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ABSTRACT

Homogeneous metallicities and continuous high-precision light curves play key roles in studying the
pulsation properties of RR Lyrae stars. By cross-matching with LAMOST DR6, we have determined
7 and 50 Non-Blazhko RRab stars in the Kepler and K2 fields, respectively, who have homogeneous
metallicities determined from low-resolution spectra of the LAMOST-Kepler /K2 project. The Fourier
Decomposition method is applied to the light curves of these stars provided by the Kepler space based
telescope to determine the fundamental pulsation periods and the pulsation parameters. The calculated
amplitude ratios of Ro1, R31; and the phase differences of ¢21, ¢31 are consistent with the parameters
of the RRab stars in both the Globular Clusters and the Large Magellanic Cloud. We find a linear
relationship between the phase differences ¢9; and ¢31, which is in good agreement with the results in
previous literature. As far as the amplitude, we find that the amplitude of primary frequency A; and
the total amplitude A,y follow either a cubic or linear relationship. For the rise time RT, we do not
find its relevance with the period of the fundamental pulsation mode Py, or A, and ¢o1. However, it
might follow a linear relationship with Rs;. Based on the homogeneous metallicities, we have derived a
new calibration formula for the relationship of period-¢s;-[Fe/H], which agrees well with the previous

studies.
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1. INTRODUCTION

RR Lyrae stars (hereafter RRLs) are low-mass pul-
sating stars located at the intersection between the clas-
sical instability strip and the horizontal branch of the
Hertzsprung-Russell diagram, with helium burning in
the core (Aerts et al. 2010). Their pulsations are in-
duced by the so-called k-mechanism, operating in the
hydrogen and helium partial ionization zones. Typical
RRLs have pulsation periods of 0.2 — 1d, amplitudes of
0.3m—1™ effective temperature Tog of 6100-7400 K, and
spectral types of A2-F6 (Catelan & Smith 2015). Ac-
cording to the pulsation modes, they can be divided into
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three types, i.e., the foundamental radial mode (type
RRab), the first overtone (type RRc) or both modes
simultaneously (type RRd) (Guggenberger et al. 2012;
Moskalik et al. 2015).

RRLs are widely used as tracers of stellar popula-
tions with ages older than 10 Gyr in the Milky Way
(Walker 1989; Mullen et al. 2021) and neighboring galax-
ies (Catelan & Smith 2015; Plachy & Szabd 2021). They
are also commonly used as standard candles, benefiting
from their relationship between My and iron abundance
(Sandage 1993; Caputo 1998; Nemec et al. 2013). How-
ever, this relationship’s intrinsic and systematic errors
are still in debate (see, e.g., Caputo et al. 2000; Di Cri-
scienzo et al. 2004; Cassisi et al. 2008; Marconi 2012,
2009; Mullen et al. 2021). The metallicities of RRLs in
those studies have been highlighted for a reliable estima-
tion of distance with the relation of period-luminosity-
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metallicity. But it is difficult to obtain accurate mea-
surements of metal abundances of this type of stars (

) )'

( ) reported a homogeneous approach towards the
calculation of mean My and [Fe/H] with a sample of 37
globular clusters via the Fourier decomposition of their
light curves. Another interesting astrophysical problem
of RRLs is the Blazhko effect, which is the amplitude
and phase modulation of the light curves on the time-
scale of tens to thousands of days ( ;

). Almost 30%-50% RRLs exhibit Blazhko charac-
teristics, but the physical origin of the effect is still a
mystery since its discovery ( ).

The investigations of RRLs have made great progress
with the unprecedented and ever-precious photometric
data obtained by the Kepler and K2 mission.

( ) investigated a sample of 29 RRLs using
the Kepler photometry and found that almost half of
the sample exhibited Blazhko effect. The prototype
star RR Lyr itself was studied in detail with the Q1-
Q2 long cadence (LC) data of Kepler by

( ), who found a multiplet structure at the
main frequency and its harmonics up to the quintu-
plets. ( ) carried out Fourier analysis
of 19 non-Blazhko RRab stars with Kepler photome-
try, among which none of the stars showed the period-
doubling effect as seen in Blazhko stars. They also
found that KIC 7021124 pulsates simultaneously in both
the fundamental and second overtone modes. Based on
the following high-resolution spectroscopic observations
with CFHT and Keck-1, ( ) determined
the iron-to-hydrogen ratios, radial velocities, and at-
mospheric parameters for 41 RRLs in the Kepler field
and thus gave a new relationship of Period-¢s;-[Fe/H].

