgbtained by Nishiyama and
collaboratorsAg_ /E(H — K;) = 1.44, because a different reddening law would result in a
rather different distance estimate.

Key words: Galaxy: bulge — Galaxy: centre — stars: binaries: eclipsirgdars: variables:
cepheid — stars: variables: others — infrared: stars

1 INTRODUCTION like distribution with a radius~ 200 parsecs, and a signifi-
cant population of young stars (a few Myr) are found in this re
gion (Serabyn & Morris 1996; Figer etlal. 2004; Yusef-Zadeale
2009). Finally, a dense stellar cluster with numerous masstars
exist within a radius- 10 parsecs (its core radius actually is much
smaller,~ 0.3 parsec) around the central black hole (Genzellet al.
2003). The GC region provides us with a unique opportunity to
study not only stellar evolution but also phenomena in eéntr
parts of galaxies at close hang (8 kpc). For instance, the most
populous group of known young and massive stars, such as O-
type stars and Wolf-Rayet stars, within the Galaxy existreth
(e.g.Mauerhan et al. 2010).

Pulsating variable stars are useful in studies of stellgr- po
ulations. In particular, Cepheids play important roles invide
range of astronomy. There are two groups of Cepheids, asskl
cal Cepheids (hereafter CCEPs) and type Il Cepheids (TBo#).

* E-mail:matsunaga@astron.s.u-tokyo.ac.jp of them have period-luminosity relation (PLR), but the laosi-

The Galactic Centre (hereafter GC) region is an importaatel
for many reasons. A supermassive black hole exists in the di-
rection of Sgr A within a complex region involving both hot
and cold gas (e.q. Morris & Serabyn 1996; Genzel, Eisenh&uer
Gillessen, 2010). This region hosts the highest densitytastsn

the Galaxy, and furthermore various stellar populationsexist
with different distribution and characteristics (LaunditarZylka

& Mezger, 2002). First, the extended Bulge with a scale of a
few kilo-parsecs has a triaxial or bar-like shape (Nakadsdlet
1991 Whitelock & Catchpale 1992; Stanek el al. 1994) anafs p
ulated predominantly by old stars (10 Gyr,|Zoccali et al. 2003;
Clarkson et all 2011). Secondly, the nuclear bulge show e dis

© 2012 RAS


http://arxiv.org/abs/1211.0151v1

2 N. Matsunaga et al.

ties at a given period differ by 1.5-2 mag (Sandage & Tammann Tapje 1. The observed fields. The central coordinates, the numbers of

2006; Matsunaga, Feast & Soszyhski, 2011a). CCEPs aratpuls
ing supergiants with periods typically between 3 and 50 dlved
from intermediate- to high-mass stars (4-M),). On the other
hand, T2Cs have similar periods to CCEPs, but are old ang&dol
from low-mass starsy 1 M. T2Cs are conventionally subdivided

into the BL Her and W Vir stars at periods less than 20 days and ;745 59008

the RV Tau stars with greater periods. In addition, Sosz#isall
(2008b) identified peculiar W Vir stars which tend to be btagh
than the PLR and to often show light curves with eclipsingler e
lipsoidal modulation. There remain uncertainties in theperties
and the evolution of T2Cs (see the discussion in Matsunagk et
2011a).

A serious difficulty in studying the stars towards the GCiies
observing them beyond the severe interstellar extinclitwe. fore-
ground extinction is not uniform and strong (around 2-3 nmmag i
the K band,2.2 um). Thus, infrared observations are required in
order to study stars in the GC region. In fact long-term irgficeob-
servations have made it possible to monitor stellar motasosind
the central black hole (Ghez et al. 2008; Gillessen et alg26ad
references therein). These and other data were used tdhdearc
variable stars in the few parsec (or smaller) region arouyrdAS
(Tamura et al. 1996; Ott, Eckart & Genzel, 1999; Peeples)ekta
& DePoy, 2007 Rafelski et &l. 2007). However, no Cepheidsewe
found in these works.

We carried out near-IR observations to investigate stetlar
ability in the GC region. Our survey covered a much wider area
20" x 30’, than the previous monitoring observations. A large
number of long-period variables including Miras were found
the survey region (Matsunaga etlal. 2009b, =Paper 1), andisve d
covered three CCEPs, the first of this type in the GC region
(Matsunaga et al. 20111b, =Paper I1). In the present paperewe d
scribe our data analysis and a catalogue of the short peaitables
in the field, and also discuss their nature as well as therdistto
the GC.

2 OBSERVATION AND DATA REDUCTION

Observations were conducted using the IRSF 1.4 m telescupe a
the SIRIUS camera (Nagashima et al. 1999; Nagayamal et &) 200
which collects images in thg (1.25 ym), H (1.63 pm) and
K, (2.14 pm) bands, simultaneously. The observed field com-
posed of 12 fields-of-view of IRSF/SIRIUS covered’ x 30’

around the GC (Tablg] 1). Observations at about 90 epochs were

made between 2001 and 2008 of which the majority were oldaine
in 2005 and 2006. We used this dataset in Paper | and Il, atitefur
observational details are found there.

monitorings and the numbers of short-period variablesisied.

Field RA (J2000) Dec. (J2000.0) Nopbs  Nghort
1745-2900A  17:46:10.5 —28:53:47.8 94 3
17:45:40.0 —28:53:47.8 92 6
1745-2900C  17:45:09.5 —28:53:47.8 90 3
1745-2900D  17:46:10.5 —29:00:28.0 93 3
1745-2900E  17:45:40.0 —29:00:28.0 91 (3
1745-2900F  17:45:09.5 —29:00:28.0 89 5
1745-2900G  17:46:10.5 —29:07:07.8 87 4
1745-2900H  17:45:40.0 —29:07:07.8 89 3
1745-29001  17:45:09.5 —29:07:07.8 83 4
1745-2840G  17:46:10.5 —28:47:07.9 85 6
1745-2840H  17:45:40.0 —28:47:07.9 85 1
1745-28401  17:45:09.5 —28:47:07.9 60 2
Total 45t

T One object, #15 in Tablg 2, was detected in the overlappigipmeof
both fields.f We do not include the duplicate detection in the neigh-
bouring fields.

but the detection limits vary across the survey region deipen
on the crowdedness. Especially, the central region arogmdh\S

is so crowded that the accuracy of our photometric measuremne
with the typical seeing ok 1", is rather limited. The detection
limit also changes from frame to frame depending on the vezath
condition. Therefore, the above limiting magnitudes stidnd con-
sidered only as typical values.

While we catalogued 1364 long-period variables in Paper |,
variables with period shorter than 60 days are presentedisn t
paper. Period$> were determined by fitting the following fourth-
order Fourier series,

4
m(t) = Ao + Z Aicos(2mit/P + ¢).

=1

@)

The light curves of Cepheids, which are our main targets, are
known to be fitted by such Fourier series well (e.g. Laney &#to
1993).

