THE AsTRONOMICAL JOURNAL, 130:1640—-1651, 2005 October
© 2005. The American Astronomical Society. All rights reserved. Printed in U.S.A.

CCD PHOTOMETRY OF CANDIDATE RR LYRAE STARS IN THE SLOAN DIGITAL SKY SURVEY
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ABSTRACT

We present unfiltered CCD photometry of a sample of 71 candidate RR Lyrae stars during 2003 and 2004, out of
148 candidate stars that were selected from Sloan Digital Sky Survey (SDSS) commissioning data by Ivezi¢ and co-
workers. We obtain light curves of 69 candidate stars and present a catalog of their positions, amplitudes, periods, types,
and mean magnitudes. We confirm that the 69 stars are true RR Lyrae variables based on periods and light curves, for
the first time for 41 of them. We identify 57 type ab, 11 type c, and 1 type d (double-mode) in our sample. The double-
mode RR Lyrae star shows properties similar to globular cluster stars and are unlike field stars of the Galactic halo in
the Petersen diagram. We also find one RR Lyrae star that is related to Pal 5 and recover another. In our sample, only
two candidate stars do not have a reasonable light curve. We conclude that the ratio of contamination in our sample is
less than ~8%, which shows that the criteria used by Ivezi¢ and coworkers to select RR Lyrae stars from the SDSS

two-epoch data are reliable.
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1. INTRODUCTION

The origin of the Galactic stellar halo has been a long-standing
astronomical problem. It has been debated whether it formed dur-
ing the rapid collapse of a large gas cloud (Eggen et al. 1962) or
through the slow merger of satellite galaxies (Searle 1977; Searle
& Zinn 1978), while several authors have argued for a combina-
tion of both processes based on observations of halo stars and
globular clusters (Chiba & Beers 2001; Norris 1994; Zinn 1993;
Majewski 1993). On the one hand, there has been strong observa-
tional evidence in favor of the merger picture in recent years, in-
cluding the tidally distorted Sagittarius dwarf galaxy (Ibata et al.
2001; Majewski et al. 2003; Newberg et al. 2002; Yanny et al.
2000, 2003), the presence of extratidal stars around many dwarf
spherodial satellites (Gould et al. 1992; Irwin & Hatzidimitriou
1995; Kuhn et al. 1996; Majewski et al. 2000), and the recogni-
tion that the halo and bulge are distinct components with differ-
ent formation mechanisms (see Wyse 1999a, 1999b for a review).
On the other hand, theoretical models of the growth of galax-
ies through cold dark matter (Bullock et al. 2000 and references
therein) have made great progress. According to these models,
galaxies similar to the Milky Way formed through the merger of
a large number of dark matter subhalos. The stars that formed in
these subhalos, which resembled dwarf galaxies, make up today’s
stellar halo. This picture appears to be in good agreement with
the predictions for the RR Lyrae star (RRLS) distribution in the
outer stellar halo (Bullock et al. 2001).

RRLSs are especially useful probes of the stellar halo (Bullock
etal. 2001) because they are relatively easy to identify, luminous
enough to be detected out to large distances (» ~ 100 kpc, corre-
sponding to 7' ~ 21 mag), and, as nearly standard candles, able
to yield three-dimensional maps (see Kinman 2002 and references
therein). Since Baade (1944), RRLSs have also been adopted to
trace the old stellar component in the Galaxy (see Bono 2003 and
references therein). The use of RRLSs as stellar tracers received
anew spin during the last few years. The photometric Sloan Dig-
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ital Sky Survey (SDSS; Ivezi¢ et al. 2000) and QUEST survey
(Vivas et al. 2001; Vivas & Zinn 2003; Zinn et al. 2004) identi-
fied a local overdensity of RRLSs in the Galactic halo. Their argu-
ment that one of the clumps originated from the Sagittarius dwarf
galaxy was recently verified by spectroscopic data of Vivas et al.
(2005), although these observations suggested that some revi-
sions are needed for models of the disruption of Sagittarius.

The SDSS sample of Tvezi¢ et al. (2000) comprises 148 candi-
date RRLSs that they selected from ~930,000 stars and covers
~100 deg? of sky, based on two-epoch photometry and using var-
iability and colors as selection criteria. Their analysis of the spatial
distribution of RRLSs in the Galactic halo was based on the as-
sumption that their candidates are real RRLSs. To confirm their
results, detailed photometry of these candidates is needed that
can be used to determine their periods and light curves. Further-
more, their RRLS selection criteria based on two-epoch photome-
try, if verified, could be very useful in extending the RRLS sample
in the Galactic halo and hence deserve verification.

In this paper we present the periods and light curves of
69 RRLSs out of the SDSS candidate sample (Ivezic et al. 2000).
The details of our observations and data reduction are presented
in § 2. Our method of period finding is explained in § 3. In § 4 we
present a catalog of the 69 RRLSs and discuss their light curves.
We also analyze the spatial distribution of RRLSs in the halo in
this section and discuss the RRLSs in Pal 5. Our results are sum-
marized in § 5.

