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ABSTRACT

Context. The CoRoT — Convection Rotation and planetary Transits — space mission is a great opportunity for monitoring stars with
excellent time-sampling and unprecedented photometric precision for up to 150 days. As an important benefit, high-quality RR Lyrae
light curves are obtained with a quasi-uninterrupted coverage over several pulsation and Blazhko cycles.

Aims. The Blazhko effect in RR Lyrae stars is an unsolved problem of astrophysics. We used the high-precision space data to
contribute more precise knowledge to explain the possible physical processes behind the phenomenon.

Methods. We applied different period-finding techniques including Period04, MuFrAn, PDM and SigSpec. Amplitude and phase
modulation were investigated by an analytical function method as well as with the traditional O—C diagrams.

Results. The Blazhko modulation frequency is directly detected in the spectrum, as well as its first and second harmonics. It shows
the non-linear nature of the Blazhko modulation. Besides the triplets, further higher-order modulation side peaks appear around the
pulsation frequency as quintuplet, septuplet, nonuplet, undecaplet, tredecaplet, quindecaplet and sepdecaplet structures. Additional
frequencies, not belonging to the classical multiplet structures, are detected, as well as their linear combinations with the fundamental
radial mode. We interpret these additional terms as non-radial modes.

During the five consecutive Blazhko cycles, there is a shift of the maximum phase around 0.011 pulsation phase which is likely the
consequence of a long term modulation.

Key words. stars: atmospheres — stars: variables: RR Lyr — techniques: photometric — methods: data analysis — hydrodynamics —

space vehicles

1. Introduction

RR Lyrae stars have contributed to almost every branch of mod-
ern astronomy. They are the most important low-mass distance
indicators (Del Principe et al. 2006; Sollima et al. 2008), they
are present in all the stellar systems including a stellar popu-
lation older than a few Gyrs (Sanna et al. 2009). Moreover,
they are fundamental benchmarks to constrain the plausibility

* Full Table 1 is only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg. fr/cgi-bin/qcat?]/A+A/510/A39
** The CoRoT space mission was developed and is operated by the
French space agency CNES, with participation of ESA’s RSSD and
Science Programmes, Austria, Belgium, Brazil, Germany, and Spain.

Article published by EDP Sciences

of the physical assumptions adopted to construct both evolution-
ary and pulsation models of low-mass stars (Del Principe et al.

2005). In recent years, their atmosphere has been considered as
a laboratory of hypersonic shock wave simulation (Chadid et al.
2008). With their large amplitudes, the RR Lyrae stars have been
known for more than a century. Although these stars are well
studied, a few disturbing questions concerning their pulsation
and their atmospheric dynamics remain to be answered. In par-
ticular the Blazhko modulation is known since about hundred
years, while its physical origin remains an enigma. The Blazhko
effect (Blazhko 1907) is a periodic modulation of both the am-
plitude and the phase of the main pulsation on timescales typ-
ically varying from dozens to hundreds of days. As discussed
by Chadid & Chapellier (2006) and Chadid et al. (2004), none
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of the currently suggested models — the resonance model which
involves the non-radial modes (Dziembowski & Mizerski 2004)
and the magnetic oblique rotator (Shibahashi 2000) — is able to
explain the complexity of the observed properties of the Blazhko
modulation. Recently, Stothers (2006) gave a new interpretation
of the modulating Blazhko effect in RR Lyrae stars. He explains
the continuous amplitude and period changes of the main pulsa-
tion by a convective turbulent dynamo inside the hydrogen and
helium ionization zones, where the dynamo period is identical
to the Blazhko period. The Stothers theory does not require any
non-radial mode, but it still remains a qualitative interpretation
of the modulation which needs to be confirmed.

Many studies have been devoted to the light curve changes
of RR Lyrae stars. Initially, the observations were biased in gen-
eral towards the rising branch and maximum phase of the light
curve (Walraven 1949). Even the best of them have some defects
caused by the inaccuracy and data inhomogeneity. On the other
hand, both photometric (e.g. Borkowski 1980; Kovacs 1995;
Smith et al. 2003) and spectroscopic observations (Struve &
Blaauw 1949; Preston et al. 1965; Chadid et al. 1999; Chadid
& Chapellier 2006) of well-studied field Blazhko stars, have
yielded accurate frequency spectra which allow the study of the
pulsation characteristics in detail. However, the large gaps typi-
cal of inadequately sampled earth-bound single-site observations
sometimes hinder an unambiguous determination of the frequen-
cies and their amplitudes and phases. Even if the outcome of
large-scale studies such as microlensing surveys (OGLE, see
Moskalik & Poretti 2003 and MACHO, see Alcock et al. 2000,
2003) has yielded a much better picture of the general phe-
nomenology of the Blazhko effect by the extensive multi-target
surveys, these are not extended enough to study the modulation
properties in full detail. Multisite campaigns (Kolenberg et al.
2006) and compact dedicated single-site multicolour observa-
tions (Jurcsik et al. 2005, 2006, 2008, 2009) provided a higher-
level knowledge on the Blazhko phenomenon, but the coverage
is still not continuous on a long time base.