3 RESULTS
3.1 Detection of short-period variables

We detected 45 variable stars with period between 0.14 ariddb2
The number of the objects found in each field-of-view is iatkcl
in Table[1. TablER lists their IDs, galactic coordinatesammagni-

The basic data analysis was done in the same manner as in Patudes, amplitudes and periods. The mean magnitudes ansiiyte

per 1. In short, point-spread-function (PSF) fitting photdrg was
performed on every images using IR&AF/DAOPHOT package, and
variable stars were searched for by combining the timeesesets

of JH K magnitudes. The standard deviations (SDs) were calcu-

lated for repeated measurements of individual stars. Weltioked

for variable stars with SD more than three times larger thnn t
median value of SDs in the corresponding magnitude range. Th
variability search was done using the three band datasggpamn-
dently, so that we could find variables even if they are vésily

in one of theJ H K bands.

scale means of maximum and minimum, and the amplitudestrefer
peak-to-valley variations. ThéH K time-series data obtained for
all the catalogued variables are compiled in one text file eah

line includes the ID number, the modified Julian date (MJDJ an
the JH K for each measurement. Table 3 shows the first 10 lines
as a sample of the full version to be published online. [Bigloisp
their folded light curves in the ascending order of periodc&use
the light curves of eclipsing variables are often nearly syatrical,

a fit of the Fourier series (€g. 1) tends to yield half the atigieriod

and this is listed in Tablgl2 except in the case of #30 whos lig

The saturation limits are 9.5, 9.5 and 9.0 mag, and the detec- curve is significantly asymmetric. The orbital periods asediin

tion limits are around 16.4, 14.5 and 13.1 mag/inH and K,
respectively. The definition of these values is describe@aper I,

Fig.[.
We did not always detect the variables in all of thél K
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Table 2. The catalogue of short-period variables detected tow&elSalactic Centre. After the numbering ID between #1 and #h5|D combining
RA and Dec. (J2000.0) follows. Then listed are galactic doates,J H Ks mean magnitudes, peak-to-valley amplitudasflag (see the text) and
periods. The classifications are also indicated as: Cepldssical Cepheid, Cep(ttype Il Cepheid, Eckeclipsing binary (see also Talplk 5). #3 may
be either of an RR Lyr or @ Sct star. #34 seems to be a kind of Cepheid, possibly an anam@lepheid, but it is unclear which group it belongs to.
For eclipsing binaries except #30, half the orbital periadslisted.

No. ID l b J H K AJ AH AKs Mflag Period Type
() () (mag) (mag) (mag) (mag) (mag) (mag) (d)

1 17445716-2910057 —0.2742 +0.0036 15.55 14.35 — 0.56 0.52 — 003 0.3613 Ecl

2 17445906-2851235 —0.0046 +0.1602 15.57 14.08 12.73 1.22 1.03 0.62 777 7.46 Cep(ll)

3 17445916-2909440 —0.2652  +0.0005 13.76 12.53 11.72 0.23 0.13 0.31 000 0.265 RR/DS

4  17450132-2848213 +0.0428 +40.1796 — 14.46 12.87 — 0.71 0.69 300 12.544 Ecl

5 17450204-2857215 —0.0838  +0.0990 14.58 14.06 — 0.66 0.56 — 003 0.17733 Ecl

6 17450754-2906573 —0.2097 —0.0015 — 14.13 12.51 — 0.61 0.68 300 15.097 Cep(ll)

7 17450913-2859417 —0.1035 +0.0567  16.37 13.02 11.33 0.68 0.47 0.40 000 52.224 Cep(ll)

8 17451032-2904526 —0.1749  +0.0079 14.08 13.39 12.42 0.35 0.44 0.35 077 0.21968 Ecl

9 17451383-2844443 +40.1181 +40.1721 — 15.19 13.69 — 0.53 0.50 300 4.747 Cep(ll)
10 17451719-2857531 —0.0624 +40.0474 — 14.49 12.47 — 0.74 0.86 300 24.09 Cep(ll)
11  17451764-2851372 +40.0275 +40.1004 — 14.91 13.30 — 0.34 0.35 300 8.2713 Cep(ll)
12 17452092-2858186 —0.0614 +0.0321 14.30 13.53 — 0.87 0.77 — 003 0.15869 Ecl
13  17452219-2853583 +40.0027 +40.0658 12.58 12.29 12.11 0.34 0.34 0.33 000 1.6094 Ecl
14  17452573-2909397 —0.2137 —0.0815 — 14.37 12.76 — 0.43 0.41 377 1.0984 Ecl
15 17452600-2900037 —0.0766 40.0010 15.69 12.93 11.36 0.90 0.92 0.96 000 50.46 Cep(ll)
16  17452837%2858221 —0.0480 +0.0084 15.02 13.94 — 0.54 0.52 — 003 1.5838 Ecl

17 1745298#2854290 +0.0101 +0.0375 14.97 12.18 10.67 0.29 0.26 0.27 000 1.6448 Ecl

18 17453089-2903105 -—0.1116 —0.0412 16.36 12.44 10.35 0.68 0.44 0.51 000 22.76 Cep(l)
19 174531482859531 —0.0637 —0.0145 10.98 10.84 10.70 0.10 0.10 0.18 000 3.6301  Cep(ll)
20  174532272902552 —0.1054 —0.0433 1542 12.00 10.17 0.60 0.46 0.57 000 19.96 Cep(l)

21 17454075-2852367 +0.0574 40.0198 — 1493 1331 — 0.39 0.47 300 0.55648 Ecl
22 17454904-2856450 +0.0142 —0.0419 13.81 13.40 13.02 0.55 0.62 0.71 007 0.41278 Ecl
23 17455015-2855069 +0.0396 —0.0312 — 1425 12.53 — 0.36 0.42 377 1.628 Ecl

24 17455156-2903392 —0.0793 —0.1094 14.18 13.72 13.58 0.40 0.42 0.54 000 0.24946 Ecl
25  1745525#2900004 —0.0254 —0.0811 17.05 14.03 12.19 0.89 0.57 0.58 700 1.7092 Ecl

26 17455318-2856206 +0.0279 —0.0512 — 1428 12.40 — 0.84 0.85 000 16.1 Cep(ll)
27  17455325-2904069 —0.0826  —0.1189 — 1453 12.89 — 0.41 0.42 300 1.7316 Ecl
28  17455413-2845032 +0.1904  +0.0437 — 1462 12.95 — 0.77 0.73 300 15.543  Cep(ll)
29  17455482-2854382 +0.0553 —0.0415 — 1529 13.58 — 0.45 0.61 377 10.26 Cep(ll)
30 17460164-2855155 +0.0594 —0.0682 13.40 10.64 9.16 0.40 0.42 0.32 000 26.792 Ecl
31 174602006-2852506 +40.0944 —0.0484 — 1298 11.37 — 0.61 0.68 377 40.13 Cep(Il)

32 1746060%-2846551 +0.1864 —0.0095 15.63 12.04 10.18 0.58 0.45 0.44 000 23.538 Cep(l)
33 17460637#2909442 —0.1377 —0.2084 12.68 10.91 10.07 0.12 0.14 0.10 000 18.96 Cep(Il)
34 17461000-2855325 +0.0712 —0.0967 15.01 12.28 10.79 0.21 0.17 0.19 077 2.1932 Cep(?)
35 1746100#2905173 —0.0674 —0.1814 16.10 — — 0.73 — — 033 0.14612 Ecl

36 17461044-2903183 —0.0385 —0.1653 12.43 11.89 11.18 0.79 0.72 0.56 077 0.97209 Ecl
37 1746117%2850001 +0.1533 —0.0540 16.08 13.45 11.91 0.74 0.56 0.60 000 0.94255 Ecl

38 174612522848526 40.1709 —0.0468 1424 12.24 0.59 0.54 300 1.6486 Ecl
39 17461356-2848351 +40.1770  —0.0475 — — 12.75 — — 0.86 337 31.17 Cep(ll)
40  1746135%#2859023 +40.0282 —0.1381 — 1491 13.03 — 1.00 0.84 300 19.014  Cep(ll)