2. OBSERVATION AND DATA REDUCTION

Our CCD images were obtained without a filter using two tele-
scope systems, the 0.6 and 0.8 m telescopes at the Xinglong sta-
tion of the National Astronomical Observatory of China (NAOC)
during 2003 and 2004. The 0.6 m telescope was equipped with a
1340 x 1340 pixel CCD at the Cassegrain focus of focal ratio
f/15. The detector has a pixel size of 20 um, producing a scale on
the chip of 0746 pixel ' and a 10" x 10’ field of view. Its dark cur-
rent is very low because of its cooling by liquid nitrogen. The
0.8 mtelescope (TNT), which is jointly administrated by Tsinghua
University and the NAOC, has a CCD camera mounted at the
Cassegrain focus of £/10, with 1024 x 1024 pixels. The pixel size
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is 13 um, yielding a scale of about 0734 pixel ! with a 6’ x 6’
field of view. The camera is thermoelectrically cooled to about
—50°C, so the dark current is relatively high.

Our observational strategy was to obtain extensive photomet-
ric coverage of a variable to get good light curves. Typically, 40
observations are enough to obtain good phase interval coverage
where the light curve is changing rapidly (see, e.g., Layden 1997).
However, in practice, we obtained as many as ~50 observations
for one star on average (see Table 1). Each CCD image taken by
the 0.6 m telescope had 60 s exposures, while the exposures from
the 0.8 m depended on the magnitudes and weather. The average
exposure was ~240 s for a star with magnitude »’ = 18. The time
spacing of our images was frequently determined by clouds and
ranged from a few hours, to days, weeks, and months. This irreg-
ular spacing of the observations was helpful in removing some
of the aliasing in our period search. We collected ~4000 image
frames during 2003 and 2004. Most observations were collected
during the months of February and May of each year, which is
partly a consequence of the weather patterns at the Xinglong
observatory.

Preliminary reductions, including bias subtractions and dark and
flat-field corrections, were performed with standard IRAF? pack-
ages for all the data. The mean value of seeing was ~2”1; thus,
we eliminated some bad-quality images, e.g., with FWHM > 470.

Aperture photometry was performed on all the objects. We
chose the images of best quality in each field as templates. First,
for one field we performed the photometry of the template. Ac-
cording to the results, we excluded from being comparison stars
those that were very close to any bright stars or were contami-
nated by close neighbors in crowded regions. Then we marked the
program object and comparison stars in the template. Finally, the
automatic processing program (Kong et al. 2002), integrated
scripts that ran the IRAF packages, produced the results of the
photometry for all marked stars. In this process, photometry was
done with the APPHOT package in IRAF, and the aperture was
set to 1.5 x FWHM considering the magnitudes of the objects in
order to reduce errors in the faintest stars, where the FWHM was
the average for all chosen stars in each image. A whole set of prop-
erties (magnitudes, errors, FWHM, position, shape, parameters,
etc.) of photometry were provided in the results, which helped to
eliminate bad measurements.

We plotted CCD photometric errors against the 7 magnitudes
of our photometric results in Figure 1a. Each point represents the
mean CCD photometric error from the various images for one
star. The fitted lines indicate the typical errors of our data mea-
sured by the 0.6 and 0.8 m telescopes.

The comparison stars in each field were chosen manually.
Stars that were too bright saturated the CCD pixels on very clear
nights, while ones that were too faint were not well exposed and
had low signal-to-noise ratios (S/N). Typically, our selected com-
parison stars were of 12—16 mag, with approximately five for
each field. Usually we calculated the differential magnitude from
the average difference between the variable and all constant
comparison stars in the same field.

In order to verify the constancy of the comparison stars, we
measured the differential magnitudes between each pair of compar-
ison stars and calculated the rms of the sequence of measurements.
The rms values of all pairs of comparison stars are statisti-
cally illustrated in Figure 15. A Gaussian fitting to these values
shows that the most probable rms value is ~0.03 mag, which is
~0.02 mag larger than the photometric error of a typical com-

2 IRAF is written and distributed by the National Optical Astronomy
Observatory.

parison star. This deviation probably resulted from the color
terms that were not taken into consideration in the differential
photometry. In this work, we only selected comparison stars that
had an rms value less than ~0.04 mag.

We used unfiltered CCDs in order to increase the efficiency of
our measurements. This enabled us to save a lot of telescope time
and obtain more extensive photometric phase coverage to improve
the photometric time-series precision. In order to determine the
distance, unfiltered CCD magnitudes were transformed to stan-
dard SDSS r’ magnitudes (Smith et al. 2002) using an empirical
method based on the CCD sensitivity function. A similar method
was used by Riess et al. (1999) to transform supernova magni-
tudes observed with nonstandard filters to a standard system. We
summarize our method as follows.

For each field, corresponding to one program object, we first
picked out one image of high S/N and measured the differences
in the unfiltered magnitude between all local standard stars and
one randomly marked comparison star. Referring to an individ-
ual unfiltered CCD system as a nonstandard passband system
“W,” we express the magnitude difference as

AW = VVIS - Wcom~ (1)

At the same time, we can also get the differences in the »’ mag-
nitude between the local standard stars and the comparison star,
1e.,

Ar' = rg = Foom (2)

where the 7' magnitudes of the local standard stars refer to the
SDSS Second Data Release. The relationship between A’ and
AW for any specific field can be well fitted using an empirical
linear function,

Ar' = C0+C1JWAW7 (3)

where the fitting parameters have small dispersions. This pro-
cedure was employed for all fields. The results for a typical field
are shown in Figure 2. Using equation (3), the ' magnitude of
the program object can be easily obtained. The advantage of this
method is that it does not require explicit knowledge of the
unfiltered response function.

