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Abstract. Space-based photometric missions revealed a surprising abundance of millimagnitude-level addi-
tional modes in RR Lyrae stars. The modes that appear in the modulated fundamental-mode (RRab) stars can
be ordered into four major categories. Here we present the distribution of these groups in the Petersen diagram,
and discuss their characteristics and connections to additional modes observed in other RR Lyrae stars.

1 Introduction

RR Lyrae stars have been classified into three main cate-
gories based on the pulsation modes present in their light
variations. These classical Bailey classes are designated
as RRab, RRc, and RRd for the fundamental-mode, first-
overtone and double-mode stars, respectively. (A fourth,
second-overtone group is claimed to exist in the Magel-
lanic Clouds, but these RRe stars are yet to be found in
the Milky Way [1].) However, the discoveries of the past
decade, mainly from the OGLE survey and the photomet-
ric space missions, complicated this simple picture. The
RRc population, for example, has been extensively stud-
ied, and a new family of modes called 0.61-type, or fx
modes was discovered. These modes are strongly con-
nected to the first radial overtone, and can be detected
in both first-overtone and double-mode RR Lyrae and
Cepheid stars. These new results strongly suggest that
RRc and RRd stars should be considered as stars dom-
inated by one or two radial modes, but are not, in fact,
single- and double-mode stars.

Also, it seems that at least four main groups can be rec-
ognized, by splitting the RRab group into two subgroups:
the truly single-mode, and the modulated-multimode types
[2]. According to the results of Kepler and CoRoT, non-
Blazhko RRab stars seem to be pure radial pulsators with
no indications of other modes down to sub-mmag levels.
In contrast, modulated RRab stars exhibit a variety of low-
amplitude additional modes (see, e.g., [3]). However, the
distribution of these modes was not investigated yet in de-
tail.

In this paper we present our first results from a sys-
tematic survey of additional modes in RRab stars, based
mostly on the early campaigns of the K2 mission of the
Kepler space telescope. Here we only discuss the new
landscape and identify the main groups of the new modes.
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Detailed findings, including the amplitudes and tabulated
values will be presented in a forthcoming paper. Another
restriction is that here we only focus on modes that appear
at frequencies between fj and 2 fj, e.g., we do not include
ones that could be g-modes at low frequencies or higher-
order p-mode overtones [4, 5]. The only exception is pe-
riod doubling: the strong 9:2 resonance that destabilises
the limit cycle of the fundamental mode and causes it to bi-
furcate, occurs between the fundamental mode and the 9th
radial overtone [6]. However, because of the resonance,
the mode itself is usually not directly observable, but the
strongest signature of the bifurcation, the half-integer peak
at =~ 3/2fy, appears within the search range of our investi-
gation.

2 Additional modes in RRab stars

The first additional modes in RRab stars were discovered
by the observations of the CoRoT space telescope [7, 8].
In parallel, the first observations of the Kepler space tele-
scope also revealed peaks in multiple stars at a a level
of 1-10 mmag in the Fourier spectra [9]. These first de-
tections are summarised in the Petersen diagram in fig-
ure 1. The small grey and black dots represent the classical
RRd stars in the OGLE-III sample (Magellanic Clouds and
the bulge) and the Galactic field, respectively [1, 10, 11].
Two groups can be readily identified in the Petersen di-
agram. One is at P/Py = 2/3, or at the inverse of the
half-integer frequency peak: these are the period-doubled
(PD) stars. The other group appears around P/Py ~ 0.59.
This value agrees with the expected range of the second
radial overtone (P,/Py = 0.55...0.62), hence it is com-
monly labeled as the f, group, even though the current
one-dimensional, non-linear hydrodynamical models can-
not generate second-overtone pulsations to confirm the na-
ture of this group. The rest of the modes spread between
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Figure 1: Petersen diagram of the first additional modes detected
in fundamental-mode stars, compared to the distribution of clas-
sical double-mode stars (grey and black). The dashed line marks
the 2/3 ratio where the half-integer peaks of period doubling are
expected.

the half-integer ones and the position of the first overtone,
labeled as f;.

2.1 The current sample of additional modes

During the six years that passed since the first additional
modes described in V1127 Aq]l, the sample has expanded
greatly, mostly due to the efforts of the K2 RR Lyrae Sur-
vey (Szab6 et al., in these proceedings). One important
result came from the star RR Lyrae itself. The continu-
ous Kepler light curve of the star revealed that not only
a strongly variable period doubling, but another mode is
also present in the star that could be the first radial over-
tone [12]. A reanalysis of the Kepler quarters 5, 6, 13, and
14 uncovered a complicated structure of peaks at the re-
gions of both the half-integer peak and the first overtone.
These are marked with golden diamonds in figure 2. Here
the empty diamonds mark peaks that are separated approx-
imately by the modulation frequency of RR Lyr, suggest-
ing that these modes also experience the Blazhko effect to
at least some extent.

Additional modes were identified in a few more stars
that were observed by CoRoT, the Konkoly Blazhko Sur-
vey, OGLE-IV and from Antarctica [5, 13—16], but most of
the new detections originate from the K2 mission. This is
due to the large field-of-view and aperture of Kepler, the
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Figure 2: Petersen diagram of RRab stars, with the K2-E, K2
campaigns 0-3 and 6, and other data sets included. See the text
for more details.

step-and-stare approach of the mission, and the plethora
of newly discovered RR Lyrae stars that can be targeted,
discovered mainly by the LINEAR and Catalina Sky Sur-
veys [17, 18]. For this initial study, we analysed the fre-
quency contents of 307 RRab stars observed in K2 Cam-
paigns 0-3 and 6, and included the results from the 27 stars
detected in the K2-E2 engineering run [4]. The K2 ob-
servations were reduced with the Extended Aperture Pho-
tometry method (Plachy et al., these proceedings), and the
pulsation frequencies were determined with the Period04
software [19]. Overall, we detected additional modes in
40 stars, e.g., 12% of the K2 sample.