41  17461447-2849002 40.1728 —0.0539 13.80 12,57 10.98 0.73 0.53 0.27 077 0.14161 Ecl
42  17461626-2850125 +0.1590 —0.0700 15.63 1297 11.39 0.77 0.70 0.72 000 1.66284 Ecl
43  17462426-2908288 —0.0860 —0.2531 — 14.06  12.49 — 0.60 0.69 300 13.52 Ecl
44 17462642-2857079 +0.0797 —0.1616 14.33 13,53 13.23 0.30 0.35 0.37 000 0.41546 Ecl
45 17462846-2908562 —0.0846 —0.2702 17.17 14.03 12.46 1.34 0.99 1.10 000 24.406  Cep(ll)

bands. Tabl€]2 includea/flag which we also used in Paper | to maxima were sampled well enough to estimate mean magnitudes
show the reasons of non-detection or the qualities of thedisag- except for the faintest cases.

nitudes. In this work, only the flag numbers 0, 3 and 7 are agiev

The flags 0 and 3 respectively indicate that a mean magnitade w

obtained properly and that some measurements were affbgted As we see in Figll1, our sample includes different types of
the detection limit leading to an uncertain mean magnitdde variables. In order to determine the variable types, shapélse
flag 7 is newly defined to indicate that the photometry of thectb ~ light curves are discussed in Section|3.2. For CCEPs and, E2Cs
is affected by the crowding. None of our objects was too lyighd briefly discussed in Paper Il, we also consider their absahsag-
none was located too close to the edge of the detector. The lig nitudes and the expected distances (Se¢fioh 3.3). In 8d8ith
curves in Fig[lL indicates that the entire variations fromima to we summarise the classification and compare some featuiesgam

variable types.
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Figure 1. Light curves of the catalogued variables plotted in the dicgy order of period. For eclipsing variables, the orhitiods (twice
the periods listed in Tab[d 2) are used. The ID, the variaige aind the (rounded) period are indicated at the top of eachl@s well as the
name of filter /, H or K) used in the plot.

Table 3. Light variations for the catalogued variables. When the mag
nitudes are not available we put 99.99 instead. This is teeX lines
of the full catalogue (3707 lines), which will be availabtethe online

version of the article (see Supporting Information).

No. MJD J H Ky

1 52343.1514 15.60 14.49 99.99
1 53482.0694 15.28 14.22 99.99
1 53537.1167 15.57 99.99 99.99
1 53540.8287 15.69 1456 99.99
1 53545.8959 15.67 14.49 99.99
1 53545.9758 15.32 14.24 99.99
1 53548.8325 15.48 99.99 99.99
1 53548.9662 15.32 14.20 99.99
1 53549.8964 15.53 14.39 99.99
1 53550.0148 15.32 14.17 99.99

3.2 Shapes of the light curves

In order to give a quantitative description of the light eishape,
the parameters,

Ro1 = Az /A, (2
@21 = P2 — 2¢1, (3)
R31 = Az /A, (4)
@31 = ¢3 — 3¢1, (5)

are considered for each light curve based on the fitted Faerees
(eq[d). These parameters are listed in Thble 4.

We also consider the above Fourier parameters for the vari-
ables in the Large Magellanic Cloud (LMC), found in the Opti-
cal Gravitational Lensing Experiment (OGLE-I1), to connpavith
our objects. In Fig[2, different types of the LMC variable® a
plotted in different colours: CCEP_(Soszyhski et al. 20082Cs
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Table 4. The list of Fourier parameters for the observed light curfesir parametersio1, ¢21, R31 ands1, see ed. 435 for the
definition) are listed for each of théH K bands. Thep values are given in the unit of.

No. log P J-band H-band Ks-band
Ro1 P21 R31 31 Ro1 21 R31 31 Ro1 P21 R31 31

1 —0.442f 0176 1.983 0.030 1550 0.174 2.004 0.075 0.064 — — — —

2 0.873 0.246 2923 0.157 0.212 0.336 2.834 0.120 0.204 0.364 2.9071920 0.021

3 0577 0312 1.181 0.181 0.690 0.309 1.304 0.242 0.862 0.526 1.4841440 1.518

4 1.098f — — — — 0301 2055 0.072 0.739 0.268 2.067 0.074 0.728

5 —0.751t1 8190 1.913 1.076 1.961 3.818 1.918 0.715 1.951 — — — —

6 1.179 — — — — 0.038 1403 0.051 0.774 0.044 1.002 0.113 0.812

7 1.718 0.283 2.615 0.096 0.098 0.184 2.696 0.036 1.956 0.147 2.669050 1.757

8 —0.658t 0.087 2016 0.064 0.140 0.132 1.936 0.091 0.848 0.384 1.998470 1.576

9 0.676 — — — — 0.259 1986 0.075 0.184 0.116 2.101 0.051 0.189
10 1.382 — — — — 0160 1869 0.029 0.038 0.101 1.822 0.029 1.258
11 0.918 — — — — 0.227 2188 0.088 0.245 0.183 2.378 0.062 0.046

12 —0.799t 5306 2.023 0.526 1.955 4.916 1.983 0.615 1.894 — — — —
13 0.2077 0.683 1912 0.568 1.877 0.733 1923 0585 1.888 0.689 1.94%210 1.932
14 0.0417 — — — — 0493 2043 0.308 1.833 0.702 1.908 0.237 1.707
15 1.703 0.176 1585 0.064 0.655 0.359 1595 0.088 0.934 0.316 1.536l050 0.829
16 0.2007 0.946 2.063 0.934 0.072 0.856 2.036 0.819 0.043 — — — —
17 o0.216f 0.332 2.013 0.077 1987 0.232 1973 0.058 1.737 0.240 2.094€680 0.830
18 1.357 0.236 1.729 0.240 1.059 0.189 1.896 0.138 1.740 0.239 1.922820 1.710
19 0.560 0.118 1.337 0.068 1.331 0.137 1.243 0.010 0.926 0.541 1.03M870 1.152
20 1.300 0.311 1.679 0.135 1.260 0.200 1.849 0.107 1.500 0.349 1.753660 1.599

21 —0.255T — — — — 0127 2101 0.090 0.048 0.233 1.865 0.129 1.737
22 —0.384" 0692 2.030 0423 0.069 0696 1.979 0430 0.006 0.497 2.11B540 0.329
23 0.212f — — — — 1853 2542 0.189 0.838 1.713 2.694 0.114 1.046

24 —0.603" 0161 2003 0.025 1545 0.189 2013 0.015 0.797 0.253 2.02P510 0.319
25  0.233f 0.661 2.035 0.310 0.169 0.655 2.029 0.370 0.114 0.619 2.008280 0.035

26 1.207 — — — — 0.098 1.798 0.049 0.332 0.041 1.301 0.035 0.810
27 0.238f — — — — 0586 2064 0513 0.210 0.805 2118 0.620 0.233
28 1.192 — — — — 0.015 1944 0.056 0.673 0.067 1.129 0.040 0.874
29 1.011 — — — — 0108 2278 0.041 0511 0.093 1.753 0.185 0.738
30 1.428 1969 1.022 0.85 1.179 1818 1.016 0.734 1.160 1.656 2.98(6660 1.157