( ) adopted a set of homogeneous samples of
fundamental mode RRLs in Kepler field to investigate
the performance of photometric metallicity. Comparing
with roughly 50 RRLs in the prime Kepler field, more
than 3000 RRLs had been proposed for observations in
K2 campaigns. Although one might lose the chance of
studying Blazhhko effect of RRLs merely with K2 pho-
tometry concerning the limited lengths of the time-series
observations of the target stars, it is possible to carry
out population studies ( ;

) and statistical investigations ( ;

).

( ) have revealed that the shapes
of light curves of RRab stars in optical wavelength have
relevance with their mental abundances. They derived
a linear relation of mental abundance with period and

low-order parameters of Fourier Decomposition on the
light curves of RRab stars in V band, with the phase
difference of ¢31 = ¢3-3¢1. This relation was investi-
gated by ( ) with the light curves in I band of
RRab stars from the Optical Gravitational Lensing Ex-

periment ( ). A calibration of the rela-
tion was carried out by 7 using the data of the Palomar
Transient Factory ( ) in R band.

( ) extended the analysis of this relation using
well-sampled light curves of RRab stars in the Kepler
field ( ). The calibration of the relation
was given by ( ) using the

RRab stars in globular clusters (GCs) and fields.

( ) obtained a new Period-¢3;-[Fe/H] re-
lation using G-band light curves provided by Gaia DR2
( ; ;

). Recent study of ( )
not only gave new relations adopting the light curves
of RRab stars of ASAS-SN sample in V band, but also
provided new calibrations for the stars observed by W1
and W2 WISE bands. A similar study for RRc stars
was also carried out by ( ).

( ) studied RRab stars with quasi-identical-
shape light curves but period differences as large as 0.05-
0.21 d based on the Galactic bulge data of the OGLE-IV
survey. They revealed that several of these stars show
very similar light curves to that of the typical bulge
RR Lyrae by examining their Fourier parameters. How-
ever, to precisely characterize the relation of Period-¢s1-
[Fe/H] and the connection of pulsation parameters of
RRab stars, homogeneous spectra and light curves are
required to derive the metallicity abundances and pulsa-
tion parameters, respectively. Fortunately, observations
of the LAMOST-Kepler /K2 project (LKS) (see,e.g.,

k) ) )

) have provided LAMOST spectra for a larger
number of Kepler/K?2 targets. In this study, we inves-
tigate the characteristics of the pulsation parameters of
the non-Blazhko RRab stars based on the Kepler light
curves and homogeneous metal abundances provided by
the LAMOST-Kepler/K2 project, and a new calibra-
tion of Period-¢3;-[Fe/H] is presented.

This paper is organized as following: the target selec-
tion process is described in § 2. The Fourier decompo-
sition analysis of light curves is presented in § 3. The
analysis results and discussion are given in § 4 and §
5, respectively. Finally, we present conclusions of this
work in § 6.

2. TARGET SELECTION

The catalog of RRLs in the fields of K2 is obtained by
combining the catalogs of RRLs of all campaigns down-
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loaded from EVEREST ( , ). We
obtain the target pixel files (hereafter TPFs) of all can-
didates of 3413 stars at the Mikulski Archive for Space
Telescopes ' (MAST, all the K2 data used in this paper
can be found in MAST: 10.17909/T9K30X) using the
catalogs. The light curves are then extracted from TPF's
with the LightKurve package ( ;

). For each star, a series of apertures
are tested on the TPFs in order to optimize the pho-
tometry precision. The extracted light curves are then
detrended by fitting and subtracting either a second-
or third-order polynomial to remove the long-term sys-
tematic errors. Finally, The corresponding fluxes are
converted to magnitudes and shifted to the Kp mean
magnitude levels. As an example, the images and light
curves of the non-Blazhko RRab star EPIC 210830646
observed by K2 are shown in Figures 1 and 2, respec-
tively.

