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ABSTRACT

We present the analysis of four rst overtone RR Lyrae stars observed witkepler space
telescope, based on data obtained over nearly 2.5 yr. All four stars are found to be multiperiodic
The strongest secondary mode with frequeintyas an amplitude of a few mmag, 20—45 times
lower than the main radial mode with frequerfcy The two oscillations have a period ratio

of P/P = 0.612-0.632 that cannot be reproduced by any two radial modes. Thus, thez
secondary mode is non-radial. Modes yielding similar period ratios have also recently beeng
discovered in other variables of the RRc and RRd types. These objects form a homogenou§
group and constitute a new class of multimode RR Lyrae pulsators, analogous to a similars
class of multimode classical Cepheids in the Magellanic Clouds. Because a secondary mod§
with P /P 0.61 is found in almost every RRc and RRd star observed from space, this o
form of multiperiodicity must be common. In all foufepler RRc stars studied, we nd
subharmonics of at 1/2f and at 3/2f . This is a signature of period doubling of the
secondary oscillation, and is the rst detection of period doubling in RRc stars. The amplitudes
and phases df and its subharmonics are variable on a time-scale of 10—-200 d. The dominant
radial mode also shows variations on the same time-scale, but with much smaller amplitude.
In threeKepler RRc stars we detect additional periodicities, with amplitudes below 1 mmag,
that must correspond to non-radial g-modes. Such modes never before have been observed in
RR Lyrae variables.
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1 INTRODUCTION

RR Lyrae variables are evolved stars burning helium in their cores.
In the Hertzsprung—Russell diagram they are located at the inter-
section of the horizontal branch and the classical instability strip, in
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which the -mechanism operating in the H and He partial ionization modes. In Section 7, we put tKeplerRRc stars in a broader context
zones drives the pulsation. They are classi ed according to their pul- of other recently identi ed multimode RRc variables and discuss
sation characteristics using a variant of the initial classi cation by the group properties of this new type of multimode pulsators. Our
Bailey (1902). The subclass of the RRab stars is by far the largest.conclusions are summarized in Section 8.

These stars pulsate in the radial fundamental mode (F), with periods

of 0.3-1.0 d, and peak-to-peak amplituded/imanging from few

tenths of magnitude at long periods to more than 1 mag at short2 KEPLER PHOTOMETRY

periods. Their light curves are asymmetric (steeper on the rising The Keb| | | hed 2009 March 6 and
part). Their less numerous siblings are the RRc stars, which pulsate e Kepler space telescope was launched on arc an

in the rst overtone radial mode (10) with shorter periods in the placed in a 372'_5'9' Earth trailing heliocgntric orbit. The primary
range 0.2-0.5 d, and with more sinusoidal light curves with lower purpose oft_he missionwas tc_’ detect transits qf Earth-size pla_nets or-
amplitudes of about 0.5 mag i peak to peak. Even less numerous biting Sun-llkg stars (Borucki eF al. 2010). Th.IS goallwa.s achieved
are the RRd stars, which pulsate simultaneously in the radial rst by nearly contlr_1uous, ultraprecise photometrlc monltorlng_of_nearly
overtone mode and the radial fundamental model(®). 200 OOO_stgrs n th_e 115 d-_'ega!d qf view. A detalled_descrlptlon .

Playing an important role in distance determination and in Galac- of the mission design and its in- ight performance is presentedlln
tic structure and evolution studies, RR Lyrae stars are among theKOCh etal. (2010), Cald_vx{ell etal. (2010), Haasetal. _(2010),J_enk|ns
best studied and most observed classes of variable stars. In recen‘?_t al. (2010a,b) and Gililand et al. (2010eplers primary mis-
years, dozens of RR Lyrae stars have been observed with unprece

sion ended after four years when the second reaction wheel failed
dented precision from space by tM®ST(Gruberbauer et al. 2007), in 2013 May.