31 1.603 — — — — 0151 1749 0.049 0.952 0.118 1.719 0.084 0.843

32 1.372 0.299 1.671 0.189 1.422 0.253 1879 0.129 1.698 0.210 1.91a010 1.735
33 1.278 0.036 2932 0.055 1459 0.034 1853 0.121 1.310 0.085 1.3451090 1.236
34 0.341 0.124 1.771 0.180 1.735 0.086 1.757 0.029 0.409 0.049 1.720680 1.395
35 —0.835" 0318 2.076 0.148 0.093 — — — — — — — —
36 —0.012f 0458 1.978 0265 1.985 0461 1.985 0.252 0.003 0.414 1.932340 1.949
37 —0.026" 0.155 2.014 0.100 0.186 0.166 1.991 0.094 1.960 0.128 1.9021350 1.912

38 0.2177 — — — — 0113 1789 0.121 1.735 0.114 1.684 0.075 1.489
39 1.494 — — — — — — — — 0.099 1414 0.194 0.897
40 1.279 — — — — 0.142 1902 0.064 0.275 0.087 1.662 0.051 0.793

41 -0.849" 0328 1.962 0.112 0.039 0.357 1.877 0.108 1.829 0.324 1.740580 1.061
42 o0.221t 0.324 1999 0.152 1978 0.362 1970 0.175 0.008 0.348 1.9461580 0.002
43 1.131f — — — — 0382 1966 0.110 1954 0.318 1955 0.068 1.866
44 —0.381T 0585 1.922 0.255 1.888 0.779 2.031 0.327 0.072 0.548 2.0228400 1.827
45 1.387 0.197 1920 0.122 1.312 0.157 1785 0.093 1502 0.171 1.752080 1.618

1 Half the orbital periods are given for all the eclipsing bira except #30.

(Soszyhski et al. 2008b), RR Lyr stars (Soszyhski 2t @0920and The second column of Tallé 5 indicates the variability tyjpdged
6 Sct stars|(Poleski etial. 2010). Among theSct reported by by the light curve shapes.

Poleski et al.(2010), single-mode stars without the uadetyt flag In Fig.[2 filled circles in black indicate CCEPs and open cir-
are used. Because they included ofly, and¢z:, we calculated  cles indicate T2Cs. The two types of Cepheids in the LMC have
R3;1 and¢a; using their photometric data. reasonably different trends of the Fourier parametersnatgie-

The OGLE-III light curves were taken in thB-band. The riod. Thus they are useful for the classification, althouggré is
available light curves are rather limited Jif K, but the result in a considerable scatter blurring the separation. The diguation
Laney & Stobi=[(1993) suggests that, at ledshand light curves between the two types can be more robustly done with estimat-
are similar to thel-band ones for CCEPs. We plot the parameters ing their distances than solely based on the light curveesk@pc-
for J-band light curves whenever possible for our objects. Those tion[3.3).
for H-band are used in other cases, but for the object with neither Plus symbols in Fid.]2 indicate eclipsing binaries. Thgir
of J and H light curves theK-band parameters are considered. andes; values are mostly arourzi (or equivalently 0) indicating

(© 2012 RAS, MNRASD00, [THI3
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Figure 2. Fourier parameters (efjl [3-5) plotted against period. Fiusiiny binaries except #30, half of the orbital periods ased. Black large
symbols indicate our objects: filled circles for CCEPs, opiecles for T2Cs, 4+’ symbols for binaries and triangles for others. The smatsdiodicate

the OGLE-IIl variable stars of different types with diffetecolours: red for CCEPs pulsating in the fundamental mpufd for CCEPs in the overtone
mode, blue for T2Cs in the fundamental mode, dark grey for RRstars in the fundamental mode, light grey for those in thertone mode, and
green foré Sct stars. The Fourier parameters were obtained witi thand light curves for the OGLE-III stars, while the lightree in the shortest

wavelength available was used for each of our objects.

their symmetric variations. Three objects (#1, #4 and #24gb3;
values different fron2s, but the amplitudes of the third harmon-
ics are too low. #23R = 3.26 d) also has the Fourier parameters
unexpected for an eclipsing binary. This comes from the iegipa
difference of the levels outside the eclipsing phases, lwhimwv-
ever is caused by the photometric uncertainty due to thedirmyv
effect. An eye inspection of its light curve suggests thit star is
an eclipsing binary. Light curves of some binaries such aarl
#21 look similar to those of overtone RR Lyr stars (RRc). Hasve
their amplitudes are larger than the typical amplitudesRERand
furthermore do not show a decreasing trend with increasigew
lengths which is a common characteristics of pulsatingatdes.

Two other objects are indicated by triangles in Hiy. 2. #3
(P = 0.265 d) shows an asymmetric variation typical of pulsat-
ing stars. Also, its amplitude decreases with increasingsleagth,
which is expected for a pulsating star. Its period is at thenbary
betweend Sct stars and RR Lyrs in the overtone mode, and we
cannot decide which groups the object belongs to (also set@8e
[B4). We consider that #34 is a Cepheid but it is unclear tachvhi
Cepheid type the object belongs. The, of #34 (P = 2.19 d)
seems to favour the classification as a CCEP in the overtoe,mo
rather than T2Cs, but thRs; is much larger than expected. There is
an object classified as an LMC anomalous Cepheid, OGLE-LMC-
ACEP-047, which has the similar Fourier parameters (se® fig.

ISoszyhski et al. 2008b), although that star itself showkghtsy

different light curve from the majority of anomalous Cepltei

3.3 Reddenings and distances to Cepheids

We can also make use of the difference between the absolge ma
nitudes of CCEPs and those of T2Cs for the classification €Elie
mated distances from the PLRs are very different dependirte
assumed Cepheid population. Note that the period-coldatioas
are almost the same for both types so that a rough estimake of t
reddening does not depend on the classification.

We use the PLRs calibrated with the LMC objects (Mat-
sunaga, Feast & Menziés, 2009a) for T2Cs:

J = —2.163(40.044) (log P — 1.2) — 3.320(+£0.029), (6)
H = —2.316(+0.043)(log P — 1.2) — 3.720(£0.028), @)
K. = —2.278(+0.047)(log P — 1.2) — 3.798(+£0.029).  (8)

Here we assumed the LMC distance modulus to be 18.50 mag
(Benedict et dl._2011; Fehst 2012) and the foreground rédglen
Ep_v to be 0.074 mag (Caldwell & Coulson 1985).

For the PLRs of CCEPs, we use the calibrating Cepheids
with Hubble Space Telescopgarallaxes |(Benedict etlal. 2007).
The JHK magnitudes, on the SAAO system, listed in

lvan Leeuwen et al[ (2007) were converted onto the IRSF/SERIU

© 2012 RAS, MNRASDO0[THI3



Table 5. Classification of variable stars. The second column indgat
the variable types whose light curve shapes are consisténthvese of
the objects. As the variable types, | and Il stand for CCERKT&Cs,
respectively, while Ecl stands for eclipsing binaries. Phe_ andD in-
dicate approximate extinctions and distances for Cephgid€CEPs,
II=T2Cs). In the last column the concluded variable types atedi
See the details in the text where some comments on indivizhjaktts
are also given.