We identify the non-Blazhko and Blazhko RRLs
among those candidates by following the most strict
and convincing evidence whether the presence of the
side peaks is shown in the frequency spectra (

).  We searched for this feature with the
software Period04 ( ), and identified
376 Blazhko and 594 non-Blazhko RRab stars, respec-
tively. Then, we take those non-Blazhko RRab stars to
cross-match with the catalog of ( ), who
derived the metal abundances of RRLs from the low-
resolution spectra of LAMOST DR6, with a total of 50
non-Blazhko RRab stars matched. We also cross-match
the catalog of ( ) with a list of the Kepler
non-Blazhko RRab stars in previous study (

), among which 7 stars are derived. As

( ) did not give the uncertainties of the metal abun-
dances of the stars, we estimate the uncertainties us-
ing the method provided by ( ). The
values of the metal abundances of the 57 non-Blazhko
RRab stars, with their corresponding uncertainties of
the metal abundances, are listed in the sixth column of
Table 1.

3. PULSATION ANALYSIS

Frequency analysis with Fourier Decomposition is use-
ful to characterize pulsations of RRLs (e.g.,

; ). For the non-Blazhko RRab

stars from No.8 to No.57 in Table 1, frequency analyses

of the light curves are carried out with the software Pe-

L https://archive.stsci.edu/missions-and-data/kepler

riod04. The corresponding uncertainties of the frequen-
cies and periods are determined according to the method
proposed by ( ). After the frequencies are
extracted from the Fourier amplitude spectra, the light
curves are fitted with the following formula concerning
the sine function series,

m(t) = mo + Z Agsin(2mifo(t —to) + i) (1)

i=1

where n is the number of fitted orders, fy the main fre-
quency, t the observation time (Barycentric Julian Date:
BJD-2454833.0 ) and ty the time of the first minimum
apparent magnitude of the light curves. The mean mag-
nitude myg, amplitude A;, and phase ¢; values at given
ith-order can be determined. As ( )
suggested, certain combinations of Fourier coefficients
are directly related to some physical parameters of pul-
sating stars. These coefficients are typically defined ei-
ther as linear combinations of phase difference of ¢;; or
as amplitude ratios R;; as follows,

Gij = jPi — i (2)
A
Rij = 4, (3)
where i = 2 or 3, j = 1 for the fundamental modes of
RRLs as suggested by ( ) and
( ). Note that ¢21 and ¢31 are corrected for in-

teger multiples of 7 to meet the ¢o7 < mand ™ < ¢31 <
27 conditions. The parameters of 5 Kepler RRab stars
analyzed from No.l to No.4 and No.7 of Table 1 are
taken from ( ). We also calculate the
maximum (A,,4,) and minimum (A,,;,) light with their
corresponding phases (@maz and @) of those stars in
Kepler and K2 missions, by fitting a second or third
degree polynomial around each peak and valley of the
phase-folded light curves, which can be used to deter-
mine the rise time RT = ¢4z - @min and total ampli-
tude Aot = Apnaz - Amin for each star. The parameters
of the stars KIC 9658012 and 9717032 as No.5 and 6 in
Table 1 are determined in this work. The uncertainties
of the Fourier coefficients for the 57 stars are also esti-
mated. Table 1 lists the properties of these non-Blazhko
RRLs in the fields of LAMOST-Kepler/K?2 project.
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Figure 1. The image of the non-Blazhko RRab star EPIC 210830646. (a) The target pixel file of the star; (b) the green polygon
indicates the optimized aperture adopted on the star for photometry.
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Figure 2. (a) The light curve of EPIC 210830646 extracted by LightKurve (Vinicius et al. 2018; Barentsen et al. 2021), (b)
the phase-folded light curve in fundamental period.
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4. ANALYSIS RESULTS
4.1. The properties of Fourier composition coefficients

