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Abstract We present stellar parameters and abundances of 15 elements(Na, Mg,
Al, Si, Ca, Sc, Ti, V, Cr, Mn, Fe, Ni, Cu, Y and Ba) for 23 field RR Lyrae variables
based on high-resolution (R ∼ 60 000) and high signal-to-noise (S/N∼ 200) spectra
obtained using the High Dispersion Spectrograph on the Subaru Telescope. Six stars
in the sample have more than one spectrum observed at different pulsation phases.
The derived abundance ratios of [X/Fe] for 14 elements (except for Ba) do not vary
during the pulsation cycle. An interesting curve of [Ba/Fe]versus phase is detected for
the first time and it shows decreasing [Ba/Fe] with increasing temperature at a given
metallicity. Combining with data in the literature, abundances of most RR Lyrae stars
as a function of [Fe/H] follow the same trends as those of dwarf stars, but [Sc/Fe]
and [Y/Fe] ratios of RR Lyrae stars at solar metallicity are lower than those of dwarf
stars. The kinematics of RR Lyrae stars indicate that three comparatively metal-rich
RR Lyrae stars might originate from the thick disk and they show higher [α/Fe] ratios
than RR Lyrae stars with thin disk kinematics. Among 23 RR Lyrae stars, two special
objects are found with abnormal abundances; TV Lib has high [α/Fe], [Sc/Fe], [Y/Fe]
and [Ba/Fe] ratios while TW Her has solar [α/Fe] but significantly lower [Sc/Fe],
[Y/Fe] and [Ba/Fe] ratios as compared with other RR Lyrae stars.

Key words: techniques: spectroscopic — stars: abundances — stars: variables: RR
Lyrae

1 INTRODUCTION

RR Lyrae variables are old, low mass stars located in the instability strip of the horizontal branch.
Their short-period variability and relatively high luminosity make them easily identifiable even at
large distances. Due to their small dispersion in intrinsicmean luminosity, RR Lyrae variables are
often used as standard candles to measure distance. In addition to the distance scale, RR Lyraes play
an important role in probing Galactic structure and formation. They are generally used to trace the
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spatial and kinematic distribution of old stellar populations in the Galactic disk and halo components
(Layden 1994, 1995a,b; Layden et al. 1996).

For a long time, RR Lyraes have commonly been used to study thechemical evolution of the
disk and halo of the Milky Way. Preston (1959) adopted a low-resolution spectroscopic index∆S
to describe the relation between hydrogen and calcium K-line absorptions strengths. The index∆S
varies during RR Lyrae pulsational cycles, and it is used to identify times of light minimum (φ ∼
0.8). High resolution studies have generally concentratedon the limited phase near minimum light,
because of the relatively slow variations in effective photometric temperature that occur during these
pulsation phases. In particular, Clementini et al. (1995) performed an abundance analysis of many
elements for 10 RR Lyrae stars, and found that eight of them have [Fe/H]< −1.2, indicating they
belong to the metal poor halo population. Lambert et al. (1996) studied two elements (Fe and Ca)
in a sample of 18 RR Lyrae stars, and among these seven stars had [Fe/H] > −1.0. There have
been very few works concentrating on the various elements that compose metal rich populations of
RR Lyrae stars, which are thought to dominate the halo population. In this work we focus on probing
the origin of the relatively metal-rich RR Lyraes. We present basic information about observations of
our targets and describe the observation and data reductions in Section 2. Atmospheric parameters
and abundances are derived in Section 3. In Section 4, we present the results of abundance and
kinematic classification of the stars being studied. Concluding remarks are given in Section 5.

2 OBSERVATIONS AND DATA REDUCTION

The stars were selected from the literature with the main focus on finding metal-rich RR Lyrae
stars. The observations were carried out on the night of 2004June 27 with the High Dispersion
Spectrograph (Noguchi et al. 2002) attached to the 8.2-m Subaru Telescope. Two CCDs with 2k×4k
pixels were employed to record spectra with a wavelength coverage of5100 − 6400 Å (blue) and
6500−7800 Å (red), respectively. With a 0.6′′ (300µm) wide slit, the resolving power of the obtained
spectra wasR ∼ 60 000. To avoid any significant blurring of the spectrum, theexposure times were
chosen to be no longer than 600 s and resulted in a mean signal-to-noise ratio S/N of150 − 300 for
most of our spectra.

Our observations were carried out arbitrarily without pre-selection of the pulsation phase.
Hence, the observed spectra have various phases, from phases near or at minimum light to phases
near or at maximum light. In total, 36 high-resolution spectra for 23 RR Lyrae stars were obtained
for this study. The basic parameters of the stars in our studyare presented in Table 1. Of the 23
RR Lyrae stars, six stars (AO Peg, DH Peg, DX Del, RR Lyr, V445 Oph and VY Ser) have obser-
vations spanning multiple phases (> 2), while the remaining 17 stars have observations coveringa
single phase. Among the 23 stars in our study, 22 are RRab typeand only one, DH Peg, is RRc type.
Finally, DM Cyg, KX Lyr, RR Lyr, RS Boo, SW And, VX Her and VY Serare Blazhko stars which
exhibit long-period modulation of their light-curve amplitude, based on the recently published com-
prehensive list of Galactic field Blazhko stars (Skarka 2013).

The reduction of the spectra was performed with standard IRAF routines for bias substraction,
flat-fielding, scattered light substraction, spectral extraction, wavelength calibration and continuum
normalization. The radial velocity was derived by cross-correlating an individual spectrum with the
template as described in Takeda et al. (2006). A portion of the spectra of RR Lyr (atφ = 0.36) and
RS Boo (atφ = 0.31) is shown in Figure 1. The equivalent widths (EWs) of the stars in our study are
measured using two methods. Due to variations in pulsation,some of our spectra show asymmetric
line profiles. Thus we applied direct integration across theabsorption line profile to derive the EW
values from those spectra. Gaussian fitting was adopted for the lines at the phases with symmetric
absorption profiles. To avoid error caused by damping wings,most of the lines used in the abundance
analysis are weak and moderately strong lines with 5 mÅ < EW < 150 mÅ. In particular, for iron,
we limited lines with EW to be in the range10 − 120 mÅ.
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Table 1 Basic Information on Observations for Stars in our Study

Star Period HJDa Phaseb vc
rad Exp. time S/Nd

(d) (φ) (km s−1) (s)

AA Aql 0.361787 2453184.955 0.61 − 15.9 600 100
AO Peg 0.547243 2453185.031 0.77 −250.5 600 70

2453185.039 0.79 −250.3 600 70
BR Aqr 0.481879 2453185.011 0.33 24.4 600 110
CI And 0.484726 2453185.094 0.45 25.4 600 60
CN Lyr 0.411382 2453184.825 0.53 34.0 600 150
DH Peg 0.255510 2453184.962 0.08 − 83.7 600 250

2453185.048 0.41 − 66.1 600 310
2453185.121 0.70 − 61.1 600 220

DM Cyg 0.419860 2453184.988 0.56 − 9.4 600 130
DO Vir 0.532723 2453184.779 0.36 6.8 600 40
DX Del 0.472617 2453184.893 0.17 − 73.1 600 290

2453184.980 0.35 − 57.0 600 290
2453185.069 0.54 − 44.4 600 240

IO Lyr 0.577123 2453184.902 0.26 −192.8 600 130
KX Lyr 0.440904 2453184.910 0.45 − 26.7 600 170
RR Cet 0.553028 2453185.083 0.18 − 94.4 600 200
RR Lyr 0.566838 2453184.796 0.90 −105.0 180 390