The CoRoT space mission (Convection Rotation
and Planetary Transits), successfully launched on 2006
December 27, is a great opportunity for monitoring the pul-
sating stars with excellent time-sampling and unprecedented
photometric precision for up to 150 days. As an important
consequence, several high-quality RR Lyrae light curves are
obtained with a quasi-uninterrupted coverage over several
pulsation and Blazhko cycles with an excellent photometric ac-
curacy. Our team, the RR Lyrae-CoRoTeam' is an international
collaboration focusing on a better understanding of RR Lyrae
stars using CoRoT data. Our first RR Lyrae CoRoT study has
been focused on RR Lyrae stars found during the first long run
of the CoRoT mission, long run centre and anticentre — LRc01
and LRa01 — of the Milky Way. We classified six RR Lyrae stars
in LRcO1, four of them are RRab Blazhko stars (CoRoT ID:
0100689962, 0101128793, 0101503544 and 0100881648) one
of them is an RRab monoperiodic (CoRoT ID:0101370131)
star and one is an RRd star (CoRoT ID:0101368812) and in
LRa01, there is also one RRab monoperiodic star (CoRoT
ID:0102781750) (see Chadid et al. 2009).

In this paper we present the results of the photometric
CoRoT data on the star with CoRoT ID: 0100689962, known
as V1127 Aql (@ = 19" 24m 00311, § = +01° 417 4879, J2000).

The variability of the star was discovered by Hoffmeister
(1966) on the Sonneberg plates. Since then, observations

I The dedicated website is http://fizeau.unice. fr/corot
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devoted to V1127 Aql have not been published apart from some
early photographic maxima measurements (Gessner 1973).

The CoRoT data of V1127 Aql were obtained continuously
and regularly from 16 May 2007 to 05 October 2007. Note
that the CoRoTJD corresponds to HID 2451 545.0 (January 1st,
2000 at 12":00™:00%). In Sect. 2. we present CoRoT observa-
tions. Section 3. is devoted to the description of data analysis
and its results with new findings. The specialities of the Blazhko
phenomenon are discussed in Sect. 4. Finally some concluding
remarks are given in Sect. 5.

2. Observations and data processing

The CoRoT data used in this study are the calibrated light curves,
N2-level, that have been measured by the CoRoT Exoplanet
CCDs during the first long run in the centre direction of the
Galaxy. The total time span is 143 days. The time sampling of
the light curves is 32 s, an average is taken on board over 16 such
measurements, and these results in a nominal sampling time of
5125s. We used here the resulting “white” flux for our purpose,
and we removed all measurements having non-zero quality flags
in the N2 product delivery, retaining only valid flux measure-
ments. These flagged measurements included the measurements
which were taken during the South-Atlantic Anomaly passages.
The bad data points account for 2% of the data and, their re-
moval breaks the equidistancy of the time series and changes the
behaviour of the window function. For more technical details on
the satellite and data we refer to Auvergne et al. (2009). The
CoRoT N2 data are affected by instrumental trends and jumps in
the light curves due to changes in the amount of incident stray
light during the run, periodic changes in flux caused by the satel-
lite orbit, and discontinuities in the light curves due to cosmic
ray hits on the CCDs. Then, after the removal of bad data points
a trend and jump filtering code was used to the data. The trend
filtering part of the process divides the data set into bins and
within each bin the fluxes and times are averaged. The indepen-
dently binned, averaged values of fluxes are interpolated in the
original points of time and subtracted from the observed ones.
The jump filtering process is based on the difference of the sub-
sequent points of the light curve. A difference is regarded as a
jump if it exceeds a certain factor of the standard deviation. The
data are transformed into a zero averaged instrumental magni-
tude scale.

3. Frequency analysis

As is well known, the Fourier spectra of classical Blazhko
RR Lyrae stars are dominated by equidistant triplets with a
frequency separation identical with the modulation frequency
(Chadid et al. 1999; Chadid & Chapellier 2006; Kolenberg et al.
2006). Recently, Hurta et al. (2008) found equidistant quin-
tuplets in the spectrum of RV UMa. The appearance of the
Blazhko modulation frequency f;, itself was a long-standing de-
bate. However, it has always been detected in the spectra of ex-
tended enough photometric data sets (Kovacs 1995; Nagy 1998;
Jurcsik et al. 2005, 2006, 2008, 2009). In the case of MW Lyr
it was found together with its first harmonics 2 f;, (Jurcsik et al.
2008).

From a purely mathematical point of view, when an arbitrary
periodic signal is modulated both in its amplitude and phase, its
Fourier spectrum shows an infinite series of side peak structures
with asymmetric amplitudes between the higher and lower fre-
quency sides (Benko et al. 2009; Szeidl & Jurcsik 2009).
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Fig. 1. Two-dimensional CoRoT light curve of V1127 Aql folded with the pulsation period (0.355996 d) over five Blazhko cycles. The variations

in the light curve due to the Blazhko effect are clearly visible.

3.1. Detection of frequencies

The CoRoT data of V1127 Aqgl provide 400 consecutive pulsa-
tion cycles and a homogeneous coverage of five Blazhko cycles.
The heights of maxima and minima of the light curves clearly
indicate a modulation period of about 27 days (Fig. 1).

We used different algorithms to find frequencies, such as
Period04 (Lenz & Breger 2005), the package MuFrAn (Kollath
1990), the CLEAN algorithm as introduced by Roberts et al.
(1987) and the PDM method (Stellingwerf 1978). The frequency
analyses all led to the same results with a slight difference at
higher orders. In this study, we present the results of the MuFrAn
frequency analysis. The Fourier decomposition consists of fitting
the magnitude measurements by means of the series

mn) = Ao+ . Agsin[2nF(t - To) + @], )
i=1,N

where T) is the initial epoch value of the data set CoRoTJD Ty =
2691.0.