No. LC Ak, D Type
shape (mag) (kpc)

1 Ecl — — Ecl

2 I11: 1.3 239(),9.0() Cep(l
3 RR/DS — — RR/DS;
4 Ecl — — Ecl

5 Ecl — — Ecl

6 I1: 21 222(),69() Cep(l)
7 I 22 26.3(),6.7(1) Cep(ll)
8 Ecl — — Ecl

9 I 1.9  19.1(),7.7(1)  Cep(ll)
10 I 26  232(),65() Cep(l)
11 I 21 216(),7.7(1)  Cep(ll)
12 Ecl — — Ecl
13 Ecl — — Ecl
14 Ecl — — Ecl
15 I 1.9  31.3(1),8.0()  Cep(l)
16 Ecl — — Ecl
17 Ecl — — Ecl
18 I 2.7 7.7 (1), 2.3 (1) Cep(l)
19 I: 0.0 9.9(1),4.3()  Cep(ll)
20 | 2.3 7.8 (1),2.4 (1) Cep(l)
21 Ecl — — Ecl
22 Ecl — — Ecl
23 Ecl — — Ecl
24 Ecl: — — Ecl
25 Ecl — — Ecl
26 I 24 187(),57()  Cep(l)
27 Ecl — — Ecl
28 1] 2.2 26.9 (1), 8.3 () Cep(ll)
29 I1: 23 26.6(),9.0() Cep(l)
30 Ecl — — Ecl
31 I 21 25.4(),6.4(1)  Cep(ll)
32 | 2.4 8.3 (1), 2.5(I) Cep(l)
33 I 1.1 13.0(),4171)  Cep(ll)
34 Cep: 1.9 3.0(), 1.4 Cep(?d)
35 Ecl — Ecl
36 Ecl — — Ecl
37 Ecl — — Ecl
38 Ecl — — Ecl
39 I — — Cep(ll)
40 I 24 28.0(),83() Cep(l
41 Ecl — — Ecl
42 Ecl — — Ecl
43 Ecl — — Ecl
44 Ecl — — Ecl
45 I 21 28.6(),85()  Cep(l)

T The classification of #3 and #34 is unclear (see Text).

system and further corrected for interstellar extinction &utz-
Kelker bias as given in_van Leeuwen et al. (2007). Thus we ob-
tained a linear regression as follows,

J = —3.060(£0.112)(log P — 1.3) — 6.219(£0.057), 9)
H = —3.256(£0.116)(log P — 1.3) — 6.562(+0.060),  (10)
K, = —3.295(40.121) (log P — 1.3) — 6.685(£0.062),  (11)

(© 2012 RAS, MNRASD00, [THI3
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Figure 3. A comparison of predicted distances from the SQnin
panel (a), or of Galactocentric distancBs;c in panel (b), assuming
two types of Cepheids is done for the variables which areiden=d to
be CCEPs or T2Cd)(l) and R () indicate the values assuming the
type of CCEP, and)(ll) and R ¢ (Il) assuming the type of T2C. The
filled and open circles indicate CCEPs and T2Cs respectively

with scatters of 0.09, 0.10 and 0.10 mag, respectively. \Msider
CCEPs only in the fundamental mode because none of the sbject
except a peculiar object (#34) has a light curve similar tséhof

the overtone pulsators.

For each Cepheid candidate, the distance and extinction are
tentatively derived using the PLRs of both types of Ceph&at (
ble[[). As we discussed in Paper |, an estimat@®ef Ak, ) is pos-
sible with a pair of two-band photometry, and three estismeats be
obtained withJ H K magnitudes. The reddening law i K is
taken from_Nishiyama et al. (2006a). The panel (a) of Eig. ®-co
pares the distances from the Sun assuming that the variatdes
CCEPs,D(l), with those assuming that they are T2@¥(I). For
example, the objects wittV(II) ~ 8 kpc would be further than
20 kpc if assumed to be CCEPs. It is almost certain that sk st
are T2Cs in the Galactic bulge rather than CCEPs far behiad th
GC, especially when their extinctions are not larger thanvedues
expected at the distance of the GC.
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In addition, there is a constraint on the distribution of 2C
they are concentrated to the Galactic bulge. Paper | sholatd t
short-period Miras P < 350 d) found in the same survey are
strongly concentrated to the distance of the GC€ 8.24 kpc)
and also that they suffer from interstellar extinctiongyéarthan
~ 2 mag inKs. One can assume as a first approximation that T2Cs
are distributed in the same manner because such shortpditias
are considered to be as old as T2Cs. Panel (b) of Fig. 3 compare
the Galactocentric distances under the two assumptiBas;(l)
and Rgc(ll) (here we assumed the GC distance is 8.24 kpc, Pa-
per 1). The bulk of the open circles are concentrated towsnatsl|
Rac(ll), but they would be significantly further than the GC ifas
sumed to be CCEPs. The extinctiohk, are estimated to be 2—
2.5 mag for these objects, regardless of the Cepheid tyfe.igh
the approximate range of values expected for objects at@di&
tance. Thus they are considered to be T2Cs in the Galactyebul
Two objects withRgc(II) ~ 4 kpc fall at the intermediate range
in Fig.[3 (#19 and #33). However, their small extinction®sgly
suggest that they are relatively close T2Cs rather than GGEHP
ther than the GC. In contrast, three objects are found to HEREC
as we reported in Paper Il

The periods of six T2Cs are longer than 20 d. From the work
on the T2Cs in the Magellanic Clouds, it is known that suclgion
period T2Cs show a large scatter in the period-magnitudgraiias
and may be systematically brighter than the PLR obtainedhfer
shorter-period T2Cs, BL Her and W Vir types (Matsunaga et al.
2009a). The scatter, however, is not so large as to changgae
sification.

According to the variable type determined here, the digtanc
moduli and extinctions are derived and listed in Tdble 6. Mes
timates of the fo, Ak.), whenever available, are also listed in Ta-
ble[@ and they are used in the following discussions. Thenastis
from the different pairs of filters agree reasonably wellhwéach
other, except the case of #2 (= 7.46 d) whose photometry is
uncertain due to the effect of crowding. Inconsistént, estimates
from the JH and H K pairs occur if the measured colours are not
in accordance with the sum of the intrinsic colours and tlelee-
ing vector. Such inconsistency can happen when blue andaes s
are merged in the line of sight (see the discussion in sedt@wf
Paper I).

The object #39 P = 30.9 d) was detected only in th&-
band, so that the distance and extinction cannot be obtairtes
star is much fainter than the three CCEPs in spite of the Faat t
the period is longer than theirs. If this star is a CCEP at tke d
tance of the GC, the extinctiaAx_ should be as large as 5.5 mag.
In contrast, a T2C wittd k., ~ 2.8 would be consistent with the
observedks magnitude and the faintnessjrand H. We conclude
that this star is a T2C in the Galactic bulge.

3.4 Summary of the classification

The previous subsections show that most of the variablesdean
reasonably classified. The adopted types are indicateceitagt
columns of Tabl€]2 arld 5. About half, 24, of the objects arestia
fied as eclipsing binaries. Three are CCEPs and 16 are T2Gs. #3
a pulsating star with a short period, 0.265 d, and falls ingdeod
range between RR Lyr anflSct stars. The classification of #34 is
uncertain.

Fig.[4 shows colour-magnitude diagrams for our catalogued
variables and the other sources we detected in the survesn Op
circles indicate T2Cs. The foreground T2Cs, #19 and #3Xehae
tively blue and bright. ThéJ— H) colour of a faint T2C, #2, is blue

but its photometry was affected by the crowding. The otheEg2
are reddened and lie on the broadened giant branch of thet&ala
bulge. Three CCEPs indicated by filled circles are locatedecto
each other on the colour-magnitude diagrams; they arefiignily
reddened but relatively bright.