The Fourier coefficient of A; is approximately pro-
portional to the total amplitude of A, since it is the
dominant component of A;,;. In order to illustrate this
relationship between A; and A;,;, we use a cubic and
a linear equation to fit the two coefficients A; and A,y
following ( ) who found that the depen-
dence between the two coefficients might be cubic us-
ing the 19 non-Blazhko RRab stars observed by Kepler
and ( ) who analysed 176 non-Blazhko RRab
stars from ASAS and WASP surveys found that the rela-
tion might be linear for the two coefficients, respectively.
The cubic fitting is as follows,

Ay =—0.28(1) x A}, —0.56(5) x A7,

(4)
+ 066(2) X Atot — 0004(1)

while the linear fitting is as follows,
Ay = 0.3223(1) x Agor + 0.0202(1) (5)

When the cubic curve (as shown in the top panel of
Figure 3) is subtracted from the A;y-A; diagram, the
residuals show no significant deviations from the aver-
age value of zero with the rms of 0.0125 mag (as shown
in the bottom panel of Figure 3). But for the linear
fitting, although the residuals show no significant vari-
ations (presented in the bottom panel of Figure 4) af-
ter subtracting the linear trending (presented in the top
panel of Figure 4) from the A;,-A; diagram, the value
of rms is 0.013 mag, which is slightly larger than that of
the cubic fitting. It is worth mentioning that the data
points away from 30 are not considered for those two
kinds of fittings as shown in the top panels of the two
figures.

( ) and ( ) had investi-
gated the relation between the two Fourier coefficients
¢21 and ¢31 of the non-Blazhko RRab stars, and they
both pointed out that the two coefficients of the stars
follow a linear relation. In this work, we perform a lin-
ear fitting for the two Fourier coeflicients ¢21 and ¢s1
and the fitting equation is as following,

d21 = 0.459(10) X Bg1 — 0.064(28) (6)

The fitting is shown in the top panel of Figure 5, and the
residuals are plotted in the bottom panel of the figure,
with an rms of 0.082 rad. The data points beyond 3o
away from the trending are not considered in the fitting.

T T
® Kepler RR Lyrs -

040F , e Lyrs e

—— Cubic fitting, RMS = 0.0125

0.35F

residuals (mag)
e
8
4
L
e
p
L.
L
i

|
0.2 0.4 0.6 0.8 10
A ot (Mag)

Figure 3. The relationship between Ao and A;. The black
and red dots are the RRLs in this study observed by Kepler
and K2, respectively. The blue curve of the data points as
shown in the top panel, and the bottom panel shows the
residuals.

& Kepler RR Lyrs .
® K2PRRLyrs
—— Linear Fitting, RMS = 0.0131

035

7777777777777 ‘*‘I*'**l»*."'.—.él‘.—‘.&f“-il‘l'****l —]

C 1 1 1 (] | A
0.2 0.4 0.6 0.8 1.0
A tor (Mag)

e <
[=]
(=]

|
=
i
%]

residuals (mag)

Figure 4. The relationship between A, and A;. The black
and red dots are the RRLs in this study observed by Kepler
and K2, respectively. The green line is the linear fitting of
the data points as shown in the top panel, and the bottom
panel shows the residuals.

Figure 6 shows how the rise time (RT) correlates with
the parameters of the light curves, including the funda-
mental period, total amplitude A, the amplitude ratio
R3; and the phase difference ¢o1. Panel (a) shows the
relation between RT and the main pulsation period. It
can be seen that the longer period probably corresponds



RRLs IN Kepler/K2-LAMOST PROJECT 9

- IKepler RR Lyrs ' ' '
® KZRRLyrs
—— Linear Fitting. RMS = 0.082
28 N
=1 26 B
M
—
Py
&S24t e
221 B
5 20k 1 1 | | | | H
g 0.25F T T T T T T T =
Y] SRV TSI S - 1P R AR 2
3 .
% —0.25E. 1 1 I I I I O
o 4.8 5.0 5.2 5.4 5.6 5.8 6.0 6.2
$a1 (rad)

Figure 5. The relationship of ¢31 and ¢21. The black and
red dots represent RRLs in this study in the Kepler and
K2 fields, respectively. The dark line is the linear equation
between the two coefficients with a rms of 0.082 rad as shown
in the top panel. After extracting this fit, the residuals are
shown in the bottom panel.

to a higher rise time for most of the stars. This is for the
first time that this tendency is noticed for Kepler and
K2 non-Blazhko RRab stars. The data points of the
total amplitudes Ay, versus RT are scattered as shown
in panel (b). R3; and RT might follow a roughly linear
trend shown in panel (c¢). The distribution of RT versus
@21 1s scattered as shown in panel (d).