The mean uncertainty in the #' magnitude introduced by this
transformation is ~0.05 mag, which for our data gives a valuable
precision of ~5%. For unfiltered images with S/N > 20, the
dominant source of uncertainty in the » magnitude comes from
the pseudocolor term, C,,,, in equation (3). For observations with
S/N < 10, however, the uncertainty is dominated by the statis-
tical uncertainty of the measured flux of the variables.

The total errors in the 7 magnitudes of the 69 RRLSs are listed
in column (5) of Table 1 and are about ~0.07 mag on average.
These were computed by adding in quadrature the errors in the
aperture magnitudes of the variable, mean standard errors intro-
duced by comparison stars, and magnitude transformation errors.

3. PERIOD FINDING

We used the phase dispersion minimization (PDM ) method, pro-
posed by Lafler & Kinman (1965) and developed by Stellingwerf
(1978), to find periods for the RRLSs. This method has some
advantages over other period-searching methods. It is most
suitable for the case in which only a few observations over a lim-
ited period of time are available. Compared with Fourier tech-
niques, it can obtain accurate periods and nonsinusoidal light
curves for the component oscillations (Stellingwerf 1978). It



TABLE 1

RR LYRAE StARrs

Period E\ax
1D a (J2000.0) 6 (J2000.0) N Amplitude (days) (HID) Type r’ o Tag
1) (2) (3) ) ©) (6) @) ®) ) (10) 1n
10 49 02.61 +01 05 00.6 48 0.92 0.552281 2452733.0183 ab 17.35 0.07
10 53 14.69 +01 12 01.4 55 0.44 0.322484 2452733.1574 c 14.75 0.06
10 59 26.11 —00 59 27.6 47 0.60 0.450446 2452732.9266 ab 18.07 0.09 q
11 08 38.26 —00 05 14.3 60 0.42 0.615099 2452733.3179 ab 15.07 0.06 q
11 10 10.79 +01 07 32.9 54 0.50 0.378346 2453047.1864 c 17.26 0.06
11 17 05.98 —00 34 24.0 44 0.87 0.588000 2452732.7823 ab 17.45 0.09
11 24 25.37 —00 09 19.7 27 1.03 0.691869 2452754.5840 ab 17.70 0.09 q
11 28 37.73 —00 01 12.6 52 1.07 0.565301 2453046.7289 ab 18.58 0.07 q
11 38 14.16 +01 05 28.2 48 0.86 0.636825 2453047.5456 ab 18.87 0.08
11 45 42.24 +00 23 14.6 43 0.65 0.587633 2452733.0016 ab 17.83 0.08
1151 13.99 +00 45 05.7 58 0.62 0.608022 2452733.3820 ab 15.77 0.06
11 55 34.40 —00 36 01.9 43 0.29 0.596184 2452733.0141 ab 16.94 0.06 q
11 56 28.60 +01 12 23.9 42 0.70 0.452015 2452733.0220 ab 17.46 0.07
11 57 06.95 —00 55 07.9 56 0.84 0.552716 2453053.8103 ab 17.62 0.06 q
11 57 24.21 —00 53 58.2 43 0.90 0.554266 2453061.9848 ab 18.22 0.07 q
12 00 47.92 +00 46 11.1 57 0.46 0.343466 2452698.8781 c 17.03 0.08
12 07 30.94 —00 04 12.6 58 0.54 0.543244 2452699.1234 ab 17.42 0.07 q
12 13 29.64 —01 01 51.9 38 0.72 0.612120 2453053.8683 ab 17.18 0.07
12 15 07.76 +00 49 30.1 45 0.70 0.354983 2453054.2795 c 17.78 0.07
12 15 27.79 —00 52 56.5 59 0.74 0.523110 2452733.3378 ab 16.05 0.06 q
12 18 03.72 +00 14 48.9 33 1.04 0.596015 2453058.0100 ab 18.03 0.07
12 22 28.39 —01 02 16.3 64 0.48 0.800898 2452699.2477 ab 14.60 0.07
12 25 01.92 +01 14 07.9 56 0.61 0.728355 2452699.2979 ab 16.14 0.06
12 25 29.03 +01 14 20.8 62 0.75 0.596109 2452698.5423 ab 15.71 0.06
12 40 32.87 —00 03 12.9 47 0.42 0.164130 2452699.1646 c 17.15 0.07 q
12 40 46.56 +00 50 06.2 30 0.60 0.319512 2453062.1433 c 17.97 0.12
12 41 36.64 +01 13 06.5 59 0.70 0.605124 2453062.4251 ab 17.07 0.08
12 42 2491 —00 12 03.1 56 0.38 0.360981 2452699.0510 c 14.63 0.08 q
12 52 08.73 —0029 31.8 69 0.87 0.562213 2452698.7822 ab 15.52 0.06 q
13 11 17.74 —00 34 29.9 71 1.06 0.598353 2452699.4648 ab 15.60 0.06
13 17 57.46 —00 08 18.8 56 0.92 0.523437 2452766.7921 ab 17.14 0.07 q
13 18 06.63 —00 33 00.2 64 0.51 0.344164 2452750.2848 c 15.68 0.06
13 26 24.94 —00 26 12.1 44 0.91 0.505841 2452750.0187 ab 16.53 0.07 q
13 26 35.08 +00 20 34.8 66 1.42 0.528236 2453138.0244 ab 17.69 0.06
13 27 00.05 —00 54 56.7 51 0.86 0.561698 2452750.4104 ab 15.00 0.06 q
13 32 5291 +00 46 22.6 53 0.68 0.593984 2452750.0236 ab 16.17 0.06
13 33 23.47 —00 11 59.5 50 0.93 0.596771 2453138.4403 ab 17.35 0.06 q
13 35 52.24 —00 37 06.8 52 0.81 0.547890 2452750.0374 ab 15.10 0.06 q
13 45 13.92 +00 22 40.0 44 0.71 0.418388 2452749.8389 c 17.20 0.08
13 4521.33 —00 01 47.4 52 0.50 0.546511 2452767.0839 ab 14.31 0.06 q
13 50 09.13 —00 34 14.3 58 0.62 0.522958 2452749.7874 ab 15.97 0.07
13 52 31.76 +00 43 50.9 56 0.93 0.537531 2452749.8332 ab 17.67 0.11
14 06 06.77 —00 33 56.8 56 0.77 0.460702 2452749.8684 ab 15.54 0.06
14 11 42.14 +00 22 48.5 57 0.82 0.577865 2452749.7685 ab 15.93 0.09
14 12 38.55 —00 53 50.7 68 0.49 0.186607 2453138.0175 c 15.20 0.07 q
14 154343 —00 06 13.0 56 0.83 0.572610 2452750.1031 ab 17.30 0.08 q
14 18 07.36 +00 23 02.6 52 0.41 0.618395 2452749.8027 ab 15.06 0.06
14 23 56.74 —00 34 28.5 55 0.46, 0.25 0.354260, 0.474188 2452749.9385 d 15.93 0.07
14 28 08.95 —00 11 48.3 49 0.63 0.547472 2452749.8151 ab 16.40 0.07 q
14 36 14.78 +01 08 25.9 91 1.04 0.483590 2452749.8151 ab 15.12 0.06
14 37 13.36 +00 16 23.0 90 0.67 0.602988 2452750.1715 ab 15.89 0.06
14 46 18.52 +00 13 21.2 54 0.59 0.730896 2452768.6455 ab 15.41 0.07
14 47 20.41 —00 01 01.7 47 0.76 0.734595 2453138.2790 ab 17.39 0.06 q
14 49 39.60 —00 29 43.9 53 1.03 0.735997 2452769.5135 ab 17.22 0.10 q
14 57 19.71 —00 53 28.0 65 0.77 0.554167 2452769.2273 ab 15.58 0.06 q
1503 37.35 —0028 12.8 56 0.56 0.612234 2452753.7732 ab 14.89 0.06
15 05 45.38 —00 05 05.3 65 0.71 0.426879 2452769.1771 ab 16.63 0.07
1509 16.76 +00 19 47.2 64 0.57 0.561183 2452769.0704 ab 16.30 0.07
15 14 35.44 —00 29 59.7 64 0.70 0.621765 2452768.9872 ab 15.60 0.09
15 15 57.21 —00 06 53.2 50 0.58 0.293345 2453138.3482 c 17.43 0.06 q
15 18 23.60 +00 21 22.2 84 1.14 0.529198 2453156.2681 ab 17.36 0.06
1520 14.18 —00 26 03.0 66 0.98 0.643060 2452769.6688 ab 15.01 0.07 q
15 21 22.93 —00 05 30.9 61 1.08 0.540194 2452769.2806 ab 17.43 0.10 q
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TABLE 1— Continued
Period Enax