Eclipsing binaries, plus symbols in Fif] 4, are separated
roughly into two groups, around the foreground main segai@mnc
on the giant branch of the bulge. A few points exist in therinte
mediate colour range, #8, #36 and #41, but their colours fare a
fected by the crowding (see theliflag in Table 2). The colours
of the redder group suggest that they have large interstsitanc-
tion and are thus distant and likely in the GC region. Exaigdi
those affected by the crowding, this group includes #17, #25,
#27, #30, #37, #38, #42 and #43. They tend to have longerabrbit
periods than the bluer binaries. The brightest of the reeldidana-
ries, #30 P = 26.8 d), is of particular interest. It was reported as
an O-type supergiant located near the GC (Mauerhan let all)201
but we find that it is a binary system. Furthermore, its asyimime
light curve suggests that the system has an eccentric &ibice
the other reddened binaries may well be at the distance dg&@e
they are also interesting objects for further study.

The triangle for #3 falls near the diagonal sequence of tte re
clump giants in the disk (Lucas etial. 2008), where the RR bygr a
¢ Sct stars in the foreground are roughly expected. On ther othe
hand, #34 is highly reddened and relatively bright, althotige
images in theH and K bands indicate that the photometry may
be affected by crowding. Its distance would be 3.6 kpc if irave
an overtone CCEP, and the distance would be smaller otherwis
Therefore it is much closer than the GC, and yet the extindso
quite high, Ax, ~ 2 mag. These values may be subject to the
uncertainty due to the crowding, but it would not change the-c
clusion that this object is in the foreground of the GC. Thaurea
of the star remains to be investigated.

4 DISCUSSION
4.1 Samples of Type Il Cepheids

Our catalogue includes 16 T2Cs; 14 are located in the bulde an
two in the foreground (#19 and #33). In the following diséass
we consider 14 objects as our sample of T2Cs in the bulge un-
less otherwise mentioned. We found few T2Cs with short perio
(P < 5d). In fact our survey was not deep enough to detect such
objects. The PLR enables us to tell if the detection limit ézjol
enough to detect a Cepheid with a given period, foreground ex
tinction and distance. Fidl 5 illustrates the range in theupe-
ter plane of(log P, Ak, ) where we should be able to detect T2Cs
at the distance of the GC. For example, a T2C With P = 1
could not be detected if the foreground extinction is lartem
Ak, = 2 mag. Considering that the majority of the objects near
the GC are reddened more strongly, our survey is far from com-
plete. In Fig[h, several of the detected T2Cs seem to be deyren
detection limit in theH band or even in thé(; band. This hap-
pens because the limiting magnitude depends on the crowdsdn
which varies within our survey region. Our survey regionues
the extremely crowded region near Sgf &nd also sparse regions
towards dark cloud lanes.

Recently) Soszynski etial. (2011) found a rich populatiébn o
T2Cs in the outer bulge towards low-extinction regions afvagn
the Galactic plane. We combined their catalogue with the 3I8A
near-infrared catalogué (Skrutskie etlal. 2006) with tHerémce

© 2012 RAS, MNRASDO0[THI3
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Table 6. Estimated distance moduli and extinctions for Cepheid® [dirs of two filters used to estimate the values are givemgerscripts, while
the mean values of available estimates for each star ara givihe last columns. Types of Cepheids (I=classical Cejshei=type || Cepheids) and

periods are also indicated.

No. Type logP upflX A%SK pg ¥ A%: pig Aéﬁl pdtean A%:a“
2 I} 0.873 14.17: 1.72: 14.66: 1.23: 15.49: 0.96: 14.77: 1.30
6 1l 1.179 14.23 2.09 — — — — 14.23 2.09
7 I} 1.718 14.12 2.24 14.12 2.24 14.12 2.24 14.12 2.24
9 1l 0.676 14.47 1.87 — — — — 14.47 1.87
10 I} 1.382 14.11 2.62 — — — — 14.11 2.62
11 1 0.918 14.41 2.09 — — — — 14.41 2.09
15 I} 1.703 14.18 2.06 14.32 1.92 14.56 1.84 14.35 1.94
18 | 1.357 14.50 2.68 14.43 2.75 14.32 2.79 14.42 2.74
19 1 0.560 13.07 0.04 13.18 -0.07 13.36 -0.13 13.20 -0.05
20 | 1.300 14.53 2.32 14.50 2.35 14.45 2.37 14.49 2.35
26 1 1.207 13.93 2.38 — — — — 13.93 2.38
28 1 1.192 14.60 2.18 — — — — 14.60 2.18
29 1 1.011 14.60 2.31 — — — — 14.60 2.31
31 1 1.603 13.97 2.13 — — — — 13.97 2.13
32 | 1.372 14.69 2.36 14.57 2.48 14.38 2.54 14.55 2.46
33 1 1.278 13.05 1.04 13.04 1.05 13.02 1.06 13.04 1.05
40 I} 1.279 14.63 2.44 — — — — 14.63 2.44
45 1 1.387 14.51 2.10 14.55 2.06 14.62 2.04 14.56 2.07
T T i) T
I.--\,_|IIII|I ERRRER, T T T T g_| E
- 30 - E }
110 N 10 =2
i 1 |
i o
= < .

2
H-K,

e
¢ |||||||

Figure 4. Colour-magnitude diagramd: — H vs H (left) and H — K vs K (right). The short-period variables are indicated by sylsbepending on the
classified variable types: eclipsing variables by plus syis\iCCEPs by filled circles, T2Cs by open circles and therotheables by triangles, while grey
dots plot other objects. The numbered objects are discuissbd text. The arrow indicates the reddening vector cpoeding toA k., = 0.5 mag.

radius of 1 arcsec. There are 156 BL Her, 128 W Virand 51 RV Tau tudes into mean magnitudes. The same method was descrided an
objects in the OGLE-III catalogue, and we found 97, 117 and 49 used in Matsunaga et al. (2009a, 2011a). Table 7 lists thesihe
counterparts for the three types of T2Cs respectively (B@8tal, correction, A, which is to be added to the 2MASS magnitudes for
Table[T). Because of their faintness, a significant fractibithe each object. Somg-band light curves show a large scatter, and we
BL Her stars were not detected in 2MASS. In addition, the 2MAS  do not apply the phase correction for those T2Cs (mainly RY Ta
catalogue indicates that photometric accuracies for guiesv ob- stars, withA, = 99.999 in TableT).

jects are limited because of confusion or other reasonssiGering

the quality flag, the blend flag and the confusion flag (Qflagadpfl
and Cflag in TablEl7), there remain 166, 138 and 138 measutemen
in the JH K bands with good photometric quality. We discrimi-
nate these "good” magnitudes from the others below. In amidit
we use thd-band light curves obtained by the OGLE-III survey to
make phase corrections to convert the single-epoch 2MASfhima

4.2 Period distribution and surface density

The period distributions of our T2Cs and the OGLE-III sangle
shown in Fig[®. Most of our sample have long perioBsx* 10 d).
This bias is caused by the detection limit of our survey as-men
tioned above. In contrast, with more than 300 T2Cs, the OGLE-

(© 2012 RAS, MNRASD00 [THI3
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Table 7. 2MASS counterparts for the OGLE-III type Il Cepheids in theége. The table lists the peria and the 2MASSJ H K magnitudes as well
as the quality flags: Qflag=the photometric quality flag, Bfthe blend flag, and Cflag=the confusion flag (Skrutskie €2@06). In the last column
listed are the phase correctidn, we obtained with the OGLE-band light curves (see the text). This is the first 10 linetheffull catalogue which

will be available in the online version of the article (se@faorting Information).