The investigation of the K2 data revealed interesting
patterns in the occurrence of these additional modes. In
most cases, only modes belonging to one or two main
groups could be identified. A rare example with all three
types (fi, f», PD) present in the star simultaneously, is
shown in the lower panel of figure 3. Another feature we
observed in many stars is when multiple peaks are present,
the strongest ones in the groups are not necessary the cen-
tral peaks, and/or the strongest peaks are offset from the
expected, canonical values of period doubling and/or the
first overtone. The upper panel of figure 3 clearly shows
these signatures. The f; group is centered at the canonical
value, but the highest-amplitude one is the one of highest
frequency; whereas the PD group is shifted from the 3/2
fo value, but it is symmetric in terms of amplitudes. These
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Figure 3: Two examples from Campaign 6. Upper panel: note
the offset from canonical values (red dashed lines). Lower panel:
a rare example with all three types of additional modes present.
Pulsation peaks (blue lines) have been prewhitened.

details about the RRab additional modes are currently not
understood.

For completeness, we also included the new, anoma-
lous RRd stars in figure 2 with small crosses: grey crosses
are OGLE-IV stars that feature either peculiar period ratios
or modulations or both [20], whereas black crosses are the
Blazhko-RRd stars discovered in the globular cluster M3
[21].

2.2 Distribution of the modes by period ratios

The main aim of the study was to identify sub-structures in
the distribution of the additional modes, just like the three
distinct groups found in the Petersen diagram of RRc stars
[22]. As figure 2 illustrates, this was not fully realised.
The f, group remained a broad but distinct feature at the
bottom of the Petersen diagram. Upwards, a few points
show up in the previously empty range between P/Py =
0.60...0.66.

The most dramatic change can be seen at and above the
expected position of the peaks of period doubling. Here, in
the middle of the figure, we no longer see a definite ridge
along the P/Py = 2/3 line. The points spread upwards, to
P/Py = 0.70. We suspect that in several cases, the temporal
variations of either the additional mode or the fundamental
mode, or both, give rise to multiple peaks. Some obvious
cases are linked with lines in the figure. However, this
does not explain the occurrence of all peaks. It seems that
bona-fide period doubling (resonant interaction with the
9th overtone) may suffer confusion with other modes that
are excited in the P/Py = 0.66...0.70 range.

Finally, by now, multiple stars can be identified in
which the additional modes overlap with region of the
first overtone in RRd stars, especially with the ones with
anomalous period ratios. The existence of this group
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Figure 4: In grey: the period distribution of all known RRab
stars in the K2 sample investigated here: In blue: the distribution
of stars where addtional modes were identified.

can be described by pure radial pulsations: hydrodynamic
models showed that once the period-doubling bifurcation
occurs, the new limit cycle can become unstable against
the first overtone. These triple-mode models are unlike
RRd stars: they are still dominated by the fundamental
mode, and may occur over a broader parameter regime,
and the interaction between the modes can lead to the ap-
pearance of resonant and chaotic states [23].

2.3 Distribution by pulsation periods

Interestingly, all but one RRab stars with additional modes
from the K2 sample are restricted to the period range of
Py = 0.44...0.66 d which is only a subset of the accessi-
ble period range for these stars, as shown in figure 4. At
longer periods only a single K2 star and a few bulge stars
display modes that fall approximately into the f; group.
This cut-off could be plausibly explained by the occur-
rence of the Blazhko effect itself. A recent study found
that most modulated stars have pulsation periods below
0.7 d, and their mean period is 0.54 d [24]. This is in per-
fect agreement with the distribution of the K2 stars with
additional modes, even though the distribution of all RRab
stars peaks at about 0.6 d.

However, modulated stars, although in lower numbers,
extend to periods even shorter than 0.4 d. One prime ex-
ample is V1127 Aql itself, the single occupant of the short-
period end of figures 1-2. This lack of stars can be at-
tributed the small numbers of short-period RRab stars ob-
served by K2 in general so far: a larger sample could un-
cover similar stars from the K2 sample as well.

The long-period OGLE stars were found in a study that
specifically targeted bulge RRab stars with Py > 0.6 d. Al-
though this criterion strongly limits the bulge sample, one
would still expect an increase in the number of stars to-
wards the cut-off. Yet, this not the case, hinting that the
distribution of additional modes might be different for field
and bulge RR Lyrae stars.
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3 Conclusions

New observations, especially from the K2 RR Lyrae Sur-
vey, have uncovered a plethora of low-amplitude addi-
tional modes in fundamental-mode RR Lyrae stars. These
can be grouped into three broad categories established in
recent years (namely, f;, f>, and PD), but our efforts to
detect further structures in the Petersen diagram of these
modes have not been successful so far. We suspect that
multiple radial and non-radial modes are behind these
groups and that temporal variation of the modes (either
intrinsic or connected to the Blazhko effect) further com-
plicate the identification of the modes. A more detailed
study to incorporate more K2 campaigns and examine the
amplitudes of the frequency peaks is currently under way.
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