1D a (J2000.0) 6 (J2000.0) N Amplitude (days) (HID) Type r' o Tag
() @ ) ) ®) ©) ) ®) © a0 ay
15 23 18.61 —00 55 20.9 58 0.74 0.609840 2452734.3149 ab 16.73 0.07 q

15 25 47.10 +00 24 09.5 44 1.16 0.352659 2453155.9224 ab 17.58 0.11

15 34 43.29 —00 29 37.9 63 0.81 0.580523 2452769.4591 ab 15.82 0.06

15 35 02.96 +00 14 21.5 62 0.51 0.534233 2452734.2866 ab 15.77 0.08

15 35 18.04 +00 14 05.9 67 0.64 0.811415 2453148.8009 ab 17.29 0.07

148 15 39 38.01 +01 11 24.2 55 0.70 0.708399 2452768.8132 ab 17.05 0.08

[Pt}

Notes.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. A “q” in the last column
indicates that the star is identified by Vivas et al. (2004). Table 1 is also available in machine-readable form in the electronic edition of the Astronomical Journal.

works particularly well on discrete observations and hence al-
lows for completely automatic period searching.

We summarize the improved PDM of Stellingwerf (1978) and
the relevant definitions as follows: Given the ith observation (m;,
t;), the variance of m is

—\2

where N is the number of observational points and m =
>~ m;/N is the mean magnitude. Meanwhile, for any subset of m;,
the subsample variance s} is defined exactly as in equation (4).
Suppose M distinct subsamples are chosen from the sample and

they have variances s;(j = 1, M) and contain »; data points.
The overall variance for all samples is then given by

Z(njfl)sz
2 _
§°= an—MJ (5)

as a consequence of equation (4).