4.2. Period-¢s1-[Fe/H]

A series studies ( ;
7 ; 7 i 7

; ) have been conducted
to investigate the relation of Period-¢31-[Fe/H]. In this
study, we use the fundamental periods P and the phase
differences ¢3; of the 54 non-Blazhko RRab stars with
the mental abundances [Fe/H] of these stars provided
by the LAMOST-Kepler /K2 project to give a new cal-
ibration of the relation. This relation could be fitted by
following equation,

[Fe/H] =a-+bx (P*Fo) +c X (¢31 *831) (7)

where Py and ¢3; are the mean values of the funda-
mental periods and phase differences ¢3; of the 54 non-
Blazhko stars studied in this work, respectively. We
adopt the least squares method which is implemented
by SciPy package ( ) to estimate the
best fitting coefficients with their corresponding stan-
dard errors, for which, a = -3.650 (1), b = 0.848 (4)

and ¢ = -3.992 (1). Figure 7 illustrates the distribution
of the [Fe/H] in the ¢3; versus periods plane of those
RRLs.

5. DISCUSSION
5.1. The properties of Fourier composition coefficients

In this study, we find that the values of standard er-
rors of cubic fit and linear fit for the relation of the
amplitude of the primary frequency A; and the total
amplitude A;,; of the 54 non-Blazhko RRab stars are
o1 = 0.013 and o9 = 0.0125, respectively, which means
that they follow either a cubic or linear relation. We do
not find any relation for RT with the fundamental pe-
riod, total amplitude A4,; and phase difference ¢o; of the
stars studied in this work. However, ( ) sug-
gested that the RT follows a linear relation with those
parameters for the non-Blazhko RRab stars but does
not for the Blazhko RRab stars, which is not consistent
with our result. This might be due to that the precision
of the photometry from Kepler and K2 is much higher
than that of the photometric data in the previous study.
As far as the relation between ¢o7 and ¢3; of the stars,
we find that they follow a linear relation. But
( ) found that the dependence of the two coefficients
of ¢21 and ¢31 is not very strong.

5.2. Comparing with RRab stars in globular clusters
and LMC field

As the Fourier decomposition coefficients derived from
light curves observed in Kepler white band of the 54
non-Blazhko RRab, we convert them into V' mag using
formula (2) of ( ). Figure 8 shows the
correlations of properties of the non-Blazhko RRab stars
in this study with the 177 RRab stars located in several
Galactic and LMC GCs ( ). Panel
(a) shows the logP-¢3; diagram. The stars in the GCs
with poor and intermediate metallicities define clearly
two edges, respectively. The metal-poor subsample con-
sists of 19 stars, whose metallicities are in the range
from -1.70 to -1.99 dex with an average value of -1.8 dex
( ; ). The other
subsample stars are the intermediate-metallicity stars
containing 39 members, whose metallicities are between
-0.97 and -1.23 dex with an average value of -1.1 dex. It
is clear that most no-Blazhko RRab stars in LAMOST-
Kepler/K?2 fields have metal abundance between -1.80
dex and -1.10 dex, except for two Kepler stars and five
K2 stars with metallicities higher than -1.1 dex. Panel
(b) shows that the distribution of the Fourier coefficients
Ro1 and Rg3p of the 54 non-Blazhko RRab stars in the
Kepler/K2 survey are similar to the RRab stars in GCs.
For the stars studied in this work, we find that some of
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Figure 6. Rise time as a function of the parameters of the light curves. The non-Blazhko RRab stars in this study observed
by Kepler and K2 are presented in red and black dots, respectively.

them with low R3; values have relatively high Ry val-
ues. We also find that most stars are in the upper right
side of panel (b) and most of them have high metallici-
ties. Panel (¢) shows that the stars studied in this work
do not differ from the stars in GCs. We also note that
the metallcicites might have no significant effect in this
panel. Panel (d) shows the agreement between the phase
parameters of the 54 non-Blazhko RRab stars and glob-
ular cluster RRab stars, which supports that the phase
parameters of ¢35, and ¢§; might follow a linear relation.
However, panel (d) also presents very little dependence
on the metallicities.