2453184.882 0.05 − 96.2 180 490
2453184.885 0.06 − 95.6 120 380
2453184.971 0.21 − 79.1 120 330
2453185.056 0.36 − 63.9 120 350

RS Boo 0.377339 2453184.740 0.31 − 7.0 600 210
SW And 0.442279 2453185.018 0.35 − 36.1 600 300
TV Lib 0.269624 2453184.935 0.40 − 84.1 600 80
TW Her 0.399600 2453184.814 0.12 − 33.3 600 170
UU Cet 0.606081 2453185.077 0.74 − 93.4 600 70
V413 Oph 0.449006 2453184.864 0.80 13.8 600 130
V440 Sgr 0.477479 2453184.878 0.15 − 91.1 600 260
V445 Oph 0.397023 2453184.791 0.77 6.4 600 140

2453184.928 0.12 − 42.1 600 210
VX Her 0.455373 2453184.805 0.69 −350.7 600 170
VY Ser 0.714094 2453184.761 0.36 −142.8 600 240

2453184.845 0.47 −135.5 600 270
2453184.943 0.61 −129.5 600 140
2453185.002 0.70 −125.7 600 110

Notes:a Heliocentric Julian Date at mid-exposure.b Pulsation phase (0 denotes the maximum of
V magnitude).c Heliocentric radial velocity.d Mean signal-to-noise ratio.

We did two comparisons to inspect the reliability of our EWs.Firstly, we compared our EWs
with those presented by Clementini et al. (1995). Clementini et al. (1995) measured EWs from the
average spectra (close to the minimum light) of ten RR Lyrae stars with a large wavelength coverage
of 3400− 9900 Å, resolving power of 38 000 and S/N∼ 160− 460. The comparison of our EWs (at
φ = 0.36) with Clementini et al. (1995) (atφ = 0.70) for the prototype star RR Lyr is shown in the
left panel of Figure 2. Despite the phase difference betweenthe spectra, EW values are in reasonable
agreement with an rms error of 6.73 mÅ for 37 lines that are in common: EWClem95 =−1.58+1.04×
EWThisWork mÅ. Secondly, a better internal consistency is found by comparing the EWs measured
for the same lines from our spectra of RR Lyr observed at two successive phases (φ = 0.05 andφ =
0.06) but with different exposure times. A correlation of EWφ=0.06 = −0.17+1.02×EWφ=0.05 mÅ
with an rms error of 1.69 m̊A is presented as follows (the right panel of Fig. 2) for 120 lines.
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Fig. 1 A portion of sample spectra of RR Lyr and RS Boo.
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Fig. 2 Examining the consistency of equivalent width measurements, the dashed line represents a
one-to-one relation while the thick line is the linear fit to the points.Left panel: Comparison of
EWs in the present work with Clementini et al. (1995) for the common star RR Lyr.Right panel:
Comparison for EW measurements of RR Lyr in two successive phases.

In this work, we estimated the specific pulsation phase of each spectrum by adopting the value
of period and the time of light maximum (values which are nearest to our observation would be cho-
sen among many observational maxima) from the GEOS RR Lyr Database1 to obtain the pulsation
ephemeris. The calculated phases for each of the 36 spectra are given in Table 1.

1 http://dbrr.ast.obs-mip.fr/
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3 MODEL ATMOSPHERIC PARAMETERS AND ABUNDANCE ANALYSIS

3.1 Atomic Data

The line list used for determination of stellar atmosphericparameters and abundance analysis is com-
piled from previous researches that focused on abundance analysis of RR Lyrae stars (Clementini
et al. 1995; Lambert et al. 1996; Takeda et al. 2006). Thelog gf values are mainly adopted from
high-precision laboratory measurements with several lines taken from Chen et al. (2000). The lines,
log gf values and their references are listed in Table 2.

Table 2 Atomic Data and Measured Equivalent Widths for the First 10 Lines

Element λ EP loggf Ref.a AA Aql AO Peg AO Peg BR Aqr . .
(Å) (eV) (dex) φ=0.61 φ=0.77 φ=0.79 φ=0.33 . .

FeI 5083.339 0.960 −2.960 [1] ... ... ... ... . .
FeI 5090.774 4.260 −0.440 [1] 58.1 18.7 26.5 46.3 . .
FeI 5096.998 4.280 −0.280 [3] 80.0 ... ... 46.0 . .
FeI 5110.413 0.000 −3.760 [1] 104.1 63.5 66.0 74.5 . .
FeI 5121.639 4.280 −0.810 [1] 45.3 ... ... ... . .
FeI 5123.720 1.010 −3.070 [1] 79.1 27.1 38.6 49.5 . .
FeI 5125.117 4.220 −0.080 [3] 102.2 ... ... 63.9 . .
FeI 5127.358 0.910 −3.310 [1] 65.8 ... 22.7 39.5 . .
FeI 5131.470 2.220 −2.520 [1] ... ... ... 25.6 . .
FeI 5133.689 4.180 0.200 [3] ... 67.0 67.5 91.6 . .
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .

a References of adopted loggf. A complete list of references is given in the online versionof this table.
Table 2 is available in its entirety in the online version (http://159.226.170.66/liushu/rrlyr/rrl ew all.txt).

3.2 Atmospheric Parameters

Being periodic variables, RR Lyrae stars have phase-dependent atmospheric parameters during their
pulsation cycle. In most previous works, the observations were restricted to be at or near the mini-
mum light when the atmosphere is known to be minimally affected by the pulsation. The execution
of our observations is quite different. Without pre-phase-selection, spectra of stars in our study were
arbitrarily observed at different phases. Thus, it is important to derive the atmospheric parameters of
the star at the exact observation time. In this respect, Takeda et al. (2006) derived the atmospheric
parameters (Teff , log g, [Fe/H] andvt) with variations in the pulsation phases of four RR Lyrae stars
(DH Peg, DX Del, RR Lyr, VY Ser) in our sample, by using the spectroscopic method with Kurucz
(1993)’s ATLAS9 model grids, which could be a good touchstone for us to apply the same analysis
in determination of atmospheric parameters of RR Lyrae stars at specific phases.

In the present work, model atmospheres are established by interpolating the ATLAS grids of
Castelli & Kurucz (2003), which are based on assumptions of homogeneity, being plane-parallel
and in local thermodynamic equilibrium (Castelli & Kurucz 2003). Effective temperatureTeff was
estimated by requiring the FeI abundances to be independent of the excitation potential (EP) of
the lines used. To estimate the uncertainty of the adoptedTeff , we increased the derivedTeff by
a small amount until theTeff being varied produced an obvious unacceptable trend in the derived
mean FeI abundances (∆log ǫ(Fe) exceeded a scatter of±1σ) with EP. This method yielded an
estimated averageTeff error of 100 K for stars in our study. The surface gravitylog g was obtained
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Fig. 3 FeI abundances derived from individual FeI lines for RS Boo as functions of excitation
potential (EP,upper) and equivalent width (EW,lower). The regression lines represent the mean
value of iron abundance. The determined parameters areTeff = 6610 K, log g = 2.77, [Fe/H] =
−0.12 andvt = 2.45 km s−1.

by forcing the FeI and FeII to yield the same abundances (within uncertainties of 1σ internal scatter
for both species). The uncertainty oflog g was estimated by varying thelog g value until the mean
differences in abundance between FeI and FeII lines exceeded their uncertainty of∼ 0.1 dex. The
typical error inlog g by this spectroscopic method is about 0.3 dex. Microturbulent velocityvt was
estimated in order to minimize the trend of Fe abundances from the FeI lines with EWs. We inspect
the uncertainty ofvt in the same manner as that applied onTeff by assessing the trend of mean FeI

abundances with EWs. The errors ofvt are typically 0.3 km s−1. The procedures are iterated until
full consistency is reached when new a metallicity from spectroscopic analysis is obtained.