Given a trial period II, we can get a phase vector ¢; = /11—
[#/T1]. Then we pick M subsamples from m using the criterion
that all the members of subsample j have similar ¢;. Usually the
full phase interval (0, 1) is divided into fixed bins, but the subsam-
ples can be chosen in any way that satisfies the criterion. The over-
all variance of these subsamples gives a measure of the scatter
around the mean light curve defined by the means of m; in each
subsample. The statistic can be defined by

0 =s%/0?, (6)

where s is given by equation (5) and o? is given by equation (4).
IfII is not the true period, then s2 ~ oc?and © ~ 1, whereas if I
is the correct period, © will reach a local minimum compared
with the neighboring periods, hopefully near zero. When we set a
trial period ranging from 0.1 to 2 days for each star, the period cor-
responding to the minimum value of © is the best one in the trial
range. With the best period, we can plot a light curve that will look
as expected for this type of variable. But for aperiodic variables
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FiG. 1.—(a) CCD photometric errors of our data. The open and filled circles show data measured by the 0.6 and 0.8 m telescopes, respectively. The two fitted
lines represent their typical errors. (b) Histogram of the distribution of the rms of the differential magnitude of pairs of comparison stars. The curve is a Gaussian fit
to the distribution. [See the electronic edition of the Journal for a color version of this figure.)



1644 WU ET AL.

o777 T T T T T 1
3.5-—
3.0-—
25

20

15

Ar'

1.0 Ar'=C +C, AW 7

0.5 C0= -0.032 +0.023 -

0.0 C,,= 1000 +0011 ]

-0.5

-10 05 00 05 10 15 20 25 30 35 40 45
AW

Fic. 2.—Relationship between A7’ and AW for data in a typical field. The
solid line shows the fit for the data. [See the electronic edition of the Journal for
a color version of this figure.)

or stars with periods out of the range, the light curve will show
only noise (Vivas et al. 2004).

In practice, we distinguish subharmonics in three ways: (1) the
light-curve shape, (2) narrow lines on the O-statistic versus fre-
quency graph relative to the widest line, which corresponds to the
true frequency, and (3) reduced significance with increasing bin
size (Stellingwerf 1978). We use broad bin sizes for initial scans
of the full frequency range. From our experience, a subharmonic
can be distinguished easily for a high S/N. But for data of a low
S/N and for a small number of observations, it can only be dis-
tinguished by the fact that the light curve of the true period looks
more reasonable than that of the spurious one.

We can classify the RRLSs confirmed by us into types ab,
¢, and d. The distinction between type ab and type c is based on
the light-curve shape, which is sawtoothed for type ab and sinu-
soidal for type c. We identify type d RRLSs to be stars with a
primary-to-second period ratio of 0.74 < P/Py < 0.75, a physi-
cally plausible range according to stellar pulsation models (Cox
etal. 1980; Kovacs et al. 1991; Bono et al. 1996). In practice, fol-
lowing Cseresnjes (2001), we first force the P; period search to
be between 0.33 and 0.44 days, in order to encompass the range
of primary periods of all known type d RRLSs, and fit the light
curve to derive the residuals. Then we search the residuals for the
second period in the range 0.45 days < Py < 0.60 days. We also
repeat the above procedure by inverting the order of the period
searches (P before P;) in order to detect any rare double-mode
RRLS (RRd) with a high amplitude in the fundamental mode rel-
ative to the first-overtone mode.

4. RESULTS AND DISCUSSION

In total, we took unfiltered CCD photometry of a sample of
71 candidate RRLSs that are brighter than ' = 18.6 out of the
SDSS candidate sample (Ivezi¢ et al. 2000). We confirmed that
69 stars are true RRLSs based on periods and light curves, includ-
ing 57 type ab, 11 type c, and 1 type d. In our sample, only two
candidate stars (004 and 122 in Ivezic et al. [2000]) do not have a
reasonable light curve.

4.1. The Catalog

Our results are presented in a catalog of 69 RRLSs (Table 1).
This table contains the star ID, right ascension and declination
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Fic. 3.—Comparison of our results with QUEST’s. The solid line shows the
results, fitting to o ~ 1073, The crosses are data points with dispersion of more
than 3 o. [See the electronic edition of the Journal for a color version of this

figure.]

(J2000.0), number of observations for the light curve, r’ ampli-
tude, period in days, Heliocentric Julian Date at maximum light,
type, and mean ' magnitude with its error. We adopt the star IDs
from Ivezi¢ et al. (2000). The symbol “q” in the last column in-
dicates stars identified by Vivas et al. (2004).

Our catalog covers from o = 10" to 15" and from § = —1°03’
to 1°15’, while that of QUEST (Vivas et al. 2004) covers from
6 = —2°20' to 0°02’ at the same right ascension. In the ~50 deg?
of overlap, we measured the periods and light curves of 40 can-
didates, for which Vivas et al. (2001) confirmed 28 but failed to
determine periods and light curves for the other 12. Vivas et al.
(2004) argued that poor detection and shortage of data to calcu-
late the periods were responsible for the unconfirmed candidates.?

Our periods agree well with those of QUEST (see Fig. 3),
as indicated by the linear fit (solid line) with o ~7 x 10—4, ex-
cluding stars 110 and 130 (crosses). For star 110, our period is
more reasonable because we had 47 observations compared with
QUEST’s 32. Moreover, our light-curve amplitude is 0.76, while
that of QUEST is 0.46. Missing phase coverage is probably re-
sponsible for these differences. We also successfully recovered
star 130, which is located in Pal 5 (see § 4.2), as an RRLS. It
should also be mentioned that QUEST’s ““alternative period”
(Vivas et al. 2004) is adopted for star 77 in this figure.