OGLE ID P 2MASS ID J H K Qflag Bflag Cflag Ay
(days) (mag) (mag) (mag) (mag)
OGLE-BLG-T2CEP-001  3.9983508 17052035-3228176 12.904 412 12.273 AAA 111 000  0.160
OGLE-BLG-T2CEP-002  2.2684194 17061499-3301275 13.130 .71®R 12587 AAA 111 000 —0.050
OGLE-BLG-T2CEP-003  1.4844493 17084014-3254104 13.826 453 13.276 AAA 111 00c  0.295
OGLE-BLG-T2CEP-004  1.2118999 17131083-2905453 13.817 .35 13.248 AAA 111 000  0.052
OGLE-BLG-T2CEP-006  7.6379292 17142541-2846465 12.213 .86BL 11.682 AAA 111 000  0.266
OGLE-BLG-T2CEP-007  1.8173297 17235478-2902378 14.293 .60I3 13.426 AAA 111 000 —0.200
OGLE-BLG-T2CEP-008  1.1829551  17242093-2755493 14.573.9989 99.999 AUU 200  c00  0.091
OGLE-BLG-T2CEP-009  1.8960106 17242227-2927352 14.218 53 13.245 AAA 112 Oodc —0.159
OGLE-BLG-T2CEP-010  1.9146495 17270554-2536015 13.671 .14B3 12.989 AAA 111 000  0.138
OGLE-BLG-T2CEP-011 15.3886022 17271765-2538234 12.006L.20B 10.995 AAA 111 000 —0.300
4 5
[ I I I I I I I I ‘ I I ) [ ] T T
B / ] 4 | This work _|
7
B . ] 5
[ S, _ — —
31 H
B ad = 2L _
[ v /O \ 1L n
- 00
[ o 7
&w 2 [ o) vz [0} I T
< o z J 0.0 2.0
[ \ 50 L B B B R T T e
: %2 40 - OGLE-BLG -
33 30 E E
R \ “o0f E
0 iygu N 10 £ E
0.5 1.0 1.5 2.0 ok D e
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log(P)

Figure 5. A schematic diagram to show the range, in the parameter
space of(log P, Ak, ), where we can detect T2Cs located at the GC
distance. Dashed lines show the detection limitsféf K, while solid
lines indicate the saturation limits though scarcely r@htvBlue green
and red lines correspond to the limitsdn H and K, respectively. The
shaded region illustrates the range for which the T2Cs atectdml in

two or more filters. The open circles are plotted for ez P, Ax_ )
values of the T2Cs we discovered in this work. Star #2 (uagegho-
tometry) and the stars #19 and #33 (foreground) are indicate

IIl sample clearly shows the distinct groups of BL Her, W Vir,

Figure 6. Histograms of periods for the T2Cs in the bulge: the
top panel for our sample and the bottom for the OGLE-IIl sanpl
(Soszynski et al. 2011). Vertical lines show the threshiofidand 20 d,
used to divide BL Her, W Vir and RV Tau variables.

density of 66 deg® considering the area of our survey towards
the GC (1/6 deg?). However, our survey was not complete even
for the relatively long-period T2Cs because of thick darkuiae
(Fig.[8), and the above density is an underestimate thusadteti

RV Tau stars. Such a feature is well seen in the T2C samples of by the arrow in FiglJ7. For the outer bulge region, we obtaithed

the Magellanic Clouds but not in that of globular clusteee(g. 5
in|Matsunaga et al. 2011a).
In addition, there are significantly more W Vir stars than

surface density of T2Cs for each OGLE-III region. iy 7 pltite
surface densities of the OGLE-IIl T2Cs wifh > 15 d (filled cir-
cles) and all T2Cs (crosses) in each field against the andidar

RV Tau stars and the periods of W Vir stars show a broad, or even tance from the GC. We consider only the fields in the range of

two distinct, peak(s), both of which are similar to the cab¢he
LMC T2Cs. The number of BL Her stars is even larger than W Vir
stars, i.eNwv/NpL = 0.82 £ 0.14 (error from Poisson noise).
This ratio falls between the case of the LMC (1.25) and the SMC
(0.6) given in_Matsunaga etlal. (2011a). The reason for thiage
ations in the T2C populations is presumably related to agiéoan
metallicity, but the lack of theoretical models for T2Csymets us
from further discussion.

It is of interest to examine the surface density of T2Cs in the
bulge. We detected 11 T2Cs wifA > 15 d, which leads to the

|I| < 2°and|b|] < 4° where the density is high enough. The profile
in Fig.[d shows, in effect, the variation along the minor akisad-
dition, Fig.[8 shows a similar plot of the density profile foirkb.
Matsunaga et all (2011b) found 547 Miras with period deteemi

in the same IRSF survey field, among which 251 objects have pe-
riods less than 350 d. Whilst the Miras have a broad range f ag
(from ~ 10 Gyr to 1 Gyr or even younger), such short-period Miras
are found in globular clusters (Frogel & Whitelock 1998) aod-
sidered to belong to the old stellar population. The numih¢he
short-period Miras towards the GC field corresponds to aaserf

© 2012 RAS, MNRASD00[THI3



3 T 1T T 1T T 17 T 1T T 1T T 1T T T

a L 4

N |

N f

o . Tha X i

2 \X‘x&%\ X X B

o | <X _
o X XX

~ < \\\\\ :

® cocome o \\\‘\\\,

0 7\ L1 ‘ I ‘ I ‘ [ ‘ [ ‘ | ‘ | \7

0 1 2 3 4 5 6

r (deg)

Figure 7. Density profile of T2Cs in the bulge. Crosses and filled cécle
indicate the surface densities [deq of all T2Cs and those witl® >

15 d (Soszyhski et al. 2011) in the OGLE-III fields witj < 2° and

|b| < 4°. The lower limit of the density of T2Cs witF® > 15 d towards
the GC is indicated by the arrow. The exponential law indiddty the
straight lines gives reasonable fits to the OGLE-III points.
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Figure 8. Same as Fid.l7, but for Miras. Crosses and filled circles indi-
cate the surface densities [deg] of all Miras with known periods and
those withP < 350 d (Matsunaga et al. 2009b) in the OGLE-II fields
with |I| < 2° and|b| < 4°. The lower limit of the density of Miras with

P < 350 d towards the GC is indicated by the arrow. The exponential
law indicated by the straight lines gives reasonable fithéoQGLE-II
points.

density of 2200 deg’. The surface densities for the outer region
were obtained using the catalogue of the OGLE-II Miras cdeapi
by Matsunaga, Fukushi & Nakada (2005). In [Elg. 8, the demsity
file for the OGLE-II Miras is well represented by the expornt
law, N ~ exp(—0.24r). This exponential fits the OGLE-II points
better than a de Voucouleurs law or a Sersic lag,N ~ R'/™,
with n = 2. Note that the exponential and the de Voucouleurs law
correspond to the Sersic law with= 1 andn = 4 respectively.