The upper and lower panels in Figure 3 show FeI abundances of RS Boo as functions of excita-
tion potential and equivalent width respectively. As can beseen, there is no trend in FeI abundances
either with the EP or with the EW in terms of lines. The derivedatmospheric parameters for the 36
observed spectra are listed in Table 3.

3.3 Abundance Calculation and Uncertainties

Based on the established model atmospheres, the elemental abundances are calculated with the pro-
gram ABONTEST8 by requiring the calculated EWs from the model to match the observed values.
The solar abundances are derived with the same procedures asapplied to our sample stars based on
the Kurucz et al. (1984) Solar Flux Atlas. The chemical abundances of RR Lyrae stars are calculated
with respect to the Sun in the differential analysis.

The uncertainties in abundance are estimated from two sources. One significant source of error
is the random error of EWs, i.e.σEW. This error can be estimated from the scatter in the elemental
abundances from individual lines. The random error in the mean abundance is thus calculated as
σEW/

√
N , whereN is the number of lines studied. For the elements that only have one line, we

adopted the standard deviationσEW of FeI (typically 0.07 dex) to represent the random error of
those species. Another major source of error is the uncertainty in the stellar atmospheric parameters.
In this work, we adopt the typical errors of model atmospheres with∆Teff = 100 K,∆log g = 0.3 dex,
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Table 3 Stellar Atmospheric Parameters

Star Phase Teff log g [Fe/H] vt

φ (K) (dex) (dex) (km s−1)

AA Aql 0.61 6550 2.70 −0.32 2.51

AO Peg 0.77 6323 2.50 −1.29 3.56

0.79 6360 2.60 −1.22 2.86

BR Aqr 0.33 6515 2.52 −0.69 2.50

CI And 0.45 6373 2.50 −0.43 2.50

CN Lyr 0.53 6355 2.83 −0.04 3.05

DH Peg 0.08 7768 2.70 −1.02 1.95

0.41 6950 2.58 −1.13 1.80

0.70 7117 2.65 −1.14 1.66

DM Cyg 0.56 6415 2.85 0.03 3.15

DO Vir 0.36 6115 1.50 −1.57 2.49

DX Del 0.17 6673 2.67 −0.13 2.87

0.35 6380 2.70 −0.13 2.74

0.54 6310 2.83 −0.15 3.22

IO Lyr 0.26 6420 2.03 −1.35 2.80

KX Lyr 0.45 6495 2.75 −0.27 2.36

RR Cet 0.18 6650 2.20 −1.35 2.68

RR Lyr 0.90 7475 2.63 −1.31 2.47

0.05 6620 2.05 −1.41 2.78

0.06 6640 2.05 −1.39 2.87

0.21 6250 1.98 −1.40 2.59

0.36 6070 1.96 −1.42 2.57

RS Boo 0.31 6610 2.77 −0.12 2.45

SW And 0.35 6735 2.68 −0.07 2.83

TV Lib 0.40 6620 2.78 −0.43 2.02

TW Her 0.12 7465 2.38 −0.35 2.93

UU Cet 0.74 6250 2.38 −1.36 3.52

V413 Oph 0.80 7120 2.37 −0.75 2.83

V440 Sgr 0.15 7400 2.15 −1.18 2.84

V445 Oph 0.77 6495 2.95 0.14 3.65

0.12 7140 2.92 0.13 2.97

VX Her 0.69 6300 2.25 −1.33 2.50

VY Ser 0.36 5998 1.83 −1.85 2.41

0.47 5983 1.90 −1.83 2.48

0.61 6113 1.93 −1.82 2.68

0.70 6127 1.80 −1.80 3.00

∆[Fe/H] = 0.1 dex and∆vt = 0.3 km s−1 for all the stars in our study and estimated the uncertainty
of abundance by varying the derived parameters plus/minus errors. We quote the total uncertainty
for each element as the quadratic sum of the errors in abundance from atmospheric parameters and
EWs. The corresponding uncertainties in abundance of RR Lyr(φ = 0.36) and RS Boo (φ = 0.31)
are listed in Tables 4 and 5 as two typical cases, respectively.

In principle, Sc, V and Mn lines are affected by hyperfine splitting (HFS) and abundances for
these elements could be improved by taking into account the effect of HFS. However, we noticed a
recent study in which the variations of equivalent width of Mn I λ6013.5 andλ6021.8 induced by
HFS were less than 1% for giants inω Cen as shown in Cunha et al. (2010) by adopting the data on
HFS from Prochaska et al. (2000). In our spectra, since most of the lines for Sc and Mn adopted are
weak with EW values less than 50 mÅ, the HFS effect on these lines could be small. In addition,
V lines of stars in our study are very weak (5.0 mÅ 6 EW 6 14.0 mÅ) and thus the effect of HFS
can be quite small. Considering the fact that the line-to-line scatter of individual elements is small
for all stars, we can expect the effect of HFS to be insignificant in our results for the three species.
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Table 4 Uncertainties in Abundance for Various Elements in RR Lyr (φ = 0.36)

Elem. ∆T ∆ log g ∆[Fe/H] ∆vt
σEW√

N
σtot

+100 K +0.30 +0.10 +0.30

FeI 0.07 0.00 0.01 −0.02 0.01 0.07

FeII 0.01 0.10 0.00 −0.03 0.03 0.11

Na I 0.04 −0.01 0.01 −0.01 0.06 0.07

Mg I 0.05 0.00 0.00 −0.03 0.13 0.14

Si I 0.04 0.00 0.00 0.00 0.03 0.05

CaI 0.05 −0.01 0.00 −0.03 0.03 0.07

ScII 0.04 0.10 0.00 −0.01 0.02 0.11

Ti I 0.08 −0.03 0.00 −0.01 0.04 0.09

Ti II 0.03 0.10 0.00 −0.02 0.04 0.11

Cr I 0.08 0.00 0.00 −0.03 0.04 0.09

Cr II 0.00 0.10 0.00 −0.01 0.04 0.11

Mn I 0.06 0.00 0.00 0.00 0.05 0.08

Ni I 0.06 0.00 0.00 0.00 0.02 0.06

Y II 0.05 0.10 0.01 0.00 0.01 0.11

Ba II 0.06 0.11 0.00 −0.07 0.14 0.20

Table 5 Uncertainties in Abundance for Various Elements in RS Boo (φ = 0.31)