The original spectrum is dominated by the main pulsation
frequency F; = fy = 2.809017 d~!, its harmonics up to the
20th order (Fig. 2a) and the modulation triplet structure n fy + fi,
(as insert panel a). After prewhitening the spectrum with the
main pulsation frequency, its harmonics and the triplet structure,
the dominant peaks are at the frequencies of higher-order side
peaks nfy = kfn, k # 1 (Fig. 2b) and at the modulation fre-
quency fi, = 0.0372 d~!. The unexpected amplitude ratio of the
multiplets will be discussed later. The insert in panel b shows
the higher-order side peak structure. Figure 3 shows a map of

harmonics and side peak structures, listed in Tables 1.A.1, 1.A.3,
1.A4,1.A.5,1.A.6,1.A.7,1.A.8, 1.A.9, and 1.A.10. We plotted
the order of side peaks k versus harmonic orders n in the for-
mula nfy + kfi. Due to the high precision of the CoRoT data the
number of observed side peaks remarkably increased compared
to numbers known up to now. Altogether 161 side peaks were
identified in the frequency spectrum. Surprisingly, the lower har-
monics have fewer side peaks. At the same time we could iden-
tify the multiplet structure around the higher harmonics where
the harmonic itself was not significantly detected.

Figure 2b shows the presence of Blazhko modulation fre-
quency as well. We clearly detected not only the modulation fre-
quency fn, = 0.0372 d~! but also its first 2f;, = 0.0744 and sec-
ond harmonics 3 f;, = 0.1116in V1127 Aql (Fig. 4; Table 1.A.2).
Figure 2c shows the spectrum after the prewhitening with mod-
ulation frequency, its harmonics and all higher-order side peaks.
The dominant peak f’ = 4.0326 d”! in the spectrum does not
fit to the regular pattern of harmonics and side peaks in an RR
Lyrae star.

Figure 2d shows the residual spectrum prewhitening of all
the frequencies we identified. To check our frequency solution
we ran the program package SigSpec. It calculates the spectral
significance defined by Reegen (2007) for each peak of the spec-
trum. The critical point of where to stop in the frequency anal-
yses is a well-known, unsolved problem. Generally, the applica-
tion of a certain signal-to-noise ratio is used to be accepted as a
significance level. In our case sig =5.2 value served as an over-
all criterium. However, the regular behaviour of harmonics and
side peaks in the Blazhko RR Lyrae star helps to identify even
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Fig. 2. The main steps of prewhitening process. a) The amplitude spec-
trum. b) Prewhitened spectrum with main pulsation frequency, its har-
monics and the triplets (see insert in panel a)). ¢) Prewhitened spec-
trum with modulation frequency, its harmonics and all higher-order side
peaks (see insert in panel b)). d)) Residual spectrum when all frequen-
cies in Table 1 are removed. (For better visibility only the lower fre-
quency regions are shown.)

frequency peaks, intrinsic to the star’s pulsation, with a lower
amplitude than the accepted value. Through a rigorous check in
the high-frequency region, where the noise level is lower, we
were able to detect the harmonics and their side peaks below the
generally accepted significance level. An example is presented
in Fig. 5. Around the 17th harmonic among the marked peaks
only the five highest amplitude peaks have a higher value than
the accepted significance level. Nevertheless, the regularity of
the Blazhko side peak structure can be nicely followed among
the lower amplitude peaks. We included these frequencies in our
solution. Comparing our frequencies to the result of the SigSpec
we conclude that they are very similar if we set the parame-
ter Sig~5. We add the spectral significances from SigSpec to
the amplitudes and phases of the finally accepted frequencies
(Table 1).

Knowing the precise values of the pulsation and Blazhko pe-
riod we deduce the 2007 Blazhko ephemeris:

CoRoTJD(max) = 2695.2028 + (26.88 + 0.05) E,

and the 2007 pulsation ephemeris:

CoRoTJD(max) = 2695.2028 + (0.3559966 + 0.0000006) E.
In this paper, the pulsation phase is ¢ and the Blazhko phase is .
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Table 1. Frequencies, Fourier amplitudes, phases, spectral significances
and identification of the frequencies (this table can be found in its en-
tirety at CDS).

Frequency  Amplitude Phase Sig ID
[d'] [mag] [deg]
2.809017 0.20132  317.51 2912.65 fp
5.618034 0.08213 50.81 1391.78 2fy
8.427051 0.03661  142.77 985.08 3fy
11.236067 0.01391 244.49 537.77  4fy
14.045084 0.00600  329.51 19343  5fy
16.854101 0.00218 23.01 3898 6fy
19.663118 0.00205 7191 52.56  7fy
22.472135 0.00208 165.19 56.28  8fy
25.281152 0.00165 262.38 41.69 91,
28.090169 0.00109  355.08 26.97 10f
8 O
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Fig. 3. Map of harmonics and side peaks in the Fourier spectrum of the
V1127 Aql. The order of side frequencies (k) vs. harmonic orders (n) is
plotted according to the formula nf + kf;,. Open circles denote k > 0,
filled circles k < 0 and stars k = 0, respectively.