As the cluster RRLs adopted in this work cover
roughly one dex in the metal intermediate regime, we
collected the data of the reference stars from a large
sample high resolution spectroscopic surveys of RRLs
( ; ; ;

5 5

; ; ), with
the metallicities of RRLs ranging from -3.0 dex to so-
lar or super-solar iron abundance based on those high
resolution spectra. We cross match the catalog of those
studies with our data for the reference stars. We de-
rived 7 common stars from the study of
( ) but no common stars from other literature (
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Figure 7. Period-¢3:-[Fe/H] fit for the RRLs observed in
the LAMOST-Kepler /K2 project. The color bar is the value
of the period.

) and those stars are all in the Kepler
field. But we notice that our database of metallicity of
RRLs studied in this work is a subsample of
( ), who collected the data of the reference stars with
reliable metallicity estimates either from high-resolution
spectroscopy with the metallicity ranging from -2.95 dex
t0 -0.59 dex ( : :

) or as a member star of globular
clusters ( ) with the metallicity range from
-2.37 dex to -1.29 dex. They finally obtained 47 stars
in common, which formed their reference star sample.
The metallicity scale adopted by them was the one es-
tablished by ( ), which was derived
from the old metallicity scale ( ). They
found that the values of metallicities of RRLs estimated
from the low resolution spectra of LAMOST DR6 agree
well with those of the compiled reference stars, with a
negligible offset of -0.04 dex and a standard deviation of
0.22 dex. They also found that the dispersion is compa-
rable to that yielded by multi-epoch observations.

We also compare the Fourier decomposition coeffi-
cients Ra1, Rs1, ¢5; and ¢4, with those derived for the
RRLs in the central regions of the LMC. The latter are
determined from the OGLE Collection of Variable Stars
by ( ) and transformed from I to V'
band using equations provided by ( ).
It is clear that the coefficients of the 54 non-Balzhko
RRab stars determined in this work agree with the co-
efficients of the RRab stars well and differs from other
type RRLs shown in Figure 9.

5.3. Period-¢s1-[Fe/H]

We compare the metallicities [Fe/H] of the stars stud-
ied in this wrok calculated using Eq. 7 with those de-
rived by relationships as documented in the literature
( ; ;

). For consistency, the metallicities of those
investigations are converted to the often-used scale of
( ) (hereafter C09). The result of
this comparison is shown in Figure 10, the abscissa of
all subgraphs refer to the metallicities of the stars calcu-
lated using Eq. 7, the ordinate of all subgraphs refer to
the metallicities of the stars derived with the relations in
the literature. Panel (a) shows the metallicities compar-
ison between ours and those of ( )
(hereafter JK96), whose relation was derived using pho-
tometric data of 81 field RRab stars in V band with
metallicities based on the high-dispersion spectroscopy
scale of ( ). For consistency, we first convert
the metallicities derived with their relation to the C09
scale using the formula provided by ( ):
[Fe/H]coo = 1.001[Fe/H]jk96-0.112. We then convert
the Fourier coefficient ¢3; in K, system to V-band with
the formula (2) of ( ). We find that the
comparing result between the two relations is different
obviously within the calibration rang (-2.1 dex < [Fe/H]
< 0.7 dex) of JK96 (red horizontal lines) particularly in
the metal-rich regime. This might be due to that the
photometric data of JK96 were collected from heteroge-
neous observations at various sites and were either lack
of phase coverage or had excessive noise which caused
a failure of Fourier fit in JK96. ( )
(hereafter N13) derived a quadratic Period-¢s;-[Fe/H]
relation using 19 RRab stars in the Kepler field with
accurate metallicities measurements. The metallicities
comparison between ours and those of N13 is shown in
panel (b). The Fourier coefficients ¢3; of the 57 stars
are in same K, system with that of ( ).
Furthermore, the metallicity scale adopted by N11 and
ours are in same scale of C09. Note that the scatter is
obviously large for either the higher metallicity or lower
metallicity in their range ( -1.5 dex < [Fe/H] < 0.03
dex). ( ) suggested that this might
be caused by the higher-order term of the relationship
given by N13, and they had only one RRab star with
[Fe/H] < -2.0 dex resulting in the scarcity of calibra-
tors in their sample for low [Fe/H].