Elem. ∆T ∆ log g ∆[Fe/H] ∆vt
σEW√

N
σtot

+100 K +0.30 +0.10 +0.30

FeI 0.06 −0.01 0.01 −0.04 0.01 0.07

FeII 0.01 0.10 0.00 −0.04 0.02 0.11

Na I 0.04 −0.01 0.00 −0.02 0.07 0.08

Mg I 0.04 −0.01 0.00 −0.05 0.07 0.10

Al I 0.04 −0.01 0.00 −0.01 0.06 0.07

Si I 0.04 −0.01 0.00 −0.02 0.01 0.05

CaI 0.05 −0.01 0.00 −0.07 0.04 0.10

ScII 0.04 0.10 0.01 −0.01 0.04 0.12

Ti I 0.08 0.00 0.01 0.00 0.03 0.09

Ti II 0.03 0.11 0.01 −0.03 0.04 0.12

V I 0.10 0.00 0.03 0.00 0.03 0.11

Cr I 0.07 0.00 0.00 −0.08 0.06 0.12

Cr II 0.01 0.11 0.01 −0.03 0.02 0.12

Mn I 0.06 −0.01 0.00 −0.02 0.04 0.08

Ni I 0.06 −0.01 0.00 −0.02 0.01 0.06

Y II 0.04 0.10 0.00 −0.02 0.05 0.12

Ba II 0.05 0.10 0.00 −0.12 0.12 0.20

Cu I 0.08 −0.01 0.00 −0.02 0.06 0.10

To inspect the variation in abundance caused by HFS of Sc, V and Mn for our stars, we selected five
representative stars and calculated abundances by adopting data on HFS from the Kurucz webpage2

and obtained the typical corrections for the effect of HFS of−0.01 for Sc, 0.00 for V and−0.03
for Mn. By using the same lines, the effects of HFS in the threespecies were also inspected in solar
spectra and the corrections for Sc and V were both−0.02, which were similar to those of our stars
and could be neglected. For Mn, the correction for HFS was−0.23 for the Sun, larger than that of
our stars. Note that the ratios of [Mn/Fe] for stars in our study were 0.15 lower than the solar value
(as can be seen in Fig. 7). By adopting differential corrections for HFS in Mn with respect to the Sun,
we could adjust the zero point of [Mn/Fe] ratios for our starsby adding 0.19 to the solar metallicity

2 http://kurucz.harvard.edu/LINELISTS/GFHYPERALL/
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and thus our Mn abundance is more consistent with that of dwarf stars. Therefore, we concluded that
the effect of HFS in Sc, V and Mn lines for our stars was insignificant.

3.4 Comparison With Previous Investigations

Based on the same set of data, Takeda et al. (2006) derived stellar parameters and [O/Fe] ratios
for four RR Lyare stars that had multiple observations at different phases. We found consistent
stellar parameters between the two works with deviations inTeff of 100 K, in log g of 0.2 dex and
in [Fe/H] of 0.05 dex. Note that we have carried out an independent abundance analysis and made
some improvements to the analysis procedure by including more lines for FeI and FeII species and
adopting new models by Castelli & Kurucz (2003). In particular, we compiled the line list from three
sources (Clementini et al. 1995; Lambert et al. 1996; Takedaet al. 2006) and weak lines with EWs
of 10 − 15 mÅ were adopted, which were not included in Takeda et al. (2006), since our method of
data reduction (spectral continuum normalization and EW measurement) can provide reliable EWs
below 5 mÅ . These improvements provided more reliable stellar parameters and abundances in our
work. For example, the inclusion of weak lines with EWs of10−15mÅ improved the determination
of microturbulence since they are least affected by varyingmicroturbulence and would improve the
temperature determination somewhat in the sense that some of them have low excitation potentials,
which are few and important in the determination of temperature.

The comparison of our stellar parameters with other works inthe literature is rather difficult
since they (temperature, gravity and probably microturbulence) vary during the pulsation cycle and
the spectra in different works were observed at different phases. There is a detailed discussion on
stellar parameters from different works for the prototype RR Lyr by Kolenberg et al. (2010), and our
result is consistent with their values as well as values published by Takeda et al. (2006). Alternatively,
it will be more reasonable in the comparison of the derived abundance in different works in the sense
that most elemental abundances of RR Lyrae stars will not change at different phases. There are four
common stars in both the present work and in Fernley & Barnes (1996), and the deviation is∼ −0.15
for [Fe/H] and∼ 0.10 for [Ca/Fe]. The deviations between this work and Lambert etal. (1996)
are about−0.30 in [Fe/H] and−0.06 in [Ca/Fe]. There are eight common stars with Clementini
et al. (1995) and we found a deviation of−0.02 in [Fe/H] and even smaller for other elements. The
deviations of our values from those of Fernley & Barnes (1996) and Lambert et al. (1996) come from
the different methods adopted to determine temperatures inthe abundance analysis. For RR Lyrae,
there are spectra observed at a similar phase (φ = 0.35 in Lambert et al. versusφ = 0.36 in our
work) and we found aTeff that is higher by 130 K andlog g that is higher by 0.33 dex in Lambert
et al. (1996), which explains the significant deviation of 0.3 in [Fe/H] between the two works. We
noticed that For et al. (2011) investigated the physical properties of RR Lyrae stars by comparing
them with those presented in Lambert et al. (1996) and Clementini et al. (1995) in theTeff − log g
plane, and they showed a large star-to-star scatter in the Lambert et al. (1996) samples. Our values
are very consistent with those in Clementini et al. (1995), as well as those in For et al. (2011) in the
comparison of temperature between the photometric and spectroscopic methods. We assumed that
the spectroscopic method is favorable because it is based onhigh quality data and large numbers
of iron lines. Although For et al. (2011) recently reported the effect of the parameters on the initial
guess of temperatures, we have checked that all of our stars have convergent parameters starting
from different initial parameters.

The derived relative abundances of 15 elements (Na, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Fe,
Ni, Cu, Y and Ba) are presented in Table 6 for six stars which have multiple observations, AO Peg,
DH Peg, DX Del, RR Lyr, V445 Oph and VY Ser. Elemental abundances as a function of pulsation
phase and metallicity for the six stars in our study (indicated by different symbols) are shown in
Figures 4 and 5 respectively.
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Table 6 Derived Abundances for Six Stars at Different Phases

Star φ [Fe/H] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [Ca/Fe] [Sc/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Ni/Fe] [Cu/Fe] [Y/Fe] [Ba/Fe]

AO Peg 0.77 −1.29 ... 0.51 ... 0.42 0.35 −0.01 0.27 ... −0.01 ... 0.08 ... ... 0.07

0.79 −1.21 ... 0.43 ... 0.48 0.39 0.01 0.25 ... −0.02 ... 0.06 ... ... 0.22

DH Peg 0.08 −1.02 0.23 0.50 ... 0.38 0.33 −0.03 0.26 ... −0.02 −0.40 0.02 ... −0.05 ...

0.41 −1.13 0.22 0.50 ... 0.41 0.39 −0.01 0.31 ... −0.04 −0.37 −0.02 ... 0.04 −0.25

0.70 −1.14 0.29 0.51 ... 0.41 0.41 0.02 0.33 ... 0.03 ... 0.02 ... 0.00 −0.29

DX Del 0.17 −0.13 0.12 0.10 −0.26 0.08 0.11 −0.28 −0.10 −0.02 −0.08 −0.16 −0.04 −0.12 −0.39 −0.21

0.35 −0.13 0.06 0.07 −0.21 0.06 0.04 −0.28 −0.06 −0.02 −0.04 −0.18 −0.02 −0.08 −0.36 −0.02

0.54 −0.15 0.15 0.07 −0.10 0.10 0.02 −0.28 −0.06 −0.10 −0.07 −0.20 −0.01 −0.03 −0.35 0.01

RR Lyr 0.90 −1.31 ... 0.26 ... 0.19 0.31 −0.14 0.17 ... −0.12 ... ... ... ... −0.49

0.05 −1.41 0.02 0.42 ... 0.27 0.35 −0.07 0.23 ... −0.06 −0.47 −0.03 ... −0.13 −0.25