3.2. Blazhko multiplets

The complex side peak structure shown in Fig. 3 is highly con-
nected to the amplitude value of certain peaks both in the case of
harmonics and Blazhko side peaks. The amplitude of the har-
monics of the main frequency seemingly decreases exponen-
tially as it is obtained in RR Lyrae stars. However, presenting
them on a logarithmic scale a standstill appears at the 6th, 7th
and 8th harmonics (Fig. 6). The amplitude of these harmonics
are the same while the lower-order harmonics and the higher-
order harmonics are situated on straight lines with a slightly dif-
ferent inclination. An abrupt increase of the higher-order har-
monics’ amplitudes was reported only on the other CoRoT RR
Lyrae star ID:0101370131 (Paparé et al. 2009).

Blazhko side peaks with non-significant amplitudes are
omitted causing holes in the regular pattern in Fig. 3. Table 2
summarizes the type of multiplet structure of V1127 Aql. The
triplet, quintuplet and septuplet structures are more numerous in
agreement with the fact that these are more frequently obtained
in lower quality data sets. For nonuplet (9 peaks) to septdecaplet
(17 peaks) structures the number of findings is decreasing due to
the lower amplitudes.
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Fig. 4. The Blazhko modulation frequency f;, = 0.0372 d=! and its har-
monics 2 fy,, 3 fi are clearly visible in the spectrum of V1127 Aqgl.

Table 2. Complex multiplet structures, degree of deviation and degree
of asymmetry.

Multiplet No. of freq. of 0-0
[d™"]
Triplet 34 0.000093  0.43
Quintuplet 31 -0.000115 -0.1
Septuplet 34 0.003519  -0.21
Nonuplet 28 0.001067  0.21
Undecaplet 21 0.0026 0.18
Tredecaplet 15 0.0045 -0.77
Quindecaplet 5 0.008276  0.35
Septdecaplet 1
0004 [ 1714456,
L 176,441,
[ 170,431, 17,+6f,,
.0003;
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E, .0002 B 171,
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Fig. 5. Top: a part of the unbiased Fourier spectrum around the harmon-
ics of 17fy. Bottom: the same part of the window function in the same
scale as the spectrum.

It is clear that more side peaks appear on the positive, higher-
frequency sides (k > 0, right) than on the negative, lower-
frequency sides (left). The asymmetry is caused by the ampli-
tude difference between right and left side peaks. The right-side
peaks have always a higher amplitude than the corresponding
left-side ones.

To see the regularity in a particular case Fig. 5 shows the part
of the Fourier spectrum around the 17 fy harmonic. (The original
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Fig. 6. a) Amplitude ratios of the harmonic components of the radial
pulsation given in decimal logarithmic scale (A, /A ) compared to the
amplitude ratios of the modulation components (A, f+.)/Af+s,) and
(Anfy-fur [Af-fw)- b) Amplitude ratios of the modulation components
(A,lfOJrzfm)/AfOJrzfm) and (A"f0*2fm)/Af0*2fm)' C) Amplltude ratios of the
modulation components (A, 37, /A fy+3w) and (Anfy -3 /A fy-35,) and
d) amplitude ratios of the modulation components (A, f+4fm)/A fy+4fu)s
(Anfyr5im A fyr5fm) A0 (Anfy 160y /A fy 46 fin)-

unbiased spectrum is plotted without prewhitening.) Although
the harmonic at 17 fj is not significant, its modulation side peaks
are visible up to the 7th order. The asymmetry between positive
and negative sides is clearly detected. The maximal amplitude of
the side peaks is reached at the 5th side peak (undecaplet). This
regularity is similar for the side peaks around the main pulsation
mode and its harmonics.

The general amplitude behaviour of the side peaks is pre-
sented in Fig. 6 for different kinds of multiplet peaks. The am-
plitude of triplet side peaks (left and right) runs parallel along
straight lines on the logarithmic scale. There is a slight difference
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in the amplitude of side peaks between the 9th and 14th harmon-
ics (panel a). There is a remarkable difference in the amplitude
of the left and right-side peaks in the quintuplet structure. The
right-side amplitudes (open circles) are much higher than the
left-side peaks, although the inclination of the lines are similar.
Only the right-side peaks around the main frequency and the first
harmonics have as small amplitude as the left side peaks, much
lower than around the other harmonics (panel b). There is also a
large difference in the left and right side peaks in the case of the
septuplet structure. The decrease of the amplitude is not parallel
anymore, but there are larger differences around medium-order
harmonics (panel c). The shape of the amplitude ratio vs. the
harmonic order relation is similar for higher-order side peaks
and for the lower-orders ones (panel d).

To characterize the asymmetry of the side peaks a parameter
0= Ay —A_)/A; + A_) was calculated. In Table 2 we present
the Q values for the side peaks. This indicates a higher than av-
erage asymmetry to the right in the case of a triplet, nonuplet,
undecaplet and quindecaplet structure, whereas the quintuplet,
septuplet and tredecaplet structure shows a lower than average
asymmetry to the right (see also Fig. 6). We computed the de-
gree of deviation from the equidistant spacing of the multiplet
structure with an uncertainty of £0.0069. The values of the de-
gree of deviation are given in Table 2 with the uncertainties for
all multiplet structures except for the quindecaplet.