CoRoT(e.g. Szab et al. 2014) andepler(e.g. Benk et al. 2010; TheKeplermagnitude system (Hgrorresponds to a broad spec-
Kolenberg et al. 2010) telescopes tral bandpass, from 423 nm to 897 nm. The time series photometric
Nevertheless, many intriguing puzzles surround the RR Lyrae data delivered by th&epler telescope come in two diff(_arent for-_
stars. The most stubborn problem is the Blazhko effect, a quasi- mats: long cade_nce (LC) and short ca_dence (SC_)’ with s_ampl_lng
periodic modulation of pulsation amplitude and phase that has been'ates 0f 29.43 min andl 08.86 s, respectively. The t|me of mid-paint
known for more than 100 yr (Blazhkb907). Dedicated ground- of eac_h measuremt_ant is cgrrected to Barycentric Julian Date (BJD).

based campaigns (Jurcsik et al. 2009) and resulkepfer obser- Four t'm?s per orb_ltal _perlod_ the spacecraft was rotated by®0
vations (Benk et al. 2010) indicate that up to 50 per cent of the keep thlmal |IIum|.nat|on of its solar arrays. These rolls naturally
RRab stars show Blazhko modulation. For the RRc stars the inci- ©'92M12€ the data into quarters, denominated Q1, Q2, etc, where
dence rate is probably lower. Ground-based observations show it iseach quarter lasts about three months (except the rst and the last
below 10 per cent (e.g. MizersRD03; Nagy & Koacs2006). We quarter, which are shorter). The data are almost continuous, with
lack high-precision space observations for these stars. Only recentlyOnly small 9aps due to regular data downlink perlc_)d_s and to infre-
the rst Blazhko modulated RRc star was observed from space by quent t?Chn'Cal problems (safe mode, loss _Of pointing accuracy).
Kepler(Molnar et al., in preparation) . Despite many important dis- The typical duty cycle of thieplerlight curve is 92 per cent.
coveries, including detection of period doubling (Szabal. 2010)

and of excitation of additional radial modes in Blazhko variables )

(Benlo et al. 20102014; Molrér et al.2012) our understanding of ~ 2:1 Data reduction

the Blazhko effect remains poor (for a review see $22014). TheKeplertelescope is equipped with 42 science CCDs (Koch et al.
Another mystery is the mode selection process in RR Lyrae stars: 2010). A given star fell on four different CCDs with each quarterly
we do not know why some stars pulsate in two radial modes si- rq]| of the spacecraft, then returned to the original CCD. As a result
multaneously. The ability of current non-linear pulsation codes to of different sensitivity levels, the measured ux jumps from quarter
model this form of pulsation is still a matter of debate; see, e.g. to quarter. For some stars slow trends also occur within each quarter,
Kollath et al. (2002) and Smolec & Moskalikq08b) for opposing  due to image motion, secular focus changes or varying sensitivity

views. Recent discoveries of F+20 radial double-mode pulsations of the detector (Jenkins et al. 2010a). All these instrumental effects
and the detection of non-radial modes in RR Lyrae stars (see Moska-need to be corrected before starting the data analysis.

lik 2013, 2014 for reviews) make the mode-selection problem even  Qur data reduction procedure is similar to that of Nemec et al.

more topical and puzzling. Particularly interesting is the excitation (2011). We use the ‘raw’ uxes, properly called Simple Aperture
of non-radial modes, evidence of which is found in all subclasses Photometry uxes (Jenkins et al. 2010a). The detrending is done
of RR Lyrae variables. Their presence seems to be a frequent pheseparately for each quarter. The ux time series is rst converted
nomenon in these stars. into a magnitude scale. Slow drifts in the magnitudes are then
This paper describes new properties of rst overtone RR Lyrae removed by subtracting a polynomial t. Next, the data are tted
stars, some of them revealed for the rsttime by the high-precision with the Fourier sum representing a complete frequency solution.
Keplerphotometry. We present an in-depth study of four RRc stars The residuals of this t are inspected for any additional low-level
in theKepler eld: KIC 4064484, KIC 5520878, KIC 8832417 and  (frifts, which are again tted with a polynomial and subtracted from
KIC 9453114. Partial results of our analysis have been published the original magnitudes (secondary detrending). The detrended data
in Moskalik et al. (2013). They have also been included in areview for each quarter are then shifted to the same average magnitude
paper of Moskalik (2014). Here we present a fulland comprehensive |evel. As the nal step, all quarters are merged, forming a quasi-

discussion of the results. continuouskKp magnitude light curve of a star. An example of a
In Section 2, we describe ti@plerphotometry and our methods  reduced light curve is displayed in Fit.