0.06 −1.39 0.05 0.40 ... 0.27 0.35 −0.09 0.25 ... −0.09 −0.47 −0.08 ... −0.12 −0.29

0.21 −1.40 −0.05 0.41 ... 0.32 0.38 −0.06 0.25 ... −0.09 −0.45 −0.07 ... −0.11 −0.05

0.36 −1.42 −0.10 0.41 ... 0.30 0.41 −0.03 0.22 ... −0.09 −0.45 −0.05 ... −0.14 0.08

V445 Oph 0.77 0.14 0.20 0.06 −0.13 0.02 0.20 −0.35 −0.26 ... −0.02 −0.10 −0.07 −0.02 −0.37 −0.13

0.12 0.13 0.20 0.02 −0.26 0.06 0.18 −0.24 −0.23 ... −0.02 −0.09 −0.02 −0.14 −0.46 −0.40

VY Ser 0.36 −1.85 −0.02 0.44 ... 0.38 0.47 −0.01 0.34 ... −0.08 −0.42 −0.09 ... −0.06 0.16

0.47 −1.83 −0.10 0.49 ... 0.22 0.50 −0.04 0.30 ... −0.03 ... −0.07 ... −0.07 0.18

0.61 −1.82 −0.11 0.53 ... ... 0.54 −0.03 0.36 ... 0.02 ... −0.12 ... ... 0.16

0.70 −1.80 ... 0.48 ... ... 0.53 −0.03 0.26 ... 0.06 ... 0.01 ... ... 0.14
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4 RESULTS AND DISCUSSIONS

4.1 Abundances at Different Phases

One purpose of this work is to check the dependency of elemental abundance on phases for RR Lyrae
stars. In Figures 4 and 5, we see that there is good consistency in the elemental abundances inves-
tigated in the present work at different phases of RR Lyrae stars. One exception is that [Ba/Fe] in
RR Lyr stars shows large scatter at different phases, and the[Ba/Fe] ratio atφ = 0.90 is−0.45, 0.24
lower than the mean [Ba/Fe] =−0.21 in four of the phases. The trend of [Ba/Fe] versus phase is dis-
cussed in Section 4.2. Furthermore, the only RRc type star DHPeg, and two Blazhko stars, RR Lyr
and VY Ser, follow the same trends as normal RR Lyrae stars with RRab type. This result was also
recently reported by For et al. (2011), in that the abundanceratios, [X/Fe], of theα-elements, light
odd-Z elements, and iron-peak elements show consistency throughout the pulsational cycles for both
stars with and without the Blazhko effect. Their sample of RRLyrae stars is within a narrow range
of −2.0 < [Fe/H]< −1.5 but the present work extends the validity of this result to a metal rich edge
until the metallicity of [Fe/H]> 0.0. Also, For et al. (2011) indicate [SiI/Fe] declines and [SiII /Fe]
increases with increasingTeff between phase0.8 − 1.0, and they attributed this result to the neu-
tral lines that are induced by a shock wave which partially disappears during these phases that are
near their maximum. In the present work, the spectrum of RR Lyr at φ = 0.90 is the only spectrum
observed at the post-maximum phase among our 36 spectra, andno obvious trend in [Si/Fe] versus
phases has been found in Figure 4.

In summary, abundances of most elements in RR Lyrae stars observed at different phases can be
used to trace the Galactic evolution like those in other stellar tracers. However, Si abundances should
be used with caution if stars are observed at the phases of0.8 − 1.0 and Ba abundances should be
avoided for the entire pulsation phase until its trends havebeen well explained.

4.2 The Dependance of Ba Abundance onTeff

As described above, [Ba/Fe] shows a large scatter at a given metallicity. We extend the analysis of
[Ba/Fe] versus phase to all stars in our study. In the upper panel of Figure 6, Ba abundances of RR
Lyr exhibit a trend that appears as a curve as a function of phase — a slightly rising trend during
the phase section of0.0 − 0.2, reaching the peak at the phase of 0.4 and then a possible declining
trend in the phase section of0.8 − 1.0. Moreover, [Ba/Fe] ratios show a large star-to-star scatter
at a given metallicity, and we thus investigated their dependence on stellar parameters. We have
found a decreasing trend of [Ba/Fe] with increasing temperatures as shown in the lower panel of
Figure 6 for five different metallicity ranges. In particular, the prototype RR Lyr itself covers a large
range in phase from 0.0 to 0.9, and it shows a very clear trend of decreasing [Ba/Fe] with increasing
temperature while the metallicities at different phases are the same. The opposite behavior of AO Peg
could be explained by the uncertainty in abundance. In addition, TW Her, which has a pronounced
low [Ba/Fe] =−0.81 at the phaseφ = 0.12, clearly follows the decreasing trend with increasing Teff .

The explanation for the dependence of [Ba/Fe] onTeff is unknown and needs further investiga-
tion. One may wonder if the effect of non-local thermodynamic equilibrium (NLTE) on Ba abun-
dances is the reason. Unfortunately, no such study for RR Lyrae stars can be found in the literature.
For dwarf stars, Mashonkina et al. (1999) calculated the NLTE correction to be∼ −0.03 of Ba lines
λ5853 for cool stars with [Fe/H]< −1.0. Andrievsky et al. (2009) investigated the NLTE effect of
Ba lines forλ5853 for metal-poor stars with [Fe/H]< −2.0 and the NLTE correction as a function
of temperature is 0.011 per 100 K. The NLTE result for the other Ba lineλ6141 which is adopted
in our work is not available in both of the two studies. For more metal-rich ranges, Mishenina et al.
(2009) found the NLTE correction of Ba abundances for giantsin M10 ([Fe/H] = −1.5) and M71
([Fe/H] = −0.8) was within 0.1. If these results could be applied to RR Lyraestars, we can expect
a variation of Ba abundances with temperature from 6000 K to 7400 K, as shown in Figure 6, which
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Fig. 4 Elemental abundances as a function of phase for six RR Lyrae stars with multiple observations
(AO Peg: open diamonds; DH Peg: open pentagons; DX Del: open squares; RR Lyr: open circles;
V445 Oph: open inverted triangles; VY Ser: open triangles).
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Fig. 5 Elemental abundances as a function of metallicity for six RRLyrae stars with multiple obser-
vations. The symbols are the as same as in Fig. 4.
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Fig. 6 The upper and lower panels show [Ba/Fe] ratios as functions of phase andTeff , respectively.
Different symbols indicate different metallicity ranges.Different phases for the same star are con-
nected by a straight line.

is caused by the possible effect of NLTE being around 0.1; this is too small to explain the deviation
of 0.7 in our work. Further studies on Ba abundances for RR Lyrae stars are needed.

4.3 [X/Fe] versus [Fe/H] for All Stars in our Study

As discussed in Section 4.1, RR Lyrae stars can be used to trace the chemical evolution of the Galaxy.
In Table 7, we present elemental abundances for 17 stars in our study which have one spectrum, as
well as the mean [X/Fe] ratios of different phases for the sixstars with observations in multiple
phases. The abundance ratios as a function of metallicity for a large metallicity range of−1.85 <
[Fe/H] < 0.14 are displayed in Figure 7. We overplotted the abundance results of dwarfs by Reddy
et al. (2006). In addition, abundance results of RR Lyrae stars from Clementini et al. (1995) and
For et al. (2011) are also plotted for comparison. Below, we will describe the abundance patterns of
RR Lyrae stars for four groups of elements.
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Fig. 7 Elemental abundances relative to iron abundances. The [X/Fe] ratios in this work are indicated
by filled circles. Stars from Reddy et al. (2006) are represented by pluses. Metal-poor RR Lyrae
stars from For et al. (2011) are marked by open circles. Open triangles refer to RR Lyrae stars from
Clementini et al. (1995).