We confirmed the previously known results obtained from
ground-based observations for triplets and quintuplets. Our high-
precision space data revealed new regularities in the higher-order
side peaks, especially for the highest amplitude of the medium-
order right-side peaks. A comparison with other RR Lyrae stars
will reveal whether the difference from a purely exponential de-
crease is connected to the more general parameters of the star or
if it is only accidental in V1127 Aql.

3.3. Additional frequencies

A dominant peak f’ = 4.0326d7! was found in the course of
our frequency analysis. A detailed analysis reveals a complex
structure in the frequency domain around the dominant peak
and around f” = 2.0163d"! presented in Fig. 7. A list of ad-
ditional frequencies is given in Tables 1.B.1, 1.B.2, 1.B.3, 1.B .4,
and 1.B.5. The combination terms between f’ and f; exclude
the possibility that f’ and f” are actually related to a back-
ground contact system, measured with V1127 Aql in the CoRoT
window.

As we see in the figure and the tables, the dominant modes
in the two regions are numerically connected to each other,
f=2f"or f = f’/2 depending on what we use as a refer-
ence frequency. Linear combination terms were also found with
Jfo (up to 6fy) and f’ or /. Many triplet, quintuplet, septuplet
components of f” and f” were identified with the Blazhko mod-
ulation frequency f;,. Multiplet structures of these additional fre-
quencies and their linear combinations with the main period and
its harmonics were also found.

We could infer the presence of a second modulation-like fre-
quency f1 = 0.159 d=!. This frequency corresponds to a period
of 6.289 d. We did not observe this frequency itself in the Fourier
spectrum, but many peaks could be identified as multiplet struc-
tures around the additional mode f” and its linear combinations
with the main pulsation frequency f’ + fy and [ +kfy (1 <k <5,
Table 1C). A triplet structure was clearly detected and we always
observed the right side peak to have a higher amplitude than the
left one. A quintuplet structure was detected only around the f”,
f'+ fo and f +2f, frequencies and showed on the left side peak.
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Fig. 7. Frequency pattern around the frequency of the additional mode
and its harmonic f' = 2f” = 4.0326 d”! (top) and f” = f'/2 =
2.0163 d~! (middle). Double peaks in the bottom panel are due to the
fine structure of the window function. The panels are in the same fre-
quency scale and are joined to each other.

A second modulation has been previously reported by Sédor
et al. (2006); Sédor (2009), but it appeared around the main pul-
sation frequency, not around a rather low amplitude additional
component. In our case second modulation peaks appear only in
the interpretation of the additional modes and their linear com-
bination of the main pulsation frequency.

It is a great challenge to find an answer to the origin of the
additional frequency f’ = 4.0326 d', its subharmonic and its
cyclic modulation f,;. There are several possible explanations:

(1) the rotation period of V1127 Aql? But, the related period
1/f" = 0.248 d seems to be too short to be the rotation
period of the RRab star V1127 Aql. Peterson et al. (1996)
measured the line-widths via cross-correlation for 27 field
RR Lyrae stars and obtained an upper limit for the projected
rotational velocity, which corresponds to 10-100 d of the ro-
tation period;

(2) tidal effects in a binary system? If V1127 Aql has a compan-
ion, the f/ = 4.0326 d~! would be the orbital period, but it
seems to be too short to be connected to the orbital period.
We could hardly explain the side peaks’ structure around f”
in this framework;

(3) Is V1127 Aql a double mode RR Lyrae variable? Additional
frequencies with low amplitudes were also found in the pho-
tometric data obtained with the MOST satellite of AQ Leo,
a “classical” RRd star (Gruberbauer et al. 2007). A higher-
order radial or resonant non-radial mode was suggested by
the authors to explain the two detected frequencies with a ra-
tio of 2:1. In our case, V1127 Agl might be interpreted as os-
cillating in the fundamental radial mode f, = 2.809017 d~!
(0.355996d) and the first or a higher-order radial over-
tone mode f/ = 4.0326 d~! (0.247978d). As in AQ Leo,
the coupling terms are clearly detected as well. Moreover,
both modes show cyclic modulation with f,, = 0.0372 d".
However, the ratio fy/f’ = 0.6965 and f; = 2.809017 d~!
(0.355996 d) does not fit to the relation of the RR d stars of
our Galaxy.
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sition of V1127 Aql assuming that the frequency f” is the first over-
tone mode.

To demonstrate this, we computed convective linear
RR Lyrae model grids on an extremely large parameter
space (L = 40, 50, 60 and 70 Lo, M = 0.50-0.80 M,
with AM = 0.05 Mg, T = 5000-8000 K, AT = 100 K,
Z = 0.001, 0.003, 0.01, 0.02 and 0.04). The other adopted
parameters were standard RR Lyrae parameters (see Szabd
et al. 2004). The Petersen diagram for different metallici-
ties is shown in Fig. 8. The “+” sign marks the observed
period ratio of P'/Py = fo/f’. We note that nonlinearity
introduces a negligible difference in the periods and period
ratios in this figure. Based on the large differences between
the observed and computed period ratios we can exclude a
radial-overtone explanation for the frequency f’. It can be
neither the first radial overtone nor one of the higher over-
tones, since the discrepancy between the computed higher-
overtone period ratios (P;/Py) and P’/ Py is even larger than
for the first overtone;

(4) is V1127 Aql a multiperiodic RR Lyrae variable? In this
case, the frequency f = 4.0326 d~' (0.248d) is a non-
radial mode with a subharmonic f” = f/2 = 2.0163 d”!
and a cyclic modulation of 6.289 d. In this scenario we have
to suppose that the additional frequencies are non-radial
modes. f’ can be a non-radial p-mode while f”” could be in-
terpreted as a g-mode, since it is longer than the radial funda-
mental mode. However, the numerical relation (f”" = f'/2)
raised the possibility of f”/ being a subharmonic. It would
be interesting to check the possibility of a 2:1 resonance be-
tween a p-mode and a g-mode. For this purpose, however,
non-radial non-linear codes for RR Lyrae stars would be re-
quired.