In contrast, the lower limit inferred by our sample is higliean
the exponential law predicted by the OGLE-II Miras. This ess
agrees with the idea that an additional population of Mirdstén
the nuclear bulge, the disk-like system within200 pc. Although
the density profile for T2Cs is uncertain due to the small neimb
our result on the T2C distribution also suggests that thdeanc
bulge holds an additional group of T2Cs in the central region

(© 2012 RAS, MNRASD00, [THI3
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4.3 The distance to the GC

There have been a considerable number of estimates of taacks
to the Galactic Centre based on stellar distance indicatany of
these rely on data from the general region of the Galactigebahd
may, to a greater or lesser degree, be affected by the leaadtikl
other structure of the bulge. In this section, we conceatatdata
obtained in the areas close to the Centre which should beofree
any such effects.

In view of the importance of reddening in this region we use a
reddening free PLR i/ and K,

W(HK.) = K. — 1.44(H — K.), (12)

where the coefficient is taken from the extinction law found b
Nishivama et al.|(2006a). As a preliminary we compare our T2C
results with those from the OGLE-III survey in the generdgeu
Fig.[d plotsW (H K) against the period for both our sample and
the OGLE-IIl sample withH and Ks magnitudes. Of our sample,
13 are indicated by the filled circles, whereas the crosstisate
two foreground stars (#19 and #33) and #2 with uncertainqrhet
etry. The grey symbols show the OGLE-III objects (filled @
for those with goodH / K magnitudes and open circles for oth-
ers). The linear relations drawn in the Hid. 9 are obtaineti thie
T2Cs in globular clusters (filled line; Matsunaga et al. 2086d
those in the LMC (dashed ling; Matsunaga ei al. 2009a) but wit
a shift considering the approximate distance moduli of thCL
(18.50 mag) and the bulge (14.50 mag). Most of our T2Cs except
the crosses (#2, #19 and #33) lie close together with thelsarop
the OGLE-III catalogue in the vicinity of the GG, 8 kpc (Fig[3).

In contrast, #2616g P = 1.21) seems brighter than the relation
for other stars. If it is a normal T2C it lies in the foregrounitthe
bulge while it may be a peculiar W Vir stars brighter than itegu
W Vir stars. Several objects in the OGLE-IIl are also brigtitan
the others, and their nature needs to be investigated.

We now concentrate on our T2Cs, which are in the vicinity
of the GC, and whose periods fall within the range of W Vir star
Previous work found that the PLRs of BL Her/RV Tau stars may
be different between different galaxies (Matsunaga et @093,
2011a; Soszyhski etil. 2011), although we did not confirga si
nificant deviation of our T2C samples from the PLR of those in
globular clusters (Fig:]9). We obtained the average modafus
o = 14.38 + 0.13 mag, based on 5 W Vir stars§ & P > 20 d)
excluding #26, under the assumptionef( LMC) = 18.50 mag.
The errors in the above estimates account just for statlsitors,
and we need to consider systematic uncertainties. Our &sim
are affected by errors in the extinction law and the LMC dlista
as well as the possible population effect on the PLR. We adopt
uncertainty of 0.05 mag for the LMC modulus and 0.07 mag for
the adopted reddening law as we did in Paper | for the GC Mi-
ras. The results af Matsunaga et al. (2006) and Matsunada et a
(2011a) suggest that any population effect on the PLR of T2Cs
(W Vir stars) is small. Nevertheless, to be conservative sapaan
uncertainty of 0.07 mag for this. Considering these errastae
above estimates, the current sample of T2Cs results in anagst
of the GC distance modulus to bé.38 = 0.17 mag. There is a fur-
ther uncertainty due, as discussed above, to our detegti@nThis
might result in the modulus being slightly underestimatedith
the same survey data, we obtained the distances to Mirasi(Pap

1 47 OGLE-IIl T2Cs in the same period range give a modulus4of0 +
0.05 (internal error).
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Figure 9. Thelog P-W (H K5) relation for T2Cs in the bulge. Black
filled circles indicate our T2Cs, but crosses indicate twedoound
stars (#19 and #33) and #2 with uncertain photometric regh# stars
in the OGLE IlI cataloguel (Soszyhski et al. 2011) are alsuitptl as
the grey symbols, of which the open circles are used for thectdh
with uncertain 2MASS photometry or no phase correctioniafdpsee
text) and filled circles for the others. Dashed and filledtiete plot the
log P-W (H K) relations for the LMC T2Cs (Matsunaga elial. 2009a)
and those in globular clusters (Matsunaga &t al. 2006)entsply, but
after the distance effect corrected assumipgLMC)=18.50 mag and
wo(bulge)=14.50 mag.

and CCEPs (Paper Il). Adopting, (LMC) = 18.50 mag, the av-
erage of the distances to Miras giyeg§ GC) = 14.63+0.11 mag.

L DL R B
Classical Cepheid [N S—
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Red Clump [N P —
S2 orbit round Sgr Ax L e |
Stellar kinematics (TP
Pallarax of Sgr B | . |
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Figure 10. Estimates of the distancB, to the GC based on various
methods (see the text for references). Error bars inclueestdtistical
and systematic uncertainties.

2.5 mag whereas the Rieke & Lebofsky (1985) law gives 3.2 mag
and would lead to an unacceptably small valué&g{GC).

5 SUMMARY

Through our near-IR survey of stellar variability towartie (GC,
45 short-period variables have been discovered. Theit tighves

On the other hand, the calibration of CCEPs are based on theare investigated to determine the variable types, and éoCtpheid

nearby calibrators and the average of the three distaneds te
1o (GC) = 14.49 £ 0.12 mag. The error budgets for these esti-
mates are discussed in Papers | and II.

JH K, observations of red clump stars in the region around

the Galactic Centre were obtained/ by Nishivama et al. (ZpQ&b
ing the IRSF/SIRIUS. Recently, Laney, Joner & Pietrzyf{gki12)
obtained new high-precisiod H K magnitudes of red clump gi-
ants with the Hipparcos parallaxes, which gives a new catiim
of the red clump._Nishivama etlal. (2006b) adoptétl — K)o =
0.07 and Ks = —1.59 from theoretical isochrones by (Bonatto,
Bica & Girardi, 2004), whereas Laney el al. (2012) obtaifHd—
K)o = 0.123 andKs = —1.613. Using this new calibration leads
to puo(GC) = 14.53 + 0.10 mag, that is3.05 £ 0.37 kpc, without
any population effect taken into account. There is a largétecin
metallicities of red clump giants in the bulge and the medietal-
licity seems slightly higher than the solar abundarice (@till.
2011). The error, adopted fram Nishivama et lal. (2006b)uites
and is affected by the uncertainty of a possible populatftace

These estimates based on near-IR data of stellar distance in

candidates their distances and foreground extinctionalaoecon-
sidered based on the PLRs. Most of the objects are reasoriably
sified: three CCEPs, 16 T2Cs, 24 eclipsing binaries, and thers.
The numbers of T2Cs and short-period Miras in our surveyoregi
are higher than the surface density following the expoaéfdiv
which fits the distribution of T2Cs and Miras in the outer taulg
This strongly suggests that the nuclear bulge hosts a gigntfi
population of old stars>* 10 Gyr). We also discuss the distance
to the Galactic Centre based on stellar distance indicatotise
central region. These are insensitive to problems assatigith
the three dimensional structure of the bulge which may affdter
determinations. Our main result is close to 8 kpc and agresds w
with kinematic estimates. Since the photometric resuksrather
sensitive to the infrared reddening law, the result givepsuto the
reddening law of Nishivama et al. (2006a) which we adopted.
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Table [3. The released table of light variation for the catalogued
variables.

Table[d. 2MASS counterparts for the OGLE-III type Il Cepheids
in the bulge.
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