1322
S

.L
iu

etal.

Table 7 Derived abundances for the 23 sample stars; mean abundancesof different phases for six stars are adopted.

Star [Fe/H] [α/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [Ca/Fe] [Sc/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Ni/Fe] [Cu/Fe] [Y/Fe] [Ba/Fe]

AA Aql −0.32 0.17 0.26 0.21 −0.18 0.24 0.19 −0.22 0.06 −0.05 −0.13 −0.31 0.06 0.02 −0.39 −0.29

AO Peg −1.26 0.38 ... 0.47 ... 0.45 0.37 0.00 0.26 ... −0.01 ... 0.07 ... ... 0.15

BR Aqr −0.69 0.25 0.15 0.33 ... 0.32 0.23 −0.45 0.14 ... −0.10 −0.37 0.07 −0.18 −0.73 −0.07

CI And −0.43 0.06 0.01 0.15 ... 0.12 0.05 −0.28 −0.05 ... −0.10 −0.21 0.06 −0.09 ... −0.21

CN Lyr −0.04 −0.02 0.05 −0.05 −0.14 0.00 0.14 −0.32 −0.14 −0.14 −0.09 −0.20 −0.07 −0.15 −0.36 0.07

DH Peg −1.09 0.39 0.25 0.50 ... 0.40 0.38 −0.01 0.32 ... −0.02 −0.39 0.01 ... 0.00 −0.27

DM Cyg 0.03 −0.07 0.12 −0.01 −0.23 0.00 0.02 −0.48 −0.24 −0.18 −0.06 −0.13 −0.09 −0.13 −0.53 −0.12

DO Vir −1.57 0.32 ... 0.32 ... ... 0.45 0.09 0.22 ... −0.07 ... ... ... 0.04 −0.17

DX Del −0.14 0.03 0.11 0.08 −0.19 0.08 0.06 −0.28 −0.07 −0.05 −0.06 −0.18 −0.02 −0.08 −0.37 −0.07

IO Lyr −1.35 0.35 0.01 0.43 ... 0.35 0.38 −0.03 0.25 ... −0.07 ... 0.01 ... −0.13 −0.18

KX Lyr −0.27 0.05 0.15 0.12 −0.04 0.09 0.07 −0.36 −0.06 −0.03 −0.06 −0.17 0.01 −0.08 −0.47 −0.10

RR Cet −1.34 0.39 0.06 0.57 ... 0.43 0.31 0.09 0.28 ... −0.01 −0.43 0.08 ... −0.11 −0.20

RR Lyr −1.38 0.30 −0.02 0.38 ... 0.27 0.36 −0.08 0.21 ... −0.09 −0.46 −0.06 ... −0.13 −0.21

RS Boo −0.12 0.02 0.03 0.07 −0.16 0.10 0.04 −0.37 −0.12 −0.19 −0.06 −0.16 −0.02 −0.03 −0.50 −0.22

SW And −0.07 0.00 0.14 0.07 −0.11 0.05 0.06 −0.40 −0.14 −0.17 −0.04 −0.15 −0.02 −0.09 −0.50 −0.28

TV Lib −0.43 0.28 0.28 0.30 0.23 0.27 0.35 0.12 0.24 ... −0.03 −0.23 0.10 0.00 −0.13 0.20

TW Her −0.35 −0.01 0.23 0.10 ... 0.07 −0.02 −0.26 −0.17 ... −0.09 −0.27 0.04 ... −0.73 −0.81

UU Cet −1.36 0.35 −0.16 0.35 ... 0.28 0.45 −0.01 0.33 ... −0.06 ... ... ... −0.09 0.08

V413 Oph −0.75 0.29 0.19 0.47 ... 0.27 0.29 −0.27 0.15 ... −0.09 ... 0.03 ... −0.49 −0.29

V440 Sgr −1.18 0.29 −0.13 0.53 ... 0.22 0.29 −0.07 0.14 ... −0.06 ... ... ... −0.03 −0.40

V445 Oph 0.14 0.00 0.20 0.04 −0.20 0.04 0.19 −0.30 −0.25 ... −0.02 −0.09 −0.05 −0.08 −0.42 −0.26

VX Her −1.33 0.32 0.04 0.41 ... 0.42 0.30 −0.09 0.16 ... −0.11 −0.43 −0.02 ... −0.10 0.08

VY Ser −1.83 0.40 −0.08 0.49 ... 0.30 0.51 −0.03 0.33 ... −0.03 −0.42 −0.07 ... −0.07 0.16
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4.3.1 The α-elements

In Figure 7, the fourα-elements (Mg, Si, Ca, and Ti) exhibit a decreasing trend with increasing
metallicity. Specifically, there is an overabundant [α/Fe] of 0.34 in the moderately metal-poor range
of −1.85 < [Fe/H] < −0.70. For [Fe/H] > −0.70, the trend decreases steeply with increasing
metallicity until reaching the solar value at [Fe/H]∼ 0.0. The abundance behaviors ofα-elements
generally follow the same pattern as those in dwarf stars (Bensby et al. 2003; Fulbright 2000; Reddy
et al. 2006), but we note that [Ti/Fe] in this work is0.1 − 0.2 dex lower than abundances of three
otherα-elements, which is also reported by Zhang et al. (2009) for both dwarf and giant stars. A
possible explanation is that the heavyα-element Ti is produced during complete and incomplete
silicon burning while Si and Ca undergo incomplete explosive silicon and oxygen burning (Cayrel
et al. 2004). In addition, there is slightly higher [Mg/Fe] than is seen in dwarf stars for the relatively
metal-poor RR Lyrae stars at the mild metallicity range of−1.85 < [Fe/H] < −0.7, indicating their
possible origin from the thick disk or the halo. Later information on kinematics will help to clarify
this issue.

4.3.2 The light odd-Z elements

In Figure 7, [Na/Fe] ratios show a rising trend with increasing metallicity at the metal-poor end
and then become relatively flat towards higher metallicity.The [Na/Fe] behaviors of RR Lyraes are
consistent with the results from giants (Alves-Brito et al.2010) and dwarfs (Bensby et al. 2003;
Fulbright 2000; Reddy et al. 2006). In this work, we adopt four Na I lines, which are theλλ5682.6,
5688.2 andλλ6154.2, 6160.7 doublets. The NaI resonance D-lines,λλ5889.9, 5895.9, are not used
to avoid severe saturation in metal-rich stars.

Al might have been expected to behave like Na. In this work, AlI linesλλ6696.0, 6698.6 and
λλ7835.3, 7836.1 are adopted. Since the lines are too weak to bedetected in our metal-poor stars,
Al abundances are derived for eight metal-rich RR Lyraes andresult in a mean [Al/Fe] of−0.11. TV
Lib shows a large deviation by having an overabundant [Al/Fe] of 0.23 while the other eight metal-
rich variables have underabundant [Al/Fe]. Note that TV Libalso shows obvious high abundances
for Sc, Y and Ba elements, and will be discussed as a special case in Section 4.5.