3.4. Multimode pulsation

We propose a second explanation that avoids the second modu-
lation frequency. The f;,,; values are slightly different when con-
sidering the couples 4.0326, 4.1916 (0.1590 d~') and 4.0326,
3.8632 (0.1694 d'). Therefore, the 3.8632, 4.0326 and 4.1916
terms could be independent excited modes. Following this hy-
pothesis, V1127 Aql could be a multimode pulsator, showing
up to nine independent modes spanning the narrow interval
from 3.64 to 4.82 d~! (Table 1.C.1). Since the corresponding

periods are shorter than the fundamental radial period, these
terms can be typified as both radial modes belonging to a higher
n number (overtones) and non-radial modes. Looking at Fig. 8,
we note that f; = 3.722d™" and fz = 3.749 d~! supply period ra-
tios compatible with the identification of one of them as the first
overtone. Moreover, f; = 4.825 d~! supplies a period ratio com-
patible with the expected ratio between the second overtone and
the fundamental mode. But, due to the large number, most if not
all of these frequencies are likely related to non-radial modes.
It it also noteworthy that the independent terms show a signa-
ture of an almost regular spacing (i.e., that between the 3.647,
3.674, 3.697,3.722, and 3.749 d~! frequencies), which could be
ascribed to effects (rotational splitting, large separation) typical
of non-radial modes.

These additional terms show combinations with several
harmonics of fy (up to 6fy) with its Blazhko modulation
(Table 1.C.2). We stress that the frequencies as listed in
Table 1.C are the same listed in Table 1.B, but they are iden-
tified in a different way. There are some relations between the
two solutions (fm1 = f2 = fi, =fm1 = f3 = f1, /7 = fo — fo)
and hence they could be considered to be very similar from a
mathematical point of view.

It is very interesting to note that the terms f, f>, and fs show
some complete multiplet structures f; +k fi, (k = 2 for f and f—
2,k = 3 for fg; Table 1.C.3). Itis hard to say whether this directly
means that the Blazhko phenomenon also affects other modes
than the radial ones, or if these terms are just linear combinations
since it could be, for instance, fi+ fi, = fi+(fo+2fm)—(fo+fm). In
the former case these terms would have a relevant impact on the
modelling of the underlying physical mechanism of the Blazhko
effect, since f;,, has been considered so far as a modulation of the
fundamental radial mode f; only.

4, The Blazhko phenomenon

The most striking feature of V1127 Aql is the large amplitude
and phase modulation of the light curve over five Blazhko cy-
cles. We emphasize that five continuously covered Blazhko cy-
cles have never been in anyone’s hands for investigation. The
present paper describes the regularity of the Blazhko modula-
tion by traditional and new tools. Due to the proper sampling
and high precision of the CoRoT data we were able to use dis-
tinguished points in the light curve to characterize the nature of
the Blazhko modulation. Especially the use of the minimum of
the light curve can be accounted as a new tool.

4.1. Amplitude modulation

Figure 9 shows the phased CoRoT light curve of V1127 Aql
folded with the Blazhko period, Py, =26.88 d. The modulation
of V1127 Aql is highly non-linear, as can be judged from the
non-sinusoidal modulation of the light curve in Fig. 9.

To assess the light variation characteristics of V1127 Aq],
we plotted the maximum and minimum brightness as a func-
tion of time (i.e., the envelopes of the light curve), as shown in
Fig. 10. Due to the non-linear nature of the modulation a third-
order harmonic series of the Blazhko modulation frequency (fi,)
is needed to separately fit the variations of the maxima and the
minima, respectively. In this way, we obtain a total light variation
of 0.753 mag. The maximum pulsation amplitude is 0.744 mag,
while the minimum pulsation amplitude is 0.352 mag. Hence,
the modulation amplitude amounts to 0.392 mag, where the
magnitudes are in the CoRoT instrumental system.
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Fig.9. The CoRoT light curve of V1127 Aql folded by the Blazhko
period.
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Fig.10. Maximum and minimum (shifted by —0.9 vertically) magni-
tudes. Both curves were fitted with third order harmonic series. There
is a phase lag between the maximum of maxima and the minimum of
minima denoted by small line segments.

The light curve folded with the Blazkho period reveals a
clear phase lag: the lowest minimum occurs around ¢ = —0.1
and the highest maximum around ¥ = 0.0.

To visualize the phase lag between the maximum of max-
ima and the minimum of the minima, in Fig. 10 the minimum
magnitudes were vertically shifted. From the fitted harmonic
series we derive a shift of 3.4344 days which is equivalent to
0.1276 Blazhko phase.