( ) (hereafter MV16) gave a new calibration of
Period-¢3;-[Fe/H] based on a sample of 381 RRab stars
in the GCs and 8 field RRab stars in order to extend the
metallicities range of their samples. The metallicities of
their sample were on the C09 scale, and we also convert



12 P. ZONG ET AL.

1.0 -
1.5

um 2.0k
2.0

3.0 -

® .
L v b e L b e b b b
-040 -0.35 -0.30 -0.25 -0.20 -0.15 -0.10 -0.
(a) log P
3.0 LN L B B L LR I
® . 1
- ‘ - 4
2.8 © o 1
. - .;. - . 4
L] “.. ® 4
2.6F o ?®@ sreto Lo 1
. - O
Wg ."@ .@7. :é:-.% Te (=
h=1 2.4 - . 2% . ) «” o0 -
:. .c ) oMl NO)
¢ @L A @J_ . . S (0] @ ‘L:). @:
220 N - T T .
- * [O] 1
2.0+ —

31

P L ! ! X L ! ! L ! ! P
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
(c) A1

e
n
(=]

— T T T T
0.40 -
. @ * ]
0.35F o aubh fhliA, . ]
o hfans -
%0 4 ]
0.30f *a, Q‘" @ . 7
5 e et !
m0.25— .. . *vim . . —:
. .c.©© ]
0.20F S - ]
. @® . ]
0.151 ® B
. ® ]
0.10F .
PR RN S  [NYT ST [N T ST NS T S (T SN ST NS "
0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
(b) Ra1
L o e L L
®_
2.8 . ® .
- :.-s" *
&%
2.6 ;,;g.@ @'. . -
Oy X!
® LA @ .
2.4k c' '@r\ééiﬁ . |
) @ *® . " |
© o KR, ‘e
. " "'.6' - ® y
225, £P~, ]
. |
® .
20.|..|..|...|...|...|...|..|..|._
. 46 48 50 52 54 56 58 60 62
(d) ¢S
31

Figure 8. Correlation of properties of LAMOST-Kepler/K2 non-Blazhko RRab stars with the 177 RRab stars located in
several Galactic and LMC GCs (black small dots ). The cluster RRab stars presented here are taken from Kovics & Walker
(2001) which were adopted by Nemec et al. (2011). The green and yellow triangles are the stars in Kepler and K2 fields in
this study, respectively. The 19 most metal-poor stars, whose metallicities are between -1.70 and -1.99 dex with a mean value
of -1.80 dex, are marked by blue circles. The 39 most metal-rich stars, whose metallicities are in the range of -0.97 to -1.23
dex with a mean value of -1.10 dex, are marked by red circles. The blue and red lines in panel (a) are linear fitting for the
metal-poor and intermediate metal abundance stars, respectively. Note that the superscript 'S’ and 'C’ of the coefficients signify
phase-parameters computed with sine and cosine series, respectively.

the K, system ¢31 value to the V-band system using for-
mula (2) of Nemec et al. (2011). The metallicities com-
paring between ours with those of MV16 show an obvi-
ous scatter within the entire calibration range of MV16,
as presented in panel (c). This phenomenon might be
due to that the sample of 381 RRab stars were binned
by period, they computed the mean period, ¢31; and V-
band amplitude, which means that the calibration pro-
vided by MV16 was based on the average instead of the
individual properties. Iorio & Belokurov (2021) (here-
after IB21) derived a G-band period-¢s;-[Fe/H] relation
based on the light curves of 84 RRab stars in Gaia Dr2
with known spectroscopic metallicities. For this com-
parison, we first use formula (2) of Kollath et al. (2011)
to convert the ¢3; value in K, system to the V-band sys-
tem, then convert it to that in the G-band system using