Sc abundances in this study show a decreasing trend with increasing metallicity. As exhibited
in Figure 7, [Sc/Fe] shows a nearly flat behavior with the solar value in a mildly metal-poor range
of −1.85 < [Fe/H] < −0.70, and then starts to decrease at [Fe/H]∼ −0.70 with an underabundant
[Sc/Fe] of−0.32 for 13 stars in the metal-rich end. Obviously, Sc abundancesfollow the same
pattern asα-elements, which was suggested by Nissen et al. (2000). However, our [Sc/Fe] ratios
have significantly lower ratios at the metal-rich end, and interestingly, there is a similar case —
Yttrium, which is shown in Section 4.3.4. The interpretation for the peculiar Sc and Y abundances
will be presented later in the description of Y abundance.

4.3.3 The iron-peak elements

The iron-peak elements have a similar nucleosynthesis process that is mainly produced by an SN
Ia, and they are believed to show the same abundance patternsas iron. [X/Fe] ratios of iron-peak
elements, V, Cr, Mn, Ni and Cu, as a function of metallicity are exhibited in Figure 7.

The Cr and Ni show a similar trend that closely follows Fe overthe whole metallicity range of
−1.85 < [Fe/H] < 0.14, which is in good agreement with of those of giants and dwarfs (Chen et al.
2000; Fulbright 2000; Reddy et al. 2006; Takeda et al. 2008).

[Mn/Fe] in our analysis presents an increasing trend with increasing metallicity. The flat trend
with underabundant [Mn/Fe]∼ −0.43 at the metal-poor end of [Fe/H]< −1.0 is consistent with the
results of Mn in dwarfs (Gratton 1989; Nissen et al. 2000; Reddy et al. 2006).
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The abundances of V and Cu are only derived for metal-rich RR Lyrae variables. Abundances
of the two elements shown in Figure 7 are both approximately constant around the solar values for
[Fe/H] > −0.80, with a mean [V/Fe] of−0.11 and a mean [Cu/Fe] of−0.08. Both of the trends
generally confirm the trends of V or Cu for dwarfs (Reddy et al.2006).

4.3.4 The neutron capture elements

At solar and moderately low metallicity, the slow neutron capture process (s-process) dominates the
abundances of Y and Ba (Arlandini et al. 1999). The s-process, which has a typical neutron capture
timescale that is longer than the timescale ofβ-decay, probably occurs in the convection zone of
low mass asympototic giant branch (AGB) stars on a similar timescale as the iron-peak elements
produced in SNe Ia.

As mentioned above, [Y/Fe] shows theα-element-like trend following [Sc/Fe]. As compared
with the flat pattern around the solar value of Y for dwarfs with [Fe/H]< −1.0 (Reddy et al. 2006;
Zhao & Magain 1991), Y gives significantly lower abundances with a mean [Y/Fe] of−0.47 in the
metallicity range of [Fe/H]> −0.7.

The anomalous abundances of Sc and Y in metal-rich RR Lyrae stars are unexplained in the con-
text of Galactic chemical evolution. Clementini et al. (1995) is the only study which has reported the
underabundant [Sc/Fe] and [Y/Fe]. For two common stars, SW And and V445 Oph, Clementini et al.
(1995) derived the mean [Sc/Fe] =−0.51 and [Y/Fe] =−0.47 while the mean [Sc/Fe] and [Y/Fe] of
our work are−0.35 and−0.46 respectively. Clementini et al. (1995) suspected that the anomalous
abundances of Sc and Y are attributed to overionization caused by the Lyman line emission that is
induced by a shock wave during the pulsation cycle. However,it is not clear why the effect of low Sc
and Y abundances is not found in metal-poor stars. Alternatively, we note that Sc and Y abundances
are derived with ionized lines, which are sensitive to surface gravity as shown in Tables 4 and 5. In
view of this, we consider that the deviations could come fromdifferent surface gravities between
evolved RR Lyrae stars and unevolved dwarf stars. We thus suggest that they may not represent the
chemical evolution of the Galaxy.

As already discussed in Section 4.2, [Ba/Fe] for stars in ourstudy has a large star-to-star scatter
of 0.22 and exhibits a slightly increasing trend with increasing [Fe/H] for the whole range of metal-
licity. Again, the abundance trend follows the same patternas for dwarf stars (Fulbright 2000; Reddy
et al. 2006). In addition, TW Her, the outlier with pronounced Ba underabundance of−0.81, will be
discussed as a special case in Section 4.5.

4.3.5 Remarks on abundance results

In comparison with dwarf stars from the literature, we foundthat most elements follow similar
trends, except for Sc and Y, which have significantly lower abundance ratios at metal-rich ends.
The peculiar abundances of the two elements do not follow thegeneral picture of Galactic chemical
evolution.

Comparing with results on RR Lyrae stars, our elemental abundances agree with those from
Clementini et al. (1995) for eight common stars. In particular, for Sc and Y, Clementini et al. (1995)
also found anomalous behaviors in metal-rich RR Lyraes but did not give an explicit interpretation
for the mechanism. Further studies on both observations andtheory are needed.

In addition, at the metal-poor end, we included 11 field RR-abtype stars from For et al. (2011)
and there are consistent trends for most elements. For example, decreasing [Na/Fe] with decreasing
metallicity is seen in both works, but the enhanced [Ni/Fe] ratios in For et al. (2011) are not found
in our data and are unexplained by the nuclosynthesis that predicts the same yield for Fe and Ni.
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4.4 Kinematics

The kinematic parameters (ULSR, VLSR, WLSR), relative to the local standard of rest (LSR), were
derived based on the method given by Johnson & Soderblom (1987), adopting the correction for
solar motion of (−8.50, +13.38, +6.49) km s−1 (Coşkunoǧlu et al. 2011). The radial velocity was
measured from our spectra, and corrected to the heliocentric velocities. The position, distance and
proper motion were taken from Beers et al. (2000). Mean values of kinematic parameters from
different phases for the RR Lyraes, with observations that included multiple phases, were adopted to
represent their kinematics.

We then followed the method adopted by Reddy et al. (2006) of assigning the probability of
membership for each star to either the halo, the thick disk orthe thin disk. In Reddy et al. (2006),
stars in the halo, thick-disk and thin-disk are assumed to follow a Gaussian distribution function
in Galactic velocity space (U, V, W ). With given asymmetric velocity drifts and dispersions, the
probability that a star belongs to the halo (Phalo), the thick disk (Pthick) or the thin disk (Pthin)
could be computed. A probability in excess of 70 percent was considered to assign a star to either
the halo, the thick disk, or the thin disk. Of the 23 field RR Lyraes, seven variables belong to the halo
population, three variables to the thick disk and 10 variables were classified as thin disk stars. For the
remaining three stars, BR Aqr and TV Lib belong to either the thin or thick disk with approximately
equal probability or probability lower than 70 percent, while V440 Sgr belongs to either the thick
disk or halo with equal probability. All the stars in our study are plotted on the Toomre diagram in
Figure 8, and are listed by different classifications in the last column of Table 8, in addition to their
kinematic parameters mentioned above.
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Fig. 8 Toomre diagram of the stars in our study. The halo stars are represented by filled squares. The
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1326 S. Liu et al.

Table 8 Spatial velocities, population probability and kinematical classifications of stars in our
study. The kinematic parameters listed in this table are calculated from data of Beers et al. (2000).