4.2. Phase modulation

The O-C curve is a traditional tool for the investigation of period
changes. In the case of a Blazhko star we use it for the investiga-
tion of period variation seemingly caused by the phase modula-
tion. We constructed O—C curves of both the maxima and min-
ima for the individual cycles (Fig. 11). Due to the higher scatter
around the minimum of the light curve the minimum has never
previously been used to construct an O—C diagram. Note that be-
cause of its double minimum caused during the bump (Gillet &
Crowe 1988), the minimum is measured by fitting a polynomial
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Fig. 11. The O—C diagram for the pulsation maxima and minima.

of the 9th order. The same was found to give satisfactory results
for the maxima, as well.

We used the epoch of the O—C values Ty = 2691.7543167
CoRoTIJD and the pulsation period Py = 0.355996 d. The vari-
ation of the maximum and minimum O-C values is of the order
of 0.06 days. The phase modulation reaches 14% of the pul-
sation period (around 77 min). V1127 Aql exhibits one of the
strongest phase modulations among all known Blazhko stars.
Both the maximum and minimum O-C diagrams reveal the same
behaviour of the phase modulation.

4.3. Instantaneous amplitude and period

We interpret the phase modulation as a period variation. In or-
der to find a connection between the amplitude modulation and
the period variation we need to derive the time-dependent am-
plitude and period. As is well known, the O—C diagram contains
the integrated effect of the period variation. However, the nu-
merical derivation of the O-C data gives a rather noisy period
value, which is an expected behaviour. One way to circumvent
the problem is to fit the maximum (or minimum) O—C values by
a polynomial.

In this work we applied another approach, namely the an-
alytical signal method (Kollath et al. 2002). It uses the mathe-
matical theorem that connects the real and imaginary part of any
complex function which is analytic in the upper half plane. This
relation makes it possible to unambiguously define the phase ¢(7)
and the amplitude A(¢) of a signal a(f) = A(r)e'*®. Consequently
it allows one to extract both the instantaneous amplitude and
period.

Figure 12, shows the instantaneous period and the ampli-
tude of the first Fourier-component of the dominant pulsational
mode. Note that the longest period occurs near the smallest am-
plitude, and the shortest period is seen at the middle of the de-
scending phase of the amplitude modulation. The average de-
lay between the maximum period and maximum amplitude is
10.48+0.16 days, corresponding to 0.390+0.006 Blazhko phase.

The accuracy of the analytical signal method was checked
through Monte-Carlo simulations by generating 1000 artificial
datasets. Each dataset contained a modulated sine wave with
similar amplitudes to the V1127 Aql light curve, using the same
original light curve sampling. A Gaussian random error was
added to the simulated data. The formal error of both quantities
is less than the width of the lines in Fig. 12.
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Fig. 12. The instantaneous period (dotted line) and the amplitude of the
first Fourier-component of the dominant pulsational mode A(fy), (solid
line) during the Blazhko modulation.

We applied the same analysis technique to three other
Blazhko RR Lyrae stars found in the LRcO1 field: 0101128793,
0100881648, 0101503544 (Szab6 et al. 2009). The average
phase delay between the amplitude and phase maxima is 0.534 +
0.053,0.469+0.012 and 0.507 £0.035. Note that the four phase-
lag values are confined to a relatively small interval [0.39; 0.53].
Moreover, the phase lag in the case of MW Lyr is 0.38, and 0.50
for DM Cyg (Jurcsik et al. 2008, 2009).

We argue that this quantity is an important parameter to
study, because it is tightly connected to the physical mechanism
of the amplitude and phase modulation. In addition, it strongly
influences the multiplet structure of the modulated light curve
(Benk® et al. 2009; Szeidl & Jurcsik 2009).

The period variation emerges either due to a global param-
eter change in the star or because of non-linear effects or both,
but its underlying cause and that of the amplitude modulation is
not known. Therefore, the observed surprisingly small interval of
the phase delay between the amplitude and the period variation
presents a strong constraint for any model aiming to explain the
Blazhko effect. The derivation of this quantity for more Blazhko
stars is highly desirable.

From Fig. 12, it also seems that there is a continuous change
in the pulsation period during the Blazhko cycle. The period
change is antiphased with the light amplitude, showing an elbow
centred at the phase of the Blazhko maximum. The full range
of the period change is 0.006d with §P/P =+0.0169 (1.69% of
the pulsation period). The amplitude variation of the pulsation
period is about 80% and the positive sign of 6P/P is consistent
with the Stothers prediction (Stothers 2006).

4.4. Maximum brightness and maximum phase variation

The maximum brightness and maximum phase variation during
the Blazhko phase are shown in Fig. 13. The maximum phase
curve shows an asymmetric shape with a rapid increase on the
rising branch (Blazhko phase between 0.4 and 0.7). The maxi-
mum phase plot was fitted using a 5th order Fourier-sum, and we
fitted the maximum brightness curve using a 3th order Fourier-
sum. Table 3 lists the Fourier components of the maximum
brightness and maximum phase fits. These differences show that
the non-linearity is stronger in the phase modulation than in the
amplitude modulation. The 0.0175 mag and 0.0090 phase rms
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Fig. 13. a) Maximum brightness vs. Blazhko phase b) The same for the
maximum phase.

scatter of the residuals of the maximum brightness and maxi-
mum phase fits are too large since the data are accurate within
+0.005 mag and +0.0018 d, respectively. This means that both
the maximum brightness and maximum phase curves reflect the
imperfection of modelling the modulation using the Fourier sum
of discrete frequency components.