4.2. The Light Curve

In Figure 4 we provide light curves of the 69 RRLSs folded by
the PDM technique. Fourier decomposition was used to fit the
light curves to measure the amplitude, time of maximum light,
and mean magnitude. We also calculated the amplitudes by the
equation 4> = 12 o assuming a uniform distribution of data
(Stellingwerf 1978), where ¢ is the standard deviation of the var-
iable RRLS magnitude (see eq. [4]). The difference in the Fourier
fitting results is less than 0.06 mag, which suggests that the phase
coverage of data is adequate.

Many type ab light curves in Figure 4 clearly show a bump,
e.g., stars 45, 115, and 134. The bump is always located at the

3 The anonymous referee commented that eight of these stars were not de-
tected because they were in bad columns or gaps between CCDs in the QUEST
camera, and only four stars were actually observed.
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Fic. 4—Light curves of the RRLSs.

phase before that of minimum light. Early shock waves should
be responsible for the bump according to hydrogen-line emission
and line doubling from spectroscopic observations (Smith 1995).
The corresponding hump that should be produced by strong main
shocks, however, has not been detected in these light curves. This
is because the hump, if detected, usually appears as just a slight
hesitation in the increase of visible light, compared with the
distinct peak followed by a minor dip near the phase before the
maximum light in the UV (Smith 1995).

There are several light curves with unusually large scatter,
e.g., stars 15, 48, 53, 82, 138, and 146. The scatter can result from
the Blazhko effect, photometric inaccuracy, and fluctuation of
comparison stars. For stars 15 and 82, the Blazhko effect may be
the dominant reason because their photometric accuracy is better
and their fluctuation of comparison stars smaller than average.
The largest scatter for both stars exists near the maximum, which
may be caused by the modulation amplitude of the Blazhko
effect. For stars 48, 53, 138, and 146, the above three reasons
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Fic. 4.— Continued

may equally contribute to the scatter and abnormal shapes of the
light curves. Smith (1995) has pointed out that about 30% of
known Galactic RRLSs are affected by the Blazhko effect. More
observations are needed to identify the Blazhko effect and deter-
mine the modulation period by detecting more pulsational cycles.

We estimate that the contamination by other kinds of variables
that have light-curve shapes and periods similar to those of
RRLSs is less than 8% in our sample. Among possible contam-
inants, (1) W UMa eclipsing binaries should have been efficiently

screened out by the selection requirement in Ivezi¢ et al. (2000)
that the candidate stars must be brighter in #* when they are bluer
in g* — r*. (2) Anomalous Cepheids are brighter than RRLSs,
with periods <2 days and light curves resembling RRLSs. It is
very difficult to recognize them in the field of the halo because
it is difficult to normalize their distances for comparison with
RRLSs in the color-magnitude diagram. However, according to
the analysis of Vivas etal. (2004), the contamination by this kind
of variable is less than 2%. (3) Also, ¢ Scuti stars can escape the
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above selection constraints, since they have the same color range
as RRLSs. Their light-curve shapes also look very similar to those
of RRLSs because they share the same pulsation mechanism.
Although ¢ Scuti stars are known as low-amplitude, short-period
variables, high-amplitude ¢ Scuti stars (Rodriguez et al. 1996)
exist whose amplitudes can exceed 0.1 mag in ¥, even up to
0.5 mag (Rodriguez et al. 1994), and whose periods can be as long
as 0.2 days (Alcock et al. 2000a). In our sample, stars 29 and 77
have periods less than 0.2 days. The contamination by them is less
than 3% if they are bona fide ¢ Scuti stars. Their pulsation pa-
rameters (Smith 1995), obtained through Fourier decomposi-
tion, are listed in Table 2 for further studies. (4) There are two
stars, i.e., 004 and 122 in Ivezi¢ et al. (2000), that do not have rea-
sonable light curves. They contribute to the contamination by less
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TABLE 2
FouriErR AMPLITUDE RATIOS AND PHASE DIFFERENCES FOR STARS 29 AND 77

Period
(days)

4

o1

Ay a1 A3 ®31

0.164130
0.186607

0.15
0.19

332
3.12

0.12
0.18

1.20
6.06

0.15
0.02

0.97
3.29

Notes.—The value 4,, is the ratio of the nth to the fundamental Fourier har-
monic amplitudes, and ¢,,; is the normalized phase difference ¢, — n¢; in radians.
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Fig. 5.—Light curves for an RRd (star 91) (a) for the fundamental mode with
a period of 0.354260 days and (b) for the secondary mode with a period of
0.474188 days.

than 3%. In conclusion, the low contamination ratio in our sam-
ple, i.e., 8%, indicates that the criteria used by Ivezic et al. (2000)
to select RRLSs from the two-epoch data are very reliable.

4.3. Double-Mode RR Lyrae Stars

Star 91 was detected as an RRd. We show its light curve of
first-overtone pulsation of the fundamental mode with a period
0f 0.354260 days in Figure 5a and that of primary pulsation of
the secondary mode with a period of 0.474188 days in Figure 55.