Star ULSR VLSR WLSR Phalo Pthick Pthin Classification
(km s−1) (km s−1) (km s−1) (%) (%) (%)

AA Aql −113.84 −86.41 62.96 3 ± 2 96 ± 0 1 ± 0 Thick Disk
AO Peg −139.62 −320.20 13.69 99 ± 0 0 ± 0 0 ± 0 Halo
BR Aqr 3.99 −48.99 −49.68 2 ± 0 51 ± 7 47 ± 62 Thin Disk/Thick Disk
CI And 12.04 21.24 −14.25 0 ± 0 1 ± 0 99 ± 0 Thin Disk
CN Lyr −55.44 27.46 0.16 0 ± 0 1 ± 0 99 ± 0 Thin Disk
DH Peg 55.16 −45.47 22.54 0 ± 0 8 ± 2 92 ± 5 Thin Disk†

DM Cyg 37.02 4.57 −26.99 0 ± 0 3 ± 0 96 ± 2 Thin Disk
DO Vir 398.62 −250.14 306.90 99 ± 0 0 ± 0 0 ± 0 Halo
DX Del 57.47 −17.83 7.55 0 ± 0 2 ± 1 98 ± 1 Thin Disk
IO Lyr 257.59 −113.88 106.56 97 ± 3 3 ± 7 0 ± 0 Halo
KX Lyr −55.06 −36.45 8.96 0 ± 0 3 ± 3 97 ± 12 Thin Disk
RR Cet −85.62 −134.65 28.64 7 ± 1 93 ± 3 1 ± 0 Thick Disk
RR Lyr 246.25 −140.10 3.56 85 ± 8 15 ± 14 0 ± 0 Halo
RS Boo −13.97 30.69 −8.14 0 ± 0 1 ± 0 99 ± 0 Thin Disk
SW And −52.56 −28.78 −15.03 0 ± 0 3 ± 0 97 ± 2 Thin Disk
TV Lib 80.44 75.57 −9.85 0 ± 0 15 ± 25 85 ± 50 Thin Disk/Thick disk
TW Her −11.07 −16.07 −23.27 0 ± 0 2 ± 0 98 ± 2 Thin Disk
UU Cet 228.77 −142.27 45.25 84 ± 12 16 ± 25 0 ± 0 Halo
V413 Oph −34.16 −117.26 5.98 2 ± 1 89 ± 10 9 ± 41 Thick Disk
V440 Sgr 43.12 −201.78 −22.62 56 ± 1 44 ± 42 0 ± 0 Thick Disk/Halo
V445 Oph 28.70 2.44 39.81 0 ± 0 7 ± 4 93 ± 14 Thin Disk
VX Her 349.90 −237.10 −11.42 99 ± 0 0 ± 0 0 ± 0 Halo
VY Ser 257.83 −281.68 120.75 99 ± 0 0 ± 0 0 ± 0 Halo

† DH Peg is re-classified as a halo star with Hipparcos data (vanLeeuwen 2007).

In Figure 8, we see that stars in the halo, as well as those in the thick and thin disk, comform
well to the kinematical definition that stars with total space velocity of 85 km s−1 < Vtot < 180
km s−1 generally belong to the thick disk, stars with a velocity higher thanVtot > 180 km s−1 and
those with a velocity lower thanVtot < 85 km s−1 have a high probability of belonging to the halo
and the thin disk, respectively (Bensby et al. 2010; Fuhrmann 2004). Combining with the abundance
indicator, we clearly see that halo and thick disk RR Lyrae stars classified by kinematics belong to
the metal-poor group with overabundant [α/Fe] of 0.35 and 0.28, respectively. [Mg/Fe] gives similar
values around0.40 in both the halo and the thick disk RR Lyrae stars. All the thindisk stars of
our sample are metal-rich RR Lyraes with [Fe/H]> −0.50. They have [α/Fe] = 0.02 and [Mg/Fe]
= 0.08. There is one exception in the classification based on kinematics and metallicity. DH Peg
is a metal-poor RR Lyrae star with [Fe/H] =−1.09 and an overabundant [α/Fe] = 0.39 ([Mg/Fe]
= 0.50), but it is classified as a thin disk star based on Beers et al. (2000)’s kinematic data. We
thus adopted the parallaxes and proper motions from newly released Hipparcos data (van Leeuwen
2007) to recalculate (ULSR, VLSR, WLSR) and applied the kinematical classification to 15 stars. The
remaining eight variables are not included in the Hipparcoscatalogs. The recalculated results are
consistent with the calculations from data of Beers et al. (2000), except for DH Peg, which was
assigned to be a member of the halo population by adopting Hipparcos data. Thus DH Peg is a halo
star, instead of a thin disk star, as also indicated by its abundance pattern.

To sum up, stars in our study with halo and thick disk kinematics show enhanced [α/Fe]∼ 0.30,
while stars with solar [α/Fe], especially [Mg/Fe], are mainly concentrated in the metal-rich part of
[Fe/H] > −0.50 and they generally have a high probability of belonging to the thin disk.
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Fig. 9 Sample spectra of AA Aql and TV Lib in the section of ScII lines at 5657.90̊A, 5667.15Å
and 5669.042̊A.

4.5 Two Special Cases — TV Lib and TW Her

Among the stars in our study, two variables, TV Lib and TW Her,have very different abundance
patterns at similar metallicity around [Fe/H] =−0.4. TV Lib has overabundant [α/Fe] ratios while
TW Her has solar [α/Fe] ratios. The kinematic information indicates a thick disk origin for TV Lib
and a thin disk origin for TW Her. Furthermore, there are quite different abundance ratios in Sc, Y
and Ba elements with the underabundant [X/Fe] ratios in TW Her. Both stars are different from other
RR Lyrae stars with similar kinematics. In particular, TV Lib shows solar [Sc/Fe] following dwarf
stars while other metal-rich RR Lyrae stars have underabundant [Sc/Fe] for their metallicity. We
have shown the spectra, including three ScII lines in Figure 9, and they indeed have stronger lines
as compared with AA Aql, which has similar atmospheric parameters as TV Lib. Although TV Lib
only has a slightly lower microturbulent velocity, [Sc/Fe]is not sensitive to the microturbulence.
We suspect that the enhanced [Sc/Fe] in this star is real. In addition, we note that TV Lib has an
extremely short period ofP = 0.27 day compared with other normal RRab variables. Also, Kovács
(2005) identified the short period RRab star TV Lib as an outlier in a study of the light curves
of RR Lyrae variables and thought this sample might be unique. Further study on the two stars is
desirable.

5 CONCLUSIONS

We derived stellar atmospheric parameters (Teff , log g, [Fe/H], vt) and abundance ratios [X/Fe] for
15 elements in a sample of 23 RR Lyrae stars. Among the sample stars, six have spectra at different
phases, and we found consistent abundance ratios without any trend in different phases, which was
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previously investigated in the metal-poor population for alimited number of stars. We confirmed
that RR Lyrae stars are good stellar tracers of Galactic chemical evolution by extending the study
to metal-rich populations until [Fe/H]> 0.0 and to more elements. Their abundances generally fol-
low the same trends as dwarf stars except for Sc and Ba. The kinematics indicate their origins are
from a mixture of three populations (the halo, the thick diskand the thin disk), while the metal-rich
RR Lyrae stars with [Fe/H]> −0.5 tend to originate from the thin disk. In addition, we found a
complicated behavior in [Ba/Fe], which has a large scatter at a given metallicity and an interest-
ing dependence on temperature for the same metallicity range. Finally, we found two special stars,
TV Lib and TW Her, which have different abundance patterns, indicating that some special processes
have happened in some RR Lyrae stars.
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