of data reduction. Properties of the four RRc variables are summa-

rized in Section 3. Our main ndings are discussed in Sections 4-6,

where we present the results of frequency analyses of the stars and

describe amplitude and phase variability of the detected pulsation http://kepler.nasa.gov/Mission/discoveries/candidates/
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3 RRC STARS IN THE KEPLER FIELD

More than 50 RR Lyrae variables are currently identi ed in the
Kepler eld (Kolenberg et al. 2014). At the time this study was
initiated, only four of them were classi ed as RRc pulsators. Basic were pre-whitened by all frequencies other than the dominant one

characteristics of these four stars are given in TablEhe rst four (f = 1/P ) and its harmonics (Section 4). The light curves are
columns of the table list the star numbers, equatorial sky coordinatestypical for radial rst overtone pulsators, with round tops, long rise
( , ) and mearKp magnitude, all taken from thiepler Input times and low amplitudes. The change of slope which occurs shortly

Catalogue (KIC, Brown et al. 2011) . Columns 5 and 6 contain the pefore the brightness maximum is also characteristic for the RRc
pulsation periods and the total (peak-to-peak) amplitudes. All four variables (e.g. Lul977; Olech et a2001).
RRc stars turned out to be multiperiodic (Section 4), but they are  To describe light curve shape in a quantitative way, we resort to a

all strongly dominated by a single radial mode. The periods and Fourier decomposition (Simon & Lek981). We t the light curves
amplitudes given in the table correspond to this dominant mode of Fig. 2 with the Fourier sum of the form

of pulsation. They are determined from tKepler light curves.

Column 7 contains spectroscopic metal abundances, [Fe/H], fromKp ()= A + A cos2 K t+ ), ®
Nemec et al. (2013). Two stars in our RRc sample are metal-rich

(KIC 5520878 and KIC 8832417), the other two are metal-poor. and then compute the usual Fourier parameters: the amplitude ratio

Column 8 indicates other identi cations of the stars. KIC9453114is R = A /A and the phase difference = S 2 .Theyare
also known as ROTSE1 J190350.47+460144.8. None oktaer listed in Table2, together with the semi-amplitude of the dominant
RRc variables has a GCVS name yet. frequencyA (A /2). The last column of the table gives another

The last column of Tablé lists Keplerobserving runs analysed  light curve parameter: the interval from minimum to maximum,
in this paper. Here, we use only the LC photometry, collected in expressed as a fraction of the pulsation period. This quantity mea-
quarters Q1 to Q10. For KIC 8832417 and KIC 9453114 it is sup- sures asymmetry of the light curve and is traditionally callefl m
plemented by 10 d of commissioning data (QO0). Due to the loss of (Payne-Gaposchkin & Gaposchkin 1966) or a risetime parameter
CCD module no. 3, no photometry was obtained for KIC 4064484 (e.g. Nemec et al. 2011). For all four variables in Tablhis pa-
in Q6 and Q10. The total time base of the data ranges from 774 d rameter is above 0.4, which agrees with their classi cation as RRc
for KIC 4064484 to 880 d for KIC 8832417 and KIC 9453114. stars (Tsesevich 1975).

Fig. 2 displays phased light curves of the dominant mode of In Fig. 3, we compare the Fourier parameters and the peak-to-
KeplerRRc stars. The plot is constructed with-€Q1 data, which peak amplitude®A of the Kepler RRc stars with those of RR
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