formula (6) of Clementini et al. (2016). What’s more, an
additional 7 offset should be subtracted from ¢3; to set
the coefficients on the same scale as IB20 as suggested
by Mullen et al. (2021). However, the metallicity abun-
dances adopted by IB20 were on the scale of Zinn & West
(1984)(ZW). We convert the metallicity abundances of
IB20 to the C09 scale using the formula of [Fe/H]co9 =
1.105[Fe/H] zws4 + 0.160. The metallicities comparison
between ours and those of IB21 exhibit a generally agree-
ment within the entire range of metallicity (-2.53 dex <
[Fe/H] < 0.33 dex), with an rms of 0.123 dex, as shown
in panel (d). However, Mullen et al. (2021) pointed out
that the relation given by IB21 tends to overestimate
the metallicity at the metal-poor ends and underesti-
mate the metallicity at the metal-rich ends. Panel (e)
shows the metallcicities comparison between ours and
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Figure 9. Comparison of Fourier coefficients of the non-Blazhko RRab stars in this study with those derived from the OGLE-IV
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observed by both Kepler and LAMOST DR6. The dark pentagon are the stars observed by both K2 and LAMOST DR6.

those of Mullen et al. (2021) (hereafter M21), who used
1980 RRab stars with a metallicity range of -3.0 dex
< [Fe/H] < 0.4 dex. We first convert the ¢3; value in
K, system to the V-band system using formula (2) of
Nemec et al. (2011). A small shift of 0.08 dex is consid-
ered in converting to the often-used C09 scale of [Fe/H]
as suggested by M21. The result exhibits an obvious
scatter between the two relations for the entire range of
metallicities. This might be due to that the sample of
RRab stars in M21 is significantly larger than ours.

6. CONCLUSIONS

As a consequence of cross-match the target stars of
Kepler and K2 photometry with those of the spectro-
scopic observations in LAMSOT DR6, we derive a sam-
ple of 57 non-Blazhko RRab stars. The pulsation peri-
ods of these stars are determined with the Fourier De-
composition method applied on the light curves, includ-
ing Rgl, ]%317 ¢217 ¢317 A1 and AtOt. We find that the
amplitude ratios Ro1, R31 and those phase difference ¢o1

and ¢31 are consistent with those determined in Globu-
lar Clusters and LMC. There is a linear relationship be-
tween the phase differences of ¢21 and ¢31, which agrees
well with those in the literature (Skarka 2014). In terms
of the amplitudes of the stars studied in this work, we
suggest that the amplitudes of primary frequencies A
and the total amplitudes A, follow either a cubic or lin-
ear pattern, which need investigate in the feature. For
the rise time RT', we do not find its relevance with the
fundamental pulsation period, A, and ¢21. However,
it might follow a linear relationship with Rs3;.

Based on the homogeneous metallicities, we have de-
rived a new calibration formula for the relationship of
period-¢31-[Fe/H], which agrees well with those in the
previous studies as documented in the literature (Jurcsik
& Kovacs 1996; Nemec et al. 2013; Martinez-Vazquez
et al. 2016; Iorio & Belokurov 2021; Mullen et al. 2021).
We foresee a much larger catalog to be coming as LAM-
OST is ongoing to release spectra both in low-resolution
and medium-resolution for targets with Kepler and K2
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Figure 10. Comparison of the [Fe/H] values of the non-Blazhko RRab stars in Table 1 derived by Eq 7 with those obtained
from the relationship of Jurcsik & Kovacs (1996), Nemec et al. (2013), Martinez-Vazquez et al. (2016), lorio & Belokurov (2021)
and Mullen et al. (2021), respectively. The blue solid lines are 1:1 secants, and the blue dashed lines are the 1 o dispersions of
those differences of the metallicity derived by the equation in previous literature and ours. The range of calibrated metallicities

used in each work to derive their respective relations are noted in each panel with red dashed—dotted lines.

photometry (Fu et al. 2020). A further and larger cata-
log which will refine the calibration of such relationships
between different pulsation parameters. Those observa-
tional results might bring new constraints to the hy-
drodynamic models constructed for RR Lyrae stars in
general.
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