The stability of the subsequent Blazhko cycles can be studied
by plotting the maximum brightness values versus the maximum
phase values. Figure 14 shows the curve for the first and the last
observed Blazhko cycles, plotted with different symbols. The
scatter is surprisingly large around the triangular shape curve
and can neither be explained by the accuracy of the data nor by
the procedure of determining the maximum phase and brightness
values. We fitted the maximum brightness and the maximum
phase values of each individual Blazhko cycle with a 5th order
Fourier-sum, which allows us to discern a slight decrease in the
maximum phase around 0.011 pulsation phase (5.6 min) during
the five covered Blazhko cycles. This variation is quasi-linear,
while there is a seemingly random variation in the maximum
brightness values of the fits. A longer data set with the same
accuracy would be necessary to decide whether the shift of the
maximum phase continues or shows cyclic variations.

5. Summary

The photometric observations of V1127 Aql analysed in this pa-
per, produced which were in the framework of CoRoT Exoplanet
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Table 3. Fourier amplitudes and phases of the fits to the maximum
brightness and maximum phase data.

Frequency Max. brightness Max. phase

ampl.

Jn 0.154098
2fn 0.033806 5.638383
3fn 0.006400  1.123083
4fm - -
St - -

phase
4.540907

ampl.

0.069000
0.020582
0.009215
0.004378
0.002645

phase

2.513789
4.976442
0.602859
2.563744
4.367358
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Fig. 14. a) Maximum brightness — maximum phase plot with 5th order
harmonic fits. For clarity only the first (right, “+” symbols) and the fifth
Blazhko cycles (left, dots) are shown.

programme, are the most accurate and continuous data set of a
Blazhko star ever obtained.

Due to the proper data sampling and high precision we got
new results on both the frequency content and the amplitude be-
haviour. We describe the still puzzling Blazhko phenomenon on
a higher level, revealing more details to constrain the theoretical
interpretation.

— We determined 18 harmonics of the main pulsation period.
All of them have a complex structure of the Blazhko side
peaks up to the septdecaplet (16 side peaks) distribution. Not
all components of the side peaks’ structure exceed the signif-
icance level.

— The f,, = 0.0372 d~' Blazhko modulation frequency as well
as its first two harmonics were identified in the frequency
spectrum. That is, the Blazhko modulation turned out to be
non-linear both in amplitude and phase. We could determine
that the phase modulation shows a higher non-linearity than
the amplitude modulation.

- A frequency peak f’ = 4.0326 d~! was found that does not
fit the regular pattern of harmonics and Blazhko side peaks.
Additionally, with a 2:1 frequency ratio f” = 2.0163 d™!
also appeared. Side peaks with the Blazhko modulation fre-
quency f, were also found around these peaks up to the
quintuplet structure. We argue that rotation, tidal effects and
higher-order radial overtones can be excluded as an expla-
nation for the occurrence of those additional frequencies. A
small possible amplitude modulation f;,; was also detected.
Since it is not connected to a radial mode, its interpretation
is ambiguous. The most plausible interpretation is that non-
radial p-modes are excited in V1127 Aql. We extended this

Page 10 of 11

explanation by removing f”* and f;,; and providing a differ-
ent identification of the detected frequencies in terms of a
set of nine additional modes. These modes show linear com-
binations with the main pulsation period and the Blazhko
modulation.

— Regarding the amplitude of the harmonics of the main fre-
quency a special feature, a standstill, was observed at the
medium-order harmonics. A similar feature was found in
the monoperiodic non-Blazhko CoRoT star, ID:0101370131.
Otherwise, the harmonics show an exponential decrease in
amplitude. The distribution of Blazhko side peaks around the
harmonics show a high-level asymmetry in favour of higher
frequency side peaks because of the asymmetric amplitudes.
The amplitude ratio of the lower- (left) and higher- (right)
frequency side peaks have different values for the different
components of the multiplet structure. The largest difference
between the left and right components of the triplet side
peaks is reached for medium-order harmonics (n). A simi-
lar behaviour is found for higher-order multiplets (k).

— As for the general characteristic of the Blazhko modula-
tion, we derived the maximum value of the modulation of
the light maximum (0.310) and at the minimum (0.100).
Both values are robust compared to the 0.744 mag maxi-
mum amplitude brightness variation caused by the pulsation
and are definitely not symmetrical to a constant mean bright-
ness level. We derived a 3.4344 days (0.1276 Blazhko phase)
phase lag between the maximum of maxima and minimum of
minima. A strong 0.06 days modulation was derived, which
amounts to 14% of the pulsation period. A long, 10.48 days
(0.390 Blazhko phase) phase delay occured between the in-
stantaneous period and amplitude during the Blazhko cycle.

— The phase delay between the amplitude and period modu-
lation is 10.48 days (0.390 Blazhko phase) for V1127 Aql.
This quantity is confined to a relatively small interval [0.38;
0.53] for all studied Blazkho stars which have a well covered
light curve.

— The diagram of the maximum brightness and maximum
phase over the five consecutive Blazhko cycles revealed a
systematic shift. The shift between the first and the 5th cy-
cle is 0.011 pulsational phase which means 5.6 min over
143 days.

Although we still cannot find a definite reason for the observed
Blazhko modulation, our new results provide important con-
straints for the theoretical models to explain the phenomenon.
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