0.750
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The period ratio, P,/Py, is 0.747, which falls into the pulsation
model range from 0.741 to 0.748 (Kovacs 2001a, 2001b). The
amplitude is 0.46 mag for a fundamental-mode, first-overtone
pulsation and 0.25 mag for a secondary-mode, primary pulsation.
No RRd was found by the above-mentioned “order-inverting”
procedure (see § 3), which confirms that the overtone pulsation is
almost always the primary mode (Cseresnjes 2001).

RRds are very significant because they have the potential of
constraining certain stellar parameters. It is well known that the
pulsation periods depend on basic stellar parameters such as the
mass, luminosity, effective temperature, chemical composition,
and, most importantly, metallicity (Clementini et al. 2004 and
references therein). These parameters can be read off a Petersen
diagram (Petersen 1973), which plots the period ratio, P/P,
against the fundamental period P,. According to the analysis of
Popielski et al. (2000), the parameters affect the position of the
RRd in the Petersen diagram. They pointed out that the crucial
parameter that determines the period ratio is metallicity, while
the secondary ones are luminosity and mass. In addition, they ar-
gued that these parameters have a one-to-one correspondence for
a given trajectory in the Petersen diagram.

We compare the position of star 91 (star) in the Petersen dia-
gram with all known RRds identified so far in various stellar
systems in Figure 6. Figure 6a shows the three RRds in the Ga-
lactic bulge (asterisks), six RRds in the Galactic field (triangles),
and 13 RRds in the direction of Sagittarius in the Galaxy (circles)
(Mizerski 2003; Clement et al. 1993; Clementini et al. 2000;
Cseresnjes 2001). Figures 6b and 6e show the 183 RRds in the
LMC (Alcock et al. 1997, 2000b) and the 59 RRds in the SMC
(Soszynski et al. 2002), respectively. Figures 64 and 6f show the
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(Mizerski 2003; Clement et al. 1993; Clementini et al. 2000; Cseresnjes 2001) including the bulge’s, the field’s, and those in the direction of Sagittarius. (b) RRds in the
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RRds in two dwarf galaxies, respectively, i.e., 18 RRds in
Sculptor (circles; Kovacs 2001a) and 40 RRds in Sagittarius
(circles; Cseresnjes 2001). Figure 6¢ shows the RRds in globular
clusters, including eight in M3 (circles; see Clementini et al.
2004 and references therein), eight in M68 (diamonds; Clement
et al. 1993), 14 in M15 (triangles; Nemec 1985), 16 in IC 4499
(crosses; Walker & Nemec 1996), and one each in NGC 2419
(circled cross) and NGC 6426 ( pentagon) (Clement et al. 1993).

Star 91 is clearly separated from the RRds in the LMC, SMC,
Sagittarius, and Sculptor and from the Galactic RRds in the field
and in the direction of Sagittarius in Figure 6. However, it is close
to one RRd in the Galactic bulge (Fig. 6a), which is believed
to have a different metallicity from the other two bulge RRds
(Mizerski 2003). The star seems to reside in the distribution of
the RRds in M3 in Figure 6¢. The period ratio of the RRds in M3
has a large spread compared with those in any other stellar sys-
tem, which results from a large dispersion of metallicity and/or
mass (Clementini et al. 2004). Therefore, we conclude that star 91
has a large mass and/or low metallicity, based on the physical ex-
planation of the Petersen diagram (Popielski et al. 2000), and
that it is not a field star of the Galaxy. However, the star has not
been reported to exist in any globular cluster. We speculate that
it is a star in the tidal debris of a globular cluster either of the
Galaxy or originating from a dwarf galaxy.

4.4. The Spatial Distribution

We calculate distances to the 69 RRLSs by assuming a constant
luminosity of M, = 0.56 mag at [Fe/H| = —1.6 (Demarque etal.
2000) and transformation M, = M,» +0.44(B — V') —0.12 (Smith
et al. 2002), which typically results in M, — M,» ~ 0.04 mag. The
uncertainty of the transformation is ~0.1 mag, dominated by the
colorterm (B — V'), which is related to the properties of horizontal-
branch stars (Smith 1995). The M, term introduces an additional
uncertainty of ~0.1 mag, estimated with the Demarque et al.
(2000) M,-[ Fe/H] relation using o[Fe/H] = 0.5, which is typical
ofthese RRLSs, and allowing for the evolutionary effect of RRLSs
(see Vivas et al. 2001 and references therein). Adding in quad-
rature the error of the apparent ' magnitude, i.e., ~0.07 mag (see

Fic. 7.—Three-dimensional view of the positions of the Sun (X = —8§, 0, 0)
in kpc and the 69 RRLSs ( filled circles and asterisks) provided in Table 1. The
asterisks represent RRLSs in the 12"24™ clump (Zinn et al. 2004). [See the elec-
tronic edition of the Journal for a color version of this figure.]
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QUEST recovered in our paper.

§ 2), we find that the total uncertainty of the distance modulus is
~0.18 mag, corresponding to a distance precision of §%.

We plot the three-dimensional Galactic distribution of the
69 RRLSs in Figure 7, where asterisks represent the eight stars in
the 12"24™ clump (Zinn et al. 2004). The clump spans roughly
25° near 12"24™ and between ~16.5 and 17.5 in ¥ magnitude; it
has been suggested to be part of the Sagittarius stream (Zinn et al.
2004). The eight stars of the clump in Figure 7 are centered at
X = —5.1kpc, ¥ = 9.6 kpc, and Z = 18.9 kpc, corresponding
to a distance of 22 kpc from the Galactic center. For the six type
ab RRLSs of the clump in Figure 7, we measure a mean period of
0.56 days, similar to that of the RRLSs of the clump in the cat-
alog of Vivas et al. (2004).

We plot the mean magnitude against right ascension of the
combined sample of our 69 RRLSs and the RRLSs of QUEST in
Figure 8 to analyze the spatial distribution of the larger sample.
In this figure, triangles represent the 41 RRLSs newly confirmed
in this paper, open circles represent the RRLSs that exist only in
the QUEST sample, and filled circles represent the 28 QUEST
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Fic. 9.—For four bands of right ascension, the number of stars (V) in 0.4 mag
wide bins plotted against magnitude . [See the electronic edition of the Journal
for a color version of this figure.]
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TABLE 3
RR LYRAE STARs IN PAL 5
1D PeriOD (days)
Kinman & Kinman &
Rosino (1962) QUEST This Paper « (J2000.0) 6 (J2000.0) Rosino (1962) QUEST This Paper TyPE

vl 399 130 15 15 57 —00 06 52 0.293230 0.226741, 0.414867° 0.293345 c
v2 400 15 15 58 —00 11 23 0.332467 0.332511 c
v3 404 1516 13 —00 10 03 0.329953 0.493070 c
v4 402 15 16 06 —00 11 12 0.286362 0.401276 c
v5 401 . 15 15 58 —00 05 47 0.252395 0.252401 c
403 15 16 09 —00 16 23 0.551669 ab
405 S 15 16 49 —00 07 46 0.329673 c
133 15 18 24 +00 21 22 0.529198 ab

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.

# Alternative period provided in the RRLS catalog (Vivas et al. 2004).

RRLSs recovered by us. To compare with the analysis of the
QUEST sample by Zinn et al. (2004), we also plot a statistic graph
in Figure 9 in which right ascension is divided into four bands.
The clear clustering of the 12"24™ clump, of Pal 5, and of the
Sagittarius stream is similar to what has been detected by Zinn
et al. (2004). However, the small clustering at » ~ 15.1 in the
200°-220° band is more prominent than in Zinn et al. (2004).
This clustering may reflect a common origin or may just be a
random fluctuation in the density distribution. For further stud-
ies, we plan to do observations of metallicity and the radial ve-
locity in the near future.

4.5. RR Lyrae Stars in Pal 5

We have recovered one RRLS of Pal 5, i.e., star 130. The
period we measure is very consistent with that of Kinman &
Rosino (1962), who named it star V1; AP = 1 x 10~* days. The
star was also detected by QUEST (Vivas et al. 2004), but the
period measured in that paper was wrong due to an insufficient
number of observations. Besides, star 133 may also relate to Pal 5
because its mean ' magnitude, 17.36, is close to that of star 130
in Pal 5 (' = 17.43). Although located ~40’ from the center of
Pal 5, it is still within the range of the extended tails, which span
10° in length and 2°5 in width and are debris originating from tidal
disruption occurring in the past 100 Myr (Odenkirchen et al.
2003). More studies are needed to tell whether the star is indeed
a current member of Pal 5.

We list all eight RRLSs that have been found to relate to Pal 5
in Table 3, including five of type c identified before 2001 May
(Kinman & Rosino 1962; see also Clement et al. 2001), two
RRLSs suggested by Vivas et al. (2004) that lie in the tails of
Pal 5, and star 133 in this paper. For each star, the ID in Kinman
& Rosino (1962) is listed first, followed by that in QUEST (Vivas
et al. 2004), and then by that in this paper. The fourth column is
right ascension, and the fifth is declination (J2000.0). The pe-
riods measured by Kinman & Rosino (1962), Vivas et al. (2004)
in QUEST, and this paper are listed in the next three columns.
The Bailey types of these RRLSs are shown in the last column.

5. SUMMARY

We have taken unfiltered CCD photometry of 71 candidate
RRLS:s in the SDSS candidate sample (Ivezic¢ et al. 2000). Among
them, 69 stars have periods and light curves typical of RRLSs.
There are two candidates without a reasonable light curve. The
low contamination ratio of our sample, less than ~8%, indicates
that the criteria used by Ivezi¢ et al. (2000) to select RRLSs from
the SDSS two-epoch data are reliable.

We have presented our results in a catalog that contains the po-
sitions, periods, epochs of maximum light, and mean »' magni-
tudes of the 69 RRLSs. The light curve of each star is presented
in Figure 4.

We have detected 1 RRd. The star shows some obvious prop-
erties of a massive star with low metallicity. It is likely an RRd in
a globular cluster based on the Petersen diagram. We have an-
alyzed the spatial distribution of the combined sample of our 69
RRLSs and the QUEST sample and compared it with the QUEST
results of Zinn et al. (2004). We have also collected the data of all
RRLSs related to Pal 5 and added a new RRLS to the cluster. Our
measurements provide valuable probes of the shape and origin of
the Galactic halo.

Observations of radial velocities and metal abundances are re-
quired for further studies of RRLSs in order to investigate the or-
igin of the Galactic stellar halo. We have proposed measuring the
metal abundances of the RRLSs of this sample in the next year.
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W. H. Bian for many useful suggestions. We would like to thank
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servation. We also thank Y. Shen, J. Z. Li, and the night assistants
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